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HIV-1 LTR C/EBP binding site sequence
con�gurations preferentially encountered in brain
lead to enhanced C/EBP factor binding and increased
LTR-speci�c activity
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Recent studies have shown that two CAAT/enhancer binding protein (C/EBP)
sitesare critically important for ef�cient human immunode�ciency virus (HIV)
type 1 (HIV-1) replication within cells of the monocyte/macrophage lineage, a
primary cell type infected by HIV-1 and a potentially important vehicle for
transport of virus to the central nervous system (CNS). Given the relevance of
HIV-1 LTR sequence variation with respect to HIV-1 replication within mono-
cyte populations and the important role that monocyte tropism likely plays
in HIV-1 infection of the brain, C/EBP site sequence variation was examined
within peripheral blood- and brain-derived LTR populations. Brain-derived
LTRs commonly possessed a C/EBP site I con�guration (6G, comprised of a
thymidine to guanosine substitution with respect to the clade B consensus se-
quence at position 6 of C/EBP site I) that leads to enhanced binding of C/EBP
proteins over that observed with the HIV-1 clade B consensus sequence at this
site. In contrast, the 6G C/EBP site I con�guration appeared infrequently within
sequenced peripheral blood-derived LTRs. In addition, C/EBP site II was even
more highly conserved in brain-derived HIV-1 LTR populations than site I. This
was not the case with peripheral blood-derived LTR C/EBP site II sequences.
The high degree of C/EBP site II conservation in brain-derived LTRs was likely
important in LTR regulation since the clade B consensus sequence conserved
at C/EBP site II recruited high amounts of C/EBP family members. Transient
transfection analyses indicated that conservation of the strong C/EBP site II in
brain-derived LTRs was likely due to important interactions with Tat. Overall,
brain-derived HIV-1 LTRs preferentially contained two highly reactive C/EBP
binding sites, which may suggest that these sites play important roles in LTR-
directed transcription during invasion and maintenance of HIV-1 in the central
nervous system. Journal of NeuroVirology (2001) 7, 235–249.

Introduction

The human immunode�ciency virus (HIV) type 1
(HIV-1)-associated acquired immune de�ciency syn-
drome (AIDS) dementia complex (HADC) comprises
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a series of cognitive, motor, and behavioral
dysfunctions that affect an estimated 20% of
AIDS patients (McArthur et al, 1993; Lipton and
Gendelman, 1995). More sensitive neuropsycholog-
ical testing has indicated that the number of patients
with this progressive neurodegenerative disorder is
likely greater (Ho et al, 1989; Geleziunas et al, 1992),
and central nervous system (CNS) pathologic inves-
tigations report abnormalities at time of autopsy in
about 90% of cases (Ho et al, 1989; Geleziunas et al,
1992). This has suggested that HIV-1 infection of the
brain is a common occurrence and often leads to
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progressive neurologic dysfunction. In more recent
years, the number of cases of HADC has declined
with the advent of highly active antiretroviral ther-
apy (HAART) (Perelson et al, 1997).

Investigations into HIV-1 gene regulation within
cells of the monocyte/macrophage lineage is impor-
tant, because cells of this lineage may produce a
bulk of potentially neurotoxic proteins and infec-
tious virus in the CNS during the generation of HIV-
speci�c neurologic dysfunction. HIV-1 replication
can lead to cytokine and cell signaling dysregula-
tion, which impacts neurologic function. In addi-
tion, proviral transcription can lead to the produc-
tion of neurotoxic proteins such as Tat, Nef, and
gp120. Therefore, identifying the cellular and viral
factors that regulate HIV-1 gene expression within
cells of the monocyte/macrophage lineage is clearly
an important component of understanding the com-
plex disease process associated with HIV-1 CNS
infection.

In general, proteins from the C/EBP transcrip-
tion factor family appear to be intimately involved
in the regulation of gene expression in myelo-
monocytic cells. The promoter elements of many
monocyte-expressed genes contain C/EBP binding
sites and cell signaling events within cells of
the monocyte/macrophage lineage can signi�cantly
up-regulate C/EBP expression. Therefore, it is not
surprising that this family of transcription factors
appears to play a very prominent role in HIV-1
replication within cells of the monocyte/macrophage
lineage. Previous studies have shown that C/EBP ¯
could trans-activate the HIV-1 long terminal repeat
(LTR) in transient transfection analyses and that
the LTR contained three binding sites for this pro-
tein (Tesmer et al, 1993). C/EBP factors have been
demonstrated to trans-activate the HIV-1 LTR in the
U-937 promonocytic cell line (Henderson et al, 1995).
Furthermore, site-directed mutagenesis studies have
established that LTR-directed transcription in these
cells required at least one functional C/EBP site (lo-
cated at either 107 to 118 or 167 to 175 relative
to the transcriptional start site). Additional studies
indicated that both C/EBP binding sites were required
for replication of an infectious HIV-1 molecular clone
in U-937 cells, as well as in primary macrophage pop-
ulations. However, they were dispensable for repli-
cation of the HIV-1 infectious molecular clone in
selected T cell lines and primary T cell popula-
tions (Henderson et al, 1996; Henderson and Calame,
1997).

The viral genome evolves as a consequence of vi-
ral replication during the course of disease progres-
sion (Pang et al, 1992), and quickly leads to pheno-
typic alterations in progeny virus. These sequence
changes can occur throughout the viral genome, in-
cluding the different transcription factor binding
sites of the LTR, leading to alterations in binding site
reactivity and variations in viral LTR activity. One
study that demonstrates the potential impact of LTR

sequence variation on HIV-1-speci�c gene expression
was reported by Corboy and coworkers (1992). In
this study, transgenic mice were constructed carrying
LTRs driving beta galactosidase (¯-gal) expression.
Two of the LTRs were derived from HIV-1 strains ob-
tained from the frontal lobe (JR-FL) and cell-free cere-
brospinal �uid (JR-CSF) of patient JR. The third LTR
utilized in this study was obtained from the T-tropic
HIV-1 IIIB/LAV strain. Only animals containing CNS-
derived LTRs directed ¯-gal expression within the
CNS. Expression in these animals was particularly
evident in neurons. In addition, the two CNS-derived
LTRs, which differed from one another at only 16 bp
positions in the U3 region, differed slightly in the
neuroanatomical locations of ¯-gal expression. These
observations suggested that the LTR may play a role
in viral gene expression in speci�c cell types, and
consequently, yield a selective advantage for replica-
tion of certain HIV-1 quasispecies in the brain and
likely within speci�c neuroanatomical brain loca-
tions.

We propose that HIV-1 LTR sequence variation
plays a critical role in determining viral replication
ef�ciency and may consequently impact overall vi-
ral replication in a cell type-speci�c manner. Given
the critical role C/EBP sites play in HIV-1 replica-
tion within cells of the monocyte/macrophage lin-
eage and the prevalence of HIV-1-infected monocytic
cells within the CNS, the impact of LTR sequence
variation in C/EBP sites I and II and its impact on
DNA-protein complex formation was examined. Se-
quence variation in HIV-1 LTR C/EBP sites I and II
within PCR-ampli�ed, brain-derived viral LTRs was
compared to similarly obtained LTR sequences de-
rived from peripheral blood. These comparisons have
indicated that brain-derived LTRs commonly possess
two strong C/EBP binding sites, while very often pe-
ripheral blood-derived LTRs only contain one highly
reactive site. In particular, a commonly encountered
sequence variant of the clade B consensus C/EBP site
I (6G, containing a thymidine to guanosine substi-
tution at position 6) led to an increased reactivity
for C/EBP factors. In addition, the clade B consen-
sus C/EBP site II was extremely well conserved in
the brain-derived LTRs as compared to the peripheral
blood-derived LTRs. The conserved clade B C/EBP
site II exhibits a very high reactivity for C/EBP tran-
scription factors and appears to be important for Tat
trans-activation in the context of an LTR obtained
from the brain-derived YU-2 strain of HIV-1, but not
other T-tropic or dual-tropic viruses. These results in-
dicate one factor that may in�uence HIV-1 replication
ef�ciency in speci�c brain cell populations is the
presence of a relatively high af�nity C/EBP binding
site II and a speci�c C/EBP site I con�guration. This
may not be surprising because IL-6 is an important
activator of C/EBP transcription (Akira et al, 1990)
and elevated levels of IL-6 have been reported in the
CSF of HIV-1-infected individuals (Gallo et al, 1989;
Perrella et al, 1992).
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Results

Brain-derived HIV-1 LTRs exhibit unique patterns
of sequence variation at C/EBP sites I and II when
compared to the same sites in peripheral
blood-derived LTRs
Due to the limited number of brain-matched pe-
ripheral blood and tissue specimens available for
the sequence analysis and the absence of com-
plete clinical information obtained from many in-
dividuals within this study, the major objective of
this study was to identify sequence changes in the
C/EBP binding sites that were more conserved in the
brain-derived LTRs compared to peripheral blood-
derived sequences previously reported. Speci�cally,
sequence alterations that would be expected to al-
ter C/EBP factor reactivity towards either or both
C/EBP site I or II and might consequently affect
C/EBP-dependent transcription were the primary fo-
cal point for the DNA-protein biochemistry and func-
tional analyses presented.

The PCR-ampli�ed proviral sequences derived
from brain represented a total of 164 LTR se-
quences derived from 18 individuals. The number
of brain-derived LTRs examined per patient ranged
from 3 to 21 and are summarized in Figure 3.
Similar analyses were conducted using HIV-1 se-
quences collected by PCR ampli�cation of provirus
within uncultured peripheral blood mononuclear
cells (PBMCs). The PBMC-derived LTR sequences
were pooled from three large published studies,
each of which contained multiple LTRs derived
from four or more individuals that resided within
North America. This analysis represented a total of
328 sequences derived from 40 individuals (Michael
et al, 1994; Estable et al, 1996; Kirchhoff et al, 1997).
The number of PBMC-derived LTRs examined per pa-
tient ranged from 3 to 42 and are summarized within
each reference. Unfortunately, the status of patient
brain disease was not reported in any of these three
studies, so we were unable to establish any correla-
tions between the two groups of LTRs (brain-derived
versus PBMC-derived) and disease progression.

In our analysis, sequence changes that related
to shared properties between patients, such as
cellular and tissue targets infected by HIV-1, rather
than patient-speci�c phenomena, such as secondary
infections and drug treatment, are likely to be ob-
served more frequently on an interpatient basis.
Based on this reasoning, equal weight was placed
on each individual, so the sequence analysis was
conducted by �rst examining the LTRs of each in-
dividual separately to calculate the frequency of a
nonconsensus change at each nucleotide position
as a percent of total LTRs examined from the in-
dividual. The mean percentages of all individuals
were then determined to obtain a mean frequency
of nonconsensus change subsequently designated as
the mean nonconsensus frequency (NCF) at each
nucleotide position of C/EBP sites I and II, as well

as the activating transcription factor/cyclic AMP re-
sponse element binding protein (ATF/CREB) and NF-
·B binding sites. These values were then plotted as
a bar graph above the clade B consensus sequence
(Figure 1A–D). Nucleotide changes most often ob-
served were apparent nucleotide substitutions, al-
though insertions and deletions did occur at certain
positions and these too were included as nucleotide
changes in this analysis.

To examine sequence variation within C/EBP sites
I and II, the sequences were aligned and compared
to the consensus sequence of HIV-1 clade B within
this region. For comparative purposes, ATF/CREB
and nuclear factor kappa B (NF-·B) binding sites,
which �ank C/EBP site I (relative positions are dia-
grammed in Figure 1) were also included in the anal-
yses, because previous studies have shown that mod-
erate sequence variation is observed at the ATF/CREB
binding site and the NF-·B consensus sequence is
typically very well conserved in peripheral blood-
derived HIV-1 LTR sequences.

At each nucleotide position for the four sites ex-
amined, the most common nucleotide matched the
consensus for HIV-1 clade B. This was not surpris-
ing as clade B is the most common HIV-1 subtype
in North America. The NF-· B binding site, in par-
ticular, was extremely well conserved as would be
expected (Figure 1A). Almost all variation observed
occurred at the �rst two nucleotides of the sequence
with the NCF at the �rst nucleotide equal to only
3.2% for both brain- and PBMC-derived LTRs and
4% and 0.6% at the second position, respectively.
As could be expected, the less conserved ATF/CREB
sequence exhibited only moderate variability at sev-
eral nucleotides (Figure 1B). The most obvious region
of variability occurred at position 7, where the NCF
was 21% for the PBMC-derived ATF/CREB sequences
and 12.7% for the brain-derived sequences. There
were no signi�cant differences between the brain-
and PBMC-derived LTR populations, however, with
respect to the speci�c base pair (bp) alterations that
occurred at position 7 of the ATF/CREB binding site.
Most of the bp alterations at position 7 involved a T
to C or T to G substitution in both LTR populations.

In examining the NCF for C/EBP site I (Figure 1C),
an obvious point of variability not apparent with
any of the other binding sites was observed. At bp
position 6 (indicated by an asterisk), the NCF was
42.5% for the brain-derived LTRs, and only 5.8% for
the PBMC-derived LTRs. Speci�c differences at bp
position 6 will be discussed later. A second point
of moderate variability was observed at bp position
3, where the NCF at this position in C/EBP site I
within LTRs obtained from brain was 22.6%, while
the NCF at this position in C/EBP site I within LTRs
derived from peripheral blood was 10.7%. There
were no signi�cant differences between the brain-
and PBMC-derived LTR populations, however, with
respect to the speci�c bp alterations that occurred at
position 3. Most alterations at this position in both
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Figure 1 Brain-derived LTRs exhibit unique sequence con�gurations at C/EBP sites I and II when compared to peripheral blood-derived
LTRs. LTR sequences derived from each individual were aligned and compared to the published clade B consensus sequence. The
frequency of occurrence of a nonclade B nucleotide was calculated at each position for each individual as a percent of total LTRs
examined. The mean nonconsensus frequency (NCF) was calculated from these values at each nucleotide position for the population of
individuals and these values were plotted above the consensus sequence. These analyses were conducted for the HIV-1 LTR (A) NF-·B,
(B) ATF/CREB, (C) C/EBP site I, and (D) C/EBP site II binding sites. The position of each nucleotide is identi�ed below the consensus
binding site sequence for each binding site examined. The single asterisk identi�es a common guanine substitution that is frequently
found in brain-derived LTRs. The analysis of brain-derived LTRs represented a total of 164 sequences derived from 18 individuals, while
the analysis of PBMC-derived LTRs represented a total of 328 sequences derived from 40 individuals (Estable et al, 1996; Kirchhoff et al,
1997; Michael et al, 1994). The number of brain-derived LTRs examined per patient ranged from 3 to 21 and are summarized in Figure 3.
The number of PBMC-derived LTRs examined per patient ranged from 3 to 42 and are summarized as described (Estable et al, 1996;
Kirchhoff et al, 1997; Michael et al, 1994).

LTR populations involved a C to T or C to A bp
substitution. All other nucleotide positions within
C/EBP site I exhibited minimal sequence variation
with respect to the clade B consensus sequence at this
site.

Given that both C/EBP sites I and II have been
shown to be involved in the regulation of HIV-1 gene
expression and replication in monocytes, sequence
variation within C/EBP site II was also examined.
This analysis led to the identi�cation of another
striking difference between the two LTR populations
(Figure 1D). The brain-derived LTRs exhibited very
little sequence variation at any position within C/EBP
site II, while the C/EBP site II in PBMC-derived LTRs
exhibited variation across the sequence with two
moderate peaks of nucleotide divergence at positions

4 and 6. The only point of C/EBP site II variation in
LTRs derived from brain was the NCF of 8.8% at the
�rst position of the binding site. However, the PBMC-
derived LTRs exhibited an NCF of 18.3% at position
4 and an NCF of 25.6% at position 6.

C/EBP sites I and II are conserved to different
degrees in brain- and peripheral blood-derived LTRs
when compared to the clade B consensus sequence
Because the pattern of C/EBP site I and II conserva-
tion was so different, the mean NCF for the entire
binding site for each of the four transcription factors
was determined (Figure 2). Based on this analysis,
it was determined that neither the ATF/CREB nor
NF-·B binding site differed between the two LTR
populations when compared to the clade B consensus
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Figure 2 Conservation of C/EBP site I and II sequences differs
between LTRs obtained from brain and peripheral blood. LTR se-
quences derived from each individual were aligned and compared
to the clade B consensus sequence. The frequency of occurrence
of a nonclade B binding site was calculated for each individual
as a percent of total LTRs examined. The mean NCF was calcu-
lated from these values at each binding site for the population of
individuals and these values were plotted above the consensus se-
quence. These analyses were conducted for the NF-·B, ATF/CREB,
C/EBP site I, and C/EBP site II binding sites. The analysis of brain-
derived LTRs represented a total of 164 sequences derived from
18 individuals, while the analysis of PBMC-derived LTRs rep-
resented a total of 328 sequences derived from 40 individuals
(Estable et al, 1996; Kirchhoff et al, 1997; Michael et al, 1994).
The number of brain-derived LTRs examined per patient ranged
from 3 to 21 and are summarized in Figure 3. The number of
PBMC-derived LTRs examined per patient ranged from 3 to 42
and are summarized as described (Estable et al, 1996; Kirchhoff
et al, 1997; Michael et al, 1994).

sequence. The brain-derived LTRs exhibited a mean
NCF of 27% for the ATF/CREB binding site, while the
PBMC-derived LTRs exhibited a mean NCF of 32%.
The mean NCF for the NF-·B binding site was low for
both the brain and PBMC populations, 8% and 6%,
respectively.

However, the two LTR populations differed greatly
when conservation of the two C/EBP binding sites
was examined. For C/EBP site I, the mean NCF for
the peripheral blood-derived LTR population was
32% (the same mean NCF value observed for the
ATF/CREB binding site within the same LTR pop-
ulation). However, the brain-derived LTRs exhib-
ited a mean NCF of 62%, exhibiting almost dou-
ble the amount of sequence variation at C/EBP site I
when compared to peripheral blood LTR populations
(statistically signi�cant difference; P :027). With
regard to C/EBP site II, the level of conservation
was reversed. The mean NCF of the peripheral
blood-derived LTR C/EBP site II was 31%, almost
identical to the amount of sequence variation ob-
served at C/EBP site I and the ATF/CREB site within
the peripheral blood LTR population. However, the
brain-derived LTR population exhibited a C/EBP site
II mean NCF of only 15%, less than half the variation
observed with the PBMC-derived LTR populations

(statistically signi�cant difference; P :056). For
the LTRs obtained from brain tissue, only the
NF-·B binding site (of the four sites examined)
was more conserved than C/EBP site II in these
analyses.

Sequence variation at C/EBP site I of brain-derived
LTRs is often represented by a single C/EBP binding
site I con�guration
To investigate the actual bp alterations that consti-
tuted the 42.5% NCF at position 6 of C/EBP site I,
all brain-derived LTRs that deviated from the clade
B consensus sequence at position 6 were examined.
Most alterations detected involved a T to G change
(as indicated previously, this site has been designated
the 6G C/EBP site I). Brains containing LTRs with the
6G con�guration were only scored positive for this
con�guration if they did not contain any variant nu-
cleotides other than the T to G change at position 6.
Of all brain-derived LTRs containing a bp alteration
at position 6, 73% of the LTRs possessed a 6G bind-
ing site con�guration (AGC TTG CTA CAA; data not
shown). Given that 42.5% of a given patient’s brain-
derived LTRs contained a bp change at position 6
(Figure 1C) and 73% of these were the 6G con�g-
uration, 31% of any given patient’s LTRs obtained
from brain contained the 6G C/EBP site I con�gura-
tion. Conversely, when a search was performed for
the 6G site I con�guration in the 328 LTRs derived
from peripheral blood, only 16 of the LTRs (from 3 of
40 patients) contained the 6G site I con�guration, sug-
gesting that the frequency of this con�guration within
the peripheral blood was very low.

The majority (60%) of the C/EBP site I con�gu-
rations encountered in brain-derived LTRs were ei-
ther the clade B consensus sequence or the 6G vari-
ant. Both LTR site I con�gurations were represented
within about the same number of individuals (data
not shown). The clade B consensus sequence site I
con�guration was found within 61% of individuals
while the 6G binding site appeared in 56% of all in-
dividuals. Within positive brains, the 6G site I con-
�guration constituted 61% of an individual’s C/EBP
site I LTR sequences, while the clade B sequence con-
�guration accounted for 49% of an individual’s site I
LTR sequences.

Distribution of common C/EBP site I and II
con�gurations within each brain analyzed
The distribution of the 6G and clade B consensus
C/EBP site I LTR sequences within all available brain
specimens analyzed was also examined for C/EBP
site I (Figure 3A), and compared to the distribu-
tion of the commonly encountered clade B consen-
sus C/EBP site II sequence (Figure 3B). In only one
of the brains examined (brain 510) was an LTR not
detected that did not contain either the 6G or clade
B consensus sequence at C/EBP site I (Figure 3A).
Several of the HIV-1-positive brains (brains 2435,
2597, and 2710) contained only LTRs with the 6G
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Figure 3 Distribution of predominant C/EBP binding sites I and II in each HIV-1-positive brain. (A) The distribution of 6G and clade B
consensus C/EBP site I con�gurations is illustrated for each brain investigated. ‘Consensus’ designates the clade B C/EBP site I consensus
sequence, while ‘6G’ designates a T to G nucleotide substitution at position 6 of the clade B consensus sequence of C/EBP site I. “Other”
designates any sequence that does not fall into one of these two categories. (B) The distribution of the consensus clade B consensus C/EBP
site II con�guration is illustrated for each brain investigated. All con�gurations that deviated from the clade B consensus sequence were
designated as “other.” The total number of sequences analyzed per brain is shown above the appropriate bar.

C/EBP site I con�guration. Conversely, brains 513 and
514 only contained LTRs with the clade B consensus
sequence. The remaining brains contained different
levels of LTRs with the two C/EBP site I sequence
con�gurations. The pattern of sequence distribution
with respect to C/EBP site II was strikingly different
(Figure 3B). Eleven of the brains examined only con-
tained LTRs with the clade B consensus C/EBP site II
con�guration. Of the remaining six brains, only brain
512 did not contain a single LTR with the clade B con-
sensus sequence at C/EBP site II. The remaining �ve
brains exhibited about an 80% retention of LTRs with
the clade B C/EBP site II con�guration. Overall, the
high degree of conservation of the clade B C/EBP site
II con�guration and the commonly encountered vari-
ations observed at C/EBP site I in brain-derived LTRs

was strikingly different than the C/EBP sites observed
in the peripheral blood LTR population.

Apart from the interesting point of variability at
C/EBP site I, position 6, another point of variability
was observed at C/EBP site I position 3, with an NCF
of 22.6% in the brain-derived LTR population. When
the variation at position 3 was examined, 28% of the
bp changes at this site led to a con�guration (3T: AGT
TTT CTA CAA) with diminished reactivity toward
C/EBP proteins (data not shown). Studies by other
investigators have shown that C/EBP sites I and II
can functionally compensate for one another within
the HIV-1 LTR when one of the two C/EBP bind-
ing sites is inactivated and examined in functional
analyses (Henderson and Calame, 1997; Henderson
et al, 1996). Therefore, the C/EBP site II sequences
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for the 14 brain-derived sequences that contained the
weak 3T C/EBP site I were examined. When the cor-
responding C/EBP site II sequences were examined,
almost all of the variants had the consensus clade
B sequence (ATT TCA TCA), which exhibits an in-
creased ability to bind C/EBP factors. Two other se-
quences were observed at C/EBP site II (6G: ATT TCG
TCA) and (6G8T: ATT TCG TTA), both of which re-
cruit high amounts of C/EBP protein. Therefore, of
the brain-derived 3T C/EBP site I sequences that ex-
hibited reduced ability to bind C/EBP factors, all of
them appeared to have a compensatory strong C/EBP
site II.

C/EBP sites preferentially encountered
in brain-derived LTRs exhibit increased ability
to bind C/EBP factors
To characterize the effect the common 6G C/EBP
site I binding site con�guration may have on C/EBP
factor binding, relative to the also common clade B
C/EBP site I, EMS analyses were performed. Radio-
labeled double-stranded oligonucleotide probes that
represented either the 6G C/EBP site I (Figure 4A,
lanes 1–5) or the clade B consensus C/EBP site I
(Figure 4A, lanes 6–10) were reacted with nuclear
extract prepared from the U-937 monocytic cell line.
These reactions were also incubated with antisera
directed against the C/EBP activator proteins C/EBP
®, C/EBP ¯ , and C/EBP ", in antibody supershift EMS
analyses. It was apparent that there was stronger
DNA-protein complex formation with the 6G variant
(Figure 4A, lane 1) as compared to the clade B
consensus C/EBP site I (Figure 4A, lane 6). The
supershift EMS analyses con�rmed this observation
(Figure 4A, lanes 3 and 4 compared to lanes 8 and
9). Although only a moderate amount of C/EBP ®
was supershifted with the DNA-protein complexes
formed with the clade B consensus sequence (Fig-
ure 4A, lane 8), a much greater amount of C/EBP
protein was supershifted with the DNA-protein com-
plexes formed with the 6G variant probe (Figure 4A,
lane 3). Additionally, C/EBP ¯ was barely detectable
in complexes formed with the clade B consensus
sequence (Figure 4A, lane 9), while a signi�cant
amount of C/EBP ¯ was shifted from the complexes
formed with the 6G C/EBP site I variant probe
(Figure 4A, lane 4). This was important because
C/EBP ¯ is a more ef�cient trans-activator than
C/EBP ® (data not shown). These studies illustrated
that brain-derived LTRs that frequently possess the
6G C/EBP site I con�guration exhibited an enhanced
ability to bind C/EBP factors than was observed with
the clade B consensus C/EBP site I.

To determine the ability of the highly conserved
C/EBP site II consensus clade B sequence variant to
recruit C/EBP factors, an oligonucleotide represent-
ing the consensus C/EBP site II was reacted with
U-937 nuclear factors in EMS analyses, in parallel
with the 6G C/EBP site I oligonucleotide (Figure 4B).
A much more abundant DNA-protein complex was

observed with the conserved C/EBP site II sequence
than was observed with the 6G C/EBP site I. Antibody
supershift EMS analyses utilizing antisera directed
against four of the common C/EBP trans-activators
(Figure 4C) were performed. As shown, readily de-
tectable quantities of C/EBP ®, C/EBP ¯ , and C/EBP
" were observed utilizing the U-937 nuclear extract.
However, no C/EBP ± binding was detected (the
C/EBP ± antibody has been shown to form super-
shifted complexes when reacted with extract derived
from the THP-1 monocytic cell line; data not shown).

To further characterize the relative binding af�ni-
ties of the commonly encountered clade B consensus
C/EBP site II and the 6G C/EBP site I and to demar-
cate the binding sites, DNase I protection analysis
was conducted using a radiolabeled probe (204 bp)
that contained both of these binding sites (Figure 4D).
The radiolabeled probe was reacted with increasing
amounts of His-tagged C/EBP ¯ (Figure 4D, lanes 1– 5)
and the regions of protein protection were compared
with probe incubated only with DNase I (Figure 4D,
lane 6). By comparison to the reaction containing
only DNase I, even with the lowest amounts of pu-
ri�ed C/EBP ¯, a strong region of DNase I protection
was observed at the clade B consensus C/EBP site II.
Conversely, a region of protection was not observed
at the 6G C/EBP site I until higher amounts of protein
were added. These results indicate that the clade B
consensus C/EBP site II has a much higher relative
af�nity for C/EBP ¯ than does the 6G C/EBP site I.

In summary, the 6G C/EBP site I sequence has a
higher relative af�nity for C/EBP proteins than does
the clade B C/EBP site I. However, the clade B C/EBP
site II has an even higher relative af�nity for C/EBP
factor binding than the 6G C/EBP site I. Given that
the clade B consensus sequence is highly conserved
at the C/EBP site II, it can be concluded that a vast ma-
jority of brain-derived LTRs possess a C/EBP binding
site II that is highly reactive with respect to bind-
ing members of the C/EBP family of transcription
factors.

Brain-derived LTRs contain C/EBP site II
con�gurations that are almost always highly
reactive with respect to C/EBP proteins (a vast
majority of LTRs contain the clade B consensus
site II con�guration)
Given the high level of clade B consensus C/EBP
site II conservation in brain-derived LTRs, the bind-
ing phenotypes of the remaining C/EBP site II con-
�gurations encountered in brain were examined, to
ascertain whether conservation of a strong C/EBP
site II, and not just conservation of the clade B
con�guration, was found in the brain-derived LTRs.
Ten C/EBP site II con�gurations were encountered in
the brain sequence database, which differed from the
clade B consensus site (Figure 5A). The con�gura-
tions were named according to the position at which
there was a bp substitution or deletion (del) and
the nucleotide that was substituted. The 10 variants
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Figure 4 C/EBP sites preferentially encountered in brain-derived LTRs exhibit increased ability to bind C/EBP factors. (A) C/EBP site
I oligonucleotides representing the 6G (lanes 1–5) and the clade B consensus sequence (lanes 6–10) were reacted with U-937 nuclear
extract. (B) For comparison, the clade B consensus C/EBP site II and the 6G C/EBP site I were reacted with U-937 nuclear extract.
(C) Antisera to C/EBP ®, C/EBP ¯, C/EBP ±, and C/EBP " were added to the EMS reactions to identify individual members of the C/EBP
transcription factor family, while control rabbit immunoglobulin (CS) was added to lanes 2 and 7 in panel A. Arrows to the right of the
panels indicate supershifted complexes. Free probe is indicated at the bottom of panels A, B, and C. (D) DNase I protection analysis was
conducted using a 200-bp probe that contained the 6G C/EBP site I and the clade B consensus C/EBP site II. The probe was reacted with
increasing amounts of His-tagged C/EBP ¯ (lanes 1–5) and regions of DNase I protection were compared with probe incubated with DNase
I only (lane 6). Sequencing ladders of the probe were also included to con�rm the regions of DNase I protection.

were present at different degrees within the brain-
derived LTR population, with the clade B consen-
sus representing 88.6% of the 164 total brain-derived
LTRs.

Of the 10 brain-derived C/EBP site II con�gura-
tions that deviated from the clade B consensus se-
quence, patient information was known for the LTRs
that contained six of the variant sequences. The vari-
ant con�gurations 7G, 1del, 1G, and 1T (Figure 5A)
were all encountered in the brain-derived LTRs for
which dementia status was not known. However, the
remaining con�gurations (1C4C7C, 1C3C, 6G8T, 6G,
1C3C7C, and 4C) accounted for 9% of the C/EBP
site II con�gurations encountered in all of the brain-
derived LTRs. Interestingly, these six sequences were
all derived from the LTRs of four patients (512, 514,
525, and 527; Figure 3) who were known to ex-
hibit clinical signs of dementia. No sequence vari-

ants were encountered in the three patients known
to exhibit no clinical signs of dementia (patients 508,
510, and 513; Figure 3). This limited information
suggests that sequence variability at C/EBP site II
should be considered when considering factors that
correlate with the development of clinical dementia.
There are very likely other factors involved in deter-
mining CNS disease progression.

To characterize the relative binding af�nities of
the brain-derived sequence variants, double-stranded
radiolabeled oligonucleotide probes spanning each
of the brain-derived C/EBP site II variants, includ-
ing the clade B consensus sequence (Figure 5B,
lanes 2–12) were reacted with U-937 nuclear extract
which had been stimulated with IL-6 (to facil-
itate more ef�cient visualization of the C/EBP-
containing DNA-protein complexes) in EMS analy-
ses. Included in the analyses was a probe spanning
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Figure 5 Brain-derived non-clade B C/EBP site II con�gurations
exhibit a wide array of binding phenotypes but a high percent-
age are highly reactive with respect to binding C/EBP factors.
(A) Ten C/EBP site II con�gurations other than the clade B con-
sensus sequence were encountered within the brain-derived LTR
population at very low frequencies. (B) Oligonucleotide probes
representing all brain-derived C/EBP site II con�gurations, as well
as a probe spanning the highly reactive 6G C/EBP site I, were re-
acted with IL-6-induced U-937 nuclear extract in EMS analyses.
Brackets to the left of the panel indicate the C/EBP-related com-
plexes. Free probe is indicated at the bottom of panel B.

the highly reactive 6G C/EBP site I (Figure 5B, lane 1),
commonly encountered in brain. It was apparent that
two of the variants, 6G (Figure 5B, lane 10) and 6G8T
(Figure 5B, lane 9), both retained strong binding sites
at C/EBP site II. The remainder of the variants exhib-
ited moderate to greatly reduced reactivity toward
C/EBP proteins. Interestingly, two of the variants,
1C4C7C (Figure 5B, lane 7) and 1C3C7C (Figure 5B,
lane 11), exhibited strong DNA-protein complex for-
mation of altered mobility, which contained only low
levels of C/EBP protein.

Of the six C/EBP site II sequence variants (1C4C7C,
1C3C, 6G8T, 6G, 1C3C7C, and 4C) that constitute 9%
of the total C/EBP site II sequences and were de-
rived from patients exhibiting clinical signs of de-
mentia, differing levels of C/EBP recruitment were
encountered. Two of the variants (6G and 6G8T,
representing 3% of the total brain-derived LTRs) re-

cruited high amounts of C/EBP, two variants (4C and
1C3C, representing 4.2% of the total brain-derived
LTRs) recruited low levels of C/EBP, and two variants
(1C4C7C and 1C3C7C, representing 1.8% of the to-
tal brain-derived LTRs) recruited a protein other than
C/EBP. Cumulatively, these results indicate that 93%
of the 164 brain-derived LTRs analyzed were highly
reactive with respect to C/EBP protein binding at site
II. In addition, increased variability at C/EBP site II
may correlate with clinical dementia and often leads
to alterations in C/EBP factor recruitment at C/EBP
site II.

C/EBP site II strength impacts basal and Tat-induced
LTR activity in a HIV-1 strain-dependent manner
To examine the role of C/EBP site II in the context of
LTRs derived from HIV-1 molecular clones that ex-
hibit different cellular tropisms, luciferase reporter
plasmids were constructed that were under the con-
trol of HIV-1 LTRs derived from the T-tropic LAI, dual
tropic 89.6, and brain-derived, M-tropic YU-2 HIV-1
infectious molecular clones. The parental LAI and
YU-2 LTR-luciferase constructs both possess strong
clade B consensus con�gurations at C/EBP site II,
while 89.6 possesses a weakly reactive 4C con�gu-
ration (Figure 5B, lane 12). LTR-luciferase reporters
were also constructed with each of the three parental
backbones containing a C/EBP site II (5G7G: ATT
TGA GCA) that exhibited very weak reactivity with
respect to binding C/EBP proteins.

Each of these constructs were transiently trans-
fected into U-937 cells in the absence or presence
of HIV-1 trans-activator protein Tat co-expression
(Figure 6). It was immediately obvious that the three
different parental backbones exhibited divergent
activities with respect to both basal and Tat-induced
trans-activation (Figure 6A). The LTR derived from
the T-cell line adapted LAI strain exhibited both the
highest basal and Tat-induced activity when com-
pared to LTRs derived from either 89.6 or YU-2.
The luciferase construct containing the LTR derived
from 89.6 exhibited a basal activity that was slightly
below that of the LAI LTR, while the YU-2 LTR
exhibited about a 30% reduction in basal activity
as compared to the other parental LTR constructs.
The Tat-induced activity obtained with each of the
three LTR constructs was even more highly diver-
gent. While the LAI LTR activity increased about
30-fold following Tat induction, the 89.6 LTR only
exhibited about a 20-fold increase, and the YU-2
LTR was trans-activated by about 10-fold. There-
fore, the parental constructs exhibited very diver-
gent LTR activities when transfected into the mono-
cytic U-937 cells in the absence or presence of
Tat.

When C/EBP site II was converted to a weakly re-
active binding site (5G7G) within the context of the
three parental LTR backbones, basal activity was im-
pacted with the LAI and 89.6 LTRs, but not with the
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Figure 6 C/EBP site II sequence variation impacts basal and Tat-
induced trans-activation in a HIV-1 strain-dependent manner. (A)
LTRs derived from the LAI, YU-2, and 89.6 strains of HIV-1, were
transiently transfected into U-937 cells to compare basal and Tat-
induced LTR activity of each of these parental backbones. The
weak 5G7G C/EBP site II con�guration was also substituted into
each of the parental backbones, (B) LAI, (C) YU-2, and (D) 89.6,
and LTR activities were determined in the absence or presence of
Tat. The luciferase activity of each of the chimeric LTRs was nor-
malized to an arbitrary activity level of 1 for the LAI (6G) LTR.
Each transient transfection was done in duplicate, with three in-
dependent experiments.

YU-2 LTR (Figure 6B–D). The LAI and 89.6 LTRs ex-
hibited about 40% and 60% reductions in basal ac-
tivity, respectively. This pattern was reversed with
respect to Tat-induced activity (Figure 6B–D). Tat-
induced activity with the LAI and 89.6 LTRs resulted
in a minor reduction in activity, while the YU-2 LTR
exhibited about a 50% reduction in response to Tat
trans-activation. This indicated that a strong C/EBP
site II phenotype was not important for basal activ-
ity of brain-derived LTRs, but was critical for highly
ef�cient Tat trans-activation.

Discussion

HIV-1 has been demonstrated to exist as rapidly
evolving quasi-species that have been described as
swarms of genetic variants existing simultaneously
within an infected individual (Pang et al, 1992). The
composition of the most abundant variants within an
individual changes over time as a result of frequent
mutations introduced by the reverse transcription
process, recombination between diploid genomic
RNA, and strong selective pressures of the host im-
mune response. This results in a dynamic interplay
between the virus and host. Differences between
blood- and CNS-derived HIV-1 strains have been doc-
umented in studies that examined sequence varia-
tion within the envelope V3-V5 region (Korber et al,
1994). It was suggested that monocyte/macrophage
tropism of brain-derived viruses provided a biologi-
cal constraint that resulted in conservation of speci�c
amino acids within viral envelope proteins.

Whereas genetic variation within the antigenic V3
loop of the envelope gene has been suggested to be
driven by the host immune system (Delwart et al,
1994; Lukashov et al, 1995), and conservation at po-
sitions in the V3 region may re�ect the cell type or tis-
sue tropism of HIV-1 variants (Korber et al, 1994), the
forces that drive genetic variation and conservation
of LTR sequences are less well understood. Studies
involving LTR sequences derived from multiple tis-
sues in one individual have demonstrated that LTRs
derived from speci�c tissues can be classi�ed phylo-
genetically as distinct variants, suggesting that LTRs
may evolve in a tissue compartmentalized manner
(Ait-Khaled et al, 1995). Evidence that LTR sequences
derived from brain are functionally distinct from
blood-derived LTRs also exists.

Transgenic mice were constructed that carry dif-
ferent HIV-1 LTRs attached to ¯-gal expression con-
structs. The three LTRs employed in the studies were
obtained from lymph node (HIV-1 strain IIIB/LAV)
or the CNS (HIV-1 strains JR-CSF and JR-FL). Only
animals carrying the CNS-derived LTRs directed
¯-gal expression within the CNS, particularly in
neurons. In addition, the speci�c neuroanatomical
locations of ¯-gal expression differed slightly be-
tween the divergent CNS-derived LTRs (Corboy et al,
1992). However, phylogenetic analysis of a num-
ber of LTRs derived from brain tissue of four indi-
viduals did not demonstrate any simple association
between speci�c nucleotides of brain-derived se-
quences and the expression results obtained with the
CNS-derived LTRs in the transgenic analyses (Corboy
and Garl, 1997), making it dif�cult to ascribe a CNS-
speci�c function to speci�c cis-acting element se-
quence con�gurations within the LTR.

Sequence analysis reported herein has indicated
that C/EBP site sequence variation was very differ-
ent between LTRs obtained from peripheral blood
and those obtained from brain. The peripheral
blood-derived LTR populations exhibited a level of
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sequence variation at these sites comparable to that
of the ATF/CREB binding site (Figures 1 and 2). How-
ever, based on the sequence variation observed with
LTR populations obtained from brain, both C/EBP
binding sites appear to have important roles in HIV-
1 replication within the brain. The clade B consen-
sus C/EBP site II that exhibited a very high reactiv-
ity with C/EBP monocytic nuclear factors (Figure 4)
was very well conserved in brain-derived LTRs, with
only 15% of any given individual’s LTRs deviating
from the clade B consensus sequence. This was half
of the variation observed at C/EBP site II in periph-
eral blood-derived LTRs. In fact, the site II variation
approached that observed with the highly conserved
NF-·B binding site (which exhibited an NCF of 8%
in brain-derived LTRs). Furthermore, when the brain-
derived C/EBP site II variant con�gurations that de-
viate from the clade B consensus site were exam-
ined, 93% of the total brain-derived LTRs exhibited a
highly reactive C/EBP site II with respect to binding
members of this transcription factor family.

In contrast, brain-derived LTRs exhibited far more
variation at C/EBP site I as compared to peripheral
blood-derived sequences. While LTRs derived from
peripheral blood contained a NCF of 32%, brain-
derived LTR sequences exhibited a NCF of 62%. In
particular, a NCF of 42% was observed at C/EBP site I,
position 6, and 73% of these changeswere to the same
6G variant con�guration. When the impact of the 6G
variation at C/EBP site I was compared to the clade
B consensus sequence at site I, the 6G con�guration
exhibited an enhanced capability of binding C/EBP
factors (Figure 4). The well-conserved clade B C/EBP
site II exhibited an even greater ability to bind C/EBP
factors as compared to both the C/EBP site I clade
B consensus and the more reactive 6G C/EBP site I
con�guration (Figure 4). Thus, brain-derived LTRs
often possess two very strong C/EBP binding sites,
an observation not observed with peripheral blood-
derived LTRs. Furthermore, when a weakly reactive
binding site was observed at C/EBP site I, a highly
reactive site was always observed at C/EBP site II.

Interestingly, when the C/EBP site II of a T-cell
tropic (LAI), dual-tropic (89.6), and brain-derived
M-tropic (YU-2) strain was mutated to a weak binding
site, a differential impact on basal and Tat-induced
LTR activity was observed in transient expression
analyses. A weakly reactive C/EBP site II signi�cantly
decreased basal trans-activation of the LAI and 89.6
LTRs, but did not impact the YU-2 LTR. Conversely, a
weakly reactive C/EBP site II signi�cantly inhibited
Tat-induced YU-2 activity but did not signi�cantly
impact either the LAI or 89.6 Tat trans-activation.
These results suggest that the strong conservation
of the highly reactive clade B C/EBP site II within
brain-derived LTRs may be critical for highly ef�cient
Tat-dependent replication of HIV-1 within the brain.
It should be noted that the Tat protein used in these
studies was derived from the HIV-1 IIIB strain. It is
probable that the HIV-1 Tat protein and the HIV-1 LTR

co-evolve. Thus, while the Tat protein derived from
IIIB did not trans-activate the YU-2-derived LTR in
these studies, it is possible that the Tat protein de-
rived from the HIV-1 YU-2 strain would trans-activate
the YU-2 LTR to a greater degree.

One could predict that C/EBP site sequence vari-
ation would have more impact on HIV-1 replication
in brain, given that viral replication is primarily de-
tected in cells of the monocyte/macrophage lineage
and C/EBP factors appear to play such an impor-
tant role in normal monocyte/macrophage gene reg-
ulation. Most peripheral blood-derived LTRs are ob-
tained from virus replicating in lymphocytes rather
than from cells of the monocyte/macrophage lin-
eage. In addition, C/EBP proteins are not expressed
to signi�cant levels within lymphocytic populations,
rendering C/EBP binding site sequence variation of
less importance to a PBL-derived virus. However,
the C/EBP binding sites are still well conserved in
the peripheral blood LTRs, to the same extent as the
ATF/CREB binding site (Figure 2).

Blood samples from all individuals from whom
brain LTRs were obtained were not available for
analysis. It will be interesting to determine the extent
of C/EBP site conservation in the peripheral blood
of infected individuals, to investigate whether the
sequence patterns of the two C/EBP sites observed in
brain-derived viruses are brain-speci�c, or whether
they are also observed in peripheral blood (particu-
larly in the monocyte/macrophage compartment).

This leads to the question of whether or not the se-
lectivity for strong C/EBP binding sites is observed
in monocyte/macrophage populations that are circu-
lating in the blood before they in�ltrate the brain. To
address this question, one would need to sequence a
number of PCR-ampli�ed LTR clones or viral clones
derived from monocyte and lymphocyte populations
present in peripheral blood, as well as from brain tis-
sue from a large number of individuals. Although ac-
cess to this type of database is not yet available in
an extensive format, we have characterized the reac-
tivity of C/EBP sites I and II for C/EBP proteins, for
several published infectious molecular clones (data
not shown). The HIV-1 infectious molecular clones
were either derived from the CNS or were isolated
from non-CNS compartments including, peripheral
blood, infant lung tissue, and lymph node (Benson
et al, 2000). The four clones that were isolated from
CNS tissue (brain tissue or CSF) include: SF162,
JR-FL, JR-CSF, and YU-2. The 10 clones that were
isolated from non-CNS reservoirs include: BAL, AD8,
LAI/IIIB, MN, ELI, RF, NDK, NL43, SF2, and 89.6. The
repertoire of non-CNS-derived clones was diverse
and included molecular clones that have been charac-
terized as T-tropic, M-tropic, and dual-tropic. In addi-
tion, the molecular clones have been characterized as
either syncytium inducing (SI) or non-syncytium in-
ducing (NSI) and have been shown to utilize a variety
of coreceptors, including but not limited to CXCR-4
and CCR5.
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Differences in binding phenotype of C/EBP sites
I and II were observed between the different infec-
tious molecular clone populations. The viral clones
derived from the CNS mimicked the results observed
with the PCR-ampli�ed brain sequences examined
herein. All four clones possessed a strong C/EBP
site II (three of which were the clade B con�gura-
tion). None of the four contained the highly reac-
tive 6G con�guration at C/EBP site I, but three of the
clones contained the also prominent clade B consen-
sus C/EBP site I, which recruited a moderate level
of C/EBP protein. Only SF162 contained a divergent
sequence at C/EBP site I, that slightly decreased the
level of C/EBP protein recruited. In contrast, of the
10 molecular clones derived from non-CNS reser-
voirs, four of the clones exhibited greatly reduced
C/EBP binding at C/EBP site II. In addition, four of
the clones also exhibited negligible binding at C/EBP
site I.

These results would seem to indicate that the se-
lection of two highly prevalent strong C/EBP bind-
ing sites within an LTR population does not oc-
cur until after the virus reaches the CNS, since the
C/EBP site con�gurations encountered in the CNS-
derived molecular clones recruited greater amounts
of C/EBP protein than the C/EBP binding sites en-
countered in the clones isolated from non-CNS reser-
voirs. Given that 93% of the brain-derived LTRs
possessed a C/EBP site II that was highly reactive
with respect to binding C/EBP proteins, it was clear
that a strong C/EBP site II was either required for en-
try into the brain or was required for maintenance
of the virus in the CNS. Additional studies will
need to be performed to address this issue in greater
detail.

With respect to viral replication within the periph-
eral blood, it is also probable that viral strains with
highly reactive binding sequence con�gurations at
C/EBP sites I and II have an evolutionary advantage
over those that do not, since early stages of HIV-1 in-
fection are characterized by M-tropic, NSI viruses,
while T-tropic, SI viral isolates evolve later (Choe
et al, 1996; Deng et al, 1996; Doranz et al, 1996; Dragic
et al, 1996; Feng et al, 1996). Those viral isolates
that are better equipped to establish a highly pro-
ductive infection in monocyte/macrophage popula-
tions may be better suited to establishing a produc-
tive infection in a new host. Given the impact of a
weakly reactive C/EBP site II on Tat-induced repli-
cation of the M-tropic YU-2 isolate within the U-937
monocytic cell line (Figure 6C), a strong C/EBP site
II appears to be important for viral replication within
the context of a brain-derived M-tropic HIV-1 strain.
Future studies must be conducted analyzing addi-
tional clinical samples, viral isolates, PCR-generated
sequences,and patient information. This would facil-
itate the development of a better understanding of the
role C/EBP proteins play in virus replication within
both the peripheral blood and CNS, and their poten-

tial involvement in disease progression within both
of these compartments.

Materials and methods

Cell culture and nuclear extract preparation
The U-937 (ATCC# CRL-1593.2) human monocytic
cell line was grown in RPMI 1640 medium. The
media was supplemented with 10% heat-inactivated
fetal bovine serum, antibiotics (penicillin, strepto-
mycin, and kanamycin, each at a concentration of
0.04 mg/mL), L-glutamine (0.3 mg/mL), and sodium
bicarbonate (0.05%). The cells were maintained at
37 C in 5% CO2 at 90% relative humidity. U-937 cells
treated with recombinant human IL-6 (Genzyme)
were prepared by treating cells for 24 h prior to
the preparation of nuclear extracts, with (875 U/ml
per 106 cells). Nuclear extracts were prepared as de-
scribed (Dignam et al, 1983).

Oligonucleotide synthesis and radiolabeling
Complementary single-stranded oligonucleotides
corresponding to the published C/EBP sequences
within the HIV-1 LTR were synthesized (Macromolec-
ular Core Facility, Penn State College of Medicine,
Hershey, PA) and annealed by brief heating at 100 C
followed by slow cooling to room temperature.
Blunt-ended, double-stranded oligonucleotides were
end-labeled using [° -32P] ATP and T4 polynucleotide
kinase as described (Promega). The sequence of the
probes used in these studies were as follows: Con B
site I: TCG AGC TTT CTA CAA GGG; 6G site I: TCG
AGC TTG CTA CAA GGG; and Con B site II: CTA
GCA TTT CAT CAC GTG. The �anking sequences on
either side of the C/EBP binding sites were those
present in the LAI LTR. The C/EBP binding sites are
indicated as underlined sequences.

DNase I protection analyses
The probe used in the DNase I protection analyses
spanned nucleotides 40 to 240 and contained the
HIV-1 strain LAI sequence. The probe was gener-
ated by radiolabeling the upstream primer (5 -GGG
CTC GCC ACT CCC CAG TCC CGC CCA GGC-3 )
in a kinase reaction using ° -p32. The labeled primer
and the downstream primer (5 -GAG CCT GCA TGG
AAT GGA TGA CCC TGA GAG-3 ) were then in-
cluded in a PCR reaction with a plasmid that con-
tained the LAI LTR. The resulting 200-bp radiola-
beled DNA product was isolated using the Qiaquick
PCR puri�cation kit (Qiagen). The DNase I protec-
tion reactions were performed as described (Promega
Core Footprinting System) and subjected to elec-
trophoresis on an 8% polyacrylamide sequencing
gel. The probes were also sequenced by the Maxam–
Gilbert chemical sequencing procedure (Maxam and
Gilbert, 1980) and the sequencing reactions were sub-
jected to electrophoresis in parallel with the DNase I
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protection reactions to verify the position of protein
binding.

Electrophoretic mobility shift (EMS) analyses
EMS binding reactions were performed as de-
scribed (McAllister et al, 2000) and subjected to
electrophoresis (30 mA and 200 V) in a 5% high ionic
strength native polyacrylamide gel. For supershift
EMS analyses, the reactions were incubated with an-
tibody (2 ¹g/¹l) obtained from Santa Cruz Biotech-
nology, Inc.

Plasmids and site-directed mutagenesis
The luciferase reporter gene constructs containing
the LTRs derived from the LAI and YU-2 HIV-1
molecular clones were constructed as described
(McAllister et al, 2000). The parental 89.6 LTR was
obtained by Pfu-mediated PCR ampli�cation of the
strain 89.6 HIV-1 molecular clone (Kim et al, 1995).
The 89.6 molecular clone was obtained through the
AIDS Research and Reference Reagent Program, Divi-
sion of AIDS, NIAID, NIH; p89.6 provided by Ronald
G. Collman, University of Pennsylvania. Speci�cally,
primers TGCACTGCAGACTGGAAGGGCT and CC-
CTCTAGACTGCTAGAGAT were used to amplify and
subsequently clone the LTRs into the Xba I and Pst
I sites of a modi�ed multiple cloning region within
the pGL3-Basic Vector, generating YU-2-Luc and
89.6-Luc. The three parental luciferase constructs
were then used as templates for site-directed mutage-
nesis. The QuickChange mutagenesis kit (Stratagene)
was used to construct the weakly reactive C/EBP
site II 5G7G con�guration (ATT TGA GCA) in each of
the parental backbones (altered nucleotides as com-
pared to the consensus clade B site are underlined).
All plasmids used in these studies were sequenced to
verify the C/EBP binding site sequencecon�gurations
(Penn State College of Medicine Macromolecular
Core Facility).

Protein puri�cation
We utilized a polyhistidine-tagged C/EBP ¯ con-
struct (C/EBP ¯-BD-pRSET A) obtained from Dr.
Edward Maytin (Lerner Research Institute, Cleve-
land, OH). This plasmid was transformed into
Escherichia coli strain BL21 (DE3) pLysS and trans-
formants were selected using ampicillin (50 ¹g/ml)
and chloramphenicol (35 ¹g/ml). Expression of the
6Xhistidine-tagged protein was induced for 5 h with
1mM isopropyl ¯-D-thiogalactoside (IPTG) in 1X YT
media. C/EBP ¯ was then puri�ed on nickel-chelating
columns using imidazole elution (pRSET Xpress, In-
vitrogen). Protein purity was assessed by western
blot analysis and silver staining (Bronstein et al,
1992; Burnette, 1981; Gillespie and Hudspeth, 1991;
Sandhu et al, 1991).

Transient expression analyses
Transient expression analyses in U-937 cells were
performed as described (McAllister et al, 2000). Cell

extracts were harvested after 24 h and dual luciferase
assays were performed as described (Promega). Fire-
�y luminescence was normalized to the Renilla
luminescence to control for variability in trans-
fection ef�ciency. Fire�y luminescence (pGL3 con-
structs) was presented with the parental activity set
to 1.0 for each experiment and the relative activ-
ity of the mutagenized constructs calculated accord-
ingly. Error bars indicate the standard deviation.
Each value shown represents the average of three
independent experiments performed with duplicate
samples.

PCR ampli�cation of brain tissue
For patients 2135, 2297, 2435, 2444, 2597, 2627,
cha1, cha2, and cha4, brain tissue was collected at
autopsy, frozen, and HIV-1 molecular clones were
PCR ampli�ed as described (Corboy and Garl, 1997).
For patients 508, 510, 512, 513, 514, 525, 527,
and 541, brain-derived molecular clones were PCR
ampli�ed as described (Liu et al, 2000). The
outer primers used for PCR ampli�cation were 5 -
CGAAGGAATAGAAGAAGAAGGTG and 5 -CAGTG
TGGAAAATCTCTAGC. The inner primers used
were 5 -CCTAGAAGAATAAGACAGGGCTT and 5 -
GGTCTGAGGGATTGTAGTTAC.

Patient information
In this report, only brains from which at least 3 LTR
sequences were cloned per brain were analyzed. A
total of 164 brain-derived LTR sequences were gen-
erated from 18 patients, while disease information
was available for 7 of the patients. Patients 508, 510,
and 513 exhibited no signs of clinical dementia while
patients 512, 514, 525, and 527 exhibited signs of
clinical dementia. Of these 7 patients, only patients
508 and 512 had AIDS. Clinical information was not
available for the remaining 11 patients from whom
brain-derived LTRs were isolated. The patients used
in this analysis resided in Maryland, Minnesota, New
York, or Hawaii.

Statistical methods
A one-way analysis of variance was conducted to es-
tablish the validity of LTR binding site sequence dif-
ferences using a Bonferroni correction to adjust for
multiple testing, using the SAS statistical program
(Sokal and Rohlf, 1995).
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