
hand axes have been observed protruding 
from or lying directly on near-surface cali- 
chified alluvium, we believe that some late 
Acheulian occupations were contemporary 
with the last stages of aggradation-along 
the edges of the large valleys, perhaps as 
late as 141 ka. At Bir Tarfawi (Fig. l ) ,  
late Acheulian remains are associated with 
lake beds and spring deposits inset into a 
broad, carbonate-cemented plain that bears 
many Acheulian sites (14). These carbonate 
deposits and Acheulian sites are most likely 
penecontemporaneous with those in Wadi 
Arid. 

Middle Paleolithic artifacts are indirectlv 
associated with the third carbonate deposi- 
tion episode at 45 ka; they occur in fresh- 
water -deposits, and similar deposits (con- 
taining the bivalve Covbicula) in BHT 84-22 
have been dated by I4C at 40.1 +. 2.2 ka (6)  
(Fig. 2). The single U-series age of 15 ka 
derived from a rootcast collected from Wadi 
Safsaf suggests that this episode of carbon- 
ate deposition may be late Pleistocene in age 
(15). The U-series age of >300 ka derived 
from one calcrete sample from BHT 84-27 
on the northwest edge of Wadi Arid ap- 
proaches the limit of the dating technique, 
and it therefore is a minimum age. The U- 
series dates thus allow the identification of 
separate pluvial humid phases in the Eastern 
Sahara and have provided a provisional 
chronology of geomorphic and climatic 
events and cultural developments of the past 
300,000 years in this region. 
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Specific Recognition of Cruciform DNA by 
Nuclear Protein HMG 1 

Cruciform DNA, a non-double helix form of DNA, can be generated as an intermedi- 
ate in genetic recombination as well as from palindromic sequences under the effect of 
supercoiling. Eukaryotic cells are equipped with a DNA-binding protein that selective- 
ly recognizes cruciform DNA. Biochemical and immunological data showed that this 
protein is HMG1, an evolutionarily conserved, essential, and abundant component of 
the nucleus. The interaction with a ubiquitous protein points to a critical role for 
cruciform DNA conformations. 

C RUCIEORM STRUCTURES ARE OE IN- 

terest both as sequence-dependent 
variations in DNA structure and as 

models of the transient Holliday junctions 
of homologous genetic recombination (1). 
Symmetric cruciform structures are inher- 
ently unstable, but certain palindromic se- 
quences have been shown to form cruci- 
forms under conditions of supercoiling in 
Eschevichia coli (2). Stable nonsyrnrnetric cru- 
ciform DNA molecules can, however, be 
constructed by annealing appropriately cho- 
sen sequences (3). We used such synthetic 
cruciforms to identify and purifp eukaryotic 
proteins that could recognize and stabilize 
cruciform junctions. Two polypeptides from 
rat liver that specifically bind to cruciform 

DNA showed a high degree of sequence 
similarity to nonhistone high mobility 
group protein 1 (HMGl), an abundant 
eukaryotic nuclear protein whose function is 
not precisely known (4). Further experi- 
ments showed that HMGl selectively recog- 
nizes cruciform DNA and suggested that the 
active polypeptides recovered from liver ex- 
tracts are degradation products of HMG1. 

We used two small synthetic cruciforms 
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(molecule c, 151 nucleotides, and molecule 
f, 196 nudeotides) (Fig. 1) to develop an 
assay fbr crucifm-binding activities and to 
purify them by &ty chromatography. Rat 
and human cells were shown to contain a 
cruciform-binding protein that is structure- 
specific and sequence-independent (5, 6). 
The rat protein binds to the synthetic cruci- 
form DNA on which the assay is based, but 
not to linear DNA molecules of identical 
sequence (Fig. 1). In addition, the rat pro- 
tein b ids  to supercoiled molecules of a 
plasmid that contains a 70-bp pahdrome, 
but does not b i d  to the linearized plasmid 
(5). No nudeolytic activity was found asso- 
ciated with this protein, suggesting that it 
serves a Merent function compared to the 
spaclfic nudeases that cleave three- and four- 
branched DNAs (7). 

We p d e d  the cruciform binding acdvi- 
ty present in rat liver extracts by aikity 

containing only two polypeptides with ap- 
parent molecular sizes of 23.5 and 21 kD, 
which we called p23 and p21 (8). When 
r e c o d  from a preparative SDS-polyacryl- 
amide gel and renamed, both p23 and p21 
showed strong cruciform-binding activity, 
whereas all of the other slices ofthe gel did 
not contain any activity (Fig. 2). 

Tryptic digests of p23 yielded several 
pcptides, four of which were p d e d  and 
sequenced. Each of the four sequences cor- 
responded to stretches of the protein se- 
quence previously determined from rat 
HMGl cDNA (9) (Fig. 3A). To confirm 
that the p23 cruciform-binding protein is 
related to HMG1, we performed a prepara- 
tive bandshift experiment (Fig. 3B). The 
protein that forms a complex with cruciform 
DNA was recognized by rabbit antibodies 
to HMG1; preimrnune antibodies fiom the 
same rabbit did not react. Since p21 reacted 

&matography and obtained a in a like manner and was recov&ed in small 

Flg. 1. Dcsign of artificial auci- 
form and control DNAs. (A) Mole- 
& c and f, unlike natural cruci- 
form DNA, have no sequence 
symmcay and cannot dissociate 
through branch migration. These 
two d u a l  cruEitbrms have no 
obvious sequence similarity, but are 
both r c c q p d  by the cruciform- 
binding pro&, molecules a and b 
contain exactly the same sequence 
as the four arms of molecule c, but 
arc not recopzed. Binding is thus 
sequence-indqxndent but struc- 
nue-spcafic. In addition, the rat 
aucifbrm-bin- protein does not 
bind to haupin-likc structures such 
as m o l d e  d or to single strands 
with no secondary folding, but 
binds weakly to smunues of the 
tvoe indicated as molecule e (5. 16). 

B 
1. CCCTATAACCCCTGCATTGAATTCCAGTCTGATAA 
2. GTAGTCGTGATAGGTGCAGGGGTTATAGGG 
3. AACAGTAGCTCTTATTCGAGCTCGCGCCCTATCACGACTA 
4. TTTATCAGACTGGAATTCAAGCGCGAGCTCGAATAAGAGCTACTGT 
5. GTAGTCGTGATAGGGCGCGAGCTCGAATAAGAGCTACTGT 
6. TTTATCAGACTGGAATTCAATGCAGGGGGTTATAGGG 
7. AATCTlTGATTTCCAAGTCGGACAATGCATCGGCAGCAGCTTGGA 
8. AAGGAGGAGGCCAAGGAAGAGGAGGTTGTCCGACTTGGAAATCAAAGATT 
9. CCGAATCCCATATCTTCATCAGACTCCTCCTCTTCCTTGGCCTCCTCCTT 

10. TTCCAAAGCTGCTGCCGATGCAAGTCTGATGAAGATATGGGATTCGG 

C d r m  and linear duplex DNA molecules were produced by 
a&za@ chemically synth& ~ l i ~ u c l e ~ t i d e s  (3,s). ~ o b l e  c was labeled by one of thk 
constituent olimnudaoades with T4 ~olvnucleatide kin= and was used as the ~robc in the assav for 
protein bin&. Molecule f was coupkddto Sepharosc beads and was used as anaa&ity ligand f& the 
f i a t i o n  of cruciform-binding proteins. (B) The sequences of the oligonucleotides represented in 
dK drawing arc shown. 

and variable amounts, we assumed that the 
protein was a degradation product of p23 
and did not analyze it further. 

HMGl and p23 are not identical, howev- 
er, since the former has a predicted molecu- 
lar size of 24.9 kD and migrates in SDS- 
polyacrylamide gels with an apparent molec- 
ular size of 27 kD (4, 9). Irnmunoblots of 
proteins extracted from various rat organs 
by a rapid procedure did not provide evi- 
dence of the presence of immunoreactive 
species smaller than 27 kD. The analysis of 
samples taken at Merent stages during the 
pudication of the cruciform-binding pro- 
teins revealed that the immunoreactive poly- 
peptide of 27 kD was completely converted 
to smaller sizes within a few hours after the 
salt-extraction of nudei. Thus, p23 probably 
is not present in vivo, but forms during the 
purification procedure by proteolytic cleav- 
age of HMGl. 

To test whether intact HMGl can bind to 
cruciform DNA, we prepared HMGl from 
rat liver according to a protocol that exploits 
its high solubility in concentrated ammoni- 
um s&te (lo), and the preparation dis- 
played cruciform-binding activity. As a final 
test, we synthesized "S-labeled HMGl in 
vim from the cloned rat cDNA (Fig. 4 4 .  
More than 95% of the translation products 
comigrated with authentic HMGl protein 
and a small fiaction comigrated with p23, 
suggesting that proteolysis of HMGl oc- 
curred also in in vitro translation extracts. 
Preliminary tm showed that the products 
synthesized from the HMG1 mmaipt 
bound to cruciform DNA, whereas the 
products of the control translations did not. 
We p d e d  the larger polypeptide synthe- 
sized fiom the HMGl transcript away from 
most of the rabbit rcticulocyte proteins and 
the smaller labeled impurities, and assayed it 
for binding to cruciform DNA (Fig. 4B). 
Most of the labeled HMGl protein, when 
loaded in the absence of any DNA, did not 
migrate far into the gel (Fig. 4B, lane 1). In 
the presence of sonicated salmon sperm 
DNA, most of the protein remained in the 
well, but a distinct band fbrmed between the 
well and the position where the bulk of the 
DNA had migrated (lane 2). Previous re- 
sults suggested that sonicated salmon sperm 
DNA contains DNA structures weakly rec- 
ognized by the cru&rm-binding protein 
(5). When incubated in the presence of 
competitor salmon sperm DNA and cruci- 
form DNA, a sizable fraction of the labeled 
protein migrated to a defined position be- 
hind the band of naked cruciform DNA 
(lane 5). However, HMG1 formed no com- 
plexes with control duplexes (lanes 3 and 4). 
Thesc results indicate that full-length 

HMGl can bind to cruciform DNA with 
high aikity and suggest that p23 corre- 

flg. 2. M c a t i o n  and identification of the p l y -  
4Q 0 
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peptides endowed with cruciform DNA-binding 

complar presumably formed by one m o l d e  of cruciform DNA with several molecules of cruciform- 
bidmg protein (16). 

activity. Cruciform-biding proteins were puri- 1" 
60d from rat liver as dcscribbd (8). A portion of lilr, l l I l l  

4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4  
the mom purified fraction was separated by dcc- I I I I I I I I I I  

trophorcsls on a 15% SDS-polyaaylamide gel. 
One part of the gd was stained with Coomassie 
blue (upper horizontal lane), and the other part 
was cut in 14 slices, as indicated under the stained 
lane. Thc proteins contained in the individual 
slim were recovered, matured, and thcn assayed 
for cruciform DNA-bin* activity (1 7). Lanes 1 
to 14, lower part of the figwc: samples recovered 
from gcl slices 1 to 14; lane L., sam le from thc . 
6nl m n d  of a5nity c h r o r ~ t o g r a ~ ~ ~ ;  and lane 
C, control with no protein added. F indicates the 
position office avciform DNA; Bt, the position m 
of the DNA cornplared to cruciform-binding 
proteins p23 or p21; and B2, the position of the 
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Flg. 4. In viao synthesized HMGl protein binds 
selecdvdy to cruciform DNA. Plasmid 
pRNHMGl was c o d  by subckming nu- 
deoddes -6 to 787 from the cDNA coding fbr 
rat HMGl (9) between the Ea RI and Sma I 
sites of plasmid pTZ18R (Pharmacia). The Bam 
HI-cut plasmid was d b e d  with T 7  RNA 
polymerase as rewmmendcd by the manufacturer 
(Stratagene). The transaipt was translated in 
v i m  by a rabbit reticulocyte lysatc (Promega) 
with 3sS-labded M a  as described by the manufac- 
turer. Control translations were programmed 
with an equivalent quantity of brome mosaic virus 
RNA (Promega) or no added RNA transaipt. A 
portion of the translation products was analyzed 
by electrophoresis on a 12.5% SDS-polycryla- 
mide gel. (A) Lane 1, no added transcript; lanc 2, 
translation products of the HMGl transaipt. 
Labeled HMGl was then purified by gel chroma- 
tography on Scphaayl S-100 Superfine (Pharma- 
cia) equhbrated in buffer D (8) containing 100 
mM KCI, concentrated with a Cenmcon camidgt 
(Amicon), and assayed for DNA bin- activity. 
(B) Approximately 1.5 x 10' cpm o f 3  S-labeled 
HMGl were added to assay mixturrs containing, 
in a final volume of 8 pJ, no DNA (lane l), 
sonicatcd salmon spmn DNA (150 pg/ml) (lane 
2), salmon sperm DNA (150 &ml) plus control 
duplex A (30 pg/ml) (lane 3), control duplex B 
(lane 4), or audform DNA C (lanc 5). A f h  
elestrophoresis, the gel was briefly stained with 
ethidium bromide to visualize the DNA (right) 
and was then electroblomd onto an Immobilon 
filter, which was dried and autoradiographed 
(left) to visualize the labeled protein. 

sponds to a hgment of HMGl a c i s i i  by 
proteolysis during purification. HMGl 
binds to duplex DNA with low f i t y  and 
with somewhat higher f i t y  to single- 
stranded DNA (1 1) and to a plasmid DNA 
that w d d  potentially form superwil-in- 
d u d  secondary structures (12). The results 
obtained with incomplete cruciform struc- 
tures (Fig. 1, molecule e) (5) suggest that the 
apparent specificity toward single-stranded 
DNA is due to the presence of secondary 
structures, reminiscent of branched duplex 
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(9); (A) Tk 

HMG1. Protein p23 was subjected to partial q t i c  hydrolysis "cWrSERWKTMSAKEKGKFEDmKRRYERET 
and the deriving oligopeptides arere purified by high-perform- 

TWKDPNRPKRPPSAFFLFCSEYWKm 
ance liquid chromatography (HPLC). Four peptides were 
partially sequenced with a gas-phase sequencer (IR), yielding JAKKLGEMWNNTAADDKQPYEKKARYLKEKY 

the sequences XGEXXNNTAA, IKGEXP, KHPDASVNFSE, SGKPDAAKKGVWKS-EEDDEEDEE 

and MSSYAFFVQT (underlined). X re[ ietermined 
amino acids. A search in the Europe: ar Biology 
Laboratory (EMBL) Data Library in at all four 
peptides were contained in the deducec of rat HM( 
terminus of the protein is boxed. To connrm tne similarity between tne crucltorm-binding prote 
HMG1, we showed that t h q ~  are immunologicallv cross-reactive. (B) Assay mixtures were set u 
contained, in various combinations, cold salmon sperm DNA (300 kg/ml), lo\\! specific activit 
labeled cruciform DNA (50 pg/ml), and p23 (-100 pg/ml) in a final volume of 6 k1. Four micr 
of these mixtures were a n a l y ~ ~ d  by gel electrophoresis. The gel was then sandwiched betv 
Whannan 3MM filter soaked in 1% SDS (anode side) and a stack formed by one Immobilor 
(Millipore), one U'hatman 3MIM filter, one Whatman DE-81 filter, and another 3MM filter (c2 
side). Electroblotting was carried out overnight in 0.2M tris-dycine buffer @H 8.3) plus 
methanol. After electroblotting, the protein retained on the Immobilon filter was immunodetecte~ 

ie acidic C( 

qj r 

m 
teen a 
I filter 
~thode 

20% 
d with -. . RPA-199 antibody (19), biotin-conjugated secondan goat antibody to rabbit immunoglobulin b, and 

avidin-conjugated alkaline phosphatase (Research and Diagnostic Systems) (left), whereas cruciform 
DNA was localized by autoradiography of the DE-81 filter (right). Lane 1, p23 and cold salmon sperm 
DNA; lane 2, labeled cruciform DNA probe and cold salmon sperm DNA; and lane 3, p23, cold 
salmon sperm DNA, and labeled cruciform DNA probe. 

DNA, in long DNA single strands. 
The physiological significance of the 

speu6city of binding of HMGl toward 
branched DNA is at present unknown. 
HMG1-like proteins are present in all eu- 
karyotes and are apparently essential for cell 
viability (13), but their function has not 

been identified unequivocally. Mammalian 
HMGl has been implicated in transcription 
and in DNA replication (4): both of these 
p r v  can generate branched DNA mol- 
ecules e~ther directly or through the action 
of induced supercoiling. Our results imply 
that whenever DNA adopts a crudbrm con- 
formation, the high abundance of HMGl in 
d nudei (4) can effktively drive the equilib 
rium toward the formation of a protein-DNA 
wmplex. Whether the fbrmation of such 
complexes is passive (proteaion ofthe "dter- 
native" structures until &pad by additional 
nudear activities) or serves a specialized h c -  
tion is not known. However, HMGl has a 
remarkable domain stnu*ure, with a DNA- 
biding positively charged wre and a long 
COOH-terminal string of acidic residues 
(14). Protein surfaces of localized high nega- 
tive charge have been implicated in protein- 
protein interactions (15) and the acidic do- 
main of HMGl protein may have a similar 
hction. 
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A Salmonella Locus That Controls Resistance to 
Microbicidal Proteins from Phagocytic Cells 

Facultative intracellular pathogens pose an important health problem because they 
circumvent a primary defense mechanism of the host: killing and degradation by 
professional phagocytic cells. A gene of the intracellular pathogen Salmonella typhimur- 
ium that is required for virulence and intracellular survival was identified and shown to 
have a role Gesistance to defensins and possibly to other microbicidal mechanisms of 
the phagocyte. This gene may prove to be a regulatory element in the expression of 
virulence functions. 

P ROFESSIONAL PHAGOCYTIC CELLS 
are important in the body's defense 
against pathogenic microorganisms; 

they engulf and kill invading microbes by 
both oxygen-dependent and oxygen-inde- 
pendent mechanisms. The phagocyte under- 
goes a burst of respiration upon initial con- 
tact with the invading organism and pro- 
duces toxic metabolites of oxygen such as 
hydrogen peroxide and superoxide (1). Oxy- 
gen-independent mechanisms include acidi- 
fication of the phagosome (the membrane- 
lined vacuole in which the ingested microor- 
ganisms are enclosed) and degradation of its 
contents by proteins or peptides with anti- 
microbial activity; these antimicrobial sub- 
stances are released from cytoplasmic gran- 
ules that fuse with the phagosome to form a 
phagolysosome (2,3). Facultative intracellu- 
lar pathogens avoid killing by phagocytic 
cells and can persist in the host, with debili- 
tating diseases often the result (4). Survival 
mechanisms used by intracellular pathogens 
include inhibition of the respiratory burst, 
inhibition of phagolysosome fusion, and 
survival within or escape from the phagoly- 
sosome (3). The molecular basis of these 
survival strategies remains largely unknown. 
Salmonella typhimurium is a facultative intra- 
cellular pathogen of mice that has been 
extensively used as a model system for hu- 
man typhoid, a worldwide health problem, 
with 12.5 million cases annually (5).  In this 
report, we describe a Salmonella gene that is 
necessary for virulence in the mouse and 
survival in the macrophage in vitro, and we 
show that the gene is required for resistance 
to defensins, microbicidal peptides found in 
neutrophils and macrophages. These results 
may have clinical relevance since patients 
with "specific granule deficiency," who have 
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frequent and severe infections, almost com- 
pletely lack defensins (6).  

A molecular genetic analysis of intracellu- 
lar survival was started in our laboratory 
with the isolation of 83 TnlO insertion 
mutants of S ,  typhimurium that were unable 
to survive in mouse peritoneal macrophages 
in vitro. All of the mutant strains were subse- 
quently shown to be attenuated in the mouse 
(7). A subset of these mutants, represented by 
MS4252s, MS5996s, and MS7953s (8), were 
of particular interest in that (i) they had the 
highest median lethal dose (LDSO) of all the 
mutants isolated (10' organisms compared to 
<10 for the parent strain by intraperitoneal 
injection of BALBic mice) (9); (ii) they did 
not persist in the mouse (no bacteria were 
detectable 72 hours after injections), they did 
not stimulate a siguficant humoral or cell- 
mediated immune response, and they did not 
protect a mouse against challenge with the 
virulent parent strain. This is in contrast to 
other avirulent TnlO mutants isolated in the 
same study that persisted for up to 2 months 
and stimulated T cell and B cell responses as 
well as protective immunity against challenge 
with virulent strains (10). These results sug- 
gested that the mutants may be defective in an 
important virulence determinant. 

We investigated the possibility that these 
mutants were more sensitive to specific anti- 
microbial mechanisms of the phagocyte. 
Crude extracts from human neutrophils and 
rabbit peritoneal macrophages had a strong 
microbicidal effect on these mutants (Fig. 1, 
A and B). The sensitivity to granule extracts 
was not due to a lipopolysaccharide (LPS) 
defect, since all the mutants showed the 
same phage sensitivity profile and had a 
complete LPS (smooth) identical to that of 
the parent strain when purified and visual- 
ized on polyacrylamide gel electrophoresis 
(PAGE) (9). In an attempt to identify a 
specific component of the extract to which 
the mutants were sensitive, we fractionated 
the rabbit extract on an anion exchange 
column and tested the mutants with individ- 
ual fractions. Those fractions that were most 
active against the mutants contained low 
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