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Human endogenous retrovirus K (HERV-K) is the most intact retrovirus in the human genome. However, no
single HERV-K provirus in the human genome today appears to be infectious. Since the Gag protein is the central
component for the production of retrovirus particles, we investigated the abilities of Gag from two HERV-K
proviruses to support production of virus-like particles and viral infectivity. HERV-K113 has full-length open
reading frames for all viral proteins, while HERV-K101 has a full-length gag open reading frame and is expressed
in human male germ cell tumors. The Gag of HERV-K101 allowed production of viral particles and infectivity,
although at lower levels than observed with a consensus sequence Gag. Thus, including HERV-K109, at least two
HERV-K proviruses in human genome today have functional Gag proteins. In contrast, HERV-K113 Gag supported
only very low levels of particle production, and no infectivity was detectable due to a single amino acid substitution
(I516M) near the extreme C terminus of the CA protein within Gag. The sequence of this portion of HERV-K CA
showed similarities to that of human immunodeficiency virus type 1 and other primate immunodeficiency viruses.
The extreme C terminus of CA may be a general determinant of retrovirus particle production. In addition, precise
mapping of the defects in HERV-K proviruses as was done here identifies the key polymorphisms that need to be
analyzed to assess the possible existence of infectious HERV-K alleles within the human population.

Approximately 8% of the human genome comprises endog-
enous retroviruses (ERVs) (33, 59). These viruses infect germ
lineage cells and thereby enter the genome of the host species.
Thus, endogenous proviruses (the integrated form of retroviral
DNA) are transmitted from parents to offspring in genomic
DNA. If ERV genomes are intact, viral particles may be gen-
erated that can reinfect the germ line and form proviruses at
new positions in the host genome. However, ERVs are subject
to the same mutagenic processes over evolutionary time as any
cellular gene. In the absence of selective pressure on the host
to maintain intact viral genomes, endogenous retroviral provi-
ruses accrue mutations over evolutionary time that inactivate
viral infectivity. Most of the ERVs in the human genome have
converted to solo long terminal repeats (solo LTRs), which are
the product of homologous recombination between LTRs at
the ends of the complete viral genome. Other types of muta-
tions, such as nucleotide substitutions, insertions, and dele-
tions, can also affect ERV proviruses, and many of the retro-
viral proviruses in the human genome have been inactivated by
such mutations, which created premature stop codons or
frameshifts in viral open reading frames (ORFs). The vast
majority of the ERVs present in humans today (and perhaps

all of them) have incurred mutations that inactivated viral
infectivity.

One provirus that exists in the genome of approximately
20% of humans, human ERV K113 (HERV-K113, referred to
here as K113), has full-length ORFs for all viral proteins (8,
63). However, this provirus does not appear to be infectious, as
the pol and env genes of K113 do not support infectivity (9, 19,
20). K113 belongs to a subset of HERV-K called HML-2 (43).
Since the human and chimpanzee lineages diverged about 6
million years ago (52), the only proviruses that entered the
genome of the human lineage belong to this subgroup, al-
though other members of this subgroup entered the germ line
prior to the divergence of the human and chimpanzee lineages
(8, 27, 44, 63). The human-specific proviruses of this subgroup
are the most intact retroviruses in the human genome. Infec-
tious HERV-K particles have been generated using two differ-
ent approaches based on their DNA sequences. HERV-KCON
(K-CON) was constructed based on the consensus sequence of
human-specific HERV-K proviruses (34). Infectious HERV-K
particles were also generated by combining pieces from three
separate proviruses, HERV-K109 (K109) gag-pro, HERV-
K115 pol, and HERV-K108 (K108) env (20). Thus, it may be
that no single provirus is infectious, but recombination and/or
genetic complementation among multiple genomic proviruses
may be required to produce infectious HERV-K particles. This
raises the questions of whether multiple functional HERV-K
components exist in the human genome today and how close
these components are to being able to form a functional viral
genome that might be capable of reinfecting human cells.
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To begin addressing these issues, we examined two of the
full-length HERV-K gag genes that exist in the human genome
today. Like all retroviruses, HERV-K contains the four genes
necessary for viral replication: gag, pro, pol, and env. The hu-
man-specific HERV-K proviruses exist in two forms, type I and
type II (38, 39). The type II proviruses contain gag, pro, pol, and
env plus an accessory gene, rec, that encodes a protein (Rec)
that functions in nuclear export of unspliced viral RNA in a
manner analogous to that of human immunodeficiency virus
type 1 (HIV-1) Rev (12, 40, 41, 65, 66). In type I proviruses, the
pol and env genes are fused in frame by a 292-bp deletion that
includes the first coding exon of rec, and the viruses encode an
additional protein called Np9 (5, 48). The gag genes are rele-
vant to whether HERV-K components in the human genome
today might form an infectious virus, as the Gag protein is
sufficient to produce virus-like particles (VLPs) in the absence
of other viral proteins (4). Formation of such particles is an
essential step for subsequent viral replication. Therefore, we
decided to investigate whether Gag proteins from K113 and a
second provirus, HERV-K101 (K101), are active in functional
assays.

MATERIALS AND METHODS

Plasmid engineering and cells. Plasmids used in this study were generated by
standard cloning techniques and PCR amplification. In every instance where
PCR amplification was used, the stretches of the resulting plasmids that were
obtained by PCR amplification were completely sequenced to confirm the ab-
sence of PCR-induced mutations. Plasmids for expression of Gag proteins from
various HERV-K proviruses were derived from the vector pCRU5-X-HA (Fig.
1A). pCRU5-X-HA was derived from an expression plasmid for an infectious
molecular clone of Jaagsiekte sheep retrovirus (JSRV) clone 21 (49). Initial
studies using other expression plasmids had failed to yield detectable gag RNA.
In pCRU5-X-HA, gag, pro, and pol have been deleted and replaced by a conve-
nient multiple cloning site between the major splice donor and the env splice
acceptor of JSRV (49). Plasmids pCRU5-K101, pCRU5-K108, pCRU5-K113,
and pCRU5-CON were generated by PCR amplification of the gag genes from
cognate proviruses. K108 and K113 gag genes were amplified from bacterial
artificial chromosome (BAC) templates RP11-169N2 and RP11-398B1, respec-
tively. BACs were obtained from BacPac Resources. K101 gag was amplified
from the plasmid pcGU1 (13). The K-CON gag was amplified from the plasmid
template CHKCG (34). The resulting 2.0-kb amplicons were digested with the
restriction enzymes EcoRI and HindIII and cloned into the pCRU5 plasmid at
the corresponding sites.

Recombinant plasmids were engineered between pairs of viruses by digesting
pCRU5-K101 or pCRU5-K113 with either EcoRI plus EcoRV, EcoRV plus PstI,
or PstI plus HindIII to divide gag into three fragments. These fragments were
then ligated into the corresponding plasmid digested with the same enzymes to
generate recombinant Gag expression plasmids.

CHKCG is a plasmid that contains a gag-pro-pol segment of HERV-K based
on the consensus sequence (K-CON) of human-specific HERV-K proviruses
(34). To engineer variants containing the gag genes of specific proviruses (CH-
KCG-K101 and CHKCG-K113), pBluescript II SK(�) was digested with SalI
and XhoI and religated to mutate the SalI site, creating pBlue-�Sal. CHKCG
was then digested with ClaI and XbaI, and the resulting 6.5-kb fragment was gel
purified and cloned into pBlue-�Sal, creating pBlue-�Sal-CHKCG C/X. K101
and K113 gag genes were PCR amplified using the cosmid c48A12 and BAC
RP11-398B1, respectively, as templates. Each 2.2-kb amplicon was cloned into
the plasmid pCR2.1-TOPO (Invitrogen). Following sequencing, each pCR2.1-
TOPO clone was digested with SalI and PshAI, and the 1.9-kb fragments were
gel purified and subcloned into the compatible sites in pBlue-�Sal-CHKCG C/X.
Finally, each pBlue-�Sal-CHKCG C/X-subcloned gag was digested with ClaI and
XbaI and cloned into CHKCG digested with the same enzymes.

A mutant of CHKCG containing a substitution of a methionine codon for an
isoleucine codon at Gag amino acid position 516 (K-CON I516M) was generated
by first digesting another plasmid that contains the consensus HERV-K gag-pro-
pol, pCRVI/Gag-Pro-Pol (34). This plasmid contains two BssHII restriction sites
and was first modified by digesting it with BssHII to delete the small BssHII

fragment and religating it to make the BssHII site unique. The Gag I516M
mutation was introduced by standard PCR mutagenesis techniques. The result-
ing 2.2-kb mutagenized PCR product was digested with BssHII and PshAI and
cloned into the compatible sites in pCRVI/Gag-Pro-Pol, creating pCRVI/I516M.
Finally, the 4.9-kb EcoRV-XbaI fragment of pCRVI/I516M was isolated and
cloned into the corresponding sites in CHKCG. The resulting plasmid is identical
to CHKCG except for the single base pair change encoding methionine instead
of isoleucine, a change of ATC to ATG.

pcDNA3.1/VSV-G was generated by PCR amplification of the vesicular sto-
matitis virus glycoprotein (VSV-G) from the pVSV-G vector (Stratagene). The
resulting 1.5-kb PCR product was cloned into the pCR2.1-TOPO vector (In-
vitrogen). After sequencing, VSV-G was cloned out of pCR2.1-TOPO using the
restriction enzyme EcoRI and cloned into the compatible sites in pcDNA3.1/Zeo
(Invitrogen).

pCRU5-K101/�env was created by digesting pCRU5-K101 with XbaI and
NruI, followed by filling in the cohesive ends with the Klenow fragment of DNA
polymerase I and religating, resulting in the deletion of the JSRV env initiation
codon up to and including an aspartate codon encoding Env amino acid 577.

pCRU5-K101/FS env was generated by digesting pCRU5-K101 with XmaI,
treating the ends with Klenow fragment, and religating, resulting in a 4-bp
frameshift mutation immediately following an alanine codon at the location
corresponding to Env amino acid 207.

HEK-293T (293T) cells were grown at 37°C, 5% CO2, and 95% humidity in
Dulbecco’s modified Eagle medium with 5% fetal bovine serum, 100 U/ml
penicillin, and 100 �g/ml streptomycin. HeLa and Cos cells were cultured in
Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum
at 37°C, 5% CO2, and 95% humidity.

Production of HERV-K CA antibodies. A polyclonal Gag antiserum was pro-
duced by immunizing rabbits with a recombinant protein (expressed in bacteria)
of the major capsid protein (CA) of K101 (Proteintech).

Viral particle production assays. For each pCRU5-HERV-K gag expression
vector, 2 �g or 10 �g was transfected into 293T cells using Opti-Mem and
Lipofectamine 2000 (Invitrogen), and particle production was assessed by West-
ern blotting. Culture supernatants were collected at various times, passed
through 0.22-�m-pore-size filters, and centrifuged at 14,000 � g for 60 min at
4°C. Pelleted particles were resuspended with 50 �l of lysis buffer containing 200
mM Tris, 2.5% sodium dodecyl sulfate (SDS), 22.5% glycerol, 0.6 mg/ml brom-
phenol blue, and 100 mM dithiothreitol. Cell lysates were prepared 48 h post-
transfection by lysing the cells in 100 �l of the same lysis buffer. All samples were
incubated at 100°C for 5 min and then separated by SDS-polyacrylamide gel
electorphoresis using NuPAGE Novex bis-Tris gels (Invitrogen). Proteins were
then transferred to nitrocellulose membranes and incubated in blocking buffer
overnight at 4°C. The membranes were then incubated with the rabbit antiserum
directed against HERV-K Gag for 1 h at room temperature. After washing with
a phosphate-buffered saline–0.1% Tween-20 solution, the membranes were in-
cubated with a goat anti-rabbit immunoglobuline G (IgG) antibody conjugated
to horseradish peroxidase (HRP) for 1 h at room temperature. After washing,
the blots were visualized using SuperSignal West Pico chemiluminescent sub-
strate (Pierce). Western blot analyses were also performed in parallel with
infectivity experiments using the CHKCG vectors.

Confocal microscopy. Experiments were performed in HeLa, Cos, and 293T
cells grown in two-well chambered glass slides and transfected with HERV-K
Gag plasmids using Lipofectamine (Invitrogen) according to the manufacturer’s
instructions. Cells were fixed 24 h posttransfection with methanol for 5 min at
�20°C and processed essentially as already described (7, 47). HERV-K Gag was
detected using the polyclonal rabbit antibody described above. Goat anti-rabbit
IgG conjugated with Alexa Fluor 488 (Molecular Probes) was used as the sec-
ondary antibody. Slides were mounted with medium containing DAPI (4�,6-
diamidino-2-phenylindole; Vectashield; Vector Laboratories) and analyzed us-
ing a Leica TCS SP2 confocal microscope. In experiments to assess protein
distribution, the pattern of Gag staining was recorded as accumulating primarily
(i) at the plasma membrane, (ii) in the cytoplasm, or (iii) at both the cytoplasm
and the plasma membrane when accumulation near the plasma membrane was
clear. For each viral Gag tested, at least 100 Gag-positive cells in random fields
were counted and scored in two independent experiments in HeLa, Cos, and
293T cells.

Infectivity experiments. 293T cells were seeded in six-well plates at 5.0 � 105

cells per well 16 h prior to transfection. Plasmids were transfected as indicated in
the figure legends in the following amounts based on the results of Lee and
Bieniasz (34): 1.3 �g of CHKCG, CHKCG-K101, CHKCG-K113, or CHKCG-
I516M, 0.5 �g of pCR3.1/Rec, and 0.2 �g of pcDNA3.1/VSV-G. At 24 h post-
transfection, the medium was replaced with medium containing 5 mM sodium
butyrate and incubated overnight. Producer cell supernatants were harvested and
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passed through 0.22-�m filters. 293T target cells were seeded in six-well plates at
1.0 � 105 cell per well and incubated overnight. Then, 1 ml of freshly filtered
supernatant was applied to each well of target cells with 5 �g/ml Polybrene and
incubated for 24 h. Green fluorescent protein (GFP)-positive foci were counted
48 to 72 h postinfection to quantify infectious events.

Generation of phylogenetic trees. Trees were generated using full-length CA
amino acid sequences or the C-terminal 22 amino acids. Sequences were aligned
using Muscle (22) with parameters set to defaults. Trees were generated using
the maximum parsimony method in PAUP, version 4B10 (61). Bootstrapping
support values were derived from 10,000 replications.

RESULTS

VLP production by HERV-K gag genes. To begin assessing
how many functional HERV-K gag genes exist in the human

genome, those from three proviruses, K101, K108, and K113,
were tested for the ability to generate VLPs by cloning them
into an expression vector (Fig. 1A). The proviruses used in this
study belong to a set of full-length proviruses within the
HML-2 subgroup of HERV-K (43) and have very similar se-
quences, as exemplified by the viral Gag proteins (Fig. 1B).
Nonetheless, each provirus has various nucleotide substitu-
tions within its genome (Fig. 1B). Some of these mutations are
shared among multiple HERV-K proviruses in the human
genome and are referred to here as shared polymorphisms.
Others are unique to individual proviruses and represent mu-
tations that occurred either (i) during the transcription or
reverse transcription events of the replication cycle that gen-

FIG. 1. Structures of the HERV-K Gag plasmids and positions of the individual HERV-K Gag mutations. (A) pCRU5-X-HA contained JSRV
sequences, including the viral LTRs and env gene. The U3 region of the 5� LTR was replaced with the CMV IE promoter to drive expression in
mammalian cells. pCRU5-HERV-K gag was generated by cloning a HERV-K gag cDNA isolated from MGCT cells (13) into pCRU5-X-HA using
the EcoRI (R) and HindIII (H) sites. The cloned HERV-K gag was sequenced and identified as K101 gag. K-CON, K108, and K113 gag genes were
also cloned into this vector at the same positions. XbaI (X) and Nru I (N) sites were used to delete almost all of JSRV env from upstream of the
start codon, up to and including the aspartate residue at position 577 (D577), to create pCRU5-K101 �env. pCRU5-K101-FS env was engineered
by introducing a frameshift mutation (*) at the XmaI (M) site located at the alanine residue at position 207 (A207) in JSRV env. (B) Amino acid
sequences of K101, K108, and K113 Gag proteins are aligned with the K-CON Gag sequence. The amino acid changes relative to the consensus
Gag are indicated wherever one of the genomic proviral Gag proteins differs. The positions of the individual differences are also indicated. The
corresponding amino acids for each position are also shown for K-CON. Amino acid variants that are shared among multiple HERV-K proviruses
(shared polymorphisms) are underlined. The remaining amino acids are found only in the provirus indicated and not in any other HERV-K
proviruses in the human genome. The bracket at the bottom shows the position of CA in Gag based on similarity to MPMV CA. (C) The infectious
CHKCG plasmid (34) is composed of the HERV-K consensus sequence with the U3 region of the 5� LTR replaced by the CMV IE promoter to
drive expression in mammalian cells. The env gene was disrupted with a CMV IE-GFP cassette, resulting in a nonfunctional env. The SalI (S) and
the PshAI (P) restriction sites used to clone K101 and K113 gag into CHKCG are indicated.
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erated a particular provirus, (ii) in the most immediate pro-
genitor proviruses (and such proviruses for various possible
reasons are not in the human genome today), or (iii) over
evolutionary time subsequent to the formation of the cognate
proviruses.

We cloned specific HERV-K gag genes into a JSRV-based
expression vector in order to test their ability to generate VLPs
(Fig. 1A). In this vector, the U3 region of the JSRV 5� LTR
was replaced by the cytomegalovirus immediate early (CMV
IE) promoter to drive transcription in mammalian cells. The
gag genes of K101, K108, K113, and the consensus Gag K-
CON were inserted into this plasmid. The K101 Gag was de-
rived from a plasmid containing a HERV-K gag cDNA from
RNA expressed in a human male germ cell tumor (MGCT)
(13). MGCTs frequently produce high levels of HERV-K par-
ticles (14, 17, 37, 38). Since the specific individual provirus(es)
encoding these particles had not been identified, we sequenced
this HERV-K gag gene and identified it based on unique mu-
tations as K101, a human-specific type I provirus located on
chromosome 22 (8). Thus, K101 is responsible for at least part
of the production of the viral particles observed in human
MGCTs. Each pCRU5-HERV-K gag vector was transfected
into HEK-293T (293T) cells and assayed for cellular gag ex-
pression and viral particle release into the culture supernatants
by Western blotting using a rabbit polyclonal anti-HERV-K
CA serum. All the viral gag genes yielded a 75-kDa Gag pre-
cursor protein that accumulated within cells (Fig. 2A). How-
ever, the levels of VLPs released from the cells varied widely.

K-CON, K101, and K108 Gag proteins were able to undergo
particle assembly and release from the transfected cells. Al-
though K113 Gag protein was expressed in the transfected
cells, only very low levels of VLPs were detected in the culture
supernatants, suggesting a defect in K113 particle assembly
and/or release (Fig. 2A).

Recently, it was reported that K113 Gag is capable of pro-
ducing VLPs in a baculovirus vector system using Sf9 cells (15).
As baculovirus vectors drive extremely high levels of protein
expression, we tested whether increasing the amount of
pCRU5-K113 vector DNA allowed VLP production. Transfec-
tion of 10 �g of pCRU5-K113 DNA did allow some production
of particles at a lower level than observed with either K101 or
K108 (Fig. 2B). As insect cells are generally grown at 28°C, we
also tested the possibility that the mutations unique to K113
blocked VLP production specifically at higher temperatures,
but we found K113 Gag to be defective in particle production
at 28°C (Fig. 2C). K101 and K108 Gag proteins each yielded
VLPs at 28°C (Fig. 2C). Thus, it appears that K113 Gag is
essentially defective in VLP production, although when ex-
pressed at very high levels, it is able to release some particles
into the supernatant.

Confocal microscopy experiments were used to address the
defect in K113 Gag further (Fig. 3). HERV-K was reported to
assemble at the cell membrane, unlike other betaretroviruses,
including Mason-Pfizer monkey virus (MPMV) and JSRV,
which assemble in the cytoplasm in the pericentrosomal region
(20, 34, 47, 57). HeLa, Cos, and 293T cells expressing K101 or
K-CON generally exhibited Gag staining that was diffuse or
dispersed in the cytoplasm, with some cytoplasmic puncta vis-
ible, and a minority of the cells showed Gag puncta at the
plasma membrane. With K113, a higher percentage of cells
showed accumulation of viral Gag protein at the plasma mem-
brane. These results are consistent with the interpretation that
K113 Gag can traffic to the cell membrane but then accumu-
lates there and is not able to exit the cell.

The pCRU5 vector used in these experiments contained a
functional JSRV env gene. We tested whether this was impor-
tant for the production of HERV-K VLPs. First, almost all of
JSRV env, including the methionine initiation codon, was de-
leted in pCRU5-K101, creating pCRU5-K101/� env (Fig. 1A).
We were unable to detect expression of K101 Gag within cells
following transfection of this construct (Fig. 2D). This sug-
gested that JSRV env sequences might be important for Gag
production. To test whether the viral Env protein was impor-
tant for HERV-K Gag expression, another construct was gen-
erated with a 4-bp frameshifting insertion 207 amino acids
downstream of the start codon of JSRV env (Fig. 1A). Trans-
fection of the plasmid containing this mutation resulted in
levels of HERV-K Gag expression and VLP detection in the
supernatants similar to that of K101 gag in pCRU5 with the
intact env gene (Fig. 2D). Thus, full-length Env protein is not
necessary for HERV-K Gag particle assembly and cellular
egress in these assays; rather, another element that does not
require full-length Env protein expression is present in the
JSRV vector. In another study, we discovered that the leader
sequence of the JSRV Env (positioned in the N-terminal 80
amino acid residues of Env) acts as a Rev-like protein facili-
tating mRNA export by interacting with a RNA response ele-
ment situated in the 3� end of the JSRV env (M. Caporale, F.

FIG. 2. Expression of HERV-K Gag proteins and viral particle
production. (A) Western blot analysis of 293T cells transfected with 2
�g of pCRU5 vector containing K-CON, K101, K108, or K113 was
performed on both culture supernatants and whole-cell lysates (Cells)
36 h posttransfection. Proteins were separated by SDS-polyacrylamide
gel electrophoresis, and the approximately 75-kDa unprocessed Gag
product was visualized using a rabbit antiserum directed against
HERV-K Gag, a secondary anti-rabbit-IgG–HRP antibody, and elec-
trochemiluminescence. (B) Western blot analysis of 293T cells trans-
fected with 10 �g of pCRU5 containing K101, K108, or K113 gag was
performed on both cultured supernatants and whole-cell lysates (Cells)
48 h posttransfection. (C) Western blot analysis of 293T cells trans-
fected with 2 �g of pCRU5 containing K-CON, K101, K108, or K113
gag, incubated at either 28°C or 37°C, was carried out 48 h posttrans-
fection. (D) Western blot analysis of 293T cells transfected with 2 �g
of pCRU5 containing K-CON, K101/�env, or K101/FS env was carried
out 24 h and 48 h posttransfection.
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Arnaud, M. Mura, C. Murgia, and M. Palmarini, unpublished
data). Thus, Gag expression in the context of the pCRU5
constructs is dependent on expression of the JSRV leader
sequence.

K101 and K113 gag genes in infectivity assays. The ability of
the K101 and K113 gag genes to support viral replication was
tested using a recently generated plasmid that contained the
complete genome of consensus sequence HERV-K, except
that the U3 of the 5� LTR was replaced by the CMV IE
enhancer-promoter, and a GFP expression cassette was in-
serted into env, disrupting this ORF (34) (Fig. 1C). The activity
of the HERV-K U3 enhancer-promoter is very low in many
human cell lines, and the use of the CMV element allows
expression in many cell types (53). Transient cotransfection of
this K-CON gag-pro-pol plasmid plus two additional plasmids,
one encoding VSV-G as a viral envelope protein and the other
encoding HERV-K Rec protein to promote nuclear export of
the unspliced gag-pro-pol RNA, yields virus that infects 293T
cells (34).

The K101 gag gene could support viral replication in place of
the consensus sequence of K-CON, although to lower levels
(Fig. 4A). The level of infectivity seen with K-CON in different
experiments was in the range of 1 � 102 to 4 � 102 infectious
units/ml, which is similar to that reported previously (20, 34).
In contrast, no infections were observed with K113, which was
consistent with the lack of VLP release observed in Fig. 2.

FIG. 3. K113 Gag proteins accumulate at the plasma membrane. (A) Representative example of staining pattern of cells expressing K-CON
and K-113 Gag. Cells were fixed at 24 h posttransfection and processed as described in Materials and Methods. HERV-K Gag is in green, while
nuclei (DAPI) are in blue. Gag is visible as dispersed dots in the cytoplasm (Cyt) or in the cytoplasm and the plasma membrane (Cyt�PM) of
transfected cells. The majority of cells expressing K113 show accumulation of Gag staining at the plasma membrane. Panels a to f show
representative examples of experiments performed in Cos cells, while panels g and h show 293T cells. Bars, 10 �m. (B) Quantitation of Gag staining
pattern in confocal microscopy of HeLa, Cos and 293T cells expressing K-CON, K-101, and K-113 Gag at 24 h posttransfection. The graph
represents the number of cells in which Gag proteins display a staining dispersed in the cytoplasm (Cyt) versus cells showing both cytoplasmic and
intense plasma membrane staining (PM�Cyt), as shown in panel A. Approximately 100 cells were randomly chosen in each experiment. Data are
averages from two independent experiments.

FIG. 4. Infectivity and virus production by K101, K108, and K113
Gag proteins. (A) Infectious titers of HERV-K particles produced by
transfection of 293T cells with Rec, VSV-G, and the indicated
CHKCG-gag vectors. Producer cell supernatants were used to infect 293T
target cells 48 h posttransfection, and GFP foci were counted 72 h
postinfection and expressed as infectious units per milliliter (IU/ml).
The data are means plus standard deviations (n � 3 [K101 and K113]
or 2 [K-CON]). (B) Western blot analysis was performed on the pro-
ducer cells used for panel A. Supernatants were collected, and whole-
cell lysates were prepared from the producer cells at the time of target
cell infection (48 h posttransfection). The approximately 75-kDa Gag
precursor and 30-kDa processed Gag (CA) proteins are indicated.
Only the processed form of Gag was detected in the culture superna-
tants.
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Western blot analysis of the cells and particles in the culture
supernatants from the same experiments indicated that the
K101 gag yielded lower levels of virus particles than K-CON
gag (Fig. 4B). The viral Gag protein was processed by the viral
protease to a CA protein of approximately 30 kDa in K-CON
and K101. No mature CA was detected in lysates of cells
expressing K113. These results are consistent with the de-
creased levels of virus particle production at least in part ac-
counting for the lower infectious activities of the two gag genes
from proviruses in the human genome.

The K113 Gag defect is due principally to a single amino
acid substitution. K113 gag encodes seven amino acid differ-
ences compared to the K-CON sequence (Fig. 1). The two
closest to the N terminus, a lysine at position 118 and a serine
at position 129, are shared with other human-specific HERV-
Ks, including K101, and were thus considered highly unlikely
to account for the K113 Gag defect. There are five additional
amino acid substitutions that are unique to K113 (Fig. 5). Gag
chimeras between K101 and K113 were constructed to identify
which determined the K113 Gag defect (Fig. 5). By using

convenient restriction sites in the pCRU5-HERV-K gag vec-
tors, the K113 gag gene was divided into three sections, and six
recombinants were generated (Fig. 5A). Those that contained
the C-terminal third of gag from K113 were defective for VLP
production, while those with that region from K101 generated
particles (Fig. 5B). The only mutation in K113 Gag in this
segment was a substitution of methionine for isoleucine at Gag
amino acid 516 (I516M). Thus, this single amino acid substi-
tution in K113 Gag was responsible for the defect in VLP
production.

The importance of the I516M substitution was also tested in
infectivity assays. A single nucleotide was altered in the K-
CON consensus HERV-K gag-pro-pol plasmid to place this
mutation into an otherwise isogenic background. No infections
were detected with this single amino acid change (Fig. 6A).
Western blotting confirmed the lack of viral particles release by
K-CON I516M Gag and the failure of this Gag precursor to be
processed into mature CA (Fig. 6B). Moreover, when mixed
with an equal amount of the infectious K-CON plasmid, I516M
caused a modest reduction in the production of virus particles
and reduced activity by about 70% in the infectivity assay
(Fig. 6).

DISCUSSION

The Gag protein is the key structural component responsible
for the production of retroviral particles. The data presented
here show that one of the HERV-K proviruses in the human
genome, K101, contains a gag gene that can support viral
particle production and infectivity. The gag gene of K109 is
also active (19). Thus, at least two HERV-K gag genes in the
human genome today might be capable of contributing to virus
particle production and replication. HERV-K particles are fre-
quently detectable in human MGCTs (14, 17, 38). The results

FIG. 5. Genetic mapping of the K113 defect in viral particle pro-
duction. (A) K101 and K113 Gag proteins are depicted to indicate the
amino acid residues at which they differ from the K-CON Gag se-
quence. Underlined amino acids represent shared polymorphisms
among HERV-K Gag proteins. The unique mutations in K113 Gag are
indicated by shaded boxes. The restriction sites for EcoRI (R), EcoRV
(V), PstI (P), and HindIII (H) were used to generate the recombinants
between K101 gag and K113 gag that are shown. The bracket at the
bottom shows the position of CA in Gag based on similarity to MPMV
CA. (B) Western blot analysis of 293T cells transfected with 2 �g of
K101, K113, or the indicated recombinant gag pCRU5 vectors was
performed on both cultured supernatants and whole-cell lysates (Cells)
24 h posttransfection. The approximately 75-kDa Gag unprocessed
HERV-K Gag product was visualized using a rabbit antiserum directed
against HERV-K Gag, a secondary anti-rabbit-IgG–HRP antibody,
and enhanced chemiluminescence.

FIG. 6. Infectivity and particle production of HERV-K viruses con-
taining the K113 Gag I516M mutation. (A) Infectious titers of
HERV-K particles produced by transfection of 293T cells with Rec,
VSV-G, and the indicated CHKCG vectors. Producer cell superna-
tants were used to infect 293T target cells 48 h posttransfection, and
GFP foci were counted 72 h postinfection and expressed as infectious
units per milliliter (IU/ml). The data are means plus standard devia-
tions (n � 4). (B) Western blot analysis of the producer cells used for
panel A. Supernatants were collected, and whole-cell lysates were
prepared at the time of target cell infection (48 h posttransfection).
The approximately 75-kDa Gag precursor and 30-kDa processed CA
proteins are indicated. Only the processed form was detected in the
culture supernatants.
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obtained here with a cDNA clone from a MGCT show that
K101 can contribute to production of these particles. Others
have shown that K101 and K108 are transcribed in MGCTs
(23, 54), and RNAs from these proviruses are packaged into
particles produced in MGCTs (54). HERV-K particle produc-
tion has also been reported to occur in normal human placenta
(21, 29, 58), and K101, K108, and K109 are candidates for
encoding those particles.

Mutations in HERV-K proviruses. The gag genes of K101
and K113 yielded about fourfold less infectious virus than the
consensus sequence gag gene. K113 gag did not yield infectious
particles. Thus, each of the gag genes tested had mutations that
reduced the Gag function to a lesser or greater extent. These
mutations could have occurred over evolutionary time after the
formation of the cognate provirus. Alternatively, they could
have occurred during the viral replicative cycle that generated
a particular provirus, or they could have occurred in immediate
predecessors of the provirus that for various possible reasons
are not in the human genome today.

Some of the mutations are shared polymorphisms that are
present in multiple proviruses. Positions 118 and 129 of the gag
genes are such mutations (Fig. 1B). K101 and K113 share a
lysine and serine, respectively, at these positions (here termed
the KS shared polymorphism type), as do additional HERV-K
proviruses in the human genome. Two of the proviruses, one
on chromosome 10 and another on chromosome 12, are also
present at the orthologous positions in the genomes of chim-
panzees and gorillas. Thus, these amino acids were present in
Gag proteins of ancestral HERV-K that was active prior to the
divergence of the gorilla and human-chimpanzee lineages.
K108 Gag has an asparagine and a glycine at these positions
(here called the NG shared polymorphism type). These two
amino acids are also encoded by other human-specific
HERV-K proviruses and were chosen for the generation of the
consensus HERV-K sequence in K-CON (Fig. 1B) (34). They
are best explained as shared derived differences among a sub-
set of the human-specific HERV-K proviruses, and thus, there
was a common ancestral origin (identity by descent) for this
portion of gag in those proviruses.

Each provirus also contains unique mutations within the gag
genes, five in K113 and three each in K101 (Fig. 1B). The
genetic analyses performed here showed that only a subset of
these may account for the defects in VLP production and
infectivity. The unique I516M change in K113 was the key
mutation in this provirus. In contrast, both the ancestral KS
and the newer NG shared polymorphism types supported VLP
production and viral infectivity in K101 and K-CON, respec-
tively. This is consistent with the interpretation that the shared
polymorphisms were more likely to have survived selective
pressure for viral fitness in the past.

Implications for examining HERV-K in the human popula-
tion. It remains uncertain whether infectious HERV-K provi-
ruses exist in the human population today (10). If the unique
mutations occurred over evolutionary time subsequent to the
formation of the proviruses in the genome of the human lin-
eage, then they might not be uniform in the human population.
For a population with the size and generation time of ancestral
humans, two alleles with approximately neutral fitness could
have persisted in the genome for only roughly one million
years before one allele would have become fixed due to genetic

drift (18, 50, 55, 62). The I516M mutation that inactivated
K113 gag was a single nucleotide substitution, ATC to ATG. If
that change occurred during the most recent one million years
or so, it is possible that some humans do not have it. If the total
number of mutations that inactivates any specific provirus is
actually low, then it is possible that some individuals have
proviruses that lack any inactivating mutations. As DNA se-
quencing technology rapidly progresses, the complete genome
sequences of many individual humans will become available.
Mapping the defects in HERV-K proviruses as was done here
will allow identification of the key polymorphisms that need to
be analyzed in genetically diverse humans in the search for an
infectious ERV within the human population.

Effect of K113 gag on the consensus gag. At least under
certain circumstances, ERVs with defects caused by mutation
can act to block infection by an exogenous virus, and this may
be an advantage that ERVs might confer on a host species
(28). The murine Fv1 gene is the classic example of this, where
the gag remnant of an ancient provirus can inhibit infection by
gammaretroviruses (11, 36). Another example is endogenous
betaretroviruses of sheep (endogenous JSRVs), which can in-
terfere with Gag trafficking and viral exit of the related exog-
enous JSRV by the expression of a transdominant Gag. En-
dogenous JSRVs with dominant negative properties have been
positively selected in the domestic sheep and act as proper
restriction factors (6, 7, 46). The partial reduction in produc-
tion of infectious HERV-K particles caused by coexpression of
K113 Gag is consistent with the possibility that such mutations
in endogenous viruses might play a role in reducing the level of
virus infection in a host.

Importance of the extreme C terminus of CA to HERV-K
and its similarity to HIV-1. All orthoretrovirus Gag proteins
are cleaved by the viral protease into the mature components,
including MA, CA, and NC. The CA protein is a crucial de-
terminant of assembly of retroviral particles (16, 32, 51, 56, 60).
Alignment of the amino acids around the position of the K113
I516M mutation with the Gag sequences of other betaretrovi-
ruses showed that this mutation is very close to the carboxyl
terminus of the CA protein (Fig. 7A). The position of the
cleavage generating the C terminus of MPMV was mapped to
the C-terminal side of the alanine residue that is homologous
to the alanine at position 527 in HERV-K Gag (26) and is
shown in Fig. 7A. The cleavages to generate the C termini of
HIV-1 CA (Fig. 7A) and other retroviruses likewise occur
close to this position. The I516M mutation occurred 11 amino
acids upstream of HERV-K Gag alanine 527 (Fig. 7A).

Interestingly, the extreme C terminus of HIV-1 CA was
shown to be very important for viral particle production and
infectivity. Mutation of almost any of the amino acids at the
extreme C terminus of HIV-1 CA substantially reduced viral
particle release from cells and infectivity (45). These amino
acids were among the sequences present within a minimal Gag
construct of HIV-1 that was sufficient for assembly and release
of Gag particles from cells (2). Amino acids in a segment
extending from the extreme C terminus of HIV-1 CA to the
immediate downstream SP1 peptide were crucial for viral par-
ticle maturation (1, 24, 35, 45). Amino acids spanning CA to
SP1 also appear to be the target for a potent inhibitor of HIV-1
particle maturation (3, 30, 42, 67–70). The spacer region im-
mediately downstream of the CA C terminus is also crucial for
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formation of bovine immunodeficiency virus and Rous sar-
coma virus particles (25, 31). Alignment of the amino acid
sequences of HIV-1 Gag and those of other lentiviruses with
that of HERV-K Gag showed considerable identity and simi-

larity in this region of CA (Fig. 7A). Isoleucine 516 of
HERV-K corresponds to a valine residue in HIV-1 and other
primate immunodeficiency viruses (Fig. 7A). Mutation of this
valine to alanine reduced HIV-1 particle formation and infec-
tivity about 30-fold (45). The I516M in HERV-K yielded
equivalent effects. Although the precise structure of the ex-
treme C terminus of HIV-1 CA and the role of this domain in
particle assembly and maturation are unclear, it is hypothe-
sized to function as a linker between the rest of CA and the
immediate downstream SP1 region (64). The latter is hypoth-
esized to be structured within a concentric layer beneath the
rest of CA in immature particles and then lost as particles
mature (64). The equivalent region is also important for as-
sembly of RSV (31). The large reduction in particle release
and Gag precursor processing caused by mutation of the ex-
treme C terminus of HERV-K CA as well as HIV-1 CA sug-
gests that this segment might play a general role in retroviral
particle formation.

Phylogenetic comparison of the full-length HERV-K CA
protein to those of other betaretroviruses and lentiviruses
showed that it was more similar to other betaretroviruses, as
expected (Fig. 7B). Curiously, inspection of the sequences at
the extreme C terminus (Fig. 7A) showed positions where
HERV-K had identity to lentiviruses but not betaretroviruses
(HERV-K Gag amino acids E508, G515, G518, K522, A523,
and L525), including three (G515, G518, and A523) where
HERV-K matched all four primate immunodeficiency viruses
analyzed and not the other lentiviruses or betaretroviruses.
Comparison of the extreme C-terminal sequences by the max-
imum parsimony method supported the similarity of HERV-K
to lentiviruses (Fig. 7C). This similarity to primate lentiviruses
may be just coincidental, although it can be speculated that it
might not be. If not, one possible explanation might be con-
vergent evolution of CA termini of HERV-K and the primate
immunodeficiency viruses (but not MPMV), and a less likely
possibility is an ancient recombination event in this portion of
Gag between an ancestor of the primate immunodeficiency
viruses and an ancestor of the HERV-Ks.
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