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ABSTRACT The cell membrane of a Giardia lamblia trophozoite is covered with a single species of variant-specific surface protein
(VSP) that is replaced by another VSP every 6 to 13 generations of cell growth, possibly for an evasion of host immunity. Experi-
mentally, only six VSP species have been verified to localize to the cell nembrane thus far. By assuming that VSP contains multi-
ple CXXC motifs, 219 vsp genes were annotated in GiardiaDB of the WB isolate. By further assuming that VSP possesses both
CXXC motifs and a CRGKA tail at the C terminus, Adam et al. (BMC Genomics 11:424, 2010) identified a total of 303 potential
vsp genes in Giardia WB. The discrepancies between these two assumed VSP identities have caused some confusion. Here, we
used experimental approaches to further verify what is required of the structures of a VSP to localize to the surface of cell mem-
brane. The data led to the following conclusions. (i) The C-terminal CRGKA sequence is not essential for localizing VSPs to the
cell membrane. (ii) A “motif 1” of 45 residues, consisting of two CXXCs separated by 12 to 15 amino acid residues, located close
to the C terminus and a hydrophobic “motif 2” of 38 residues at the C terminus are both essential and sufficient for localizing the
protein to the cell membrane. (ii) An N-terminal sequence upstream from motif 1 is not required for targeting VSPs to the cell
membrane. By these criteria, we are able to identify 73 open reading frames as the putative vsp genes in Giardia.

IMPORTANCE The intestinal pathogen Giardia lamblia expresses only one variant-specific surface protein (VSP) on the cell mem-
brane surface at a given time, but it changes spontaneously every 6 to 13 generations of growth, presumably for evading the host
immunity. Only 6 VSPs have been empirically shown to localize to the cell membrane surface thus far. Here, we used mutations
of VSPs and methods of identifying their locations in Giardia cells and found that a “motif 1” of 45 residues, consisting of two
CXXCs separated by 12 to 15 amino acid residues, located close to the C terminus and a hydrophobic “motif 2” of 38 residues at

the C terminus are the only essential and sufficient structural requirements for localizing a protein to the cell membrane. By
these criteria, 73 genes are identified in the Giardia WB strain genome database as the putative repertoire of VSPs.
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iardia lamblia is a deeply branched zoonotic intestinal proto-
zoan pathogen. It infects humans, causing the diarrheal dis-
ease giardiasis, throughout the world (1, 2). Prolonged infections
in humans often cause malabsorption of nutrients with weight
loss in the absence of treatment, despite an immune response that
would be expected to control the infection (3). Both innate and
adaptive immune responses are apparently involved in giardiasis
(4,5). Inalikely defense to the host immunity, antigenic variation,
a mechanism known for many pathogens to evade the humoral
immune response of their vertebrate hosts (5), was shown to occur
on the membrane surface of Giardia trophozoites both in vitro and
invivo (6, 7). Individual Giardia trophozoites express only a single
species of variant-specific surface protein (VSP) on the surface of
the cell membrane at any given time (8) and subjects to replace-
ment by another VSP every 6 to 13 generations of cell growth (9).
The first VSP was identified in the trophozoites of a Giardia
WB isolate from a partial mRNA sequence encoding a 170-kDa
protein (initially named CRP170 but later designated VSPA6),
which was recognized on the cell membrane surface by a 6E7
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monoclonal antibody (mAb) (6). Subsequently, the first complete
sequence of another VSP (TSA417) was identified in the WB iso-
late (10), and a third VSP, VSPH7, was found in the GS isolate
(11). Both TSA417 and VSPH7 were found localized to the tro-
phozoite membrane surface by immunofluorescence assays using
their respective antibodies, anti-rTSA417 and G10/4 (10, 11). A
17- and a 14-amino-acid N-terminal peptide were found missing
from TSA417 and VSPH7, respectively, when they were expressed
on the membrane surface, suggesting that the peptides could func-
tion as targeting signals during their translocalization and were
removed during the process, though direct evidence for this con-
clusion is still missing (10, 11). Three additional VSPs, VSPAG6-
S1(G3M), VSP1267, and VSP9B10A, have since been recognized
by their specific monoclonal antibodies, 6E7, 5C1, and 9B10, re-
spectively, on the trophozoite membrane surface of the WB isolate
by immunofluorescence assays (8, 12, 13), which expanded the
total number of experimentally verified VSPs in Giardia tropho-
zoites to 6. Surface labeling and electron microscopic analysis
demonstrated that the VSPs are the major surface proteins of
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Assigned as VSPs by Adam et al. (2010)

(303 total: 295 with CRGKA tail;
8 with modified CRGKA tail)

Not Annotated in
GiardiaDB, but
assigned as VSPs by
Adam et al. (2010)

(138 total:

137 with CRGKA tail;
1 with modified
CRGKA tail)

Annotated as other genes in
GiardiaDB, but assigned as
VSPs by Adam et al. (2010)

(6 total:
2 with CRGKA tail;
4 with modified CRGKA tail)

Annotated vsp genes in GiardiaDB

(219 total: 178 with CRGKA tail;
3 with modified CRGKA tail
38 w/o CRGKA tail)

Annotated vsp genes, but
not assigned as VSPs by
Adam et al. (2010)

(60 total:
22 with CRGKA tail;
38 w/o CRGKA tail)

Annotated vsp genes that were also
assigned as VSPs by Adam et al. (2010)
(159 total:
156 with CRGKA tail;
3 with modified CRGKA tail)

FIG 1 The distribution of the combined 363 putative vsp genes originally annotated in GiardiaDB and subsequently assigned by Adam et al. (3).

individual Giardia trophozoites and form a dense coat on the
membrane surface (10, 14).

Ata close examination of the sequences of the 6 experimentally
verified VSPs, one common feature is that they were all rich in
cysteine content (12%) and that most of the cysteines are present
in CXXC motifs (1, 2). The N-terminal portions of the 6 VSPs
present a high degree of sequence variations, whereas the 38
C-terminal residues of the 6 VSPs are 90% conserved. Each of the
6 VSPs carries the CRGKA motif at the C terminus (2). By these
observations, the VSPs of Giardia were assumed to have the com-
mon features of carrying multiple CXXC motifs and a CRGKA
motif at the C terminus (3, 15). Morrison et al. searched for the
open reading frames (ORF) that contained multiple CXXC motifs
in the GiardiaDB of the WB isolate and were able to predict and
annotate a total of 219 potential vsp genes (Fig. 1, green circle) (1).
Recently, Adam et al. performed another search of ORFs in the
GiardiaDB that have at least two CXXC motifs and at least 3 of the
5 residues in the C-terminal CRGKA motif (3) and resulted in
identifying 303 potential vsp genes, with only 159 of them over-
lapping with those previously annotated by Morrison et al. (Fig. 1)
(D).

We took a careful examination of this seemingly confusing
situation and found that 60 of the originally annotated vsp genes
by Morrison et al. (1) were not included by Adam et al. (3), even
though 22 of them do have the C-terminal CRGKA motif (Fig. 1).
We assigned the 60 vsp genes excluded by Adam et al., vsp-292 to
vsp-352, to facilitate their further analysis and published this as-
signment in a previous publication (16). There were also 138 vsp
genes identified by Adam et al. (3) that were somehow not found
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by the previous GiardiaDB annotation even though they all pos-
sess the multiple CXXC motifs.

These unexplained contradictions have failed to present a clear
profile of the potential VSP repertoire in Giardia. Since the two
criteria used in identifying the VSPs, the CXXC motifs and the
C-terminal CRGKA motif, were derived from the sequences of
only 6 experimentally proven VSPs, these criteria may not be suf-
ficient or essential or even constituting the real structural require-
ments for a VSP to localize on the membrane surface of Giardia.
More experimental data will be needed to better define the essen-
tial structural aspects of a VSP.

In the present investigation, we employed the methods of
Western blot and immunofluorescence assays of permeabilized
and nonpermeabilized Giardia trophozoites expressing various
mutants of putative VSPs. We were able to verify that (i) the
C-terminal CRGKA motif is unnecessary for localizing a VSP to
the cell membrane, (ii) a motif 1 consisting of two CXXCs sepa-
rated by 12 to 15 amino acid residues and localizing at a specified
position near the C terminus is essential, (iii) a hydrophobic motif
2 at the C terminus is necessary, and (iv) an N-terminal sequence
upstream from motif 1 is not required for targeting the protein to
the cell membrane. By these newly established criteria, the total
number of putative VSPs in Giardia trophozoites is now refined to
73, which are presented in the report.

RESULTS

Monitoring VSP expression and localization with Western blot
and immunofluorescence assays. In our previous study (16),
crude lysates of Giardia trophozoites were separated, using a spe-
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cifickit (see Materials and Methods), into organic phase and aque-
ous phase to roughly classify the proteins into the membrane frac-
tion and the cytoplasmic or nuclear fraction for comparisons on a
Western blot. The same population of trophozoites was also
stained with an antibody in an immunofluorescence assay to show
the expression of a specific protein. Two different methods of
fixing the cells were used to make the latter either nonpermeable
to the antibody, which is capable of staining only the cell mem-
brane antigens, or totally permeable to it, resulting in staining
essentially all the antigens associated with the cell (17). Thus, a
comparison between the outcomes from immunofluorescence as-
says of nonpermeable and permeable cells would demonstrate
whether the antigen localizes to the cell membrane surface. Trans-
fected Giardia WB trophozoites expressing N-terminal hemagglu-
tinin (HA)-tagged histone H2A were tested with the two methods
using an anti-HA antibody. The result from the Western blot assay
showed that HA-histone H2A was primarily in the aqueous phase
(see Fig. SIA in the supplemental material), whereas immunoflu-
orescence assays showed no detectable anti-HA stain of the non-
permeable cells but specific staining of the nuclei in the permeable
cells (see Fig. S1B). Giardia WB trophozoites expressing a previ-
ously experimentally verified VSP9B10A were also examined in
both Western and immunofluorescence assays using mAb 9B10
kindly provided to us by Theodore Nash of NIH. The outcome
indicated that VSP9B10A was primarily in the organic phase (see
Fig. S1C). By immunofluorescence, it was detectable both on the
membrane surface and in some internal portions of permeable
cells but only on the membrane surface of nonpermeable cells (see
Fig. S1D), which agrees with the previous result using the same
monoclonal antibody and a somewhat different procedure (13).
These experimental data thus verified the usefulness and validity
of the two experimental approaches used by us in monitoring VSP
expression on the trophozoite membrane surface of Giardia.
The C-terminal hallmark CRGKA is nonessential for localiz-
ing VSP to the cell membrane surface. In our planning of exam-
ining the expression of a large number of potential VSPs of various
structures, the limited number of monoclonal antibodies cur-
rently available to us was inadequate for the purpose. We thus
tagged a previously experimentally verified VSP, VSP9B10A, with
a3 X mycantigen at either the N terminus or the C terminus of the
protein (see Materials and Methods) and followed its expression
in transfected cells with an anti-myc antibody and the monoclonal
antibody 9B10 to see if the tagging would affect the translocaliza-
tion of the VSP to the membrane surface. The results indicated
that myc-VSPIB10A is primarily expressed in the organic phase of
the transfected cells (Fig. 2A) but not detectable with either anti-
myc antibody or mAb 9B10 on the membrane surface of nonper-
meable cells (Fig. 2B). The N-terminal-tagged VSP is thus appar-
ently incapable of translocalizing to the cell membrane surface.
When the expression of VSP9B10A-myc was examined, it was also
identified largely in the organic phase of transfected cells. But both
anti-myc antibody and mAb 9B10 could readily show it on the
membrane surface of nonpermeable cells with the same apparent
pattern of localization (Fig. 2D). VSP9B10A-myc is thus appar-
ently translocalized to the membrane surface like VSPIB10A, sug-
gesting that the addition of a 42-amino-acid 3X myc tag at the C
terminus of a VSP does not affect the translocalization of the VSP.
It suggests also that CRGKA does not have to be at the C terminus
to enable a VSP to localize to the membrane surface. All the sub-
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sequent studies had thus the proteins tagged at their C terminus
with 3X myc for studies of localizations.

Since only 6 out of the combined total of 363 designated VSPs
have been experimentally identified on the trophozoite mem-
brane surface of Giardia thus far, the possibility exists that many of
the VSPs designated by the two previously assumed criteria could
turn out not to be VSP at all. In order to avoid further confusion,
we removed in our present study the prefix “VSP” from all the
putative VSPs not yet experimentally verified. Only the number in
each case was saved for identification, until it became experimen-
tally verified as a genuine cell membrane protein. At that point, the
prefix “VSP” was added back.

In order to verify further whether the C-terminal hallmark
CRGKA is essential for translocalizing a VSP to the trophozoite
membrane surface, this common C-terminal pentapeptide in the
three experimentally verified VSPs, VSP-175(VSPA6-S1), VSP-
88(VSP9B10A), and VSP-98.1(VSP1267), was mutated to
CRRET, QSSKE, and WPGSL, respectively, to generate 3 mutants:
175'(A6-S1"), 88’(9B10A’), and 98.1'(1267'). CRRET is the
C-terminal pentapeptide of protein 333, QSSKE is that of 344, and
WPGSL is that of 313. To verify if these three modified VSPs with
changed C-terminal pentapeptides can still localize to the tropho-
zoite membrane surface, their localizations were monitored. Lo-
calizations of the three previously assigned VSPs, 333, 344, and
313, were also examined. The C-terminal pentapeptide in each of
the three proteins was then replaced with CRGKA, and these mu-
tant proteins were tentatively designated 333’, 344’, and 313/,
respectively.

The 12 recombinant proteins, each tagged with a 3X myc at
their C termini, were expressed in transfected Giardia trophozo-
ites and monitored for their localizations. The results presented in
Fig. 3 indicate that VSP-175(VSPA6-S1)-myc (Fig. 3A), VSP-
88(VSP9B10A)-myc (Fig. 3C), and VSP-98.1(VSP1267)-myc
(Fig. 3E) are all expressed on the membrane surface as anticipated
(8,12, 13). However, 175'(A6-S1")-myc (Fig. 3B), 88'(9B10A’)-
myc (Fig. 3D), and 98.1'(1267")-myc (Fig. 3F), each carrying an
altered C-terminal pentapeptide, are also localized to the tropho-
zoite membrane surface, suggesting that C-terminal CRGKA is
not essential for membrane localization of VSP. These three mu-
tants can be thus also assigned as VSPs. Data in Fig. 3 show that the
three putatively assigned VSPs, 333-myc (Fig. 3G), 344-myc
(Fig. 31), and 313-myc (Fig. 3K), which do not possess C-terminal
CRGKA, do not locate to the membrane surface and thus should
not be classified as VSPs. When their C-terminal pentapeptides
were converted to CRGKA, however, none of the three mutants,
333'-myc (Fig. 3H), 344’ -myc (Fig. 3]), and 313’-myc (Fig. 3L),
were translocalized to the membrane surface either. The
C-terminal CRGKA is thus not required for a VSP to localize to the
trophozoite membrane surface.

Data from the Western analysis indicate that for all the proteins
that localize to the membrane surface, they are also extracted pri-
marily in the organic phase (Fig. 3A to F). For those non-VSPs that
are not on the membrane surface, they are mostly present in the
aqueous phase, except for 333-myc and its mutant 333’-myc,
which are largely in the organic phase (Fig. 3G to L). Thus, though
the VSPs are hydrophobic in nature, hydrophobicity of a protein
cannot be regarded as a sufficient feature of a VSP for cell mem-
brane localization.

Six additional putative VSPs were randomly chosen for further
scrutiny. Among them, 201, 213, and 259 possess the C-terminal
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Aqueous Organic

(A)
«— myc-VSP9B10A

1 6.05

(B)

FITC (anti-myc)

Aqueous Organic

©

1 16.42
DIC DAPI

(D) -

FITC (anti-myc)

FIG 2 Expression of 3X myc-tagged VSPs on the membrane surface of Giardia trophozoites. (A) Detection of the expression of N-myc-tagged VSP9B10A on
a Western blot using myc-Ab. Most of the tagged VSP was present in the organic phase. (B) Immunofluorescence assay of the nonpermeabilized cells with double
staining of N-myc-VSP9B10A using myc-Ab (FITC) and mAb 9B10 (Cy5). No cell surface expression of VSP was detected. (C) Detection of the expression of
C-myc-tagged VSP9B10A on a Western blot using myc-Ab. Most of the myc-VSP9B10A was present in the organic phase, too. (D) Immunofluorescence assay
of the nonpermeabilized cells with double staining of C-myc-VSP9B10A using myc-Ab (FITC) and mAb 9B10 (Cy5). The cell surface was stained by both

antibodies and demonstrated the same pattern of staining.
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FIG 3 C-terminal CRGKA is not required for VSP
expression on the Giardia trophozoite membrane
surface. The three C-terminal myc-tagged VSPs and
their three mutants, which have the C-terminal
CRGKA replaced with CRRET, QSSKE, and WPGSL,
were each expressed in transfected Giardia trophozo-
ites: VSP-175(VSPA6-S1)-myc (A), VSP-175"(VSPA6-
S1')-myc (B), VSP-88(VSP9B10A)-myc (C), VSP-
88'(VSP9BI10A’)-myc (D), VSP-98.1(VSP1267)-myc
(E), and VSP-98.1'(VSP1267')-myc (F). Three other
C-terminal myc-tagged proteins, previously desig-
nated VSPs, 333, 344, and 313, were also expressed in
transfected Giardia trophozoites. Their respective
C-terminal CRRET, QSSKE, and WPGSL were each
replaced with CRGKA, designated 333', 344’, and
313’, and expressed: 333-myc (G), 333"-myc (H),
344-myc (I), 344"-myc (J), 313-myc (K), and 313'-
myc (L). Extracts from the 12 transfectants were an-
alyzed by a Western blot stained with anti-myc-Ab.
All 3 previously verified VSPs and their C-terminal
pentapeptide mutants were present primarily in the
organic phase, whereas protein 333 and its mutant
were also largely in the organic phase, but 313 and 344
and their mutants were largely in the aqueous phase.
Immunofluorescence assays of the 12 transfectants in
both nonpermeabilized and permeabilized forms
showed that all 3 VSPs and their mutants were ex-
pressed on the cell membrane surface, whereas pro-
teins 333, 313, and 344 and their mutants were all
confined in the cytoplasm. C-terminal CRGKA thus
does not dictate membrane expression of proteins.
Bars = 10 um.
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FIG4 Additional evidence that C-terminal CRGKA does not localize a protein to the membrane surface of Giardia trophozoite. Six more previously designated
VSPs were randomly chosen for examinations, as described for Fig. 3. 312-myc (A), 338-myc (B), 201-myc (C), 259-myc (D), 213-myc (E), and 318-myc (F).
Proteins 201, 259, and 213 carry C-terminal CRGKA, whereas 318, 312, and 338 do not. The results showed that only proteins 312-myc and 338-myc are localized
to the membrane surface. Neither protein has a C-terminal CRGKA. Bars = 10 wm.

CRGKA, whereas 312, 318, and 338 do not. The results show that
312-myc (Fig. 4A) and 338-myc (Fig. 4B), both without a
C-terminal CRGKA, localize to the trophozoite membrane sur-
face and thus qualify as VSPs. The other four proteins, 201-myc
(Fig. 4C), 259-myc (Fig. 4D), 213-myc (Fig. 4E), and 318-myc
(Fig. 4F), are distributed only to the cytoplasm regardless of
whether they possess a CRGKA motif or not and thus cannot be
classified as VSPs. These results indicate, once again, a lack of
correlation between the presence of a C-terminal CRGKA motif
and the membrane localization of a protein.

Conserved motif 1 and motif 2 may be involved in cell mem-
brane localization of VSPs. Sequences of the 11 experimentally
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verified VSPs, 6 from the previous studies (8, 10-13) and 5 from
the current experiments, were aligned for potential common fea-
tures. The results showed high sequence divergence in the
N-terminal portion of these proteins (data not shown). However,
among the C-terminal 120-amino-acid residues, there is high se-
quence homology, which could be further divided into two mo-
tifs: motif 1 and motif 2 (Fig. 5A). Motif 1 is 45 residues long and
about 17 residues upstream from the 38-residue motif 2 located at
the C terminus (Fig. 5A). Motif 1 starts with a conserved GYY and
ends with a conserved (G/T) (S/P) VXCY with two CXXC moi-
eties separated by 12 to 15 amino acid residues located in the
middle of motif 1. Motif 2 consists of a conserved 38 residues,
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AAPSEKGS-——ECILCHDATGANGY-KGVAN-CIQC——-QAPQS-AGAATCT
GTCQRCPS———ECKTCTPVLCTSCIDTQKRPYMGTC———-MYSTKCTTPYCLY
GTCQQCPS———ECKTCTPVLCTSCIDTQKRPYMGTC———MYSTKCTTPYCLY

LCMCELDAVLRRASVFRPRSWPRRERRRSQEGRCRGKA
SECLSGFYLEDACKTCDANCAVCSEKTLVDKCKISMQE
DTSLVTQEDTDTSLSFINVLNNASHTFTFASTKQSSKE
DTSLVTQEDTDTSLSFINVLNNASHTFTFASTKCRGKA

FIG5 Motifs 1 and 2 may be involved in localizing VSP to Giardia trophozoite membrane. (A) Sequence alignment of the C-terminal portions of all the 11 VSP
proteins shown to localize to the cell membrane surface in Fig. 3 and 4. (B) Sequence alignment of the C-terminal portions of all the 10 non-VSP proteins shown
to confine to the cytoplasm in Fig. 3 and 4. Motif 1 is a stretch of 45 amino acids, whereas motif 2 is at the C terminus with a length of 38 residues. The conserved
regions in motifs 1 and 2 were highlighted. None of the non-VSPs has the conserved regions in motif 1, but the non-VSPs 201, 259, 213, and 333 have the
conserved motif 2.
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including a stretch of about 25 highly conserved hydrophobic res-
idues, which could be the transmembrane domain of VSP. There
is no common sequence among the C-terminal pentapeptides of
the 11 VSPs. The two newly identified VSP-312 and VSP-338 both
have 25 additional residues to the C terminus of motif 2 and con-
tain no CRGKA sequence. This explains why the membrane local-
ization of a VSP is unaffected by tagging the C terminus with a 3X
myc peptide.

When the two motifs are outlined in the 10 experimentally
proven non-VSPs and compared with those in the VSPs (Fig. 5B),
the extent of sequence identity in motif 1 is very low. Only proteins
333 and 313 have the conserved GYY and the CXXC doublet, but
motif 2 in 333 is missing part of conserved hydrophobic residues
and motif2 in 313 has poor sequence similarity to that in the VSPs.
Proteins 201, 259, and 213 have motif 2s matching that in the VSPs
very well, but their motif 1s show little similarity to that in the
verified VSPs, suggesting that the presence of motif 2 alone cannot
turn a protein into a VSP. Since none of the 10 non-VSPs has a
motif 1 with high sequence similarity to that in the verified VSPs,
it is not known if motif 1 alone can satisfy the qualifications of a
VSP.

Both motif 1 and motif 2 are necessary for VSP membrane
surface localization. In order to verify if motif 1, motif 2, and the
rest of the protein sequence plays an essential role in expressing a
VSP on the membrane surface of Giardia trophozoite, we divided
a bona fide VSP-175(VSPA6-S1) into the N domain, motif 1, and
motif 2 (Fig. 6). We then divided the non-VSP-344, which bears
little sequence similarity with VSP-175(VSPA6-S1) (Fig. 5), into
the three corresponding domains (Fig. 6). These domains were
then exchanged between the two proteins to generate chimera
proteins tagged with 3X myc at the C termini and expressed in
transfected Giardia trophozoites for their localizations. The re-
sults showed that when either the corresponding motif 1 or motif
2 in non-VSP-344 is replaced by that in VSP-175(VSPA6-S1), the
chimera protein remains in the cytoplasm (Fig. 6A and B). They
suggest that the presence of either motif 1 or motif 2 alone is
inadequate in localizing the protein to the membrane surface. But
when both motifs in non-VSP-344 are replaced with those from
the VSP, the chimera protein becomes expressed on the mem-
brane surface regardless of the presence of the N domain from
non-VSP-344 (Fig. 6C). This evidence provides a strong indica-
tion that motif 1 and motif 2 are indeed the only essential struc-
tural elements in a VSP for its membrane localization. To further
examine whether the N domain in a VSP also plays some role in its
localization to the membrane surface, motif 1 and motif 2 in VSP-
175(VSPAG6-S1) were replaced with those from non-VSP-344
(Fig. 6D), while the original N domain remained unchanged. The
resulting chimera protein was found staying in the cytoplasm
(Fig. 6D), suggesting that the N domain alone in a VSP does not
have the capability of localizing it to the cell membrane without
the presence of motifs 1 and 2. To further address this hypothesis,
two N-domain-truncated mutants of VSP-175(VSPA6-S1) tagged
with 3X myc at C termini were generated. When the N domain
was truncated, leaving only a 20-amino-acid sequence upstream
from motif 1, to resemble a potential targeting signal (Fig. 6E), the
mutant was expressed on the cell membrane surface (Fig. 6E).
When the N domain was completely deleted, leaving only the
motif 1-link-motif 2 portion of VSP-175, the mutant was also
expressed on the membrane surface (Fig. 6F). These observations
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provide a clear indication that motif 1 and motif 2 are the only
essential as well as sufficient structural requirement for localizing
a VSP to the membrane surface.

The N terminus of VSP cannot be blocked without affecting
its cell membrane localization. Although the N domain of VSP-
175(VSPA6-S1) does not participate in localizing the latter to the
membrane surface (Fig. 6D), our previous data in Fig. 2A and B
indicated that tagging the N terminus of VSPIB10A with 3X myc
resulted in a failure of its expression on the membrane surface.
Other previous observations that an N-terminal ~14- to 17-
amino-acid sequence was missing from TSA417 and VSPH7 when
they were isolated from cell membranes suggested that the
N-terminal sequence could function as a targeting signal for trans-
localization and become removed after completion of the process
(10, 11). In view of the highly varied N-terminal sequences among
the verified VSPs and the localization of motif 1-link-motif 2 of
VSP175 to the membrane surface without an N domain (Fig. 6F),
there is the possibility that a specific N-terminal targeting signal
may not be needed for VSP translocalization. To clarify this pos-
sibility further, VSP-175(VSPA6-S1), VSP-98.1(VSP1267), VSP-
312, and VSP-338 were each tagged with 3 X myc at the N termini,
expressed, and monitored for their localizations. The results
showed that, like myc-VSP9B10A (Fig. 2A and B), they all failed to
be expressed on the membrane surface (see Fig. S2 in the supple-
mental material). A plausible explanation for it would be that
there is no targeting signal at the N terminus of VSP, while the
translocalization of VSP is blocked by tagging the N terminus of
VSP with 3X myec.

There are 73 vsp genes in the G. lamblia WB isolate. With the
establishment of motif 1 and motif 2 as the two essential and
sufficient structural elements in a VSP molecule for translocaliza-
tion, we used them to screen the GiardiaDB and were able to
identify a total of 73 vsp genes in the G. lamblia WB isolate. The 73
VSPs all carry motif 1 and motif 2 virtually identical to those
presented among the 11 experimentally verified VSPs in Fig. 4A
and are thus most likely the bona fide VSPs in Giardia. An exam-
ination of the sequences in the N domains of the 73 proteins in-
dicated vast diversities, suggesting that they are 73 distinctive pro-
teins without a common N-terminal targeting signal. The
molecular masses of the 73 VSPs range from 228.40 kDa for
VSP-67 to 10.49 kDa for VSP-117, which consists of primarily
only motifs 1 and 2 (see Table S1 in the supplemental material).
Among the 73 VSPs, only 5 do not have the C-terminal CRGKA
and 3 have modified CRGKA. The amino acid sequences from the
beginning of motif 1 to the C-terminal end of motif 2 were aligned
among the 73 VSPs (Fig. 7). A dendrogram of the 73 sequences
was drawn according to the pairwise similarity of the sequences
using Clustal W (see Fig. S3 in the supplemental material). Based
on the dendrogram, the 73 VSP protein sequences could fall into
three subgroups I, II, and III (Fig. 7; see also Fig. S3). Most of the
VSPs are classified to subgroup I, which includes all the VSPs
experimentally verified thus far. Although those in subgroups II
and III remain to be experimentally verified, chances are that they
are also bona fide VSPs due to the extreme sequence similarities
among all 73 VSPs (Fig. 7). These 73 VSPs may thus represent the
core VSPs in Giardia. Further studies will be required to address
whether minor structural modifications of motifs 1 and 2 will be
possible without affecting the membrane localization of a VSP.
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FIG 6 Motif 1 and 2 are essential and sufficient in localizing VSP to the cell membrane surface. VSP-175(VSPA6-S1) and non-VSP-344 were each divided into
N domain, motif 1, and motif 2. Chimera proteins generated from exchanging the three domains between the two proteins were expressed in transfected Giardia
trophozoites. (A) Motif 1 in non-VSP-344 was replaced by motif 1 from VSP-175(VSPA6-S1); (B) motif 2 in non-VSP-344 was replaced by motif 2 from
VSP-175(VSPA6-S1); (C) both motif 1 and motif 2 in non-VSP-344 were replaced by the corresponding motifs from VSP-175(VSPA6-S1); (D) both motifs in
VSP-175(VSPA6-S1) were replaced by the two corresponding motifs from non-VSP-344. Results from immunofluorescence assays showed that only the chimera
between the N domain from non-VSP-344 and the two motifs from VSP-175(VSPA6-S1) localizes to the membrane surface (see panel C). This is also the only
chimera that was primarily distributed to the organic phase in Western blot analysis. (E) The N domain of VSP-175(VSPA6-S1) was truncated to a 20-amino-acid
stretch upstream from motif 1. The truncated mutant was expressed on the membrane surface. (F) The entire N domain of VSP-175(VSPA6-S1) was removed
to leave only motif 1 and motif 2. The mutant protein was expressed on the cell membrane. Bars = 10 wm.
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FIG 7 Sequence alignment of the C-terminal portions among the 73 newly identified VSPs in Giardia. Motif 1 is shown in the red box. Motif 2 is shown in the
green box. The conserved sequences were highlighted in both motifs. The gene identifier from GiardiaDB and VSP designations for each VSP are listed. The VSPs
experimentally tested and confirmed in this study are in red. The three subgroups labeled I, II, and III are derived from a distance tree analysis among the 73
C-terminal sequences using Clustal W (see Fig. S3 in the supplemental material).

DISCUSSION

In the present investigation, we demonstrated experimentally that
two motifs, motif 1 and 2, are the essential as well as the sufficient
structural elements in a Giardia VSP for its translocalization to the
cell membrane. The two CXXCs within motif 1, separated by 12 to
15 amino acid residues, represent the typical structure of a zinc
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finger, which is known to bind to Zn?* and other divalent metal
ions (18). Membrane proteins of Giardia trophozoites have been
previously found capable of binding to Zn?* (19, 20), which could
be attributed to the presence of zinc fingers in motif 1 of VSP. It is
also known that Giardia can be cultivated axenically only in the
presence of reducing agents such as L-cysteine (21), which is es-
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sential for survival, growth, attachment, and motility of the tro-
phozoites (22, 23). When the trophozoites were metabolically la-
beled with radioactive L-cysteine, most of the label was
incorporated into the VSP (24, 25), suggesting that the zinc finger
in motif 1 of VSP may be derived from the L-cysteine in the living
environment and is essential for parasite viability (26). Since no
free thiols could be detected on the surface of Giardia WB clone C6
trophozoites expressing VSP-TSA417 and the L-cysteines were ei-
ther chelated with metal ions or in disulfide bonds (27), it is likely
that the zinc fingers in VSPs need to chelate with metal ions to
perform the vital function for the trophozoites. Though the pre-
cise function of zinc finger in VSP remains unknown, it has been
postulated that colonization of Giardia trophozoites in the highly
proteolytic and lipolytic milieu of the upper small intestine may
require chelation of metal ions by the VSP zinc fingers. It may
render the VSP resistant to proteolytic attack and maintaining the
integrity of the cell surface (11).

Another possible explanation of the essential presence of
CXXC in VSP is that the latter might be a member of the thiore-
doxin family. CXXC is at the active site of the enzyme protein that
reduces the disulfide bond in its substrate and catalyzes formation
of another disulfide bond between the substrate and the recipient.
The activity of thioredoxin is critical for protein-folding reactions
and plays an important role in defense against oxidative stress
(28). The two cysteine residues in CXXC must, however, remain
in the reduced form in order to exhibit enzymatic activity. The fact
that no free thiol is detectable on the membrane surface of Giardia
trophozoites indicates that the VSPs do not possess thioredoxin
activity.

In addition to the zinc finger, there are also other conserved
regions in motif 1, whose potential significance remains unknown
at the present time. There are 3 other proteins identified in the
GiardiaDB that contain only motif 1 but not motif 2. They have all
been annotated as high cysteine membrane proteins, even though
the membrane location has not yet been experimentally verified.
The highly conserved hydrophobic region of 23 amino acid resi-
dues in the middle of motif 2 constitutes most likely the trans-
membrane domain anchoring the VSP to cell membrane. The
GiardiaDB also shows 21 additional proteins that carry motif 2 at
their C termini without motif 1. They include several previously
annotated VSPs, one hypothetical protein, and 3 other proteins
designated high cysteine membrane proteins. By our current ex-
perimental proof that both motif 1 and motif 2 are required for
localizing VSPs to the cell membrane surface, none of the above-
mentioned proteins could be classified as VSPs.

Our experimental results indicated also that the C-terminal
CRGKA is not required for VSP expression on the Giardia cell
membrane. This is in contrast to a previous report (29), which
showed that, during encystation of Giardia isolate GS, removal of
C-terminal CRGKA from a chimera reporter protein containing
the 43-amino-acid C terminus of VSPH7 resulted in failure of
translocalizing the protein to the plasma membrane. The chimera
protein apparently contains only motif 2 but not motif 1 identified
in VSPs by us. It is thus not clear how the reporter protein gets
translocalized to the plasma membrane at all. Since the chimera
contains also the N-terminal leader sequence of a cell wall protein
1 and a Toxoplasma gondii SAG1 exodomain, its membrane ex-
pression could be by a different mechanism from that of VSP
expression. A subsequent investigation indicating that a CRGKA
tail-deleted mutation and a point mutation of the Cys residue or
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the Argresidue in the CRGKA tail of VSPH7 could still localize the
latter to the cell membrane of the trophozoites of Giardia isolate
GS appears to be in good agreement with our current finding (30,
31). However, since most of the newly identified 73 VSPs carry
CRGKA at their C termini (Fig. 7), this pentapeptide should re-
main a hallmark of VSPs, performing a certain function not yet
identified.

Our study also indicates that the N termini of VSPs cannot be
blocked by c-myc, or the translocalization of VSP will be inhibited.
But there does not appear to be an N-terminal-specific sequence
requirement for the signaling function.

Among the other anaerobic protozoan parasites, Entamoeba
histolytica has numerous receptor serine/threonine kinase pro-
teins carrying motifs with >50% sequence similarities to motif 1
near their N termini. But they do not possess motif 2. These pro-
teins were postulated to localize to the cell membrane surface and
function in cell signaling (32). About 40 proteins in Trichomo-
nas vaginalis have been found to have motifs at their C termini,
with sequences similar to that of motif 2, though motif 1 is absent.
Among these proteins, 4 are the surface immunogen P270-related
proteins, whereas 18 were detected in the proteomic analysis of the
membrane surface proteins from T. vaginalis (33). Neither E. his-
tolytica nor T. vaginalis possesses proteins containing both motif 1
and 2. The presence of these two motifs in Giardia VSPs may thus
constitute a specific structural feature.

Another protozoan parasite known to possess a single species
of variant surface glycoprotein (VSG) covering the cell membrane
surface is the African trypanosome Trypanosoma brucei. The
bloodstream form of the T. brucei cell expresses a single species of
VSG on the membrane surface at any given time but is regularly
replaced by another VSG with an estimated frequency of up to
1073 per cell per generation in an apparent effort of evading the
host immune response (34, 35). The VSGs do not contain either
motif 1 or motif 2 and are anchored to the cell membrane by a
specific glycolipid anchor (35). The expression of a vsg gene in
T. brucei requires a duplication of the gene, which is followed by a
translocalization of the duplicated gene to the expression site at
subtelomeric locations (36). Most of the vsp genes in Giardia are,
however, located in chromosome-internal positions, and a subte-
lomeric localization is apparently not required for their expression
(3). The mechanism of genetic regulation of VSP expression in
Giardia has been recently investigated by us. A functional mi-
croRNA (miRNA) machinery is apparently present in this organ-
ism (37). Among the 6 miRNAs we have identified thus far, 5 of
them, miR2, miR4, miR5, miR6, and miR10, have found their
corresponding target sites at the 3’ ends of many tentative vsp
genes (16, 37-39). Translational repression by these miRNAs on
the expression of the encoded proteins carrying the corresponding
target sites on the mRNAs was verified by extensive experiments
(16, 37-39). With the newly verified spectrum of 73 VSPs made
available in our present study, we repeated the search for the target
sites of the 5 known miRNAs among the 73 vsp genes (16, 37-39).
The results, presented in Table S1 in the supplemental material,
indicate that most of the genes (88%) possess at least one target
site for one of the 5 known miRNAs. Since we have not yet ex-
hausted the pool of miRNAs in Giardia, we anticipate that more
miRNAs will be found involved in regulating the expression of the
73 vsp genes. Each of the genes may thus turn out possessing mul-
tiple targeting sites for multiple miRNAs. The expression of most
of the vsp genes is thus most likely repressed. The mechanism
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involved in allowing the expression of only a single VSP species
among the 73 at a given time may thus include regulation of the
expression of various miRNAs, which could be also the basis for
periodic variation of the expression of VSP. Further studies will be
required for exploring this fascinating biological phenomenon.

MATERIALS AND METHODS

Cloning of 3X myc-tagged vsp genes. The entire coding region of each
chosen putative vsp gene was PCR amplified from Giardia genomic DNA.
The product was cloned into pGEM-T Easy (Promega), sequenced, and
subcloned into the pNlop4 vector, a derivative of the pNlop3-GTetR vec-
tor kindly provided by Zac Cande of UC Berkeley (40). For expressing
N-terminal 3X myc-tagged VSPs, the pNlop4 vector was modified to
introduce each vsp gene downstream from a 3 X myc epitope. For express-
ing C-terminal 3X myc-tagged VSPs, the pNlop4 vector was modified to
introduce the vsp gene and the 3X myc epitope upstream from the TAA
stop codon. Figure S4 in the supplemental material shows the schematic
representation of the N-terminal and C-terminal 3 X myc-tagged vsp con-
structs used in this study. The pNlop4 vector that carries no tag was used
for cloning individual vsp genes without any tag.

Cell culture, transfection, and selection. Giardia lamblia (WB clone
C6, ATCC 50803) trophozoites were grown anaerobically in plastic cul-
ture tubes at 37°C in the modified TYI-S-33 medium supplemented with
antibiotics as described (41). Transfections of Giardia trophozoites were
carried out using electroporation. Cells at mid- to late-logarithmic phase
were harvested by chilling the culture tubes on ice for 10 min and collected
by a brief centrifugation (1,000 X g at 4°C for 10 min). The cells were
washed twice in phosphate-buffered saline (PBS) and once in electropo-
ration buffer (cytomix buffer; 10 mM K,HPO,-KH,PO, [pH 7.6], 25 mM
HEPES free acid, 120 mM KCl, 0.15 mM CaCl,, 2 mM EGTA, 5 mM
MgCl,, 2 mM ATP, 4 mM glutathione) and then suspended to a final
concentration of 2.5 X 107 cells/ml. An aliquot of the concentrated cell
suspension (400 ul, containing 107 cells) was transferred to a 0.2-cm-gap
electroporation cuvette (Bio-Rad) and placed on ice. A sample of 50 ug
plasmid DNA was added to the cell suspension. The cells were immedi-
ately subjected to electroporation using a Bio-Rad Gene Pulser Xcell (volt-
age, 450 V; capacitance, 500 mF; resistance, %). The electroporated cells
were incubated on ice for 10 min, added to prewarmed culture medium,
and incubated at 37°C. For selection, 200 ug/ml G418 was added to the
medium 16 h after transfection. The selected cells were incubated with
5 wg/ml of tetracycline at 37°C for 16 h to induce expression of the cloned
VSPs.

Western blotting. The Mem-PER eukaryotic membrane protein ex-
traction reagent kit (Thermo Scientific) was used to extract proteins from
the cell lysate. The separated aqueous and organic phases were each puri-
fied and concentrated using the Pierce SDS-PAGE sample prep kit
(Thermo Scientific). The concentration of protein in each sample was
quantified using the Bradford method (Bio-Rad). For SDS-PAGE separa-
tion, 25 ug of protein from each sample was used. The fractionated pro-
teins were then transferred to a polyvinylidene difluoride (PVDF) mem-
brane (Bio-Rad) using the Trans-Blot SD semidry transfer cell (Bio-Rad).
The blot was used for detection with the anti-c-myc--horseradish perox-
idase (HRP) antibody (Invitrogen) or the monoclonal antibodies for spe-
cific VSPs. The relative intensities of the stained bands were monitored by
densitometer tracing for a quantitative estimation of the distribution of
the protein between aqueous and organic phases.

Immunofluorescence assay. For detecting the 3X myc-tagged VSP
expression, the harvested Giardia cells were resuspended in 200 ul of
modified TYI-S-33 culture medium, placed on a poly-L-lysine-coated
coverslip (BD Biosciences), and incubated at 37°C for 30 min to allow the
cells to adhere.

For the staining of nonpermeabilized cells (17), cells were fixed with
3% paraformaldehyde in NaPi (100 mM NaPi, pH 7.4) at room temper-
ature for 30 min, washed with NaPi three times for 5 min each, and
blocked with 0.2% gelatin in NaPi at room temperature for 30 min. The
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anti-myc-fluorescein isothiocyanate (FITC) antibody (Invitrogen) was
diluted 1:500 with 0.2% gelatin in NaPi and incubated with the fixed cells
at room temperature for 30 min in a dark box. The cells were then washed
three times with NaPi for 5 min each.

For the staining of permeabilized cells, cells were fixed with 4% para-
formaldehyde in PBS at room temperature for 30 min, washed with PBS
three times for 5 min each, permeabilized with 0.1% Triton X-100 in PBS
at room temperature for 10 min, and then rewashed with PBS, as de-
scribed before. The cells were blocked with 1% bovine serum albumin
(BSA) in PBS at room temperature for 30 min. The anti-myc-FITC anti-
body (Invitrogen) was diluted 1:500 with 1% BSA in PBS and incubated
with the fixed cells at room temperature for 30 min in a dark box. The cells
were then washed three times with PBS for 5 min each.

The double staining was done by following the procedure of the stain-
ing of nonpermeabilized cells. The fixed and blocked cells were incubated
with diluted anti-myc-FITC antibody (1:500; Invitrogen) and Cy5-
conjugated 9B10 mAb (1:1,500, specific for VSP9B10) (the monoclonal
antibody was kindly provided to us by Theodore Nash of NIH) and then
washed three times with NaPi for 5 min each.

After the final wash, the coverslip was placed facedown on clean glass
slides with 1 drop of Vectashield (Vector Labs) mounting medium with
DAPI (6-diamidino-2-phenylindole) and sealed with paraffin wax. The
immunostained cells were examined using a Nikon TE2000E motorized
inverted microscope equipped with 60X bright-field and epifluorescence
optics. Images were acquired with the NIS-Elements Advanced Research
software (Nikon).
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