
vals from no egg to small egg or an increase In egg 
slze from smail to medium or medium to large A 
change from large to no egg was Interpreted as a 
successful laying event and gven an equvalent 
score. Total egg state changes were d ~ v ~ d e d  by 
the number of females in the unt to y~eld a per 
caplta fecundity index. This index was used In- 
stead of the number of eggs la~d  per female 
because a number of females began and fn~shed 
the experiment w~th partially developed eggs. 

18 In a 19th hangar, four small sections of wall (1 75 
m by 2.5 m) were Isolated w~th Fiuon and aiuml- 
num floor barriers. Each unit was equipped w~th  
four small (20 cm by 15 cm) refuges. Two refuges 
were positioned 1.5 m off the floor and two were 
0 75 m high, w~ th  one water dish centered in the 
m~ddle of the four. Each un~t  contained one light 
mounted on the wail 2.1 m h ~ g h  The region 
around the l~ght was narrowed to about 1 m2 w~th  
strips of Fluon The posit~on of all four units 
together made observation from one large b l~nd  
poss~ble, with the observer 2 m from the I~ght 
Eight geckos were placed In each unit, and two 
units could be watched s~multaneousiy Geckos 
were marked and painted as described in (12). 
Postions of all nd~viduas were noted at 15-mn 

lntervais and scored as follows 0 = on i~ght, 1 = 
w ~ t h n  20 cm above or below, 2 = w ~ t h n  20 cm on 
the sdes In the shadows, 3 = 20 to 50 cm, 4 = 50 
cm to 1.2 m, and 5 = > I  .2 m or not visible. These 
marks were measured and drawn on the walls 
around the lght to faciitate accuracy Durng the 
n i ta l  phase, specles were solated (un~ts A and B 
with L Iugubris and units C and D w~th H, frena- 
tus) and geckos were allowed to accl~matize to 
the light and surround~ngs After 20 days, nclud- 
n g  9 days of data gatherng, the four least pho- 
totaxic L, Iugubris In A and B were replaced with 
the four most phototax~c H, frenatusfrom C and D, 
respect~veiy (two males, two females) The H 
frenatus lmmediateiy adjusted and moved toward 
the I~ght In ther new enclosures Pos~t~ons were 
again scored at 15-mn intervals for 6 days after 
the swltch. During these 0bse~at ions (whlch 
spanned the month of March) I~ghts were only 
turned on when data were being recorded (dally 
from 1900 to 2200) 

19. Alpha individuals were defined as those that 
never retreated from an encounter w~th another 
n d v ~ d u a  of the same speces In the enclosure, 
and ail encounters culminated with the retreat of 
one of the participants Before species were com- 

Two Open Complexes and a Requirement for Mg2+ 
to Open the AP, Transcription Start Site 

Won-Chul Suh, Wilma Ross, M. Thomas Record, Jr.* 
Potassium permanganate (KMnO,) footprinting in the absence and presence of magne- 
sium (Mg2+) at the AP, promoter identified two different open complexes with Escherichia 
coli Ea70 RNA polymerase (designated RP,, and RP,,). The single-stranded region in 
RP,, (formed in the absence of Mg2+) was at most 12 bases long, whereas that in RP,, 
(formed in the presence of Mg2+) spanned at least 14 bases. Only in RP,, did the 
single-stranded region extend to the start point of transcription ( + I ,  +2). These results 
provide a structural basis for the requirement for uptake of Mg2+ in the formation of RP,, 
from RP,,, as deduced from kinetic studies at this promoter. 

T h e  formation of an open complex between 
RNA polymerase (RNAP) and promoter 
DNA involves passage through a series of 
intermediate complexes that involve confor- 
mational changes in both RNAP and DNA 
(1, 2). Kinetic-mechanistic (3) and structur- 
al ( 4 4 )  characterizations demonstrated that 
RNAP (R) and promoter (P) form an initial 
svecific closed comvlex at the oromoter 
kc,), an intermehiate closed 'complex 
(RP,,) that involves a major conformational 
change in N A P ,  and an open complex 
(RP,) in which the DNA in the vicinity of 
the start site is single-stranded. No studies to 
date have probed the steps of the process of 
DNA strand opening. It is unknown if open- 
ing is a sequential or an all-or-nothing pro- 
cess and if sequential, which regions are 
opened early and which are opened late. 

Chemical probing of RNAP-AP, open com- 
plexes with KMn04 in the presence and 
absence of Mg2+ provides some answers to 
these questions. 

On the basis of the effects of MgCl, on 
the dissociation rate constant of open chm- 
plexes at the AP, promoter in the absence of 
initiating nucleotides, we ( I )  deduced that 
Mg2+ is required for the formation of an 
initiation-competent open complex desig- 
nated RPo2 to distinguish it from the open 
complex that exists in the absence of Mg2+ 
(Wol) .  We proposed (1) a mechanism (Eq. 
1) in which Mg2+ has a specific stoichiomet- 
ric role in the isomerization of RPol to RP,,: 

3 ~ g 2 +  

L. R + P 4 RP,, RPC2 +- RP,, + RPO2 (1) 

-", 7 
6 Mg2; (or 12 Na+) 4 Mg2; (or 8 NaC) 

bined, there were two alpha lnd~viduais for each 
speces (two enclosures each). After the species 
were comb~ned there were four alphas of each 
specles (four enclosures), wlth only two focal 
enclosures reported here, lntraspecfic and nter- 
spec~f~c Interactions were recorded In the com- 
bined treatments The frequencies of the paiwise 
lnteractlons were: L lugubris-L Iugubris, 160 In 
30 hours of 0 b ~ e ~ a t 1 0 n  (5.4 per hour); H. frena- 
tus-H, frenatus 25 In 16 hours (1.6 per hour); and 
H, frenatus-L, Iugubris 39 In 12 hours (3.25 per 
hour). In approximately half of the H, frenatus-L. 
Iugubris interactons a dom~nant L, lugubris at- 
tacked an H frenatus, and in the other half, a 
subord~nate L Iugubris retreated from a nonag- 
gressive H frenatus The approaches of H, frena- 
tus were termed nonaggresslve when they con- 
tnued on the same path unaffected by the retreat- 
n g  L, Iugubris 

20 We w~sh to thank the staff at Barbers Polnt and the 
U S Navy In general for their cooperation and for 
yrantng permisson for the use of the hangars 
(Real Estate i~cense N6274291 RP00164) Sup- 
ported by NSF grant BSR-9107739 (T J C.) 

10 July 1992; accepted 13 October 1992 

KMn04 preferentially oxidizes unpaired 
or distorted pyrimidines in DNA (T > > C) 
(7) and has been used to detect single- 
stranded regions of DNA in RNAP-DNA 
complexes (8-1 0). To characterize the two 
open complexes at the APR promoter de- 
duced from kinetic studies, we probed the 
accessibility of pytimidines in these com- 
plexes to oxidation by KMn04 in the pres- 
ence and absence of Mg2+. The KMn04 
reactivity of the top and bottom strands is 
shown in Fig. 1, A and B, respectively, and 
summarized in Fig. 1C. Radioanalytic im- 
aging (1 1) provides a quantitative compar- 
ison of the reactivities of pyrimidines to 
KMn04 in the presence and absence of 
Mg2+ (Fig. ID). 

RNAP formed open complexes on su- 
percoiled plasmid DNA at the APR promot- 
er from 4" to 37°C both in the presence and 
in the absence of 10 mM Mg2+ (Fig. 1). 
However, Mg2+ enhanced KMn04 modifi- 
cation at many positions, especially at both 
boundaries of the open region where the 
ratio of KMn04 reactivity in the presence 
of Mg2+ to that in the absence of Mg2+ was 
in the range of 3 to 8 (Fig. ID). Positions 
+ 1T and + 2T, unreactive or weakly reac- 
tive with KMn04 in the absence of Mg2+, 
became accessible to reaction with KMn04 
in the Mg2+-induced open complex. In a 
similar manner, a large enhancement of 
KMn04 reactivity of - 11T and - 12C was 
observed in the presence of Mg2+. In con- 
trast, enhancement was more modest in the 
central part of the open region (positions 
-3T, -4T, -8T, -9T, and - 10T) where 

W,.C, Sub, Department of Chemistry, University of According to this mechanism, RP,, is con- the ratio of KMn04 reactivity in the pres- 
Wisconsn at Madison, Madison, WI 53706. verted to RPO2 upon uptake of approximately ence of Mn2+ to that in the absence of - -  - . . 

W. ROSS, ~epartment of Bacter~ology University of three Mg2+ cations, presumably at specific Mg2+ was 2 3  (12). 
Wisconsin at Madison, Mad~son, WI 53706, 
M. T. Record. Jr.. De~artments of Chemistrv and sites On RNAP. In Naf Or Mg2f Together, these data indicate a signifi- 
Blochemistry, ~ n i v e r s i j /  of Wsconsn at Mabison, (or other cations, if present) function non- cant difference in the open complex in the 
Madison, WI 53706. specifically as cation competitors for RPcl presence and absence of Mg2+. In the 
*To whom correspondence should be addressed. and RPol. absence of Mg2+, the extent of strand 
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Fig. 1. Probing of RNAP (Eu70)-AP, promoter 
complexes on supercoiled plasmid DNA with 
KMnO,. (A) Top strand. (B) Bottom strand. 
KMnO, probing was performed on complexes 
formed in the absence (-) (odd-numbered 
lanes) or presence (+) (even-numbered lanes) 
of 10 mM MgCI, at the temperatures indicated 
(1 1). The DNA sequence shown to the left in 
each panel was obtained with dideoxy DNA 
sequencing (24). The bases that exhibited hy- 
perreactivity to KMnO, are indicated at the right 
of each autoradiograph, numbered relative to 
the start of transcription. To permit a quantita- 
tive comparison between lanes, we included 
the reference band, indicated by an arrow 
(Ref.) (1 1). (C) Effect of the addition of Mg2+ on 
KMnO, reactivities of bases in the RNAP-AP, 
complexes at 25°C. The arrows indicate reac- 
tive bases, and the length of the arrows repre- 
sents the degree of reactivity to KMnO,. (D) 
Quantification of the enhanced reactivity of the 
open region in Mg2+ on supercoiled DNA. The 
relative KMnO, reactivity (with Mg2+/without 
Mg2+) represents the degree of KMnO, reac- 
tivity of a base in the presence of Mg2+ relative 
to that in the absence of Mg2+. The intensities 
of the bands in (A) and (B) were quantified by 
radioanalytic imaging with a Betascope Model 
603 (Betagen) and normalized to the reference 
band for each lane. The bases that show hy- 
perreactivity to KMnO, are shown on the x axis 
at each different temperature. Each bar is an 
average value obtained from three indepen- 
dent experiments, and error bars indicate the 
standard deviation. 

+ Ref. 

- Ref. 

- +IT 

sl + 
TCTGGCGGTGA~RATGGTTGCATGTACTRAGG 
AGRCCGCCACTATTACCAACGTRCRTGATTCC 

T t  T T  

opening was no greater than approximately 12 
bp (at most from -12 to -1). (Because 
reactivity of KMn04 with C is intrinsically 
low, we were unable to determine whether 
positions -2 and - 1 were open or closed). 
Positions - 11T and -12C reacted with 
KMn04 in the absence of M$+, but the 
greatly enhanced reactivity in the presence of 
M$+ indicates that these positions either 
were less denatured or, if denatured, interact- 
ed more strongly with RNAP in the absence 
of Mg2+ (12). Thus, the extent of opening in 
the complex formed in the absence of M$+ 
(RP,,) may be only 8 to 10 bp. 

In the complex formed in the presence 
of MgZ+ (RPoz), at least 14 bp were open 
(from -12 to at least +2). The maximum 
upstream and downstream limits of strand 
opening were probably -12C and +3C, 
respectively, because - 13T and +4T were 
not reactive. Only in R K 2  were the bases o f  
the start site (+1 and +2) open for initia- 
tion o f  transcription. The location and 
extent of the single-stranded region o f  RP,, 
at XP, were similar to open complexes 
formed in MgZ+ at other promoters, includ- 
ing T7 A3  (1 3), merR (9), and lac W5 (4, 
8, 14, 15). The differences in the RP,, and 

OCCCC CCCC O C C C C p C C C  O++CCkCCCt OCCCC CCCC 
~ = E ? T F Y ~ - -  e m *  rn + +  a r O + ~ .  rrr a B n  Y?;: ~ F F + T .  ~1;: I E P ~ ~ b t - - -  I 8 .  I + +  

4°C 13°C X"C 37% 
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RP,, footprints at XP, suggest that strand 
opening propagates from the center toward 
both extremes of the opened region. 

Because other promoters, including lac 
UV5 (5, 15), T7 A1 (16), and tac (15), 
form predominantly closed complexes at 
low temperatures (4" to 13"C), it was un- 
expected that RNAP formed significant 
amounts of both open complexes at temper- 
atures as low as 4°C at XP,. However, these 
previous studies were performed on linear 
templates. To examine the possible effect of 
negative supercoiling on the temperature 
dependence of formation of RP,, and RP,,, 
we repeated the KMnO, reactivity studies 
on AP, in linear plasmid DNA (Fig. 2). 
The relative KMn0, reactivities at most 

Fig. 2. Relative KMnO, reactivity as a 
function of temperature (13" to 37°C) 
on linear plasmid DNA (see legend to 
Fig. ID). 12 

positions are similar on linear and super- 
coiled DNA at 13" to 37°C (Figs. 1D and 
2). At 4°C on linear DNA, a significant 
reduction in the extent of formation of both 
open complexes (especially RP,,) was ob- 
served (as estimated from band intensities) 
(1 7). Negative supercoiling therefore drives 
formation of RP,, (in the presence of 
MgZ+) and of RP,, (in the absence of 
MgZ+) at 4°C. At higher temperatures, 
formation of the appropriate open complex 
occurs without the additional driving force 
provided by negative supercoiling. Neither 
negative supercoiling nor an increase in 
temperature (from 4" to 37°C) is by itself 
sufficient to convert RP,, to RP,,; Mgz+ is 
required for this conversion (1 8). 

Fig. 3. Dependence of A 
+ + 

B 
the formation of the A - 2 2 $ A G C T -  
open complex (RP,,) - -- -- =--a 
on the nature of the di- - Z 2 r :  valent cation. (A) Top = - = .  
strand. (6) Bottom - - - - L - 
strand. RNAP was incu- 
bated with AP, promot- 
er DNA for 15 min at 
25°C in the presence of 
10 mM MgCI, (lanes 2 
and 6) ;  10 mM CaCI, 
(lanes 3 and 7); or 10 ' 

mM BaCI, (lanes 4 and 
8); or in the absence 
(-) of any divalent cat- 
ion (lanes 1 and 5) fol- 
lowed by treatment with 
KMnO, (1 1). Ref. is as 
in Fig. 1. 

' + Ref. 

1 2 3 4  5 6 7 8 
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Mg2+ and Ca2+ are the two major in- 
tracellular inorganic divalent cations in bi- 
ological systems. Specific requirements ex- 
ist for each of these ions in a wide variety of 
cellular processes. We therefore investigat- 
ed whether the alkaline earth ions CaZ+ 
and BaZ+ were capable of inducing the 
transition of RP,, to RP,, at 25°C on 
supercoiled DNA (Fig. 3). Cation-specific 
differences in the relative and absolute in- 
tensities of individual bands were observed. 
The effects of CaZ+ on enhancement of 
KMnO, reactivity at positions +IT, +2T, 
- 11T, and - 12C were approximately 
loo%, 30%, 60%, and 30% of the effects of 
MgZ+, respectively. Ba2+ showed much 
smaller effects, with only + I T  exhibiting 
approximately 50% of the reactivity en- 
hancement of MgZ+. The order of effective- 
ness of these cations in inducing the transition 
from RP,, to RP,, was Mg2+ > CaZ+ >> 
BaZ+. This specificity for M$+ suggests that 
Mg2+ ions occupy specific binding sites and 
that these sites interact less strongly with 
CaZ+ and much less strongly with BaZ+. The 
free M$+ concentration in vivo was estimat- 
ed to be in the range of 1 to 4 mM (19), a 
concentration comparable to that used in 
KMnO, probing. Although the biological im- 
plications of our observations are unknown 
because the cytoplasmic Mgz+ concentration 
is thought to be stable throughout growth, our 
data provide evidence that the MgZ+ ion has 
the potential to serve as a regulatory factor in 
the formation of the initiation-competent 
open complex RP,,. 

These structural studies of the effect of 
MgZ+ on hPp open complex formation are 
consistent with our kinetic studies (1) and 
with the proposed mechanism shown in Eq. 
1, in which FP,, converts to RP,, upon 
uptake of approximately three specifically 
bound MgZ+ ions. This specific role of 
MgZ+ differs profoundly from its nonspecific 
roles as a competitor with RNAP for inter- 
action with DNA phosphates and as a 
stabilizer of double-stranded DNA against 
thermal denaturation (1, 20). Possibly 
MgZ+ forms ionic bridges between RNAP 
anionic side chains and the phosphate 
groups of DNA or acts as an allosteric 
effector of a conformational change in 
RNAP, which facilitates full-strand separa- 
tion in the initiation-competent open com- 
plex. MgZ+ is required for transcription 
initiation at this promoter not only as a 
cofactor for the binding of nucleotide sub- 
strates as Mgz+-nucleoside triphosphate 
complexes (21) but also to open the pro- 
moter DNA at the transcription start site. 
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Molecular Mapping and Detoxification of the Lipid A 
Binding Site by Synthetic Peptides 

Alessandro Rustici, Massimo Velucchi, Raffaella Faggioni, 
Marina Sironi, Pietro Ghezzi, Sally Quataert, Bruce Green, 

Massimo Porro* 
Endotoxin [lipopolysaccharide (LPS)], the major antigen of the outer membrane of Gram- 
negative bacteria, consists of a variable-size carbohydrate chain that is covalently linked 
to N,O-acylated p-1 ,6-D-glucosamine disaccharide 1,4'-bisphosphate (lipid A). The toxic 
activity of LPS resides in the lipid A structure. The structural features of synthetic peptides 
that bind to lipid A with high affinity, detoxify LPS in vitro, and prevent LPS-induced cytokine 
release and lethality in vivo were defined. The binding thermodynamics were comparable 
to that of an antigen-antibody reaction. Such synthetic peptides may provide a strategy for 
prophylaxis and treatment of LPS-mediated diseases. 

Bacterial LPS ~roduces a ~lethora of bio- 
logical effects in mammals via its lipid A 
moiety, which is the conserved hydropho- 
bic region (1). The toxic activity of LPS is 
related to the induction of tumor necrosis 
factor (TNF) release after LPS binds to 
macrophages and monocytes, with the con- 
sequent activation of the cytokine cascade 
that involves interleukin-1 (IL-1) and IL-6 
(2, 3). Mortality from endotoxicosis conse- 
quent to sepsis is 20 to 60% (4). LPS has 
also been proposed as a potent activator of 
human immunodeficiency virus type 1 
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(HIV-1) expression in monocytes and mac- 
rophages (5) and as the agent that produces 
the symptoms characteristic of acute gait-  
versus-host disease (GVHD) (6). 

Polymyxin B (PmB), a cationic cyclic 
peptide antibiotic, inhibits the biological 
effects of LPS through its high-affinity bind- 
ing to lipid A (7). The effects that are 
inhibited by PmB include the Shwartzman 
reaction (8), B-I1 cell mitogenicity (9), 
TNF and IL-1 release from macrophages 
and monocytes (10, 1 1) , anticomplementa- 
ry activity (12), pyrogenic reaction in rab- 
bits (1 3), and lethality in mice (8, 14). The 
structural features of PmB that permit bind- 
ing to and detoxification of lipid A are 
unknown, and its use for treatment of septic 
shock (10) is limited by its high toxicity (8, 
14). Accordingly, we have designed syn- 
thetic peptides (comprised of L-amino ac- 
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