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Bovine immunodeficiency virus Gag proteins were purified from virions, and their amino acid sequences and
molecular masses were determined. The matrix, capsid, and nucleocapsid (MA, CA, and NC, respectively) and
three smaller proteins (p2L, p3, and p2) were found to have molecular masses of 14.6, 24.6, and 7.3 and 2.5,
2.7, and 1.9 kDa, respectively. The order of these six proteins in the Gag precursor, Pr53%“, is NH,-MA-p2L-
CA-p3-NC-p2-COOH. In contrast to other retroviral MA proteins, the bovine immunodeficiency virus MA
retains its N-terminal methionine and is not modified by fatty acids. In addition, the bovine immunodeficiency
virus NC migrates as a 13-kDa protein in denaturing gel electrophoresis; however, its molecular mass was

determined to be 7.3 kDa.

Bovine immunodeficiency virus (BIV) is a nonacute patho-
genic retrovirus and a member of the lentivirus genus. BIV
shares biologic, genetic, and pathologic characteristics with
lentiviruses that cause chronic inflammatory diseases and
immunodeficiencies (5, 16, 43; reviewed in references 13 to 15
and 17). Similarities between BIV and the human and simian
immunodeficiency viruses (HIV and SIV, respectively) extend
to ultrastructure, genome organization, catalytic functions of
pol gene products, and immunological cross-reactivity of the
Gag proteins (1, 4, 11, 16, 26, 35). Sequencing of functional
molecular clones of BIV has shown that its genome includes
the obligate gag, pol, and env retroviral structural genes as well
as six putative nonstructural accessory genes (tat, rev, vif, vpw,
vpy, and tmx) (4, 11, 13, 29, 32-34).

The BIV gag gene encodes a 53-kDa precursor protein,
Pr53%° (1, 35), that participates in the formation of immature
virions and assembles into virus-like particles when produced
in the baculovirus-insect cell expression system (35). The
processing of lentivirus Gag precursors by an aspartyl-type
viral protease (PR) leads to the formation of five to six major
proteolytic cleavage products (7, 19, 20, 23). Immunologic
analyses of proteins from BIV virions with monospecific
anti-BIV and -HIV type 1 (HIV-1) sera have resolved three
major Gag cleavage products, the matrix, capsid, and nucleo-
capsid proteins (MA [p16M#], CA [p26“*], and NC [p13™°],
respectively) (1, 35). A definition of the N and C termini of the
three known Gag proteins and the exact number of Gag
proteins contained within the BIV Gag precursor, however,
have not been determined in previous studies (1, 35).

In the present report, the mature Gag proteins from BIV
virions obtained from molecularly cloned BIV R29-127 were
purified by reversed-phase, high-pressure liquid chromatogra-
phy (rp-HPLC) and identified by immunoblotting with mono-
specific sera. N-terminal sequencing, amino acid composition,
and mass spectrometry (MS) were used to calculate the
molecular weight and to determine N and C termini of each
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isolated BIV Gag protein. These data precisely identified the
proteolytic cleavage sites in and thus the subunit organization
of Pr53“. In addition to the requisite MA, CA, and NC
proteins, three small intragenic Gag cleavage fragments were
identified, as was the lack of a fatty acid modification at the N
terminus of the MA. The molecular masses of the BIV MA,
CA, and NC proteins were determined by MS and are in
agreement with those deduced from amino acid analyses. A
comparison of these data with those derived from the study of
HIV-1 and other retroviruses is discussed.

Isolation, amino acid analyses, and MS of BIV Gag proteins.
Virus was harvested from Cf2Th cultures transfected with the
BIV R29-127 molecular clone, isolated by continuous-flow
sucrose density gradient centrifugation, and further concen-
trated by ultracentrifugation (2, 42). Virions were disrupted
and reduced by the addition of solid guanidine hydrochloride
and 2-mercaptoethanol in the presence of 3.7 wM zinc acetate
to protect the putative zinc-binding NC protein. The virus
preparation was sonicated and equilibrated to pH 2 with
trifluoroacetic acid. Materials were loaded onto pBondapack
C,s rp-HPLC supports (25 by 100 mm) in 0.05% (vol/vol)
trifluoroacetic acid at pH 2 and eluted with a gradient of
increasing acetonitrile concentrations in 0.05% trifluoroacetic
acid, as previously described (20). Eluted proteins and peptides
were detected by determining the UV A, A0, and A,gy;
collected; and lyophilized. The spectra at 206 nm are shown in
Fig. 1A.

Peak fractions of the rp-HPLC separation were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and visualized by Coomassie staining (Fig. 1B)
and immunoblot analysis (Fig. 1C). The predominant species
in fractions 173 through 219 were identified as p16M#* and
p26<A (data not shown) but were not sufficiently resolved for
subsequent analyses. Therefore, fractions 173 to 186, 187 to
199, and 201 to 219 were combined into pools I, II, and III,
respectively, for additional rp-HPLC purifications (Fig. 1A,
insets). Rechromatography of pooled fractions I, II, and III
was performed over 3 h using 38 to 52% acetonitrile gradients
at flow rates of 5 ml/min (Fig. 1A, insets). N-terminal amino
acid sequence and compositional analyses were performed, as
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FIG. 1. Isolation and identification of BIV proteins. (A) Chromatogram of rp-HPLC elution profile of proteins from disrupted BIV virions
detected by A, versus fraction number. The large profile depicts the initial chromatogram. The inset panels show the absorbance profiles of
rechromatographed pooled fractions I, II, and III. Peaks corresponding to p2L, p7NS, p2, p3, pl0<4, p26<4, and p16M4 as well as cleavage
fragments of p2L (a and b), p2 (c and d), and p3 (e and f) and a reagent peak (g) are shown. The arrow at fraction 150 indicates the time at which
elution pump and chart recorder speeds were reduced from 10 to 2.6 ml/min and 2 to 0.5 mm/min, respectively, in the initial chromatograph. (B)
Coomassie-stained electropherogram of the rp-HPLC peak fractions labeled in panel A obtained with a 6 to 18% linear gradient in SDS-PAGE.
Lanes: 1, disrupted BIV virions used as markers for rp-HPLC-isolated proteins; 2 to 6, concentrated samples of p2L, p7"C, p2, p3, and p10“4,
respectively, from the initial purification profile; 7, 8, and 10, p26* peaks in insets I, II, and III, respectively; 9 and 11, peak g and p16M# from
insets II and III, respectively. Molecular mass markers are indicated to the left. (C) Immunoblot analysis of rp-HPLC peak samples shown in panel
A and analyzed in panel B. Samples were electrophoresed in 16% denaturing polyacrylamide gels, transferred to membranes, and cut into 0.5-cm
strips. Membrane strips were reacted with a panel of eight previously described BIV-specific antisera (1) and arranged in the same lane order as
shown in panel B. Results with BIV-infected cow F19 (lane 1), MA-CA intergenic peptide (lane 2), NCterm peptide (lane 3), recombinant Pr53
(lanes 4, 5, and 9), CA peptide (lanes 6 to 8 and 10), and recombinant MA (lane 11) antisera are shown. Molecular mass markers are indicated
to the left.

previously described (20), to define the N- and C-terminal
boundaries of isolated Gag proteins. By comparing results of
these analyses with the translation predicted from the DNA
sequence (11), the probable C-terminal residues of each
protein were determined. The amino acid compositions and
N-terminal sequence analyses are summarized in Table 1 and
Fig. 2, respectively. Two major anomalies observed during the
course of this investigation, which could not be resolved by
SDS-PAGE or amino acid analyses, required analysis by
electrospray ionization MS (ESI-MS): (i) the HPLC elution
profile of MA and CA suggested that these proteins contain
multiple species, and (ii) NC migrated more slowly in SDS-
PAGE than expected for a protein of the molecular weight that
the amino acid sequence suggested.

(i) MA proteins. The majority of the BIV p16M4 eluted as a
series of peaks in fractions 201 to 219 in the initial acetonitrile
gradient (data not shown). Although the second separation
performed with pool III resolved several absorbance peaks
(Fig. 1A, inset III), immunoblot analysis indicated the pres-
ence of only MA and CA (Fig. 1C). The predominant proteins
contained in the later fractions 70 to 100 were MA species that
appeared to migrate at the same molecular weight as deter-
mined by SDS-PAGE and immunoblot analysis (fraction 98 of
pool I1I, Fig. 1B and C, lanes 11; fractions 70 to 97 of pool III,
data not shown).

Forty-three residues of the MA protein were determined by
N-terminal sequence analysis (Fig. 2). The MA-protein se-
quence was further characterized by the presence of six
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TABLE 1. Amino acid composition of BIV Gag proteins
No. of residues” in:
{;‘:“;(“s‘)’ MA p2L cA p3 NC p2 p10°A

E P E P E P E P E P E P E P
Asp + Asn® 8.4 8 3.8 4 19.2 19 0.4 0 58 6 21 2 6.9 7
Thr 73 7 5.0 5 14.9 15 1.1 1 22 2 11 1 4.5 5
Ser 6.5 6 31 3 10.4 10 12 1 6.0 6 39 4 5.0 4
Glu + GIn° 184 19 4.5 5 319 33 3.1 3 7.7 8 14 1 113 14
Pro? 3.6 3 1.3 1 145 14 42 4 7.2 4 29 3 35 8
Gly 6.4 6 0.4 0 10.4 10 1.2 1 7.9 9 0.4 0 5.2 5
Ala 10.8 11 0.3 0 18.4 19 3.9 4 32 3 1.3 1 7.4 10
Val 6.1 6 0.1 0 113 12 2.0 2 0.2 0 12 1 4.5 4
Met 2.9 3 0.0 0 5.2 5 19 2 0.1 0 0.8 1 25 4
Ile® 8.9 10 0.0 0 12.2 14 1.9 2 0.1 0 0.8 1 4.1 5
Leu 11.2 11 21 2 21.1 21 2.1 2 1.3 1 1.8 2 73 8
Tyr 5.7 6 0.2 0 2.6 2 1.1 1 3.0 3 0.2 0 25 2
Phe 32 3 0.0 0 438 4 0.1 0 0.9 1 0.0 0 25 2
His 1.0 0 0.2 0 7.6 8 1.0 1 3.0 3 0.9 1 32 4
Lys 11.0 12 21 2 15.9 16 1.2 1 6.8 7 04 0 6.9 7
Arg 84 9 0.3 0 9.9 10 0.2 0 5.8 6 0.3 0 39 3
Cys ND 3 ND 0 ND 3 ND 0 ND 7 ND 0 ND 2
Trp? 2.8 3 0.0 0 4.1 4 0.0 0 0.0 0 0.0 0 ND 0
Total 126 22 219 25 66 18 94
Mass (Da) 14,626.8 2,461.6 24,596.0 2,664.2 7,287.1 1,894.1 10,381.9

“ E, experimentally determined by amino acid analysis; P, predicted from DNA sequence in the work of Garvey et al. (11); ND, not detected.
® Fraction 140 contained a second CA cleavage product (Fig. 2) that affected the amino acid analysis data of p10CA,

¢ Asn and Gln are converted to Asp and Glu, respectively, by acid hydrolysis.
4 Cys by-products coelute with Pro and inflate Pro values.

¢ Values for Ile and Val are expected to be low because of resistance of Ile-Ile, Ile-Val, Val-Ile, and Val-Val bonds to acid hydrolysis.
/Values for Tyr are expected to be low (85% yield) because of degradation of Tyr during acid hydrolysis.
# Determined spectrophotometrically as A,94/4,06 ratio by using a diode array detector.

tyrosine and three proline residues in its amino acid analysis
(Table 1) which, in the context of the amino acid sequence of
p2L (see below), helped to identify the C terminus of the MA
protein. Thus, MA consists of 126 amino acid residues with a
calculated molecular mass of 14,626.8 Da. The accessibility of
the MA protein to Edman degradation and the retention of the
initial methionine residue in the MA-protein sequence indi-
cated that the N terminus was not blocked by fatty acid
modification.

The profile of the chromatogram of pool III (Fig. 1A, inset
IIT) suggested the presence of heterogenous MA species,
which was confirmed by ESI-MS (Fig. 3A). The major MA
peak that eluted in fractions 95 and 96 contained MA species
of 14,628 and 14,708 Da (Fig. 3A and Table 2) in almost equal
amounts. Proteins with masses of 14,814 and 14,628 Da were
characterized in fractions 76 to 77 and 91 to 92, respectively.
The experimental molecular masses observed for one major
and one minor MA species (14,628 Da) were in good agree-
ment with the mass of 14,626.8 Da predicted from the DNA
sequence and the proteolytic cleavage sites determined here.
Moreover, these data provided further evidence that the
majority of the MA was not modified by fatty acid acylation.

(ii) CA proteins. In the initial rp-HPLC separation, the BIV
p26“* eluted in several peaks from fractions 173 to 219 (Fig.
1A; data not shown). These fractions were pooled as indicated
above and rechromatographed to improve the separation (Fig.
1A, inset I). As with MA, there appeared to be heterogenous
species of CA, as multiple CA-containing peaks were identified
in the rechromatographs. The major peak of pool I (fraction
60, inset I, Fig. 1A) contained a protein with a mobility of 26
kDa in SDS-PAGE, which was identified as p26“* in immu-
noblots (Fig. 1B and C, lanes 7). Of the two major peaks at

fractions 60 and 75 of pool II (Fig. 1A, inset II), the material
in the first was identified as p26“* (Fig. 1B and C, lanes 8). The
second peak (g) did not contain any material that could be
identified by Coomassie staining or immunoblotting (Fig. 1B
and C, lanes 9). The amino acid composition and N-terminal
sequence analysis of this fraction indicated that no polypeptide
was present; therefore, it most likely contained a medium
component such as phenol red. The first major peak of pool III
(fraction 60) contained p26©4, as indicated by SDS-PAGE and
immunoblot analyses (Fig. 1B and C, lanes 10). p26“* was also
detected in the later fractions (70 to 100) of pool III, most
likely as a result of its poor solubility in the acidic liquid phase.

Amino acid sequence analysis of p26©* confirmed its 52
N-terminal residues, beginning at Pro-149 of Pr53%% (Fig. 2).
The presence of four phenylalanines and 21 leucines, deduced
by compositional analyses, defined the C terminus as Phe-367
of Pr53%% (Table 1). The p26“* contains 219 residues and has
a calculated molecular mass of 24,596.0 Da. ESI-MS analysis -
demonstrated the presence of a CA species of 24,610 Da (Fig.
3B and Table 2) as the major chromatographic peak of each
pool, labeled p26“* in the insets of Fig. 1A. Several less
abundant forms of p26“* also were found in samples analyzed
by ESI-MS from different pools, confirming the heterogeneity
observed in the rp-HPLC profile. A species of 24,653 Da was
present in pool I; its mass difference suggests the possibility of
posttranslational acetylation of the major form. Species of
24,682 and 24,757 Da were observed in pools II and III.

A small percentage of the CA protein undergoes secondary
proteolysis to generate additional peptides; one, a 10-kDa
C-terminal peptide, has been immunologi:ally identified pre-
viously (1). This 10-kDa protein, p10“*, which eluted in
fraction 140 of the acetonitrile gradient (Fig. 1A), was identi-
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FIG. 2. Diagram of the proteolytic cleavage products of BIV Pr53“ and amino acid sequence. (A) Proteolytic cleavage products of BIV
Pr53#°¢. Proteins shown are p16MA, p2L, p264, p3, p7™C, and p2, as described in the text. (B) Amino acid sequence of BIV Pr538* as predicted
from the DNA sequence of BIV R29-127 (11). N-terminal residues determined by N-terminal sequence analyses are indicated by single-letter
abbreviations below the predicted sequence; other determined residues are indicated by dashes. Arrows indicate proteolytic cleavage sites between
mature Gag proteins. Two additional cleavage products each of p2L, p3, and p2 were found to have N-terminal residues of Ser-128 and Lys-137,
Val-369 and Met-372, and Met-463 and Ser-464 of Pr53%, respectively. The additional cleavage products are indicated below the major Gag
subunits and are found in peaks a, b, e, f, ¢, and d, respectively, of Fig. 1A.

fied in SDS-PAGE and immunoblots using a peptide anti-
serum specific to the C terminus of CA (Fig. 1B and C, lanes
6). Edman degradation of pl0“* identified the Ala-274 of
Pr53%“¢ as its N terminus (Fig. 2). Because of the detection of
at least two phenylalanines by compositional analysis (Table
1), p10* most likely shares its C terminus with p26* (Fig. 2).
Thus, p10“ contains the 94 C-terminal residues of p26<“ and
has a calculated mass of 10,381.9 Da. Although not immuno-
logically identified, a second minor CA cleavage product with
an apparent molecular mass of 11 kDa also was found in
fraction 140. Sequence analysis identified its N-terminal resi-
due as Gly-179 of Pr53%% (Fig. 2). Its mobility in SDS-PAGE
suggests that its C terminus was generated by proteolytic
cleavage between Ala-273 and Ala-274. This CA peptide is
predicted to have a mass of 10,804.3 Da and thus represents an
internal CA fragment of 95 residues. Both the 10- and 11-kDa
CA fragments were present in a molar ratio of approximately
2% with respect to the intact p26“*. A putative peptide
containing the amino-terminal 30 residues with a predicted
mass of 3,445.8 Da was not identified in the rp-HPLC separa-
tion. The functions, if any, of the secondary CA cleavage
products are not known.

(iii) NC proteins. A 13-kDa BIV protein previously was
identified with HIV and BIV NC-specific antisera in immuno-
blots and radioimmunoprecipitations (1). The BIV NC eluted
in fraction 25 of the HPLC gradient (Fig. 1A) and migrated as
a 13-kDa protein in gel electrophoresis (Fig. 1B and C, lanes
3).

All 66 residues of the NC protein were confirmed by amino
acid sequence analysis (Fig. 2). The presence of three alanine,
one phenylalanine, three tyrosine, and three histidine residues
characterizes the termini of the NC protein (Table 1). The N
and C termini were Ala-393 and Phe-458 of Pr53%%, respec-
tively, and the BIV NC protein, p13™<, has a calculated mass
of 7,287.1 Da.

ESI-MS was of particular value in resolving the discrepancy
between the molecular weights of the NC protein predicted by
gel mobility and determined by amino acid composition. The
ESI-MS of HPLC fractions 25 to 27 (Fig. 1A) characterizes an
NC species of 7,283 Da (Fig. 3C and Table 2), which is in good
agreement with the calculated mass of 7,287.1 Da. Minor NC
proteins with masses of 7,475, 7,538, and 7,122 Da also were
detected (Fig. 3C). The 7,283-, 7,475-, and 7,538-Da forms of
NC were present in molar fractions of approximately 43, 18,
and 37% of the total NC found. No evidence for dimeric forms
of NC protein was found.

(iv) Small Pr53%%¢ cleavage products. Three small Gag-
related peptides also were isolated during rp-HPLC separation
of the viral proteins and were sequenced in their entirety.
Fraction 21 (Fig. 1A) contained a peptide, designated p2L,
which had a relative migration of 3 kDa in SDS-PAGE and was
reactive to an antiserum directed to a region between the MA
and CA proteins (Fig. 1B and C, lanes 2). Fraction 21 (Fig. 1A)
also contained p13™° that appeared to coelute with p2L (Fig.
1B, lane 2). N-terminal sequence analysis indicated that the N
and C termini of p2L in fraction 21 were Pro-127 and Leu-148
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FIG. 3. Electrospray mass spectra of BIV Gag proteins isolated
from virions by rp-HPLC (Fig. 1A). rp-HPLC-purified fractions dis-
solved in water-methanol-glacial acetic acid (48.5:48.5:3, vol/vol) were
introduced by a syringe infusion pump at a flow rate of 10 pl/min into
a Vestec electrospray source fitted to a Hewlett-Packard quadrupole
mass spectrometer. Data were analyzed by standard deconvolution
methodology (9, 20, 30). (A) MA protein contained in fractions 95 to
96 of inset III; (B) CA protein contained in fractions 58 to 61 of inset
I; (C) NC protein contained in fractions 25 to 27 of initial separation.
The ordinate indicates signal intensity relative to the maximum
intensity in the spectrum; the abscissa indicates mass/charge ratios.
Peaks are labeled with charge state values, and residue losses are
indicated in panel C by single-letter abbreviations.
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of the Gag precursor, respectively. Therefore, p2L has a
calculated molecular mass of 2,461.6 Da. The presence of only
one proline and two leucine residues confirmed the MA-p2L
and the p2L-CA cleavage sites (Table 2). Two minor cleavage
products of p2L that contained 7 and 8% of the total p2L were
found in peaks a and b (Fig. 1A), respectively. The N-terminal
proline was absent from the p2L in peak a, and the 10
N-terminal residues were missing from the p2L in peak b.

A second small peptide, p2, identified by amino acid analysis
as the C-terminal protein of the Gag precursor, eluted in
fraction 61 (Fig. 1A) but could not be resolved in SDS-PAGE
or immunoblot analyses, probably because of its small size or
solubility characteristics (Figs. 1B and C, lanes 4). Amino acid
sequence analysis indicated that the N-terminal residue of p2
was His-459 of Pr53%8, and its molecular mass is 1,894.1 Da.
Fractions 58 and 63 contained two fragments of p2, denoted ¢
and d (Fig. 1A). Peaks ¢ and d were missing four and five
N-terminal residues (Fig. 2) and contained 46 and 31% of the
total p2 material, respectively.

A third peptide, p3, eluted in fraction 85 (Fig. 1A); it
appeared as a diffuse band by SDS-PAGE but could not be
visualized in immunoblot analysis (Fig. 1B and C, lanes 5).
Amino acid compositional and sequence analyses confirmed
the N and C termini of p3 (Table 1) as Leu-368 and Tyr-392 of
Pr532%, respectively (Fig. 2). p3 has a calculated molecular
mass of 2,664.2 Da. Peaks e and f, isolated from fractions 71
and 80 of the rp-HPLC separation, contained 20 and 14% of
the total p3 material (Fig. 1A) and were missing one and six
N-terminal residues, respectively (Fig. 2).

DNA sequence determination of MA gene. To determine
whether the heterogeneity of MA observed by ESI-MS could
have been caused by genetic mutations in the gag gene, we
derived multiple clones of the MA-coding region. Extrachro-
mosomal DNA preparations (24) were made from BIV R29-
127-infected Cf2Th cultures at a passage immediately after the
production of large-scale virus preparations for amino acid
analyses and ESI-MS. Fragments overlapping the MA-coding
region of the gag gene were amplified by PCR using BIV
deoxyoligonucleotide primers 5'-AGAAGACTCCGGACAG
GT-3' and 5'-CCAGATCTTAAGCTGCTTCATGAGGT-3'
derived from the BIV R29-127 nucleotide sequence (11) and
Vent polymerase (New England Biolabs). The DNA fragments
were cloned into the Smal site of pBS(II)SK+ (Stratagene).
Twelve independent clones were sequenced by the method of
Sanger et al. (38); only one clone was found to contain a
transition (G—A at nucleotide 851). This resulted in an
alanine-to-threonine replacement and increased the molecular
mass by 30 Da. Thus, heterogeneity of the MA protein could
have resulted, at least in part, from genetic mutations.

Phosphorylation of BIV Gag proteins. To determine if some
of the heterogenity observed for Gag proteins was due to
posttranslational modifications, phosphorylation of BIV pro-
teins was studied by immunoprecipitation of 3?P-labeled
BIV-infected cell and virion lysates. BIV R29-127-infected
BLAC-20 cell cultures were radiolabeled with [>*S]cysteine
and [**S]methionine (as a control for reactivity of sera in
immunoprecipitation) or *?P,, as previously described (34).
Intracellular viral proteins were released by detergent lysis;
virions were concentrated by ultracentrifugation of culture
supernatants through 20% (wt/wt) sucrose and detergent lysed
(1, 34). Radiolabeled samples were immunoprecipitated with a
panel of BIV protein-specific antisera made to both structural
and nonstructural proteins (1, 34), separated by SDS-PAGE,
and visualized by autoradiography. No 3?P-labeled Gag pro-
teins were observed after immunoprecipitation, whereas these
antisera did recognize Gag proteins from >°S-labeled cell



VoL. 68, 1994

TABLE 2. Comparison of BIV Gag protein molecular masses
determined by denaturing gel electrophoresis,
amino acid analysis, and MS

Gel No. of Mol wt®

Protein mobility? residues®

Predicted
14,626.8

Derived += SD

14,628 = 6
14,708 = 7
14,814 + 12

MA p16 126

24,596.0 24,610 = 14
24,653 = 15
24,682 = 20

24,757 = 28

CA p26 219

NC pl3 66 7,287.1 7283 x5
74753

7,538 =2

@ Relative mobility of Gag proteins in SDS-16% PAGE.

b Determined by amino acid sequence.

¢ Predicted, calculated from amino acid sequence data and predicted from
translation of published DNA sequence (11); Derived, calculated by ESI-MS
(the most abundant mass form is listed first).

lysates (data not shown). In contrast, immunoprecipitation
with Tat- and Rev-specific antisera resulted in the recovery of
32p..radiolabeled Tat and Rev proteins, indicating the effective
incorporation of radiolabeled P; into specific viral proteins
(data not shown and reference 34).

In conclusion, several studies have determined the amino
acid sequences of lentivirus Gag proteins purified from mature
virions and deduced the subunit organization of the Gag
precursors (7, 19, 20, 23). In addition to BIV MA, CA, and NC
functional proteins, three small Gag proteins (p2L, p3, and p2)
were characterized in the present study, which indicated that
the processing of the BIV Gag precursor is more complex than
was revealed from the previous detailed immunological studies
(1, 35). Comparison of the empirically derived amino acid
sequences with those predicted from translation of the BIV
DNA sequence (11) demonstrates that the order of the six
major proteins in the BIV Gag precursor is NH,-MA-p2L-CA-
p3-NC-p2-COOH.

Most retroviral Gag precursor N termini are posttranslation-
ally modified by fatty acids (e.g., myristic acid), which is
believed to play a role in localizing the Gag precursor to the
plasma membrane during virus assembly (7, 19-21, 31, 36, 37,
39, 40). Mutated gag genes, which result in Gag precursors that
are not myristylated, are not capable of forming virions (18, 36,
40). Although we previously demonstrated that the BIV Gag
precursor or MA protein is not labeled in vivo with [**C]myr-
istic acid (1, 35), we speculated that an alternative fatty acid
modification, such as acetylation, may be present. Since the N
terminus of the BIV Gag precursor is not blocked to Edman
degradation, retains the initiator methionine, and thus is not
modified by fatty acids, it is unique among those encoded by
other retroviruses studied. Interestingly, Mason-Pfizer monkey
virus MA mutants that are myristylated but contain small
internal deletions near the N-terminal region fail to assemble
(37). Therefore, while myristylation may be important in some
systems, an alternative mechanism must exist for the localiza-
tion of the BIV Gag precursor in the plasma membrane and
assembly of the virus particle.

A C-terminal protein is also present in BIV; however, in
contrast to the MA, CA, and NC proteins, the C-terminal
proteins of lentiviruses from different species are quite variable
in size and range from 2 to 9 kDa. Several studies suggest that
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the HIV-1 C-terminal protein (p6) has a role in virus assembly
(12, 28); however, deletion of C-terminal residues still results
in particle formation in the baculovirus-insect cell expression
system (41). Thus, the role of p6 in the HIV-1 Gag precursor
remains controversial. Alignment of the C-terminal domains of
several lentiviruses demonstrates that BIV p2 contains a
conserved PS/TAPP motif (data not shown). The presence of
this conserved domain suggests a common, albeit unknown,
function. Although the amino acid sequences of ovine and
caprine Gag proteins have not been determined, the proximity
of the PS/TAPP motif to the C termini of their Gag precursors
suggests that their putative C-terminal Gag proteins are similar
in size to the BIV p2. The only lentivirus that lacks the
PS/TAPP domain is equine infectious anemia virus, which is
also the only lentivirus that lacks a vif gene (27, 32). Vif has
been implicated in the increased infectivity of the lentivirus
virion (3, 6). Although the mechanism of this phenomenon is
unknown, it could be conjectured that Vif interacts with other
viral proteins, such as the C terminus of the Gag precursor,
during the budding process.

BIV is unique among the lentiviruses in having an intragenic
peptide (p2L) between the MA and CA proteins. Such a
peptide has been described for other retrovirus genera (22, 25).
DNA sequence data indicate that new field isolates of BIV
contain p2L and, despite p2L sequence heterogeneity, residues
in the cleavage sites are well conserved (10). In lentiviruses, a
small peptide resides between the CA and NC domains; 5-, 17-,
14-, and 9-residue peptides are removed during processing of
the CA and NC proteins of equine infectious anemia virus
(23), SIV (19), HIV-1 (20), and feline immunodeficiency virus
(7), respectively. This peptide (p3) in BIV is slightly larger, 25
residues. A small peptide is also found between the NC and
C-terminal proteins in HIV-1 and SIV (19, 20); in contrast,
BIV, equine infectious anemia virus, and feline immunodefi-
ciency virus lack this peptide (7, 23). Whether the small
intragenic peptides are simply spacer peptides used in process-
ing the Gag precursor by the viral PR or are necessary for
interaction with other Gag precursor domains during virus
assembly is unknown.

The BIV NC protein has been referred to as p13™© on the
basis of its mobility in denaturing gels (1, 35). The original
predicted molecular mass (13 kDa) based on the amino acid
translation for the BIV NC protein did not take into account
the cleavage of the CA-NC intragenic p3 or the C-terminal p2
(11). The MS and the amino acid sequence data generated in
the present study (Table 2) are in good agreement and indicate
that the mass of the NC protein is 7.3 kDa. Its slow electro-
phoretic mobility in denaturing gel electrophoresis is probably
a result of a high pI of 10.47.

When the PR cleavage sites for the BIV Gag precursor are
compared with those of HIV-1 (20), only the BIV MA-p2L
(Tyr-Pro) and HIV-1 MA-CA (Tyr-Pro) sites appear to be
conserved. Interestingly, preliminary experiments using recom-
binant HIV-1 and BIV PRs indicate that recombinant BIV and
HIV-1 Gag precursors can be cleaved by either viral PR to
yield some of the expected mature products found in the virion
(41). When the BIV PR sequence was fitted to the three-
dimensional structure of the HIV-1 PR (44), the active sites of
the two PR dimers were superimposable with the exception of
two residues, despite limited sequence similarity (8). Although
the mechanism by which viral PRs recognize and cleave Gag
precursor is not completely understood, the cleavage sites are
believed to be determined largely by the primary amino acid
sequence and conformation of precursor polyproteins in the
immature particle (19). Further investigation into the process-
ing of the recombinant BIV Gag precursor by heterologous
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viral PRs should identify the cleavage sites used in vitro and
provide information on the mechanism of viral PR specificity.
Moreover, knowledge of viral PR cleavage sites in the Gag
precursor will facilitate the molecular cloning and expression
of individual BIV Gag proteins for further study.
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