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STRUC TURAL CHAR AC TERI SA TION OF DOSRS – A TWO-COM PO NENT SIG NAL
TRANSDUCTION SYS TEM RE SPON SI BLE FOR MY CO BAC TE RIUM TU BER CU LO SIS
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My co bac te rium tu ber cu lo sis is a very suc cess ful patho -
gen, to a great ex tent, due to its abil ity to per sist in a dor -
mant state within the host for many years. En try into a
dor mant state has been tightly linked to oc cur rence of
hypoxic con di tions. Hypoxia and ni tric ox ide were both
shown to lead to in duc tion of DosRS genes. DosRS pro -
teins form a clas si cal two-com po nent sig nal transduction
sys tem where histidine kinase (DosS) un der goes
autophosphorylation in re sponse to changes in the en vi ron -
ment (i.e. nu tri ents, ox y gen, light, tox ins) and then phos -
phory lates cog nate re sponse reg u la tor (DosR) that elic its
re sponse. DosR is a tran scrip tion ac ti va tor that through
DosRS sys tem in duces a regulon of ap prox i mately 50
genes that are as so ci ated with dor mancy.

We have ini ti ated struc tural in ves ti ga tion of the N-ter -
mi nal sen sory re gion of DosS histidine kinase in or der to

iden tify mo lec u lar na ture of the stim uli that ini ti ates re -
sponses to hypoxic con di tions, and to elu ci date mo lec u lar
mech a nism of sig nal transduction within DosRS.

DosS sen sor con tains two GAF do mains that are ubiq -
ui tously found in sig nal ling pro teins and are known to bind
va ri ety of lig ands pri mar ily cy clic nu cleo tides. We have
dem on strated that prox i mal GAF do main of DosS binds
haem and iden ti fied histidine 149 as crit i cal for haem bind -
ing. This is the first GAF do main iden ti fied to bind haem.
We are car ry ing out struc tural char ac teri sa tion of these do -
mains us ing UV/VIS spec tros copy, X-ray crys tal log ra phy
and NMR meth ods. Based on our find ings we were able to
pro pose a model of histidine kinase ac ti va tion in re sponse
to a drop in ox y gen pres sure that would re sult in con ver -
sion to a dor mant state of the my co bac te rium. 
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The in tense X-ray fluxes as so ci ated with third gen er a tion
syn chro tron sources can re sult in sig nif i cant dam age to
cryo-cooled macromolecular crys tals [1-4]. For bromi -
nated com pounds com monly used with nu cleic ac ids, even
a rel a tively mod er ate X-ray dose can in duce suf fi cient
debromination to pre vent struc ture de ter mi na tion [3].
How ever, spe cific X-ray dam age can pro vide ad di tional
phase in for ma tion, ul ti mately al low ing to de ter mine a pro -
tein struc ture us ing a sin gle crys tal from a na tive
macromolecule [2, 4].

In the pres ent study, flu o res cence spec tra were mea -
sured at reg u lar time in ter vals along data col lec tion on a
crys tal of a brominated 23-nu cle o tide RNA frag ment.
Mod i fi ca tion of the flu o res cence spec trum cor re lates well
with the cu mu lated X-ray dose and these mea sure ments
help to fol low the ra di a tion-in duced debromination event.
Thus, the de crease of bro mine oc cu pancy can be de ter -
mined along data col lec tion which is of par tic u lar in ter est
for the Ra di a tion dam age In duced Phas ing method.

In ad di tion, we have made strik ing ver i fi ca tions of the
in flu ence of crys tal ori en ta tion rel a tive to the beam po lar -
iza tion on the height of a ‘white line’ (i.e. on the value of
f’’). We will show that, de pend ing on the crys tal ori en ta -
tion, the white line can dis ap pear com pletely.

These re sults are not lim ited to bro mine and can be ex -
tended to any el e ment hav ing an ab sorp tion edge in the
com monly avail able wave length/en ergy range.

1. E. F. Garman; R. L. Owen. Acta D. 2006, 62, 32.

2. R. B. G. Ravelli; H-K. S. Leiros; B. Pan; M. Caffrey; S.
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1024.
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CRYS TAL STRUC TURE OF THE EX TENDED DU PLEX FORM OF THE HIV-DIS RNA
BOUND TO AMINOGLYCOSIDE AN TI BI OT ICS

Eric Ennifar

e-mail: e.ennifar@iibmc.u-strasbg.fr
IBMC/CNRS, UPR9002 – ARN: Ar chi tec ture et Réactivité des ARN, 15 rue René Des cartes, 67084

Strasbourg Cedex, France

All retroviral genomes con sist in two ho mol o gous sin -
gle stranded RNAs. HIV-1 Dimerization Ini ti a tion Site
(DIS) is a strongly con served stem-loop in the 5’ non-cod -
ing re gion of the genomic RNA. Al ter ation of the DIS
strongly af fects RNA dimerization, pack ag ing and re verse
tran scrip tion, and dra mat i cally re duces vi ral infectivity.
The DIS loop con tains a self-com ple men tary se quence and
ini ti ates ge nome dimerization by form ing a loop-loop com -
plex. This ini tial com plex is fur ther sta bi lized into an ex -
tended du plex form upon in ter ac tion with the vi ral NCp7
nucleocapsid pro tein. We have pre vi ously solved crys tal
struc tures of the DIS loop-loop com plex and ex tended du -
plex. These struc tures re vealed an un ex pected re sem blance 
with the eubacterial 16S ri bo somal aminoacyl-tRNA site
(A-site), which is the tar get of aminoglycoside an ti bi ot ics.
Sim i lar i ties ex ist at the pri mary and sec ond ary struc ture
level, but also at the ter tiary struc ture level, as re vealed by
com par i son of the re spec tive DIS and A-site crys tal struc -
tures. Footprinting ex per i ments showed that some
aminoglycosides spe cif i cally bind to the DIS, with an af -

fin ity and ge om e try sim i lar to that ob served for A-site. In
agree ment with these pre dic tions, we solved crys tal struc -
tures of the DIS kiss ing-loop bound to var i ous amino -
glycoside an ti bi ot ics, show ing that two aminoglycosides
are bound per loop-loop com plex. Us ing these re sults,
chem i cal prob ing was per formed on HIV-1 ge nome in in -
fected cells and on vi ral RNA ex tracted from virions,
show ing that DIS re mains ac ces si ble to aminoglycosides in 
vivo. It is there fore a valu able tar get for a po ten tial new an -
ti vi ral drug.

We will now pres ent the 1.5 C res o lu tion crys tal struc -
ture of the ex tended du plex form of the DIS bound to
aminoglycoside an ti bi ot ics, show ing that these mol e cules
can also be tar geted against the vi ral RNA af ter mat u ra tion
by the nucleocapsid pro tein. In ter est ingly, the struc ture so -
lu tion was not straight for ward and in tro duc tion of a new
kind of mod i fied nucleoside (2’-methylseleno-uridine) was 
used for phas ing by MAD. 

AU TO MATED FIT TING OF NU CLEIC ACID FRAG MENTS INTO ELEC TRON DEN SITY
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A method for au to matic build ing of nu cleic acid struc tures
has been de vel oped. Mo lec u lar frag ments are lo cated in
elec tron den sity maps by a phased ro ta tion con for ma tion
and trans la tion func tion, as im ple mented in the pro gram
NUT. The frag ments are RNAbone DNAbone (each has
about 17 at oms from NA back bone) that rep re sent a
mononucleotide of phos phate-sugar-phos phate type. Frag -
ments are flex i ble and all tor sion an gles can be var ied dur -
ing the search. For com pu ta tion rea sons the search is
re stricted by a ta ble of al lowed con for ma tions, con for ma -
tion fam i lies. RNAbone and DNAbone are suit able for in -
ter me di ate crys tal lo graphic res o lu tion of about 2.0 to 3.0
C. In di vid ual frag ments are con nected into polynucleotide
chains by a pro gram HEL. In the case of RNAbone/

DNAbone, ni trog e nous bases can also be mod eled into the
den sity. The re sult of con nect ing RNAbone/DNAbone
frag ments is a PDB file. The pro ce dures were tested on
RNA and DNA struc tures rang ing form a small nu cle o tide
(1QYL) to ri bo somal struc tures (1FFK, 1J5E). About 70%
to 100% of the struc ture can be built, de pend ing on res o lu -
tion, frag ment used and phase qual ity.A rigid dou ble he li -
cal frag ment NAhelix of 90 at oms is used to lo cate
stretches of reg u lar A-RNA or DNA struc tures. The po si -
tion and ori en ta tion of the frag ment can be re fined as rigid
body, its con for ma tion is fixed. Us ing NAhelix frag ment,
only about 70% of the struc ture can be lo cated in a typ i cal
RNA struc ture. NAhelix is suit able for lower res o lu tion
struc tures.
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Mod el ing ac cu rately the sol va tion of nu cleic acid sys tems
is an im por tant is sue since it has been shown that wa ter, to -
gether with the sur round ing ionic at mo sphere, is an es sen -
tial com po nent of RNA and DNA struc ture. I will pres ent
some ex am ples re lated to our own ex pe ri ence of in clud ing
ionic spe cies (Mg2+, K+, Cl-) in MD sim u la tions of RNA
sys tems. A new web ser vice, called SwS (“Sol va tion web

Ser vice” for nu cleic ac ids), will also be pre sented. This
web ser vice, based on the nu cleic acid struc tures con tained
in the NDB, is de voted to the sta tis ti cal anal y sis of their
first sol va tion shell and has been de vel oped to al low ac cu -
rate com par i sons be tween the o ret i cal and ex per i men tal
data. 

NMR PA RAM E TERS FOR NU CLEIC AC IDS: CAN QUAN TUM ME CHAN ICS HELP?
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Un der stand ing of chem i cal pro cesses of all bi o log i cally ac -
tive mol e cules is re lated to the knowl edge of their mo lec u -
lar struc ture and dy nam i cal be hav ior at given con di tions.
For solid state, the struc ture of nu cleic ac ids (NAs) is pre -
dom i nantly de ter mined by X-ray crys tal log ra phy and lat est 
achieve ments by this ex per i men tal tech nique rep re sent
fun da men tal con tri bu tion to the field. Mo lec u lar struc ture
of NAs in na tive en vi ron ment is fre quently stud ied by the
meth ods of mo lec u lar spec tros copy, where the most prom i -
nent role is at trib uted to the nu clear mag netic res o nance
(NMR).

Struc tural pa ram e ters of NAs can be re solved with the
NMR spec tros copy only in di rectly and the in ter pre ta tion of 
mea sured NMR spec tra clearly suf fers from lack of in for -
ma tion nec es sary for the re li able cor re la tion with cor re -
spond ing ge om e try descriptors.[1] NMR stud ies of the
NAs mostly rely on em pir i cal in ter pre ta tion of spec tros -
copy pa ram e ters.[2] Such an ap proach can hardly cover all
ef fects like de pend ence on lo cal ge om e try or spe cific
hydration/sol va tion. The o ret i cal mod el ing of NMR pa ram -
e ters can thus fa cil i tate their struc tural in ter pre ta tion and in
many cases also val i date cur rent in ter pre ta tion schemes.

The fol low ing the o ret i cal stud ies car ried out dur ing last 
years show the po ten tial of the o ret i cal mod el ing of NMR
pa ram e ters for struc tural stud ies of NAs. Spe cific NMR
J-cou pling con stants in gua nine base can be used for the
dis crim i na tion be tween ca non i cal and mis matched type of
base pair ing in DNA hair pin mol e cule [3] and in clu sion of
wa ter sol vent leads to more re li able model and thus better
agree ment of cal cu lated and ex per i men tal J-cou plings.[4]
Cal cu lated intermolecular NMR J-cou plings be tween ions
Mg2+, Zn2+ and gua nine base, show their ca pa bil ity for de -
tec tion of the bind ing mo tif in ham mer head ribozyme [5];
spe cific di rect and wa ter me di ated con tacts of metal ion to

the gua nine base can be dis tin guished.[6] The o ret i cal cal -
cu la tion of NMR cross-cor re la tion re lax ation rates in DNA 
nu cleo sides un veils its sig nif i cant de gree of confor -
mational de pend ence on sugar to base ori en ta tion as well as 
on sugar pucker what im proves cur rently es tab lished
schemes for its struc tural in ter pre ta tion.[7] The o ret i cal
pre dic tion of spe cific J-cou pling con stants be tween at oms
of NA base and back bone phos phate across the P=O•••H-C 
mo tif in di cate its pos si ble de tec tion for some rare but im -
por tant back bone to pol o gies, as seen for ex am ple in the re -
verse kink-turn mo tif. [8] Com plete set of the J-cou pling
con stants cal cu lated be tween at oms of the back bone in
NAs can be used for the dis crim i na tion among NA back -
bone struc tural pat terns.[9]
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Nu cleic acid tri plexes can be con sid ered as the re sult from
the se quence-spe cific as so ci a tion be tween a sin gle
stranded oligonucleotide and a dou ble he lix. Tri ple he lix
for ma tion is be lieved to play a role in nu mer ous bio chem i -
cal pro cesses, e.g. reg u la tion of tran scrip tion and rep li ca -
tion, ge netic re com bi na tion of ho mol o gous se quences,
chro mo some fold ing,... One of the most im por tant ap pli ca -
tions of tri ple-stranded com plexes is their po ten tial role to
reg u late gene ex pres sion in vivo.

As not much struc tural knowl edge is avail able on tri -
plex DNA, we in tro duced a novel way of ob tain ing struc -
tural de tails of DNA trip lets by the use of over hang ing
bases. The abil ity of over hang ing bases to form tri plexes
opens up pos si bil i ties for ob tain ing or dered crys tals of tri -
ple he li cal frag ments by ex tend ing the length of the over -
hang ing strands and ap ply ing crys tal-en gi neer ing
tech niques.

De tailed mod els of a par al lel G•GC trip let and of a par -
al lel and antiparallel (G•GC)2 tri ple he li cal frag ment have
been ob tained by the care fully cho sen nonamer
d(GCGAATTCG) and decamer d(GGCCAATTGG) [1,3], 
lead ing to the in ter ac tion in the ma jor groove of the un -
paired gua nine res i dues with the GC Wat son-Crick base
pairs. The nonamer d(GCGAATTCG) crys tal lized in the
B-DNA con for ma tion with un paired gua nine bases at its
ends. Two crys tal lo graphic in de pend ent par al lel
Hoogsteen G•GC base trip lets are formed by in ter ac tion of
the gua nine bases with the ter mi nal C•G base pairs of
neigh bour ing dou ble he li ces [1,2]. The decamer
d(GGCCAATTGG) forms an octamer B-DNA he lix with
two over hang ing G-bases, which are able to form both par -
al lel Hoogsteen and anti-par al lel re verse-Hoogsteen
(G•GC)2 tri ple he li cal frag ments [3,4].

This crys tal en gi neer ing tech nique, which mim ics tri ple 
he li cal frag ments in the crys tal lat tice of d(GGCCAATTG
G) can at the same time be used to im prove the res o lu tion of 

the ob tained dif frac tion data. We have pre vi ously re ported
the 1.9 CA res o lu tion struc ture de ter mi na tion of the mi nor
groove binder DAPI (4’,6-diamidino-2-phenylindole) with 
d(GGCCAATTG G), re veal ing a novel off-cen tered bind -
ing with a hy dro gen bond be tween the drug and a CG base
pair [5]. Struc ture de ter mi na tions of the same decamer with 
distamycin at 2.38 C and 1.85 C, re vealed two 1:1 bind ing
modes for distamycin in the mi nor groove [6]. The same
crys tal en gi neer ing tech nique could be used to im prove the
res o lu tion of the 1:1 d(GGCCAATTGG)-netropsin com -
plex to 1.75 C [7].

In or der to in tro duce a third sub se quent T•AT trip let,
the decamer was fur ther ex tended with one over hang ing
thy mine res i due. These thymines can in ter act with AT base 
pairs form ing T•AT trip lets and hence ex tend the tri ple he -
li cal frag ment to three trip lets.

1. Van Meervelt, L., Vlieghe, D., Dautant, A., Gallois, 
B., Précigoux, G. & Kennard, O. (1995). Na ture, 374,
742-744.

2. Vlieghe, D., Van Meervelt, L., Dautant, A., Gallois, 
B., Précigoux, G. & Kennard, O. (1996a). Acta Cryst, D52, 
766-775.

3. Vlieghe, D., Van Meervelt, L., Dautant, A., Gallois, 
B., Précigoux, G. & Kennard, O. (1996b). Sci ence, 273,
1702-1705.

4. Vlieghe, D., Turkenburg, J.P. & Van Meervelt, L. (1999a).
Acta Cryst, D55, 1495-1502.

5. Vlieghe, D., Sponer, J. & Van Meervelt, L. (1999b). 
Bio chem is try, 38, 16443-16451.

6. Uytterhoeven, K., Sponer, J. & Van Meervelt, L. (2002).
Eur. J. Biochem., 269, 2868-2877.

7. Van Hecke, K., Nam, P.C., Nguyen, M.T. & Van Meervelt, 
L. (2005). FEBS J., 272, 3531-3541. 
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The in teg rity of telomeric DNA and its main te nance is a
hall mark of hu man can cer. Small mol e cule lig ands that tar -
get the sin gle stranded 3’ ends of telomeric DNA are ac -
tively be ing de vel oped as po ten tial anti-can cer ther a peu tic
agents. Re cent struc tural stud ies on these gua nine rich
DNA se quences have re vealed a di verse group struc tures
folded into quadruplexes with a range of com pet ing to pol o -
gies. Struc tural in ves ti ga tions are cur rently un der way to

de ter mine the modes of in ter ac tion of these quadruplex
bind ing lig ands both to the well de fined gua nine tet rads but 
also to the loop re gions to im proved bind ing af fin ity and
se lec tiv ity. Us ing our re cently ac quired struc tural data on
both na tive hu man telomeric se quences and in com plex
with lig ands, we will dis cuss the modes of ligand bind ing
and their ef fects. 
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Mol e cule 1 is one of a fam ily of com pounds de signed as
DNA bisintercalators. They were de vel oped be cause of the
long res i dence times found for these com pounds com pared
with com pa ra ble monointercalators. Ac cord ing to the clas -
si cal bind ing model, they should in ter ca late at sites two
steps apart in the DNA lad der, with the linker in one of the
grooves. So far, how ever, we have never ob served bind ing
ac cord ing to this model, by us ing the method of
cocrystallisation of these com pounds with DNA oligo -
nucleotides, al though the so lu tion ev i dence had been in ter -
preted as bisintercalation. Re cently we have shown that 1
crosslinks the du plex d(CGTACG)2, hav ing crys tal lised in

a novel pack ing in space group P4322. We solved the struc -
ture us ing SAD data at the Sr edge from beamline BM14 at
the ESRF. The linker in this mol e cule is ap par ently too
short for it to be a bisintercalator.


