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could be functionally replaced by the fourth repeat of hLDLR
with minor amino acid substitutions (22). These results demonstrate that a single LDL-A module can independently mediate protein-protein interaction. Since the viral receptor function of Tva is solely determined by this module, it is imperative
to characterize the role of this motif in viral infection by an
integral approach of molecular, biochemical, and structural
techniques in order for us to understand the molecular mechanism of ASLV-A entry.
To date, the role of the LDL-A module of Tva in viral
infection has been mainly dissected by mutational analysis.
Several residues within this module that appear to be important in mediating ASLV-A infection have been identified (21,
22, 26, 27). However, one drawback of these studies is that it is
difficult to distinguish whether a mutation within the motif
affects the overall structure of Tva or specifically disrupts the
ligand recognition, a common problem in interpreting results
with mutational analysis of any protein. Fortunately, structures
of several individual LDL-A modules have been recently reported (6, 7, 11, 13, 17, 19). These provide insights regarding
the overall folding of the LDL-A module of Tva, since the
LDL-A modules reported so far all adopt similar three-dimensional conformations. Each module consists of a short antiparallel ␤ sheet and a one-turn ␣ helix. The structure is stabilized
by three pairs of disulfide bonds formed by six invariable cysteines. Furthermore, six amino acids, including four highly
conserved acidic residues, form a “calcium cage,” coordinating
calcium with high affinity (5, 13). However, the role of calcium
in Tva folding and function has not been previously examined.
In this study, using biochemical and biophysical techniques,
we examined the role of calcium in protein folding of the
LDL-A module of Tva and found that calcium is indeed required for its correct folding and structure. Furthermore, we

The cellular receptor for subgroup A avian sarcoma and
leukosis virus (ASLV-A) is Tva, a small membrane-associated
protein (2, 3, 25). The interaction between Tva and EnvA, the
ASLV-A glycoprotein, has been well characterized by several
groups. Tva specifically binds EnvA with high affinity (1, 14, 23,
27). Furthermore, the high-affinity binding between Tva and
EnvA in vitro can trigger a series of conformational changes on
EnvA believed to be essential for postbinding steps during
ASLV-A entry (8, 9, 15, 16). Although only avian cells are
naturally susceptible to ASLV-A infection, expression of Tva
in resistant cells from a wide range of species renders them
susceptible to ASLV-A entry. These results appear to support
the notion that Tva is the only receptor required for ASLV-A
entry in avian cells. Thus, analysis of Tva-EnvA interaction
may provide a simple model to study the entry mechanisms of
viruses including other retroviruses.
Within the extracellular domain of Tva is a 40-residue, cysteine-rich module that is closely related to the repeat modules
of the human low-density lipoprotein receptor (hLDLR). In
hLDLR, seven imperfect tandem LDL-A modules form the
binding domain for its ligands, lipoproteins apoB and apoE
(12, 24). In contrast, the single LDL-A module of Tva appears
necessary and sufficient to mediate ASLV-A entry. The
LDL-A module of Tva could bind EnvA and mediate efficient
ASLV-A infection when it was fused to the membrane-spanning domain of mouse CD8 (20). Many point mutations within
the module impaired or abolished the viral receptor function
of Tva (21, 26, 27). Furthermore, the LDL-A module of Tva
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Tva is the cellular receptor for subgroup A avian sarcoma and leukosis virus (ASLV-A). The viral receptor
function of Tva is determined by a 40-residue cysteine-rich motif called the LDL-A module. In this study, we
expressed and purified the wild-type (wt) Tva LDL-A module as well as several mutants and examined their
in vitro folding properties. We found that, as for other LDL-A modules, correct folding and structure of the Tva
LDL-A module is Ca2ⴙ dependent. When calcium was present during in vitro protein folding, the wt module
was eluted as a single peak by reverse-phase high-pressure liquid chromatography. Furthermore, two-dimensional nuclear magnetic resonance (NMR) spectroscopy gave well-dispersed spectra in the presence of calcium.
In contrast, the same protein folded in vitro in the absence of calcium was eluted as multiple broad peaks and
gave a poorly dispersed NMR spectrum in the presence of calcium. The calcium affinity (Kd) of the Tva LDL-A
module, determined by isothermal titration calorimetry, is approximately 40 M. Characterization of several
Tva mutants provided further evidence that calcium is important in protein folding and function of Tva.
Mutations of the Ca2ⴙ-binding residues (D46A and E47A) completely abrogated the Ca2ⴙ-binding ability of
Tva, and the proteins were not correctly folded. Interestingly, mutations of two non-calcium-binding residues
(W48A and L34A) also exerted adverse effect on Ca2ⴙ-dependent folding, albeit to a much less extent. Our
results provide new insights regarding the structure and function of Tva in ASLV-A entry.
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FIG. 1. Amino acid sequences of wt and mutants Tva LDL-A modules in GST fusion constructs. Dashes indicate identical residues; underlines
indicate mutated residues. The LDL-A module region is shown as boldface letters. The ability of the wt Tva and Tva mutants to mediate ASLV-A
infection was expressed as the number of alkaline phosphatase-positive cells per milliliter of viral stock. The data are from references 21 and 22.

MATERIALS AND METHODS
Cloning and preparation of wt Tva LDL-A module and its mutants. The
LDL-A module of wild-type (wt) Tva and its mutants were amplified by PCR
from Tva and Tva mutant expression plasmids. To facilitate the cloning procedure, a BamHI site and a XhoI site were engineered into the upstream and
downstream primers, respectively. The PCR products were cloned into pGEX4T-1 (Pharmacia), and the identity of each construct was confirmed by DNA
sequencing.
The unlabeled LDL-A module of Tva and its mutants were expressed in
Escherichia coli strain BL21 as GST (glutathione S-transferase) fusion proteins.
Expression of the fusion proteins was induced with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG; Sigma) at an optical density at 600 nm 0.6. The cells were
grown for another 4 h at 37°C in 2⫻YT. The 15N-labeled proteins were expressed
in minimal medium containing 0.6% basal medium Eagle vitamin solution
(Gibco), 1 g of (15NH4)2SO4/liter and 2 g of unlabeled glucose/liter. Protein
expression was induced by IPTG for 6 h. The expressed fusion proteins were then
purified by glutathione (GSH)-Sepharose affinity chromatography, cleaved with
thrombin (1/4,000 [wt/wt], 25 min at 20°C), and rechromatographed on GSHSepharose. The nonbinding fraction was further purified by reverse-phase highpressure liquid chromatography (HPLC) on a Vydac C18 column operated at a
flow rate of 4.00 ml/min, using a linear gradient of 0.1% trifluoroacetic acid
(buffer A) and 90% acetonitrile (buffer B) (10 to 60% buffer B) at room temperature. The eluting fraction was collected and lyophilized.
In vitro refolding of the wt Tva LDL-A module and its mutants. The lyophilized protein samples were dissolved in 6 M guanidinum chloride–50 mM TrisHCl–1 mM dithiothreitol (pH 8.5). The samples were diluted to approximately
100 g/ml with folding buffer (50 mM Tris [pH 8.5], 1 mM reduced GSH, 0.5 mM
oxidized GSH) and then dialyzed against folding buffer containing either 10 mM
CaCl2 or 1 mM EDTA for at least 24 h at room temperature under oxygen-free
conditions. Folded Tva LDL-A modules were purified by reverse-phase HPLC
on a Vydac C18 column as described above. The unlabeled purified samples were
used for calorimetry analysis, and the 15N-labeled purified samples were used for
nuclear magnetic resonance (NMR) spectroscopy.
Reverse-phase HPLC. To examine whether folding of the Tva LDL-A module
is Ca2⫹ dependent, aliquots of the refolding reaction mixtures (either in the
presence or in the absence of CaCl2) were analyzed by reversed-phase HPLC on
a Vydac C18 column under the same conditions as for protein purification
described above.
NMR spectroscopy. NMR spectra were acquired as described previously (10).
Briefly, all NMR spectra were recorded at the University of Illinois at Chicago on
a Bruker DRX600 spectrometer equipped with a pulsed-field-gradient accessory
and operating at 600.13 MHz for 1H. Spectra were processed and analyzed using
Triad version 6.3 software (Tripos, Inc., St. Louis, Mo.). The lyophilized 15N-

labeled LDL-A module of Tva and its mutants were dissolved in 50 mM TrisHCl–100 mM NaCl–10% D2O (pH 7.0). To examine the effect of Ca2⫹ binding
on protein folding and structure of the LDL-A module of Tva, CaCl2 was added
either in the folding reaction or in NMR analysis or in both with a final concentration of 10 mM. The final protein concentration was 100 M. [1H-15N] HSQC
(heteronuclear single quantum correlation spectroscopy) spectra were recorded
at 25°C. The central frequencies were 4.70 and 118 ppm for 1H and 15N, respectively.
Isothermal titration calorimetry (ITC). Calcium titrations were performed on
a MicroCal MSC isothermal titration calorimeter as specified by the manufacturer (MicroCal Inc., Northampton, Mass.). Experiments were performed at
30°C. Buffers used were 20 mM Tris-HCl, 100 mM NaCl, and 0.02% NaN3, pH
7.4. HPLC-purified LDL-A module of Tva and its mutants were dialyzed overnight in the above pH 7.4 buffer, containing Chelex 100 (Bio-Rad) to remove any
metal ion contamination in the protein samples. Then the samples were diluted
to 10 M in buffer and titrated with a 2-l injection of 2 mM CaCl2 in buffer.
Fifty injections were used in each experiment. Data were analyzed with Origin
(MicroCal) and were fitted to a simple one-binding-site model.

RESULTS
Expression and purification of the wt Tva LDL-A module
and its mutants. The coding regions of the wt Tva LDL-A
module and its mutants (Fig. 1) were amplified by PCR and
cloned into an E. coli expression vector, pGEX-4T-1, as GST
fusion proteins. We used these mutants in this study because
although they are all impaired in the viral receptor function of
Tva (Fig. 1), their roles in protein folding and function might
differ. Based on structure information for other LDL-A modules, two of these mutants (D46A and E47A) should be defective in calcium binding since the side chains of these residues
are predicted to be involved in Ca2⫹ coordination along with
four other amino acids in the module. In contrast, L34 and
W48 are not predicted to be directly involved in Ca2⫹ binding
but are likely to be involved in ligand recognition.
High levels of expression in E. coli strain BL21 were
achieved by induction with IPTG, and fusion proteins were
purified by one-step affinity chromatography with GSH-Sepharose. We could purify approximately 30 mg of GST fusion
proteins from 1 liter of 2⫻YT medium or 20 mg from supplemented minimal medium. To purify the wt Tva LDL-A module
and its mutants, GST fusion proteins were cleaved with thrombin, and the GST portion was removed by GSH-Sepharose
chromatography. The cleaved products were further purified
by reverse-phase HPLC on a Vydac C18 column as described in
Materials and Methods. The predicted proteins contain 47
amino acids including the 40-residue module, four additional
residues (GSSR) at the N terminus, and three (GTS) at the C
terminus, as shown in Fig. 1. These LDL-A module proteins
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characterized the role of calcium in protein folding of two
classes of Tva mutants: those residues that are directly involved
in calcium binding and those residues that are not directly
involved in calcium coordination but that, when mutated, result in impaired function of Tva. As expected, mutations of
those Ca2⫹-binding residues are defective in protein folding.
Surprisingly, mutations of the non-calcium-binding residues
can also affect protein folding. This study provides new insights
on structure and function of Tva in ASLV-A entry.
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dimensional NMR spectra ([1H-15N] HSQC spectra) after in
vitro folding either in the presence or in the absence of calcium. It is known that correctly folded proteins display welldispersed spectra in both proton and amide 15N dimensions,
while unfolded or misfolded proteins give ill-defined and
poorly dispersed spectra.
As mentioned above, the wt Tva LDL-A module was eluted
as a single sharp peak on reverse-phase HPLC after in vitro
folding in the presence of calcium (Fig. 2H). The peak fraction
of the 15N-labeled wt Tva LDL-A module was purified and
prepared by reverse-phase HPLC, and two-dimensional [1H15
N] HSQC spectra were collected using a Bruker DRX600
spectrometer. Since calcium was released from the peptide
during purification by HPLC, the role of calcium in maintaining the structure of the module was also examined by either
adding or omitting CaCl2 before NMR spectroscopy. When
the protein was folded in the presence of calcium, and calcium
was present during acquisition of the NMR spectrum, the
spectrum exhibited very good dispersion in both proton and
amide 15N dimensions (Fig. 3A). However, the same protein
gave poorly dispersed spectra when calcium was omitted during the NMR analysis, even if the protein was folded in the
presence of calcium (Fig. 3B). The whole sample of the LDL-A
module of Tva after folding in the absence of calcium was used
for the NMR data collection, since the protein was eluted as
multiple and overlapping peaks and it was difficult to separate
and collect individual peaks (Fig. 2B). When calcium was absent from the folding reaction, the Tva module gave highly
clustered spectra in both dimensions regardless of whether
calcium was present during acquisition of NMR spectra (Fig.
3C and D). This clustering was more pronounced with regard
to 1H proton, since the 1H proton spectra were mainly clustered around 8 ppm. These results indicate that calcium is
required not only for correct folding of the Tva module but
also to maintain the overall structure conformation of the
protein.
However, whole preparations of D46A or E47A mutant
proteins gave similarly poorly dispersed spectra when calcium
was present in both the folding reaction and the acquisition of
NMR spectra (Fig. 3E and F). These results, which are consistent with the HPLC analysis shown in Fig. 2, provide further
evidence that calcium is absolutely required for correct folding
and that mutations of the Ca2⫹-binding residues adversely
influence Ca2⫹ coordination and protein structure of the
LDL-A module of Tva.
As shown above, in the presence of calcium, both W48A and
L34A proteins were eluted as a predominately single sharp
peak at about 22 min (Fig. 2G and I). When the protein from
this peak fraction of W48A was subjected to NMR analysis, it
gave a well-dispersed spectrum with many similarities to that of
wt Tva (Fig. 3G), suggesting that the majority of W48A mutant
protein can be correctly folded in the presence of calcium. In
contrast, although the peak fraction of L34A protein also gave
a better-dispersed spectrum (Fig. 3H) than D46A and E47A
mutant proteins, the dispersion was greatly reduced in both
proton and amide 15N dimensions compared to that of wt Tva
or W48A protein. These results suggest that the predominant
single peak eluted by reverse-phase HPLC shown in Fig. 2G
may represent a mixture of more than one isomer or else that
the protein is not well folded. Thus, the L34A mutation in Tva
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ran as approximately 14 kDa on sodium dodecyl sulfate-polyacrylamide gel electrophoresis instead of 5 kDa as calculated
(data not shown).
Examination of Ca2ⴙ-dependent protein folding by reversephase HPLC. HPLC has been previously used by others to
examine in vitro Ca2⫹-dependent folding of several LDL-A
modules (5, 19). It was demonstrated that LDL-A modules
were eluted as many broad peaks in the absence of calcium but
as a sharp single peak in the presence of calcium. These results
suggest that correct folding of an LDL-A module is dependent
on calcium and that without it, the module will fold as various
isomers. Therefore, we used reverse-phase HPLC to characterize the folding patterns of the wt Tva LDL-A module as well
as its mutants either in the presence or absence of calcium.
The purified LDL-A module proteins were first refolded
either in the absence or in the presence of calcium, and the
samples were eluted by reverse-phase HPLC on a Vydac C18
column as described in Materials and Methods. As expected, in
the presence of calcium, the wt Tva LDL-A module was eluted
as a single sharp peak, at about 25 min (Fig. 2A). In contrast,
in the absence of calcium, the wt Tva module was eluted as
several broad peaks (Fig. 2B). These results suggest that the
LDL-A module of Tva, like other LDL-A modules, requires
calcium for correct folding. D46 and E47 are predicted to be
involved in calcium binding, based on the structures of other
LDL-A modules. Thus, mutations at these positions would
adversely affect calcium binding. Indeed, D46A mutant protein
was eluted as several broad peaks, whether folded in the presence (Fig. 2C) or absence (Fig. 2D) of calcium. Similar results
were observed for E47A mutant protein (Fig. 2E and F). These
results are consistent with the notion that these highly conserved acidic residues are directly involved in calcium coordination.
L34 and W48 do not appear to participate in Ca2⫹ binding.
Nevertheless, mutations at these positions significantly impaired the viral receptor function of Tva (Fig. 1 and references
21, 22, 26, and 27). Based on this finding, it was hypothesized
that these residues may be involved in ligand recognition (22,
27). However, the HPLC elution profiles of L34A and W48A
proteins suggest that these mutations may also influence Ca2⫹dependent folding of Tva, albeit to a much lesser extent than
D46 and E47. In the absence of calcium, multiple broad peaks
were detected for both W48A and L34A proteins (Fig. 2H and
J). Interestingly, in the presence of calcium, both W48A and
L34A proteins were eluted predominately as a sharp peak at
about 22 min. However, several minor peaks were also reproducibly observed (Fig. 2G and I). These results seem to suggest
that although L34 and W48 are unlikely to be involved in Ca2⫹
binding, mutations of these residues can also adversely affect
Ca2⫹-dependent protein folding of Tva. It is notable that
W48A and L34A proteins were eluted earlier than wt Tva
protein or D46A or E47A mutant protein (about 22 min for
W48A and L34A proteins, versus 25 min for wt Tva [Fig. 2]).
A plausible explanation is that L34A and W48A proteins are
less hydrophobic than the wt Tva LDL-A module and therefore were eluted faster on a hydrophobic Vydac C18 column.
Examination of Ca2ⴙ-dependent protein folding by NMR
spectroscopy. To further characterize Ca2⫹-dependent protein
folding of the wt Tva LDL-A module and its mutants, the
15
N-labeled proteins were prepared for acquisition of two-
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FIG. 2. Elution profiles of wt and mutant Tva LDL-A modules by reverse-phase HPLC. The purified proteins were folded in vitro in the
presence (A, C, E, G, and I) or absence (B, D, F, H, and J) of calcium and then eluted by reverse-phase HPLC.
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may exert a greater adverse effect on Tva folding than the
W48A mutation. Careful examination of the spectra by superimposition identified 28 peak positions as being identical between W48A and the wt module proteins (Fig. 3G versus A).
Although it was more difficult to determine the exact number
of identical peak positions between L34A protein and the wt
module due to the less-defined dispersion of spectra of L34A
protein, only 9 to 11 identical peak positions were identical
between them (Fig. 3H versus A). These numbers represent
significant structural differences between W48A and L34A mutant proteins.
Measurement of Ca2ⴙ-binding affinity by ITC. ITC was used
to directly measure Ca2⫹-binding affinity of the wt Tva LDL-A
module and its mutants. Calcium titrations were performed on
a MicroCal MSC isothermal titration calorimeter. A CaCl2
solution (2 mM) was added in 2-l increments up to a molar
ratio of 15:1 for each protein (10 M). As shown in Fig. 4A,
Ca2⫹ binding of the wt LDL-A module gave a measureable
heat change with an apparent dissociation constant (Kd) of 40
M at 30°C. The Ca2⫹ binding of W48A (Fig. 4B) and L34A
(Fig. 4C) proteins was also measurable, with apparent dissociation constants of approximately 48 and 100 M, respectively.
These results are in agreement with those for HPLC and NMR

spectra, indicating that the wt Tva LDL-A module binds calcium with a relatively high affinity, while W48A and L34A
proteins are slightly impaired in Ca2⫹ binding (wt ⬎ W48A ⬎
L34A). In contrast, under the same conditions, neither D46A
nor E47A mutant protein displayed any detectable Ca2⫹-binding activity (data not shown), indicating that these mutations
greatly reduced the Ca2⫹-binding affinity of Tva. A major difference between the L34A variant and either wt Tva or the
W48A variant was in the thermodynamics of binding. Although
wt Tva shows slightly endothermic binding of Ca2⫹ (⌬H ⫽ 0.84
kcal mol⫺1), while the W48A and L34A variants show slightly
exothermic (⌬H ⫽ ⫺0.35 kcal mol⫺1) and strongly exothermic
(⌬H ⫽ ⫺5.38 kcal mol⫺1) binding, respectively, the more significant difference is in the relative contributions of entropy to
the binding process. For wt and the W48A variant, binding is
driven primarily by entropic considerations, with ⫺T⌬S° being
⫺7.28 kcal mol⫺1 (out of ⌬G° of ⫺6.44 kcal mol⫺1) and ⫺5.98
kcal mol⫺1 (out of⌬G° of ⫺6.33 kcal mol⫺1), respectively. In
marked contrast, calcium binding to the L34A variant is predominantly enthalpic (⌬H ⫽ ⫺5.38 kcal mol⫺1 out of ⌬G° of
⫺5.86 kcal mol⫺1), with only a minor contribution from entropy (⫺T⌬S° ⫽ ⫺0.48 kcal mol⫺1). This is consistent with
similar folds and structures of wt and W48A Tva but a major
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FIG. 3. Two-dimensional [1H-15N] HSQC spectra of the LDL-A module of Tva and its mutants. The purified 15N-labeled proteins were folded
in vitro in the presence (A, B, E, F, G, and H) or absence (C and D) of calcium, and two-dimensional [1H-15N] HSQC spectra were acquired either
with added calcium (A, C, E, F, G, and H) or with no added calcium (B and D) as described in Materials and Methods. For example, wt ⫹Ca/⫹Ca
(A) indicates that calcium was present in the folding reaction (⫹Ca/) and with added calcium in NMR analysis (/⫹Ca).
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structural difference for the L34A variant, as indicated both by
the NMR HSQC spectra and the HPLC elution profiles. It may
be that the leucine present in wt Tva becomes buried upon
correct folding and plays an important role in such folding.
This might be expected to release considerable solvent and so
contribute to the favorable entropy of binding and folding.
Such favorable entropy would be largely lost upon replacement
of the large hydrophobic leucine side chain with the small
alanine and might no longer provide the impetus for folding
along the correct pathway.
DISCUSSION
In this report we demonstrated that the LDL-A module of
Tva, like other LDL-A modules, requires calcium for correct
folding. This conclusion is based on in vitro folding studies of
the wt LDL-A module and the mutants of Tva by several
different methods. We have shown that the wt LDL-A module
of Tva was eluted as a single sharp peak by reverse-phase
HPLC and gave a well-dispersed NMR spectrum when the
module was folded in the presence of calcium. In contrast,
when the module was folded in the absence of calcium, it was
eluted as several broad peaks in HPLC profiles, and the NMR
spectrum was ill defined and highly clustered. When two of the
Ca2⫹-binding residues were mutated (D46A and E47A), the
LDL-A module of Tva was not correctly folded either in the
presence or in the absence of calcium. In addition, we have
shown that mutations of the non-calcium-binding residues
(W48A and L34A) could also influence Ca2⫹-dependent folding of Tva. Compared to the wt LDL-A module of Tva, W48A
and L34A mutant proteins have only slightly lower Ca2⫹-binding affinity (Kd ⫽ 40 M for wt versus 48 and 100 M for
W48A and L34A mutant proteins) but show large differences
in the importance of entropy in forming the Ca2⫹-bound conformation. This study, reveals for the first time the critical role
of calcium in Tva folding, structure, and function.

As demonstrated by molecular and mutational analysis previously, the viral receptor function of Tva is solely determined
by a single LDL-A module within the extracellular domain of
Tva (20, 26). Since the LDL-A module of Tva is highly conserved compared to other LDL-A motifs, it is reasonable to
assume that the LDL-A module of Tva adopts a three-dimensional conformation similar to other reported LDL-A structures. Thus, it was hypothesized, and supported by mutational
analysis, that six invariable cysteines in Tva form three pairs of
disulfide bonds as C1-C3, C2-C5, and C4-C6 (4), like other
LDL-A modules. However, it appears that the correct pairing
of these cysteines is Ca2⫹ dependent. The facts that the wt Tva
LDL-A module was eluted as multiple broad peaks by reversephase HPLC and gave highly clustered two-dimensional NMR
spectra when folded in the absence of calcium suggest that at
least several isomers were formed. Theoretically, there are 15
possible combinations of disulfide bonds with six cysteines in
the LDL-A module of Tva. It is obvious, however, that when
calcium is present in the folding reaction, the LDL-A module
of Tva folds as a single isomer, presumably the biologically
active, native form in vivo. When the Ca2⫹-binding residues
such as D46 or E47 in Tva are mutated, Tva cannot coordinate
efficient Ca2⫹ binding. Thus, the protein is misfolded even in
the presence of calcium, as we proposed previously (21, 22).
This study provides direct biochemical evidence to bolster our
hypothesis that the role of the Ca2⫹-binding residues (such as
D46 and E47) of Tva is probably structural in nature. Thus, it
is expected that E47A mutant protein should be impaired in
EnvA binding and in mediating ASLV-A infection. Indeed,
this mutant protein did not display detectable EnvA binding,
measured either by an enzyme-linked immunosorbent assay
(21) or by flow cytometry (27). One plausible explanation that
may reconcile the discrepancy between the folding defect of
E47A protein reported in this study and its ability to mediate
ALSV-A infection as reported previously by us (21) (Fig. 1)
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FIG. 4. Calcium titration of the Tva LDL-A module and its mutants by ITC. The Ca2⫹-binding affinity and enthalpy of binding of wt and mutant
Tva LDL-A modules were measured by ITC. D46A and E47A mutant proteins did not display detectable Ca2⫹ binding by ITC (data not shown).
x axis, Ca2⫹/protein molar ratio; y axis, heat release or uptake upon calcium binding. Note that the scales differ among the three panels.
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these results suggest that L34A protein is very different from
wt Tva, while the W48A variant, though not identical, is more
closely similar to wt Tva.
In conclusion, this study firmly established the critical role of
calcium in Tva folding and function. In addition, the welldefined two-dimensional NMR spectra of the wt LDL-A module of Tva suggest that it is feasible to use NMR to determine
the three-dimensional structure of the viral interaction domain
of Tva. Structure-function analysis of this receptor may yield
new insights on how a receptor mediates efficient viral infection.
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and by others (27) is that although the majority of E47A
mutant protein was misfolded, a small fraction of this protein
could adopt the native conformation, and this small fraction
was sufficient to mediate ALSV-A infection since the mutant
protein was overexpressed in our infection assay, as we previously suggested (21). Consistent with this explanation, we
found that several Tva mutants, including E47A, displayed a
more pronounced defect in mediating ALSV-A infection when
they were expressed at lower levels on the cell surface (data not
shown), indicating that overexpression of Tva mutant proteins
can mask the defective phenotype.
One important finding of this study is that we now have a
better understanding of the structure-function relationship of
Tva in viral entry. Residues leucine 34 and tryptophan 48 have
been found previously to be critical for the viral receptor function of Tva (22, 27). Because these residues are not predicted
to be Ca2⫹ binding, it was hypothesized that these residues
might be directly involved in ligand recognition. However, the
results presented in this study suggest that this hypothesis is
likely too simplistic. Although W48A and L34A mutant proteins behaved more like the wt Tva module than D46A and
E47A mutant proteins in Ca2⫹-dependent folding in vitro, they
displayed distinct differences in HPLC elution profiles, [1H15
N] HSQC spectra, and Ca2⫹-binding affinity. First, both mutant proteins were eluted as a predominant sharp peak corresponding to that of the wt protein, but there were several
detectable shoulders with these proteins (Fig. 2G and I), indicating that several different isomers were folded even in the
presence of calcium. Furthermore, examination of the NMR
spectra of these mutant proteins indicates that the spectra were
not as well dispersed as that of wt Tva, particularly for the
L34A mutant protein (compare Fig. 3G and H to Fig. 3A).
These results indicate that although L34 or W48 of Tva is not
directly involved in Ca2⫹ binding, mutations of these residues
nevertheless exert an adverse effect on the structure of Tva to
such an extent that they impair Ca2⫹-mediated folding to the
correct conformation. These results are consistent with a report by others showing that a non-Ca2⫹-binding residue in an
LDL-A module can affect Ca2⫹ coordination (18). Therefore,
we now believe that although it is still likely that both L34 and
W48 are involved in ligand recognition, the defect of L34A or
W48A mutant protein in mediating ASLV-A entry (Fig. 1) is at
least partially due to structural alteration in Tva.
Another important aspect of this study is that an integral
approach of molecular, biochemical, and structural techniques
is needed for us to elucidate how a simple receptor like Tva can
mediate efficient ASLV-A infection. Three techniques used in
this study, HPLC, two-dimensional NMR, and calorimetry,
gave not only internally consistent but also very complementary results. For example, reverse-phase HPLC indicated that
L34A or W48A mutant protein did not fold exactly like the wt
Tva module in the presence of calcium. The two-dimensional
NMR spectra suggested that even the predominant sharp peak
of L34A mutant protein may not be a single isomer. Furthermore, ITC data basically confirmed that the wt Tva module
binds calcium with a higher affinity than L34A and W48A
proteins. Somewhat surprisingly, the wt and W48A Tva modules bound to calcium predominantly as a result of favorable
increase in entropy, while the L34A mutant protein relied
mainly on enthalpy for binding (Fig. 4 and Results). Again
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