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lipopolysaccharide (endotoxin), which is pro­
duced by all Gram-negative organisms. A 
powerful activator of host mononuclear cells, 
LPS prompts the synthesis and release of 
tumor necrosis factor (TNF) and other toxic 
cytokines that ultimately lead to shock in 
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sepsis. Nonetheless, it is clear that timely 
recognition of LPS by cells of the innate 
immune system permits effective clearance 
of a Gram-negative infection before it be- 
comes widely disseminated (2, 3). 

More than 30 years ago, mice of the C3H/ 
HeJ strain were found to have a defective 
response to bacterial endotoxin (4-8). Inquiry 
into the genetic basis of LPS resistance re- 
vealed a single locus (Lps), wherein homozy- 
gosity for a codominant allele (Lpsd) was 
responsible for the endotoxin-unresponsive 
state. The Lps" mutation arose in mice of the 
C3HiHeJ substrain and became fixed in the 
population during the early 1960s (9). In 
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Fig. 1. Diagram of a small portion of the 2.6-Mb 
contig spanning the Lps critical region, de- 
scribed elsewhere in its entirety along with the 
sequences of primer pairs used to amplify 
markers (26). Centromere is to the left. Three 
BACs (49K20, 309117, and 152C16; Research 
Genetics designations) contain fragments of 
Pappa (49K20) and the complete Tlr4 gene 
(309117 and 152C16). Each BAC is -150 kb 
long. The orientation and exonic composition 
of the genes identified is schematically correct, 
but for clarity, the genes are drawn at far higher 
magnification than the BACs. Dots to the left of 
the three Pappa exons that were identified in 
K2O indicate that the gene continues to the left 
of the contig [other exons were detected in 
BACs 131M6, 216C14, and 358P4 (291. Genetic 
mapping data (number of crossovers per num- 
ber of meioses examined) are bracketed above 
the two genetic markers nearest to the Lpsd ( B  
and D4MIT178). 

contrast to C3HlHeJ mice, substrains C3H/ 
HeN and C3HIOuJ (Lpsn homozygotes), 
which diverged from the same stock as C3Hi 
HeJ mice, exhibit vigorous responses to LPS. 

A second mutation preventing responses 
to endotoxin was identified in mice of the 
strain C57BLIlOScCr (10-12); animals of the 
control strain C57BLIlOScSn are noinlally 
responsive. The allelic nature of the C3HJHeJ 
and C57BLJlOScCr mutations was indicated 
by the observation that F, animals produced 
by the cross C57BLIlOScCr X C3HJHeJ are 
as unresponsive as individuals of the C3Hl 
HeJ parental strain (10). But significantly, 
heterozygotes produced by the cross C57BLl 
lOScCr X C57BLIlOScSn are as responsive 
to LPS as the normal (C57BLJlOScSn) parent 
(101, indicating that the C57BLIlOScCr allele 
is not codominant, but is strictly recessive to 
the common wild-type allele. 

Speculations regarding the protein that is 
affected by mutations of Lps have, for the 
most part, posited that the LPS signal trans- 
duction apparatus is disn~pted. Ulevitch, To- 
bias, Wright, and co-workers showed that 
LPS is concentrated from the plasma by li- 
popolysaccharide binding protein (LBP), and 
that the genetically unlinked plasma mem- 
brane protein CD14 is the principal receptor 
for LPS on the surface of mononuclear cells 
(13-15). Deletion of the CD14 gene substan- 
tially increases the concentration of LPS re- 
quired for a biological response (16). How- 
ever, because CD14 lacks a cytoplasmic do- 
main, it has been postulated that a coreceptor 
for LPS must permit transduction of the sig- 
nal across the plasma membrane. Several 
protein kinase cascades are known to become 
activated by LPS (1 7-21), ultimately leading 
to the production of TNF and other cytokines 
that mediate LPS effects (22, 23). However, 
direct biochemical, immunologic, and ex- 
pression cDNA cloning approaches have 
failed to identify the genetic lesions in endo- 
toxin-resistant mice. 

In 1978, the Lps locus was mapped to 
mouse chromosome 4 and shown to occupy a 
position between the iW~p-1 and Ps  loci (24, 
25). Our own genetic and physical mapping 

Fig. 2. The Lpsd allele represents a 
missense mutation affecting the 

data (26) identified two limiting genetic 
markers (B and 83.3) that were separated 
from Lpsd by, respectively, four crossovers in 
a panel of 1600 meioses and three crossovers 
in a panel of 493 meioses. 

A minimal contig, consisting of 20 bacte- 
rial artificial chromosome (BAC) clones and 
one yeast artificial chromosome (YAC) 
clone, was analyzed by sequencing. Nearly 
40,000 reads were obtained from shotgun- 
cloned genomic DNA, bringing over 1.6 Mb 
of the central contig to a near-contiguous 
state and yielding dense coverage of >95% 
of the entire critical region. BLAST searches 
(27) perfoimed on masked versions of the 
sequence disclosed dozens of high-scoring 
homologies with published expressed se- 
quence tags (ESTs), but these were excluded 
from consideration as they could not be 
cloned from macrophage or fetal cDNA li- 
braries of reliable complexity. Several pseu- 
dogenes were obsewed, but were dismissed 
because they were found to be fragmentary 
GRAIL analyses, perfo~med on long, contig- 
uous sequences of the central contig with the 
program X-GRAIL (28), revealed an abun- 
dance of retrox iral repeats and scattered non- 
retroviral exons, many of which proved to be 
derived from pseudogenes. 

Only two authentic genes (a portion of the 
Pappa locus and the complete Tlr4 locus) 
were identified in the entire region, each by 
BLAST analysis and by GRAIL analysis 
(Fig. 1). Pnppa encodes a secreted metallo- 
proteinase and is not expressed by primary 
macrophages or macrophage cell lines (29). 
These considerations, as well as its extreme 
proximity to marker B, made it seem a poor 
candidate. Tlr4 seemed an excellent candi- 
date, both on the grounds of map position and 
because the proinflammatory interleukin-1 
(IL-1) receptor, like Tlr4, is a member of the 
Toll receptor family. Further, a human muta- 
tion causing coresistance to LPS and IL-1 
(30) attests to the likelihood that the IL-1 and 
LPS use stn~cturally related receptors. 

Accordingly, we cloned the Tlr4 cDNAs 
fiom C3R'HeJ mFWA and fiom the mFWA of 
several LPS-responsive strains of mice (includ- 

mouselrat 
712 

cytoplasmic domain of ~lrz Re- GVAIAANIIQEGFHKS ...( 730) 

r"phages was foliowed by PCR a (700) ..RFQLCLHYRDF GVAlAANIIQEGFHKS,,.(i'30) 
with the primers TTCTAACTTC- 
CCTCCTGCCAC and CCTCTTCTC- human (702) ... PFQLCLHYRDFI GVAIAANIIHEGFHKS ...( 732) 

CTTCACATTAAAC, which amplify • • • 
the entire coding region of the 
mouse Tlr4 cDNA, yielding a product 2951 nucleotides (nt) long. The open reading frame of the mouse 
Tlr4 cDNA predicts a protein that is 835 amino acids long. The mutation, at position 712, Lies in the most 
conserved portion of the Tlr4 sequence and is Located within the cytoplasmic domain. Dots below the 
sequence indicate residues that vary between species. The Pro-His substitution that distinguishes Tlr4 
of C3HlHeJ mice is boxed. Abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, 
Asp; E, Clu; F, Phe; C, Cly; H, His; I ,  Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Cln; R, Arg; 5, Ser; T, Thr; 
V, Val; W, Trp; and Y, Tyr. 
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ing C3WHeN) by reverse transcriptase-poly- 
merase chain reaction, using primers derived 
from the genomic sequence. A single mutation 
(the presence of an A instead of a C) was 
observed at position 2342 of the C3WHeJ Tlr4 
cDNA sequence (GenBank accession number 
AF095353). This mutation lies within the cod- 
ing region: At position 712 (within the cyto- 
plasmic domain), a histidine is predicted to 
occur in the Tlr4 protein of C3WHeJ mice, 
whereas LPS-responsive mice, rats, and hu- 
mans display a proline in this position (Fig. 2) 
(31). The same mutation was identified in C3W 
HeJ genomic DNA, but not in genomic DNA 
from C3HlHeN mice or mice of any other strain 
examined (29). 

Although the Tlr4 cDNA was readily am- 
plified by RT-PCR from macrophage RNA de- 
rived from C3WHeJ, C3HiHeN, and C57BLJ 
lOScSn mice, it could not be amplified from 
macrophage RNA derived from C57BLl 
lOScCr mice. In contrast, a low-abundance 
control cDNA (32) could be readily amplified 
from all strains (Fig. 3A). Moreover, the Tlr4 
mRNA could be detected on Northern (RNA) 
blots prepared with total RNA derived from 
macrophages of C57BLIlOScSn mice but not 
C57BLIlOScCr mice (Fig. 3B). 

Because a definable mutation exists within 
Tlr4 in C3WHeJ mice, and complete absence 
of Tlr4 mRNA expression is observed in 
C57BLIlOScCr mice, it is apparent that Lps is 
identical to Tlr4. Certain inferences may thus be 
drawn from the phenotypes that result from 
distinct allelic combinations of Lps. 

The null allele of Lps represented in 
C57BL/lOScCr mice behaves as a recessive 
mutation (10). Hence, the presence of a 
single wild-type Tlr4 allele (Tlr4LPs-n/0) is 
sufficient to permit normal LPS signal 
transduction. By contrast, the mutation of 
C3HlHeJ mice is codominant, in the sense 
that Tlr4Lps-n/Tlr4Lp"-d heterozygotes show 
intermediate levels of endotoxin response 
(7). Thus, the Pro+His point mutation ex- 
erts a dominant negative effect on LPS 
signal transduction. 

A single copy of the Lpsd allele (Tlr4Lps-dh) 
yields a phenotype as unresponsive as two cop- 
ies (Tlr4Lps-dlTlr4Lps-d) (10). This fact is con- 
sistent with the notion that LPS signal transduc- 
tion proceeds directly through the Tlr4 mole- 
cule, and tends to detract from the alternative 
hypothesis that Tlr4 undergoes interaction with 
a second plasma membrane protein that acts, in 
turn, as an LPS signal transducer. 

Tlr4 mRNA is reportedly expressed pre- 
dominantly in lymphoid tissues (33). Our own 
data (29) are in agreement with this finding, but 
in addition (Fig. 4) suggest that the Tlr4 mRNA 
is strongly and transiently suppressed by LPS in 
RAW 264.7 cells (34). As such, down-regula- 
tion of Tlr4 mRNA may contribute to endotox- 
in tolerance (35). It remains to be seen whether 

and modulation of LPS sensitivity by steroids, 
interferon-y, and other agents, may be traced to 
the Tlr4 protein. 

LPS signal transduction via Tlr4 has not 
previously been observed in any experimen- 
tal system. However, it has recently been 
reported that human Tlr2 cDNA transfected 
into 293 cells can promote LPS signal trans- 
duction, given coexpression of CD14 (36). 
The present study excludes an independent 
role for Tlr2 in LPS signal transduction. The 
demonstration that Lps is identical to Tlr4 
effectively proves that Tlr4 is essential for 
LPS signaling. And in mice that lack Tlr4 (for 
example, C57BLIlOScCr animals), endog- 
enously expressed Tlr2 does not contribute 
appreciably to LPS signal transduction, 
which fails to occur at measurable levels 
despite the presumption that the Tlr2 locus is 
intact. Although Tlr2, like Tlr4, might be 
required for LPS signaling, the available data 

are not sufficient to sustain this conclusion. 
In Drosophila, the Toll signaling pathway 

culminates in activation of the drosomycin 
gene and is required for effective protection 
against fungal infection (37). Several ho- 
mologs of the prototypic gene Toll exist in 
Drosophila, including 18-wheeler (38, 39), 
which facilitates the antibacterial response of 
flies (40). In mice, Tlr4 appears to have been 
retained chiefly to serve the LPS response 
pathway. Hence, C3WHeJ and C57BLl 
1 OScCr mice are developmentally and immu- 
nologically normal, aside from their inability 
to respond to LPS and to counter Gram- 
negative infection. CD14, the best-character- 
ized cell surface receptor for LPS, is also a 
member of the Toll superfamily. It is conceiv- 
able that it directly engages Tlr4 upon inter- 
action with LPS, thereby inducing signal 
transduction through the latter protein. 

Hu and co-workers (41) have recently ad- 

Fig. 3. C57BUlOScCr mice fail to  express Tlr4 mRNA. (A) RT-PCR was 
carried out with the primers TCTCCCAGCCACTCTCCCCTCCCAC and 
CTTCTCCTCACCTCCAACTTCCCCTTTC, predicted to  yield a product 
2596 nt  long. As a positive control, a fragment from the central portion 
of the low-abundance, 5.1-kb transferrin receptor (Tfr) mRNA was 
amplified from the same cDNA preparation, with primers from the 
Marathon amplification kit (Clontech, Palo Alto, California). Comple- 
mentary DNA from C3HlHeJ. C3HIHeN. SWR, and CS7BUlOScSn 
macrophages yielded the expected 2.6-kb Tlr4 amplification product with 35 cycles of amplifica- 
tion, whereas cDNA from C57BUlOScCr mice did not yield any product. All cDNA samples yielded 
the expected 0.3-kb product when amplified with Tfr control primers. (B) A Northern blot of total 
macrophage RNA obtained from C57BUlOScCr and C57BUlOScSn mice reveals that the nonre- 
sponder strain produces no detectable Tlr4 mRNA. RNA was separated in a 1.2% agarose gel, 
transferred to a nylon membrane (Magnagraph; Micron Separations Westborough, Massachusetts), 
and probed with a genomic DNA fragment from the third exon, corresponding to  the region 
between nt 844 and 2641 of the mouse Tlr4 cDNA sequence (GenBank accession number 
AF095353). Two bands are consistently detected on Northern blots of control (C57BUlOScSn) 
mice (left) and on Northem blots prepared with RNA from mice of other strains (29). C57BUlOScCr 
RNA yields no signal, even with prolonged exposure. The ethidium-stained gel is shown in the panel 
on the right. 

Fig. 4. Induction of RAW 264.7 cells by 
LPS suppresses expression of Tlr4 
mRNA. Cells (-lo6) were induced with 
LPS at a concentration of 100 nglrnl for 
the period indicated. Cells were disrupt- 
ed by NP40 lysis, nuclei were removed 
by sedimentation, and cytoplasmic RNA 
was extracted with SDS and phenol. The 
Tlr4 mRNA was detected on Northern 
blot with the 1.5-kb fragment described 
in Fig. 3. Tlr4 mRNA concentration de- 
clined upon LPS stimulation, before ap- 
proaching preinduction levels. The 
ethidium-stained eel is shown in the 
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species-dependent variation in LPS responses, panel on the right, 
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duced evidence to suggest that, in birds, dis­
tinct allelic forms of Lps influence survival 
during Gram-negative infection. It is possible 
that mutations of human Tlr4 also affect sus­
ceptibility to Gram-negative infection, or its 
clinical outcome. 
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1 to 200 \xM) compared with other peptide 
recognition proteins such as antibodies and 
receptors (Kd = nanomolar to picomolar 
concentrations). SH3 domains recognize 
sequences bearing the core element, PXXP 
(P = proline, X = any amino acid), flanked 
by other domain-specific residues (3). Iden­
tification of compounds that potently inter­
rupt these interactions has proven difficult: 
extensive screening of natural and nonnat-
ural combinatorial libraries has not yielded 
compounds that bind as well as or better 
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than PXXP peptides (4, 5). Here we show 
that the essential ligand feature recognized 
by both SH3 and WW domains is an irreg­
ular backbone substitution pattern: N-sub-
stituted residues placed at key positions 
along an otherwise normal Ca-substituted 
peptide scaffold. Prolines are required at 
these sites, not on the basis of side chain 

Table 1. Reduction in binding affinity (21) caused 
by alanine (A) or sarcosine (A*) substitutions with­
in proline-rich ligands of Sem5 SH3 domain and 
Yap WW domain (22). "Required" prolines are 
underlined. 

Site 

Wild type 
p3 

p2 

p, 

Po 
P-1 

P-2 

Wild type 

P-3 

P-2 
P-1 

Po 

Peptide 

SH3 ligands 
PPPVPPR 
XPPVPPR 
PXPVPPR 
PPXVPPR 
PPPXPPR 
PPPVXPR 
PPPVPXR 

WW ligands 
GTPPPPYTVG 
GTXPPPYTVG 
GTPXPPYTVG 
GTPPXPYTVG 
GTPPPXYTVG 

1/ m u t a n t / ^ v\ 

X - A 

— 
1 

>50 
2 
6 

>50 
2 

X - A 

— 
1 
2 

>100 
2 

/ild type 

A* 

— 
2 
3 
2 

>50 
3 
2 

A* 

— 
7 

>100 
6 
4 

Exploiting the Basis of Proline 
Recognition by SH3 and WW 

Domains: Design of 
N-Substituted Inhibitors 

Jack T. Nguyen, Christoph W. Turck, Fred E. Cohen, 
Ronald N. Zuckermann, Wendell A. Lim* 

Src homology 3 (SH3) and WW protein interaction domains bind specific 
proline-rich sequences. However, instead of recognizing critical prolines on the 
basis of side chain shape or rigidity, these domains broadly accepted amide 
N-substituted residues. Proline is apparently specifically selected in vivo, de­
spite low complementarity, because it is the only endogenous N-substituted 
amino acid. This discriminatory mechanism explains how these domains achieve 
specific but low-affinity recognition, a property that is necessary for transient 
signaling interactions. The mechanism can be exploited: screening a series of 
ligands in which key prolines were replaced by nonnatural N-substituted res­
idues yielded a ligand that selectively bound the Grb2 SH3 domain with 100 
times greater affinity. 
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