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The human B-chemokine receptor CCR5 is an important cofactor for entry of human
immunodeficiency virus-type 1 (HIV-1). The murine form of CCR5, despite its 82 percent
identity to the human form, was not functional as an HIV-1 coreceptor. HIV-1 entry
function could be reconstituted by fusion of various individual elements derived from the
extracellular region of human CCRS5 onto murine CCR5. Analysis of chimeras containing
elements from human CCR5 and human CCR2B suggested that a complex structure
rather than single contact sites is responsible for facilitation of viral entry. Further, certain
chimeras lacking the domains necessary to signal in response to their natural chemokine
ligands retained vigorous HIV-1 coreceptor activity.

The discovery of chemokines as modula-
tors of the replication cycle of HIV-1 (1)
and the subsequent identification of human
chemokine receptors as essential cofactors
in cell entry by HIV-1 (2) have provided a
new perspective on the biology of this
pathogenic human virus. Human CCR5
(3), a seven-transmembrane receptor for
the chemokines MIP-1a, MIP-1B, and
RANTES, confers susceptibility to infec-
tion by certain macrophage-tropic strains of
HIV-1 in the presence of human CD4 (4,
5). To investigate structural features of
CCR5 that contribute to this function, we
developed a transient transfection-infection
system in which human CD4 is expressed in
COS-7 cells in conjunction with a natural
chemokine receptor or receptor variants. A
synthetic epitope engineered into the NH,-
terminus of each chemokine receptor per-
mitted rapid verification of surface expres-
sion by conventional irnmunoassay meth-
ods. Transfected cells were exposed to a
macrophage-tropic strain of HIV-1, such as
Ba-L (6), and cell entry was quantitated by
measurement of intracellular expression of
the viral capsid protein p24 by means of
fluorescence-activated cell sorting (FACS).
Expression of CD4 alone in COS-7 cells
was insufficient to confer susceptibility to
infection by Ba-L, because fewer than 0.7%
of the CD4-positive cells exhibited detect-
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able p24 immunoreactivity (Fig. 1). Consis-
tent with recent reports, vigorous infection
of cells by Ba-L was observed upon concur-
rent expression of CD4 and human CCRS5,
as represented by p24 antigen expression
typically in 10 to 20% of CD4-positive cells
(Figs. 1 and 2B). In studies with a recom-
binant virus containing.a reporter gene, cell
entry was accompanied by viral gene ex-
pression, and in other experiments, pre-
treatment with a reverse transcriptase in-
hibitor demonstrated the dependence of
p24 expression on reverse transcription (7).
The system thus represents a useful method
for distinguishing between permissivity and
nonpermissivity to infection by HIV-1.
Because the murine form of CCR5 (8)
exhibits marked sequence similarity to the
human form (82% amino acid identity)
(Fig. 2A), its ability to serve as a coreceptor
for HIV-1 was evaluated. Despite abundant
expression on the cell surface (9), this mol-
ecule exhibited virtually no detectable ca-
pacity to support infection by the Ba-L virus
in repeated experiments (Fig. 2B); a similar

result was observed with a second macro-
phage-tropic virus (7). To identify the crit-
ical elements lacking in the nonfunctional
murine form of CCR5, we prepared chimer-
ic human/mouse CCR5 receptors and eval-
uated them for HIV-1 coreceptor function.
Substitution of the NH,-terminal extracel-
lular segment of murine CCR5 by the cor-
responding human CCR5 segment substan-
tially restored coreceptor function for Ba-L
(HMMM, Fig. 2B). A chimera containing
the NH,-terminus of the murine receptor
fused to the remaining components of the
human receptor also exhibited robust co-
receptor function (MHHH, Fig. 2B). The
similar function of entirely complementary
chimeras implies that elements within both
the NH,-terminus and distal portions of the
receptor are contributory to HIV-1 corecep-
tor activity, whereas neither element alone
is essential.

As observed with the complementary
exchanges of the NH,-terminus, selective
replacement of extracellular loop 1 of mu-
rine CCR5 with the corresponding portion
of human CCR5 also reconstituted vigorous
coreceptor function (MHMM, Fig. 2B). At
least some. amount of coreceptor activity
was also detected with a murine receptor
containing either extracellular loop 2 or
loops 2 and 3 from human CCR5 (MMHM
and MMHH, Fig. 2B). Thus, rather than a
single site of interaction between HIV-1
and the coreceptor, multiple elements dis-
tributed throughout the extracellular seg-
ments appear to contribute to viral entry.

Because the human/mouse chimeras in-
volved exchanges between related receptors
with very similar sequences, a second set of
exchanges was prepared between two more
distant receptors (71% identity, Fig. 3A)
with disparate ligand specificities, human
CCRS5 (responsive to MIP-1a, MIP-1, and
RANTES) and human CCR2B (10) [re-
sponsive to MCP-1 and MCP-3 (11)]. Like
murine CCR5, and consistent with earlier

reports, human CCR2B (2222) exhibited

Fig. 1. Transient transfection-infec- A CcD4 B CD4/CCR5
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appearance of many events in the
upper right quadrant of (B) com-

HIV p24 expression

pared with few events in the upper right quadrant of (A) demonstrates the dependence of HIV infection
on expression of both CD4 and CCR5. For subsequent comparative analysis with various chimeras, a
window was drawn encompassing all CD4-positive cells, and the percentage of these cells that are
positive for intracellular p24 (FITC+) was calculated. Typically, 10 to 20% of CD4-positive human
CCR5-transfected samples are infected, representing at least a 25-fold increase over negative controls

lacking CCRS.
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Fig. 2. HIV-1 coreceptor activity compared
among chimeric receptors containing elements
derived from human and murine forms of CCR5.
(A) Primary sequence of murine CCR5 with des-
ignation of differences from human CCRS5. Identi-
cal amino acids are indicated as open circles,
residues with conservative substitutions as shad-
ed circles, and residues with nonconservative
substitutions as closed circles. (B) The coreceptor
activity of each chimera (9) was calculated as a
percentage of the activity of human CCR5
(hCCR5) in each of several transfection-infection
assays. The activity of hCCR5 within each exper-
iment was defined as 100%. Error bars represent
the standard error of the mean (for each receptor
variant, n = 5to 7).

no coreceptor activity for Ba-L in the trans-
fection-infection system (Fig. 3B), despite
abundant expression at the cell surface
(12). As observed in the earlier chimeras,
simple substitution of the NH,-terminal
segment of CCR2B with the corresponding
segment from human CCR5 (5222) con-
ferred robust susceptibility to HIV-1 cell
entry (Fig. 3B). Again, a complementary
chimera containing the NH,-terminus of
CCR2B and the remaining backbone of
CCRS5 (2555) was also fully functional as a
coreceptor (Fig. 3B).

An additional fusion receptor (2255),
representing the NH,-terminal half of
CCR2B (containing the extreme NH,-ter-
minal segment through extracellular loop 1)
linked to the COOH-terminal half of human
CCRS5 (containing extracellular loops 2 and
3), repeatedly had no coreceptor function
(2255, Fig. 3B), despite abundant expression
on the cell surface (12). It was predicted that
a chimera containing the NH,-terminal half
of human CCR2B and COOH-terminal half
of human CCR5 (2255) would exhibit re-

sponses to diverse ligands, because the li-
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Fig. 3. HIV-1 coreceptor activity compared
among chimeric receptors containing elements
derived from human CCR5 and CCR2B. (A) Pri-
mary sequence of human CCR2B with designa-
tion of differences from human CCR5. Identical
amino acids are indicated as open circles, resi-
dues with conservative substitutions as shaded
circles, residues with nonconservative substitu-
tions as closed circles, and residues within
CCR5 lacking a corresponding residue within
CCR2B as dashes. (B) Transfection-infection
assay results with CCR5/CCR2B chimeras (72),
determined by the methods described in Figs. 1
and 2.

gand-binding properties of these distinct re-
ceptors segregate largely to different regions
of the receptor (13). Indeed, this receptor
demonstrated substantial induction of phos-
phatidylinositol turnover in response to nat-
ural ligands for both CCR2B (MCP-1) and
CCRS5 (MIP-1B), whereas the parental re-
ceptors transmitted such signals exclusively
in response to their native ligands (Fig. 4);
the responses of 2255 to other ligands for
CCRS5 (MIP-1a and RANTES) were equally
vigorous (14). The capacity of 2255 to me-

diate signal transduction responses to natural
ligands did not correlate with HIV-1 co-
receptor activity (Fig. 3B). This discordance
was also observed in the converse situation,
exemplified by the chimera described earlier
containing the NH,-terminus of CCR5
fused to the remainder of CCR2B (5222).
Despite its vigorous function as a coreceptor
for HIV-1 (Fig. 3), this chimeric molecule
exhibited no detectable signaling response
to cognate ligands for either parental re-
ceptor (Fig. 4). Taken together, these ob-
servations demonstrate that viral corecep-
tor activity is dissociable from ligand-de-
pendent signaling responses. Whether or
not the interaction of HIV-1 envelope
proteins with CCR5 triggers receptor-de-
pendent signal transduction remains to be
determined. Nevertheless, this finding has
potentially important pharmacologic im-
plications, namely, that it may be feasible
to develop therapeutic antagonists that
disrupt receptor-virus interactions without
eliciting the biologic consequences nor-
mally initiated by the binding of chemo-
kines to CCRS5.

Additional studies may help to deter-
mine whether or not other regions of che-
mokine receptors, such as transmembrane
segments, also contribute to HIV-1 co-
receptor activity. In the case of HIV-1 en-
velope protein (or proteins) as putative li-
gands for these receptors, the CCR5/CCR2
chimeras demonstrate that there is sufficient
liberty within the overall interaction to ac-
commodate substantial changes in one or
another contributory segment of CCR5
without abolishing entirely coreceptor activ-
ity. Such relative lack of constraints may
explain the reported ability of certain HIV-1
strains to engage multiple receptor types (4),
because the interaction of a given envelope
protein apparently can tolerate substantial
variability in the chemokine receptor se-
quence. The murine form of CCR5, howev-
er, is incapable of mediating entry by the
HIV-1 strains tested despite its substantial
similarity to human CCR5. This fact pro-
vides one molecular basis for the absence of

Fig. 4. Signaling responses of CCR5/

24
CCR2 chimeras to chemokine ligands. ’73“\2 27
COS-7 cells were transiently trans-  § 3
fected with cDNAs encoding CCR5, 6290

CCR2, and the indicated CCR2/CCR5 '.51.8-
chimeras (Fig. 3). Cells were loaded
with myo-[®H]inositol and incubated in
the presence of 10 mM LiCl for 1 hour at 1
37°C in the presence of MCP-1 (100 @ °

nM) or MIP-18 (100 nM). Total [®H]inosi-
tol phosphate was measured as de-
scribed (27). Each data point was deter-
mined in triplicate, and the data shown
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are the means (= SEM) of three independent experiments. A value of 1.0 represents no phosphati-

dylinositol turnover.
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infection of murine cells (15) and transgenic
mice expressing human CD4 (16) and pro-
vides a rationale for transgenic approaches to
developing animal models of HIV disease.
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Statistical Learning by 8-Month-Old Infants
Jenny R. Saffran, Richard N. Aslin, Elissa L. Newport

Learners rely on a combination of experience-independent and experience-dependent
mechanisms to extract information from the environment. Language acquisition involves
both types of mechanisms, but most theorists emphasize the relative importance of
experience-independent mechanisms. The present study shows that a fundamental task
of language acquisition, segmentation of words from fluent speech, can be accom-
plished by 8-month-old infants based solely on the statistical relationships between
neighboring speech sounds. Moreover, this word segmentation was based on statistical
learning from only 2 minutes of exposure, suggesting that infants have access to a
powerful mechanism for the computation of statistical properties of the language input.

Dur'mg early development, the speed and
accuracy with which an organism extracts
environmental information can be ex-
tremely important for its survival. Some
species have evolved highly constrained
neural mechanisms to ensure that environ-
mental information is properly interpreted,
even in the absence of experience with the
environment (I). Other species are depen-
dent on a period of interaction with the
environment that clarifies the information
to which attention should be directed and
the consequences of behaviors guided by
that information (2). Depending on the
developmental status and the task facing a
particular organism, both experience-inde-
pendent and experience-dependent mecha-
nisms may be involved in the extraction of
information and the control of behavior.
In the domain of language acquisition,
two facts have supported the interpretation
that experience-independent mechanisms
are both necessary and dominant. First,
highly complex forms of language produc-
tion develop extremely rapidly (3). Second,
the language input available to the young
child is both incomplete and sparsely rep-
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resented compared to the child’s eventual
linguistic abilities (4). Thus, most theories
of language acquisition have emphasized
the critical role played by experience-inde-
pendent internal structures over the role of
experience-dependent factors (5).

It is undeniable that experience-depen-
dent mechanisms are also required for the
acquisition of language. Many aspects of a
particular natural language must be ac-
quired from listening experience. For exam-
ple, acquiring the specific words and pho-
nological structure of a language requires
exposure to a significant corpus of language
input. Moreover, long before infants begin
to produce their native language, they ac-
quire information about its sound properties
(6). Nevertheless, given the daunting task
of acquiring linguistic information from lis-
tening experience during early develop-
ment, few theorists have entertained the
hypothesis that learning plays a primary
role in the acquisition of more complicat-
ed aspects of language, favoring instead
experience-independent mechanisms (7).
Young humans are generally viewed as
poor learners, suggesting that innate fac-
tors are primarily responsible for the ac-
quisition of language.

Here we investigate the nature of the





