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Purification of a Variant-specific Surface Protein of Giardia
lamblia and Characterization of its Metal-binding Properties*

(Received for publication, October 11, 1994, and in revised form, April 5, 1995)

Hugo D. Lujlin:j:§, Michael R. Mowatt:j:, Jing-jing WU1l, Yun LU1l, Andrew Leesll, Mark R. Chaneej,
and Theodore E. Nasht
From the +Laboratory of Parasitic Diseases, NIAID, National Institutes of Health, Bethesda, Maryland 20892-0425, the
lbert Einstein College of Medicine of Yeshiva University, Bronx, New York 10461, and the lIDepartment of Medicine,

Uniformed Services University of the Health Sciences, Bethesda, Maryland 20814

Giardia lamblia, an intestinal parasite of humans and
other vertebrates, undergoes surface antigenic variation
by modulating the expression ofdifferent variant-specific
surface proteins (VSP). VSPs are cysteine-rich surface
proteins that bind zinc and other heavy metals in vitro.
We developed an immunoaffinity chromatographic
method to purify a VSP in order to determine its biochem
ical properties. The sequences oftwo different proteolytic
fragments agreed with the sequence deduced from the
cloned gene, and amino-terminal sequence indicated the
removal ofa 14-residue signal peptide, consistent with the
transport of VSP to the cell surface. The protein is not
glycosylated and has an isoelectric point of 5.3. X-ray mi
croanalyses indicated that the major metals in Giardia
trophozoites, as well as purified VSP, are zinc and iron.
The zinc concentration in Giardia cells was found to be
0.43 DlM and the iron concentration 0.80 DlM when com
pared with standard samples (zinc) or calculated from a
known physical constants (iron). We propose that metal
coordination stabilizes VSPs, rendering them resistant to
proteolytic attack in the upper small intestine. Moreover,
the ability to bind ions by Giardia may play a role in
nutritional deficiency and/or malabsorption in heavily in
fected persons.

Giardia lamblia is a binucleate flagellated protozoan that
causes acute and chronic intestinal infections in humans and
other vertebrates (1). Infections due to Giardia are among the
most common human infections worldwide, and in developing
countries most children are continually infected or reinfected.
Clinical manifestations vary from asymptomatic infection to
severe diarrhea and malabsorption (1,2).

The entire surface of a Giardia trophozoite, including the
adhesive disk and flagella, is covered by a protein coat (3, 4)
composed of a single variant-specific surface protein (VSp)l (5).
During trophozoite growth this VSP may be replaced with
another antigenically distinct VSP (6). This surface antigenic
variation occurs spontaneously in vitro (7), i.e. in the absence of
known selective pressure, and has been demonstrated in ex-

* The costs of publication of this article were defrayed in part by the
payment ofpage charges. This article must therefore be hereby marked
"advertisement" in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

§ To whom correspondence should be addressed: Laboratory of Par
asitic Diseases, NIAlD, NIH, 9000 Rockville Pike, Bldg. 4, Rm. 126,
Bethesda, MD 20892-0425. Tel.: 301-496-6920. Fax: 301-402-2689.

1 The abbreviations used are: VSP, variant-specific surface protein;
PBS, phosphate-buffered saline; mAb, monoclonal antibody; EXAFS,
extended x-ray absorption fine structure; ZnTPP, zinc-mesotetraphe
nylporphyrin; ZnS, zinc sulfide; HPLC, high performance liquid
chromatography; TLCK, l-chloro-3-tosylamido-7-amino-2-heptanone;
PAGE, polyacrylamidegel electrophoresis.

perimental infections of humans (8) and laboratory animals (9).
The potential antigenic variability is encoded in the VSP gene
repertoire, the minimum size of which has been estimated as
133 (10). The mechanism by which Giardia modulates the
expression of different VSP genes, and thereby effects antigenic
variation, is unknown.

With some notable exceptions (11-14), biochemical proper
ties of VSPs have been deduced from amino acid sequences
predicted from cloned cDNAs or genes. Analysis of these se
quences showed that VSPs are rich in cysteine (typically 12 mol
%; Fig. 1), which is found primarily in Cys-X-X-Cys tetrapep
tides distributed nonrandomly throughout the polypeptide (13).
Sequence comparisons indicated that, in contrast to the varia
bility observed among amino-terminal regions, carboxyl-termi
nal primary structure, including the putative transmembrane
domain, is highly conserved among VSPs (Ref. 15 and Fig. 1).
Although all VSPs contain at least one consensus N-linked
glycosylation site, the glycosylation status of these molecules is
unknown. In addition, Nash (5) identified zinc-binding motifs
in VSPs and suggested that the sequestration of zinc by VSPs
could contribute to some of the symptoms of clinical giardiasis
and zinc malnutrition. Recently, the ability of these proteins to
bind 65Zn in vitro was reported by two independent groups (13,
14). Like other metal-binding proteins, VSPs can bind different
cations, including Cd2 + , Co2 + , Cu 2 + , Fe2+, and Mn 2 + (13, 14).
Unlike other similar metal-binding proteins, VSPs are local
ized on the cell surface.

The function ofVSPs is unknown, but the features conserved
among VSPs suggest that these proteins play an important role
in Giardia biology. Direct biochemical analyses of purified,
native VSP would greatly enhance our understanding of VSP
structure and function.

Here we report a simple method for the purification of a VSP
from the Giardia isolate GS/M, clone H7, by immunoaffinity
chromatography. Our results verify the expression of the pro
tein predicted from the cloned VSP H7 eDNA and indicate that
VSP H7 is processed by cleavage of a 14-residue amino-termi
nal signal peptide. The purified protein contains the COOH
terminal pentapeptide conserved among all VSPs and, further
more, is not glycosylated. Consistent with our previous metal
binding studies, we confirm that native VSP binds zinc and
iron, most likely by coordination to cysteinyl sulfurs.

EXPERIMENTAL PROCEDURES

Parasites-The originofthe G. lamblia GSIM isolateand derivationof
the H7 clone has been reported (16). Trophozoites were cultured axeni
cally at 37°C in Diamond's medium TYI-S-33 supplemented with 10%
adult bovine serum and 0.5mgofbovinebile/ml(17). Culturesweregrown
to confluence in 8-mlglass tubes. The medium and nonadherent tropho
zoites were discarded and replaced with the same volume of ice-cold
phosphate-buffered saline containing 1 mM ofL-cysteine and 20 ILg/ml of
bathocuproine sulfonate (PBS-Cys) (18). The tubes were chilled for 15
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1 MFLLINILIASTLA T QANSVAEKREMVGETEIITQ IKQNYVPINGvlEAAASSNT KIoKASADEASDQTIGKlLs
* * * * * *

81 TTFMYKGQBYDKTGNLGRII IKTEGSDAGKBGADNDEKGF FDNPDAANNVDSIISRGDAT GVTIPGSSTKT KGVA
* *

161 ITKPSQISENTGTKEATITE gNANLYLKAVSSPTSATSIv SAED TG FPTTDTTDSKK KlLTISTADKGGIDGIS
* * * * * * **

241 LLPSTTRASTVLISmSAjST NNLSPLKNE QD AGT A Ds pI TSlAsIKGDNT ESSmTAjyPGSVLSYGTDNT
* * * * * * * * * ** *

321 KGTIIAEgTGKYLENlADGQ ITATIAGSKylSKlKSGFVP VNGLIvSAETARAAPPGITP DKTNGvlTAgTEKYFLESGG
* * * ** * * * * * * * * **

401 UYQAEKFPGNTLmTTADAGK mTT GQDKDSNGS AQp TNIASIAKDNTKTINKlFSG YYLDTAKAIKKlsETSGNIQ
** ** * * * * * *

481 GVENIISILAPTSPQSSTPV TIYVKTSGGGSGDNSTGGDS GPNLSSpAIAGISVAVIVVV GGLVGFLBWWFVlRGKA
* * * ** ********* ** ** ****** *****

FIG. 1. Amino acid sequence ofVSP H7 deduced from a cloned cDNA and peptides sequenced from purified VSP H7. The amino acid
sequence ofVSP H7 as deduced from a cloned cDNA (GenBank@ accession number M80480) is shown with cysteine residues shaded. Underlining
indicates peptide sequences determined from purified VSP H7. Bold type designates consensus N-linked glycosylation sites. A box surrounds the
putative transmembrane domain, and asterisks designate residues conserved among the six deduced VSP sequences (VSP A6, VSP 1267, VSP H7,
CRP 72, TSP 11, and TSA 417; GenBank accession numbers M63966, M80480, M83933, M95814, and M33641, respectively) as determined by the
GCG program PILEUP.

min, inverted 10 times, and the trophozoites counted with a Coulter model
ZB1 electronic counter (Coulter Electronic, Hialeah, FL). Surface anti
genic homogeneity of the harvested cells was deemed greater than 95% by
indirect immunofluorescence using mAb G10/4 (16).

VSP Purification-All steps in the purification procedure were per
formed at 4 "C. Trophozoites (5-6 x 1010 cells) were washed twice with
ice-cold PBS-Cys and lysed in 1 ml of buffer A (0.10 Msodium carbonate,
pH 7.2, 0.05% n-butyl alcohol, 0.1% Thesit, 5 f-Lg/mlleupeptin, 100 f-LM
TLCK, 100 f-LM phenylmethylsulfonyl fluoride) by incubation at 4 "C for
2 h. Cell ghosts were sedimented at 14,000 x g for 60 min at 4 "C, and
the supernatant stored at -70 "C until used (within 1 week).

The mAb GlO/4 (lgG1 ) (16) was purified from ascites by chromatog
raphy on protein G Plus-agarose (Pierce). The IgG fraction (50 mg of
protein at 10 mg/ml in 0.2 Mcarbonate buffer, pH 8.0) was immobilized
on 5 ml of glutaraldehyde-activated Trieacrylw beads (IBF) according to
the manufacturer's instructions. The column was then washed with 100
ml of PBS and stored in same buffer containing 0.02% sodium azide at
4 "C up to 3 months without loss of activity.

To purify the VSP, 1 ml of Giardia-soluble proteins in buffer A (about
100 mg) was loaded at a flow rate of 0.5 mlIh onto the affinity column
(5-ml column volume, 10-mm diameter) pre-equilibrated with 100 ml of
buffer A. The column was washed under the same conditions with 200
ml of buffer A, and bound VSP was eluted with buffer B (0.10 Mglycine,
pH 3.0, 0.05% n-butyl alcohol, 0.1% Thesit, 5 f-Lg/mlleupeptin, 100 f-LM
TLCK, 100 f-LM phenylmethylsulfonyl fluoride). Proteins in the fraction
ated eluate were detected spectrophotometrically at 280 nm, and frac
tions containing the VSP were pooled. Pooled samples were concen
trated, the buffer exchanged for PBS-0.01% Thesit using Centricon 10
concentrators (Amicon), and stored at -70 "C,

For subsequent analyses, VSP was precipitated by addition of ice
cold acetone to a final concentration of 50% (v:v), washed once with
acetone at -20 "C, and air-dried. Precipitated samples were resus
pended in 0.1% SDS at a final concentration of approximately 1 mg/ml,
determined by Bio-Rad DC protein assay calibrated with bovine serum
albumin as a standard.

Amino Acid Sequence Analysis-Amino-terminal sequences were de
termined from purified VSP H7 spotted onto PVDF membrane (Applied
Biosystems, Inc.) by Edman degradation on an automated Applied Bio
systems 477A protein sequencer equipped with an on-line phenylthiohy
dantoin analyzer. Internal sequences from VSP H7 were determined by
digestion of the purified protein with endoproteinase Lys-C and separa
tion of peptides by narrowbore reversed phase chromatography on a
Hewlett-Packard 1090 HPLC/1040A diode array detector using a Vydac
C-18 column (2.1 x 150 mm), Peptides were eluted with a gradient of
0.057% trifluoroacetic acid/acetonitrile, at a flow rate of 150 01m. Gradi
ent conditions were 5% B at 0 min to 33% B at 63 min, 60% B at 95 min
and finally 80% B at 105 min. Peaks defined by an absorbance at 210 nm
were collected and stored at -20 "C before peptide sequence analysis.
Amino-terminal sequences were determined as described above.

Carbohydrate Analyses-Carbohydrate analyses were performed on
purified VSP and control buffer B (treated as the sample). Purified VSP
(10 f-Lg/200 f-Ll) was dried under a stream of N2 , 100 f-LI of 4 Mtrifluoro
acetic acid added to the white residue, and heated at 100 "C for 4 h.
Then, 10 f-Lg of VSP hydrolysate was injected into a pellicular anion
exchange column (PA-1, 4 x 250 mm) as described (19).

Nucleotide and Amino Acid Sequence Analysis-DNA Strider<® 1.2
(20), AnalyzeSignalase 2.0.3 (21), BLASTP (22), and programs in the
Genetics Computer Group package (23) running on the NIH Convex
System were used to analyze the data.

Peptide Synthesis and Conjugation-VSP carboxyl-terminal peptides
made on an Applied Biosystems, Inc. model 430 peptide synthesizer
using Fmoc (N-(9-fluorenyl)methoxycarbonyl) chemistry were provided
by the Biological Resources Branch, NIAID. Peptides were purified by
reversed phase HPLC on Vydac C-18 columns and their identities
verified by sequence and compositional analyses. Peptides A (H-FL
CRGKA-OH) and B (H-CFLC-acetoimidomethyl-RGKA-OH) were con
jugated individually to both keyhole limpet hemocyanin (Sigma) and
bovine serum albumin (Pentex) using N-iodoacetyl-f3-alanine-N-hy
droxysuccinimide" and y-maleimidobutyric acid N-hydroxysuccinimide
ester (24), respectively. After dialysis against PBS, keyhole limpet
hemocyanin conjugates were sterilized by passage through Millex-HV
0.45-f-Lm filter units (Millipore) before injection into rabbits.

Antiserum Preparation-Polyclonal rabbit antiserum raised against
GSIM H7 trophozoites was described previously (16). Polyclonal antisera
specific for the conserved VSP carboxyl terminus were raised in female
New Zealand White rabbits by immunization with keyhole limpet hemo
cyanin conjugates of peptides A or B. Rabbits were injected initially with
1 mg of conjugate in the Ribi adjuvant system and boosted twice at 4-week
intervals with 0.5 mg of conjugate; antigen was administered according to
the suggestions of the manufacturer. Peptide-specific reactivity of hyper
immune sera was established by enzyme-linked immunosorbent assay
using plates coated with the bovine serum albumin-peptide conjugates.

Electrophoretic and Immunoblot Analysis-One- and two-dimen
sional polyacrylamide gel electrophoreses (25) were performed with a
Bio-Rad minigel apparatus as recommended by the manufacturer. The
ampholite combination for the isoelectric focusing dimension of the
two-dimensional gels was 20% pH 3-10, 80% pH 4.0-6.0 (Bio-Lyte,
Bio-Rad), to obtain maximal resolution at the predicted pI of the protein
(10). Gels were stained with either Coomassie Brilliant Blue or Bio-Rad
Silver Stain Plus according to the manufacturer's instructions. Electro
phoretic transfer of proteins to nitrocellulose was at 30 V for 10 h in 20
mMTris, 150 mM glycine, 20% methanol (26). Filters were blocked with
3% defatted milk, 0.1% Tween 20, PBS for 1 h. VSP H7 was visualized
either by reacting with the mouse mAb G10/4, the rabbit polyclonal
antisera anti GSIM isolate, or the rabbit polyclonal antisera against the

2 J. K. Inman and A. Lees, unpublished method.
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FIG. 2. Two-dimensional SDS-PAGE 31 - 31 -

and immunoblotting analysi s of total
trophozoite proteins and purified
VSP H7 . Silver-staine d two-dimensional

21 - \
21 -

gels of total cell proteins (A), det ergent
extract (B ), an d purified VSP H7 (C) ob-

14 - 14 -tained as was describ ed under "Experi -
mental Procedures." Imm unoblot (D ) of C 4.5 5.2 5.5 5.7 5.9 6.6 6.9 D 4.5 5.2 5.5 5.7 5.9 6.6 6.9
th e purified VSP H7 using a rab bit anti- I I I I I I I I I I I I I I
serum rai sed against GSIH7 trophozoites
(1:1000 dilution). Top labels indicate iso- 200 - 200 -
electric points and right labels ind icate

97 - 97 -relative mobility of the standa rds in kDa
(Bio-Rad). 68 - 68 -

46 - 46 -

14 - 14 -

COOH-terminal peptides . Polyclonal an d rnAb antibodies were used at
the dilution specified in the figu re legend.

EXAFS and X-ray Microanalysis- Data wer e collected at th e Na
tiona l Sync hrotron Ligh t Source on bea mline X-9B using a Si[1l 11
crystal monochromator. The x-ray EXAFS data of the Zn K -(a ) sign al
from Giardia cells wer e collect ed using a 13-element energy resolving
Germanium det ector (27). The x-ray microan alysis data, perfo rmed for
cells an d puri fied VSP H7, wer e collect ed from the center element of th e
arra y. The incident x-ray beam energy was set at 10.5 keY, and the
ene rgy-dispersive x-ray fluorescence spectra were recorded by a Can 
berra Ge detector and a multichannel analyzer. Th e detector was placed
a t an angle of 90° to the incident x-ray beam so that incoherent scat
teri ng from the highly pola rized synchrotron beam is minimized. Data
wer e collecte d a t low tem peratur e as for EXAFS. The x-ray microanal
ys is spectra shown in Figs. 4 an d 5 are the observ ed counts with a
correction for the background ma de by subtracting a spectru m of a pur e
water sample. The spectru m of a series of zinc acetate samples was also
collecte d in the same geometry and with the same path lengths (1 rnm )
to create a calibration curve to det ermine th e concentration of zinc in
the Giardia samples. This allowed us to det ermine the zinc concentra
tion fai rly accurately (0.43 mst), with an error mostly determi ned by the
unknown density of the Giardia sa mple in past e form. The iron con
cent ration could be estimated based on the ratio of zinc/iron count s if
the following three corrections were made: 1) differences in zinc/iron
cross-sections, 2) higher fluorescence yields for zinc, 3) less reabsorption
of zinc fluorescence by the medium (which was assumed to be water in
this case ). Thu s, although the ratio of zinc/iron-integra ted counts was
2.5/1 for the Giardia pellet , the act ua l ratio of concentrations is lower
due to th e above three factors. Briefly , the fluorescence probability for
zinc is 0.48, for iron it is 0.34 , the zinc and iron cross-sections are 2.33
an d 1.409, and th e attenua tion coefficien ts for Zn K -(a ) and iron K -(a )
are 7.349 and 18.35cm- 1 (28), res pectively. Thus, the net integral of
iron coun ts substantially un derestimates the actual concentration by a
factor of 4.6 (this also takes in to account losses due to 100 mm of ai r and
th e 0.3-mm beryll ium window of the Ger manium detector). Thu s, for
the Giardia pellet the ratios of counts for zinc/iron of 2.5/1, the elemen
tal ratio is 1/1.85. The meth ods for collect ing zinc EXAFS data have
been published previo usly (29, 30). Data were acquired at 150 K using
a helium Displex. For the data shown in Figs. 6 an d 7, 16 scans with
inte rnal total count rates of 40,000 chan nel- I S ·I or less were co-added.
The Fourier-transfo rmed data were filtered with a window from 1.40 to
2.7 A- I and back-transformed. The fitting range was 4- 11.75 A-I .

RESULTS AND DISCUSSION

Th e surface location, abun dance, an d capacity for antigenic
variability ofVSPs suggest an important role for these protein s
in the interaction between the parasite an d immune and non
immune components of the host small in test ine (3-5, 12-14).
To better understand the funct ion of these proteins, we purified
VSP H7, expressed by the human G. lamblia isola te GSIM ,
clone H7, by detergent extraction and one-step immunoaffinity
chromatography . We constructed an immunoaffinity column by
coupling mAb G10/4 (16) to glutaraldehyde -activated Tri 
sacryl@l (IBF). Th is hydrophil ic support, obtained by the po
lymerization of N-acryloyl-2-amino-2-hydroxymethyl-l ,3-pro
panediol, together with use of 0.1% Thesit in the
chromatogr aphic buffers, allowed the purification of VSP H7 at
a yield of approximately 13%. Two-dime nsional SDS-PAGE
and silver staining revealed high degree of purificat ion (Fig.
2C). The pu ri ty of the preparat ion was also confirmed by West
ern blot ana lysis using polyclonal antisera against GSIM-H7
trophozoites (Fig. 2D); no othe r proteins were detected. mAb
GI0/4 detected the same single species (not shown ). Relative to
standards, VSP H7 migrated at - 55 kDa with a pI of 5.3 (Fig.
2, C an d D ). These determinations agree well with the M; of
55,344 and a pI of 5.28 calculated for the deduced VSP H7
amino acid seque nce, assuming remova l of a 14-residue amino
termina l signal peptid e predicted by the algorithm of von
Heijne (31). Clea vage of this putative signal peptide was veri 
fied by the amino-termina l seque nce of th e purified protein
(Fig. 1). In additio n, the seque nces of two internal proteolyt ic
fragments of th e purified VSP were identical to those predicted
from the gene (Fig. 1). When compared against a nonredundant
da ta base that included PDB, SwissProt, PIR, and GenPept as
well as updates (as of April 3, 1995), peptid e 1 (Fig. 1, residues
93 thro ugh 110) identified only VSP H7 while peptide 2 (Fig. 1,
residues 394 through 406) identified VSP H7 as well as the
corresponding regions of other VSPs with identit ies ranging
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3 Lujan , H. D., Mowatt, M. R., Chen , G. Z., and Nas h, T. E. (1995)
Mol. Biochem . Parasitol. , in press.
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FIG. 3. Comparative immunoblot anal ysi s of total trophozoite
proteins and purified VSP H7 using COOH-terminal peptide
speci fi c antisera. lmmunodetection by mAb GIO/4 (lanes 2,4, 10, 12 ),
control ascites (lan es 1, 3, 9, 11), preimmune ra bbit serum (lanes 5, 7,
13, 15), an d immune rabbit anti-COOH-te rminal peptide se rum (lanes
6,8, 14, 16), in total t rophozoite proteins (lanes 1- 8 ) or in purified VSP
H7 (lanes 9 - 16). Reductio n of the sample by J3-mercaptoetha nol is
indica ted at the bottom .

from 53 to 70%. Cons idered together, th ese data provide com
pelling evidence that the immunoaffinity purified protein cor
res ponds to VSP H7.

Th e mobility ofVSP H7 in SDS-PAGE and its calcula ted pI
suggest that th e protein is monomer ic and lacks significant
post-translation al modification. Cons iste nt with thi s sugges
t ion, and despite the presence of two poten tial sites of N 
glycosyla tion (Fig. 1, bold type), carbohydrate ana lysis indi
cated that VSP H7 is not glycosylate d (results not shown).

We previously suggested tha t th e absolute conservation of
prim ary structure at the carb oxyl termini of VSPs reflects a
selection for an important biological function (15). However , no
publi shed data indicate th at either the COOH-te rmina l pen
tapeptide or the putative tran smembrane domain are present on
membran e-associated VSP. In order to assess th e presence of the
conserve d carboxyl-termina l pentapeptide in VSP H7, and per
haps generate a panreacti ve VSP an tiserum, we raised specific
antibodies to synthetic peptides corresponding to th e seven car
boxyl-terminal VSP residu es. Among tota l tro phozoite proteins,
hyperim mune anti peptide sera specifically recognized a species
of comparable mobility to that detected with mAb G10/4 (Fig. 3,
compare lane 8 with lane 2). In contrast to mAb G10/4, which
recognizes a VSP H7 epitope sensi tive to reduction, th e antipep
tide sera required reduction of th e sample for reactivity (Fig. 3,
compare lanes 6 and 8). The identity of this species as VSP H7
was confirmed by analysis of th e purifi ed protein (Fig. 3, lanes 10
and 16). These data indicate that th e conserved COOH-termi na l
penta peptide, which contains two charged residues and is un
likely to be buried in the lipid bilayer , is present on VSP H7.
VSPs are not modified by th e addition of a glycosylphosphatidyl
inositol anchor (32) or by prenylati on." We infer, th erefore, that
this protein is anchore d in the plasma membran e by the putative
tra nsmembra ne domain.

Previous reports (13, 14) indi cated that VSPs bind zinc , iron,
and other similar metal ions in uitro. To det erm ine the levels
and types of metal ion presen t in Giardia and specifically in
VSPs , we performed x-ray microanalyses on both sa mples and
collected EXAFS data on Giardia cells.

Th e energy-dispersive spectra of Giardia and VSP sa mples
(Fig. 4 and 5, respec tively) show elemental peak s with x-ray
energy of 2500 eV and greater exhibite d directly. Since these
experiments were not performed in vacuum, elements with

energies lower than 6000 eV were attenuated. Th e major ele
ments in Giardia were zinc, iron, an d potassium, wit h sma ll
quantities of man gan ese and nickel. In pu rified VSP the major
elements were zinc an d iron. For Giard ia cell pellets , the ob
served fluorescent coun t ra te of the Zn K -(a ) peak was com
pared with the signal from defined sa mples exa mined in a
frozen water matrix. As discussed under "Experimental Proce
dures," the zinc concentra t ion was determined by comparison
with standa rd sa mples and the iron concentration was calcu
lated based on known physical constants (28). Th e measured
zinc concentration was 0.43 mMand the calculated iron concen
tration was 0.80 mxr. Th e levels of these met als in relati on to
copper were unusu ally high (33). Also, the similarities in the
x-ray micr oan alysis results with respect to ratios of t ra nsition
metal ions raises the possibili ty that our resul ts in Giardia are
du e to the metal conten t of the VSP.

In order to determin e the zinc ion environment in Giardia ,
zinc EXAFS data were separately collected on zinc meso
te t raphe nylporphy rin (ZnTPP) and zinc su lfide (ZnS) models
to provide amplitude and ph ase sh ift in form ati on, so as to
calibrate the data with respect to in ter a tomic distanc es and
coordination number (30). Th e data were manipulated to
rem ove t he contribution from the a bsorption edge and t hese
"background subtracte d" data are shown in Fig. 6. Data were
Fourier- transform ed to convert to a rad ial distribu tion fun c
tio n, and th e Giardia Fourier -t ra nsform ed data are shown in
Fig. 7. Th e Fouri er-transform ed data show the neighboring
atoms of the central metal environment directly. That is , the
back-scattering of the atoms in the met al ion vicinity are
exhibite d. The main peak shows the atoms directly bounded
to zinc. However , the Fourier-transformed data only show the
relative radial distances of these neighbor atoms . Th e actua l
distances of the liganded atoms are at the obse rve d rela ti ve
radial distance plu s a ph ase shift, which depends on th e
che mical nature of the back-scattering atom. Th e first she ll
peak for Giardia is see n in Fig. 7 to be at 2.0 A.Th e fir st she ll
peak for the ZnTPP, whi ch has four nit rogens coordina ti ng to
zinc at a n actual average distance of 2.04 A, was 1.8 A(not
shown). Th e first she ll peak for the zinc sulfide model , whi ch
has four su lfu r atoms coordinate d at 2.35 A, was obse rve d at
2.0 A (not show n). Thus, the Giardia environme nt at first
gla nce closely resembles the zinc sulfide model. Th er e was
very little contribution beyond the fir st she ll except for a
clear peak nea r the limi t of observation (5 A).

Th e Fouri er-filter ed data of the Giardia sa mple were fit to
Fourier-filtered model data . Data analysis with fixed coordina
tion numbers was carried out as describ ed previously usin g the
Bell Laboratories EXAFS package on a 386 PC (34). We com
pared seve ral fits with different sulfur :nitrogen (S:N) coordina
t ion numbers held fixed in the fit t ing procedure. Possibl e Zn-S
a nd Zn-N dist ances can be easily resolved; however , ni trogen
and oxygen are generally not distingui shabl e. Th is fit tin g can
define a family of st ructures consiste nt with th e EXAFS data .
However , without additiona l information on the zinc site st ru c
ture , a un iqu e solution cannot be provided. We measured the
distances, Debye-Wall er factors, and energy shift values of
th ese scatterers by Fourier filtering, back-tran sforming, and
nonlinear least squares fitting of the Giardia data and compar
ing the data with models (29, 30, 34-39). Th e model data are
re duced, transformed, and back-tran sform ed identically to the
unknown data, so that arti facts of the manipulations cancel
out. Data fitting ranges wer e 4-11.75 A-I and R-space win
dows for the Fouri er filter were generally in the ran ge of
1.4-2.7 A for the Giard ia data and the models. With th ese
windows and this data ran ge, over six degrees of free dom are
availa ble, so tha t a two-atom type fit, with coordination nurn -
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bers fixed, can be supported. However, as can be seen, one atom
type fits are sufficient to adequately model the data (Fig. 8).
The distance errors are estimated by a number of methods
described previously (35,36). Variations in the individual Zn-S
distances were not resolved by this procedure, data of this
k-range were unable to resolve contributions that are sepa
rated by 0.1 A or less (35, 36).

Table I shows the results of a series of one- and two-atom
fitting procedures. A major uncertainty in this analysis is a
distinct knowledge about the heterogeneity of zinc sites for the
organism. Zinc enzymes are certainly present in Giardia; how
ever, most zinc enzymes demonstrate mostly nitrogen coordi
nation (40). Nevertheless, the data can be modeled adequately
by a single type of site with all sulfur ligands. An adequate fit
to the data was provided by 3.8 ± 0.4 sulfur ligands at 2.35 ±
0.01 A distance from zinc. The Fourier-filtered data compared
with the fit is shown in Fig. 8. Applying other fixed coordina
tion numbers; including 3-4 sulfurs per 1 nitrogen, resulted in
unreasonable Debye-Waller factors or energy shift values for
the fit. A reasonable fit was found with a fixed nitrogen con
tribution of 0.5. However, this reflects the cross-correlation of
nitrogen and az. in the fit (30, 39, 40). This additional nitrogen
contribution does not improve the fit to sufficiently warrant the

additional parameters that are required in the modeling.
Previous investigations of the copper protein stellacyanin

and the zinc site of retroviruses illustrated the difficulties in
establishing the individual sulfur and nitrogen coordination
numbers in cases where both are present, and the total coor
dination number is four or five (30, 39). This is due to the
cross-correlation of parameters in the fit, especially the coordi
nation number and the Debye-Waller factor. The relationship
of Debye-Waller factors and amplitudes for the EXAFS equa
tion is such that a more positive Debye-Waller factor tends to
reduce the amplitude, while increasing the coordination num
ber has the opposite effect. This is an explanation for how a
mixture of site types could be modeled by a single class of sites
in the fit, while still having chemically reasonable Debye
Waller factors.

Previous EXAFS studies of the (CYS)4 zinc finger from the
glucocorticoid receptor show minimal back-scattering from the
methene carbons of the cysteine (41). This may be due to
disorder in the positions of these carbon atoms. Thus, we do not
expect a strong signal from these carbons in a biological back
scattering environment. EXAFS studies of the zinc environ
ment of TF-IIIA (which has two histidine residues), and zinc
fingers from retroviruses (which have one histidine in the zinc
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FIG. 6. Background subtracted k 3

weighted EXAFS data of intact Giar
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TABLE I
Fitting solutions for Giardia EXAFS data

A number of fitting solutions were attempted to model the Giardia EXAFS data. Three results are shown to illustrate the overall fitting. A
single-atom type was sufficient to model the data. Parameters in bold in the table are chemically unreasonable (30, 39). Attempts to model the site
with mixed zinc plus sulfur coordination were unsuccessful except for the use of 0.5 nitrogen atoms in the third solution above. The cross
correlation of coordination number and Debye-Waller factors is such that increased application of the amplitude of a nitrogen model (i.e. as the
coordination number assigned to nitrogen) results in an unreasonable Debye-Waller factor as that contribution approaches 20% of the ligands (one
out of five). It is tacitly assumed that the data could also be adequately fit with zinc-chlorine scatterers, since sulfur and chlorine differ in Z value
by only 1.

Fit type Model Nitrogen r !:J.e? !:J.Eo }(l-

1 1 2 eV

One atom type ZnS 4 2.35 -0.003 0.15 1.97
Two atom type ZnS 4 2.35 -0.003 0.91 0.84

ZnTPP 1 2.00 -0.011 -6.75
Two atom type ZnS 4 2.35 -0.003 0.72 0.99

ZnTPP 0.5 1.98 -0.003 -5.11

finger site), clearly show higher shell signals due to the pyrrole
carbons of the histidine (30, 42). However, the failure to ob
serve such signals in this sample is not conclusive evidence of
lack of histidine coordination (29), due to potential disorder of
the site. Thus, the zinc environment of Giardia is highly un-

usual and is presumptively linked to the metal content of the
VSP rather than to cellular enzymes.

Recently, a number of signals characteristic of iron-sulfur
clusters have been found in Giardia, and ferrodoxin was puri
fied from this parasite (43). Since Giardia lacks mitochondria
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and hydrogenosomes, previous studies suggested the impor
tance of iron-binding proteins in electron transport pathways
0, 2, 44). VSP H7 contains three iron-binding motifs
(-CX2CX29CX2C-, Fig. 1), which likely explains the presence of
iron in the native protein. This motif as well other iron-binding
motifs (45) are present in all the known VSP sequences. Pre
liminary experiments showed that iron chelators added to Gi
ardia culture medium are toxic to the parasite." Nevertheless,
the role ofVSP in the uptake, reserve, or metabolism of iron by
Giardia trophozoites remains to be established.

Giardia trophozoites thrive in the proteolytic and lipolytic
milieu of the upper small intestine. We (5, 13) and others (12,
14) have proposed that the coordination of metals by VSPs
could stabilize these proteins, thereby rendering them resist
ant to proteolytic attack and maintaining the integrity of the
cell surface. In this report we provide compelling support for
this model, which should serve as a new basis for the rational
design of effective therapeutic agents for this important dis
ease. In addition, the ability of VSP to bind zinc suggests an
important role for these surface proteins in the pathophysiol
ogy ofthe giardiasis. VSP could bind metals and inhibit impor
tant intestinal enzymes such as carboxypeptidases (46). Simi
larly, VSP metal binding could inhibit zinc or iron absorption
contributing to metal deficiency (13, 46).
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