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PCR 

pDC2 pDC2 CDl l c+  lyzed with cytopathic reduction in human foreskin fibro- 
blast monolayers cultured with vesicular stomatitis virus 

PBMC enriched pure DC Mono Nen (sensitivity, 2 to 25 IU of IFN per milliliter) (23). Cytocen- 

trifuge preparations of cells from 6-hou; ;ultur;s were 
prepared for IFN-a immunostaining with mouse mono- 
clonal antibody 7N4-1 (10 pg/ml; Schering-Plough Re- 
search Institute. Kenilworth. Nj) (21). Cells from 6-hour 
cultures were centrifuged and the sediment frozen for 
IFN-a and IFN-p mRNA PCR analyses (24). 
F. P. Siegal et dl., Leukemia 8, 1474 (1994). 
Reverse transcriptase (RT)-PCR: RNA was isolated 
with the acid guanidinium thiocyanate-phenol-chlo- 
roform method IP. Chomczrski and N. Sacchi. Anal. 

afler 20, 25, 30, or 35 cycles were separated on a 2% agarose gel containing ethidium bromide. 
Negative controls contained no cDNA. Marker is 1-kb DNA Ladder (Life Technologies, Grand Island, 
New York). IFN-a mRNA is apparent in PBMCs, is increased in the DC2 precursors (pDCZs) with 
enrichment and purification, and is diminished in the monocyte fraction. IFN-P mRNA is visualized 
only in the most highly purified DC2 precursors. 

gen-presenting type 2 DCs upon terminal 13. 1. J. Ferbas et al., I .  lmmunol. 152,4649 (1994); 5. B. 

differentiation. Feldman et dl., J. Leukocyte Biol. 57, 214 (1995). 
14. S. Chanekar et dl., J. Immunol. 157, 4028 (1996). 

Type IFNs have pleiotropic effects On the 15. C. Lopez, P. Fitzgerald, F. P. Siegal. 1. Infect. Dis. 148, 
immune system, including up-regulation of 962 (1983); D. M. Howell. 5. B. Feldman. P. Kloser, P. 

MHC class I on all cell types and activation of Fitzgerald-Bocarsly, Clin. Immunol. Immunopathol. 7, 

macrophage and NK cells (21, I F N ~  are also 223 (1994); 1. Ferbas, j. Navratil, A. Logar, C. Rinaldo, 
Clin. Diaqn. Lab. Immunol. 2. 138 (1995). 

critical in the activation and survival of both 16. F. P. s ie ia~ et ai., J. ~ i i n .  ~nvest. 78, ii5'(1986). 
CD4' and CD8+ T cells (25, 26). Now with 17. U. O'Dohertv et al.. 1. EXD. Med. 178, 1067 (1993). 

the ability to trace and isolate IPCS; it should be 18. U. ~ ' ~ o h e r t ;  et al., ;mknology 82. 487 (1994). ' 

possible to directly study the interaction be- 19. G. Grouard et al.,l. ExP. Med. 185, 1101 (1997). 

tween IPCs and other cell types within the 
20. j. Olweus et al., Proc. Natl. Acad. Sci. U.S.A. 94, 

17551 (19971 

(sense: 5'-CATCCCCCTCCTCCTCCTCA-3'; antisense: 
5'-TCATTTCTCCTCTCACAACCTCCC-3'; probe: 5'- 
CTCAACCCATCTCTCTCCTCCATCACATCA-3 ' ) ;  
IFN-p (sense: 5'-TTCAATCCCACCCTTCAATA-3'; 
antisense: 5'-CTATCCTCCACCCACACTGA-3'; probe: 
5'-CCCTCCAATCACACTATTCTTCACAACCTC-3'); 
and human ribosomal protein 514 (sense: 5'-CCCA- 
CACCCACATCAATCCTCA-3'; antisense: 5'-CACC- 
TCCACCCCTCTTCCTCC-3'). Each PCR amplification 
contained primers for the ribosomal protein 514, to 
verify the amounts of cDNA. A CeneAmp PCR Sys- 
tem 9700 (Perkin-ElmerIApplied Biosystems) was 
used with an initial denaturation step of 94°C for 5 
min, followed by cycles of 94°C for 30 s, 60°C for 
30 s, 72°C for 60 s, and a final elongation step of 
72°C for 7 min. PCR products were separated on a 
2% agarose gel, followed by DNA blotting and hy- 
bridization with 32P-labeled probes. 

25. S. Sun et dl., I. Exp. Med. 188, 2335 (1998). 
26. P. Marrack et dl., ibid. 189, 521 (1999). 
27. We thank T. L. Nagabhushan, L. L. Lanier, H. Kanzler, 

D. Imperato, C. Lopez, L. Filgueira, C. Crouard, and R. 
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immune system. IFN-a has been widely used 21. M.-C. Rissoan et a/., science 283, 1183 (1999). Rai for continued S U ~ ~ O ~ ~ . - F . P . S .  is supported by a 

for treating hepatitis B and C as well as various 22. Cells were incubated with UV-irradiated HSV in grant from and upjohn. Research 

cancers. A progressive loss of pcs has been quadruplicate wells (2 X loS ceb in 200 p l  of culture Institute of Molecular and Cellular Biology is 

medium per well with 2 X lo4 plaque-forming units of ed by Schering-Plough Corporation. 
during suggesting that virus in %-well culture dates) 1231. IFN in su~ematants 

IPCs may represent targets for HIV-mediated from 24-hour cultures with and without IL-3 'were ana- 8 February 1999; accepted 3 May 1999 

infection and deletion. The present study pro- 
vides an approach to directly monitor the num- 
ber and functional state of IPCs in these pa- 
tients. The ability to purify and culture IPCs in 
vitro will allow further studies on the molecular 
mechanisms that control the survival and 
growth of IPCs and their production of IFN, 
which may lead to novel therapies for patients 
with viral infections and cancer. 
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Mathl: An Essential Gene for 
the Generation of Inner Ear 

Hair Cells 
Nessan A. Bermingham,'.2 Bassem A. Hassan,'s2 Steven D. P r i ~ e , ~  

Melissa A. V ~ l l r a t h , ~  Nissim Ben-Arie,'* Ruth Anne Eat~ck,'.~ 
Hugo J. Bellen,'.2.4*5 Anna Lysak~wsk i ,~  Huda Y. Zoghbi'.2.3s4.51 

The mammalian inner ear contains the cochlea and vestibular organs, which are 
responsible for hearing and balance, respectively. The epithelia of these sensory 
organs contain hair cells that function as mechanoreceptors t o  transduce sound 
and head motion. The molecular mechanisms underlying hair cell development 
and differentiation are poorly understood. Math7, a mouse homolog of the 
Drosophila proneural gene atonal, is expressed in  inner ear sensory epithelia. 
Embryonic Math7-null mice failed t o  generate cochlear and vestibular hair cells. 
This gene is thus required for the genesis o f  hair cells. 

The inner ear initially forms as a thickening The otic placode gives rise to neurons of the 
of the ectoderm, termed the otic placode, be- VIIIth cranial nerve and invaginates to be- 
tween rhombomeres 5 and 6 in the hindbrain. come the otocyst, from which the inner ear 
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wi l l  develop. The mature mammalian inner 
ear comprises one auditory and five vestibu- 
lar organs: the utricle, the saccule, and three 
semicircular canals (Fig. 1A). The sensory 
epithelia o f  these organs consist o f  mechano- 
receptive hair cells, supporting cells, and 
nerve endings. Hair cells and supporting cells 
proliferate and differentiate within the senso- 

r y  epithelia, with peak mitoses between em- 
bryonic day 13 (E13) and E l 8  in mice (I). 
Although several genes have been implicated 
in the development o f  the inner ear (2), none 
have been shown to be required specifically 
for the genesis o f  hair cells. 

Hair cells and supporting cells arise from 
a common progenitor (3), but the mecha- 

nisms that specify fate are unknown. Dur- 
ing myogenesis and neurogenesis, cell fate 
specification requires basic helix-loop-he- 
l i x  (bHLH) transcription factors (4, 5). 
M a t h l  [mouse atonal (ato) homolog 1.1, a 
member o f  the b H L H  family, is expressed 
in the hindbrain, dorsal spinal cord, and 
external germinal layer o f  the cerebellum 

Fig. 1 (left). Inner ear P-Gal staining (blue) of (B, D, E, and G) Math7 + '@-'"I 

and (C, F, and H) ~ath l@- '~"@- '~ l  embryos. (A) Schematic of mature 
inner ear. Blue indicates location of sensorv epithelium, cochlea fC1. 
saccule (S), utricle (U), and semicircular ~ana~am'~ul lae (SCA). (B and C)  
@-Gal staining in the otic vesicle at E12.5 demonstrates that Mathl is expressed before the differentiation of inner ear hair cells; (D) staining of an 
E14.5 inner ear demonstrates staining throughout the sensory organ epithelia. (E and F) Surface views at the middle turn of an E18.5 cochlea. There 
is positive staining of the three outer and one inner hair cell rows in (E) and nonspecific staining in (F). (C and H) Sections through the basal region 
of an E18.5 cochlea: scala vestibuli (SV) and scala tympani (ST). Insets show high magnification of the middle region of the organ of Corti and 
demonstrate the absence of hair cells. (C) Hair cells are deeply stained; (H) in the null mutant, hair cells are absent. Original magnifications are as 
follows: (B and C), X100; (D), X50; (E and F), X630; (C and H), X160; and insets in (C) and (H), X400. Fig. 2 (right). Scanning electron 
micrographs of E18.5 inner ear sensory epithelia in wt and ~ath l@- ' " "@- '~~ mice. (A, C, and E) Wild-type epithelia; (B, D, and F) null epithelia. (A and 
B) The organ of Corti of the cochlea at the middle turn. In wt mice, there are three rows of outer hair cells (1, 2, and 3), one row of inner hair cells 
(I), all with hair bundles (HB). The tectorial membrane (TM), an accessory structure of the cochlea, is seen at the bottom. Above the hair cells are 
nonspecialized epithelial cells with rudimentary kinocilia (RK). (B) In null mutants, there are only nonspecialized epithelial cells. (C and D) Crista 
ampullaris of a vertical semicircular canal. The null crista is similar to  the wt crista in overall shape, including the septum (eminentia) cruciatum (EC), 
but is smaller and lacks hair cells. (E and F) The macula of the utricle. The null macula is smaller than the wt macula and Lacks hair cells. Scale bars 
represent 10 p m  in (A) and (B), 50 p m  in (C) and (D), and 100 p m  in (E) and (F). 
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(6-8). Mice that are heterozygous for a 
targeted deletion of Mathl (Mathl+/-) are 
viable and appear normal, but Mathl-null 
mice (Mathl-I-) die shortly after birth and 
lack cerebellar granule neurons (8). To 
detect subtle Mathl expression patterns 
missed by RNA in s i t -  hybridization, 
we generated a second Mathl-null allele 
( M U ~ ~ I P - ~ " ~ P - ~ ~ ' )  by replacing the Mathl 
coding region with $-galactosidase ($-Gal) 
(9, 10). MathlP-GaVP-Ga' m' ~ c e  showed all the 
phenotypic features reported in the Mathl-I- 
mice (8). P-Gal expression in the cerebellum 
and dorsal spinal cord was identical to that 
of Mathl (10). $-Gal was also expressed 
throughout the prospective sensory epi- 
thelia of the otic vesicle at E12.5 of both 
Mathl+'P-Ga' and Mathlf'-GaVf'-Gal embryos 
(Fig. 1, B and C). Expression was evident 
throughout the sensory epithelia of the utri- 
cle, saccule, semicircular canals, and cochlea 
at E14.5 (Fig. ID). By E18.5, $-Gal was 
restricted to the hair cells of the developing 
sensory epithelia in M~thl+'P-~"' m ice (Fig. 
1, E and G) (11). However, MathlP-GaVP-Gd 
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diatrics, 4Developmental Biology Program, 5Division 
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mice retiined $-Gal expression in some sup- 
porting cell layers of the sensory epithelium. In 
the cochlea, P-Gal expression was absent in the 
basal tum (Fig. lH), greatly decreased in the 
middle tum (Fig. IF), and similar to hetero- 
zygotes in the apical tum at E18.5 (12), consis- 
tent with the basal to apical developmental 
gradient of the cochlea. Gross morphological 
analysis of the inner ear of MathlPGa"@-Gd 
mice at E18.5, 1 day before full gestation, re- 
vealed no obvious defects in overall structure 
compared with wild-type (wt) littermates. The 
branches of the WIth cranial nerve were 
present and reached the epithelia (12). 

To examine the sensory epithelia, we ex- 
cised utricles and cochleas of wt, Mathl+'P-Gd, 
and Mathl*G"VP-G"' mice and viewed the sen- 
sory epithelia with Nomarski optics. Hair bun- 
dles were present in both organs of wt mice and 
heterozygotes but were completely absent in 
Mathl-null littermates. Scanning electron mi- 
croscopy (SEM) of the cochlea and vestibular 
organs confirmed the absence of hair bundles in 
null mice (Fig. 2) (13). To determine whether a 
lack of hair bundles reflects the absence of hair 
cells, we examined cross sections of the sensory 
epithelia of all inner ear organs, using both light 
microscopy (LM) and transmission electron mi- 
croscopy (TEM). Sensory epithelia in null mice 
were considerably thinner, lacked the n o d  
stratification of cell nuclei, and stained uni- 
formly. All of this is consistent with the absence 
of hair cells (Fig. 3). TEM clearly distinguishes 
between hair cells and supporting cells in nor- 
mal utricles: Hair cells have hair bundles, less 
electron-dense cytoplasm, more apical nuclei, 
and no secretory granules (14). The sensory 
epithelia of the null mutants lacked hair cells 

Fig. 3. tight micrographs 
of semithin transverse A I - 
sections of inner ear sen- , . 
sory epithelia in (A, C, 4. 
and E) wt and (0, D, and .$ 
F) Math7P-caVp-Ga' mice % 

at E18.5. (A) In wt cochlea 
at the middle turn, three 
outer hair cells (1, 2, and C 
3) and one inner hair cell - HC, 
(I) are present, whereas 
(B) the null mutant co- 
chlea has only epithelial 
cells in the same region. 
The tectorial membrane 
(TM) is seen at  the top of 
(A) and (B). Hair cells 
(HC) and supporting cells 
(SC) are present in (C) the 
wt crista ampullaris and . E, . I 
(El utricular macula, but 
&;ly supporting cells are . . 
present in (D) and (F) null 
mice. The crista was cut 
obliquely, accounting for 
the rnul t i~ le  lavers of 
hair cells ir; (C). +he otolithic membrane (OM), an accessory structure of the utricle, is present in 
both (E) wt and (F) null mice. Scale bars represent 100 p m  in (A) and (B), 50 prn in (C) and (D), 
and 25 p m  in (E) and (F). 

entirely but did have supporting cells with a 
normal appearance, including electrondense 
cytoplasm, basal nuclei, and secretory granules 
(Fig. 4, A and B). In the cochlea, TEM analysis 
demonstrated the loss of hair cells as well (Fig. 
4, C and D). In addition, there was no evidence 
of apoptotic cell death in the sensory epithelium 
by LM and TEM analysis. 

The lack of hair cells at E18.5 may be due 
to a lack of sensory cell progenitors, the 
inability of progenitors to differentiate into 
hair cells, or the inability of hair cells to 
maintain the differentiated state (IS, 16). The 
first possibility is unlikely because progeni- 
tors give rise to both hair cells and supporting 
cells (3), and supporting cells were present in 
MathlP-GaVP-Ga' mice. To test the remaining 
possibilities, we examined the expression of 
the hair cell-specific markers, myosin VI and 
calretinin. Both are expressed in differentiat- 
ing hair cells (before hair bundle formation) 
and in mature vestibular and auditory hair 
cells, but not in supporting cells (17-19). 
Myosin VI is first detected at E13.5 in the 
developing inner ear (16), whereas calretinin 
is expressed 2 days later at E15.5 (18). Anti- 
bodies to myosin VI and calretinin were used 
to detect expression of these hair cell markers 
in wt and MathlP-GaVP-Gal littermates. Myo- 
sin VI-positive cells were clearly visible in 
the developing otic vesicles of wt embryos but 
were completely absent in MathlP-GaVP-Ga' 
embryos (Fig. 5, A and B). Myosin VI stain- 
ing was absent in the cochlea of E18.5 
Mathl-null mutants (12). Calretinin-positive 
cells were observed in the sensory epithelia 
of all E15.5 (I2), E16.5 (Fig. 5, C through F), 
and E18.5 (Fig. 5, G and H) wt mice, but they 
were not observed in the sensory epithelia of 
~~thlP-GaVP-Gal ice (Fig. 5, C through H) 
(20). Given the basal to apical developmental 
gradient of the cochlea, we examined sec- 
tions from basal, middle, and apical turns. 
Hair cells were lacking in all sections; repre- 
sentative sections from the middle turn are 
shown in Figs. 2 through 4. These data dem- 
onstrate that hair cells never developed with- 
in the sensory epithelia of MathlP-GaVP-Ga' 
mice. The presence of the tectorial and oto- 
lithic membranes [secreted in part by the 
supporting cells (21, 22)], together with the 
TEM results, indicates that the sensory epi- 
thelia of MathlP-GaVP-Ga' m ice have function- 
al supporting cells. Preliminary data from 
TEM and LM cross sections show apparent 
overcrowding of nuclei in the basal layers of 
the sensory epithelia of null mice, consistent 
with an increase in the number of supporting 
cells in the sensory epithelia (Fig. 4, C and 
D). This finding, together with the absence 
of apoptosis, raises the possibility that, in 
MathlP-GaVP-Ga' mice, there is a fate switch 
from hair cells to supporting cells. 

Mathl is essential for hair cell develop- 
ment in the inner ear. Its expression pattern 
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Fig. 4 (left). Transmission electron micrographs of E18.5 (A and B) 
utricular macula and (C and D) the middle turn of the cochlea in w t  
and null Math7p-ca11p-ca' mice. Hair cells (HC) and supporting cells (SC) 
are present in (A) wt utricular macula, but only supporting cells are 
present in (B) null mice. Hair cells have hair bundles (HB); supporting cells 
have microvilli (MV). Hair cells are less electron dense and have more 
apical nuclei than supporting cells, but only the latter have secretory 
granules (SC). Some immature hair cells (IM) are evident in the wt mice. 
(C) In the wt cochlea, several cell types can be observed: outer hair cells 
(1,2, and 3), inner hair cells (I), Deiter's cells (D), Hensen's cells (H), and 
inner (IP) and outer pillar (OP) cells. Radial afferents (RA) are seen 
approaching the base of the inner hair cell. The section is slightly oblique, 
and parts of two adjacent inner hair cells can be seen. (D) In the null 
cochlea, there are no obvious distinctions between cell types, with the 
possible exception of the cell at the far left, which may be a Hensen's cell. 
Both wt and null cochlea have a tectorial membrane (TM), which covers 
the supporting cells on the right of (C and D). Scale bars represent 10 
m .  Fig. 5 (right). (A through F) Confocal and (C and H) immuno- 
fluorescence microscopy of (A, C, E, and (3) wt and (B, D, F, and H) 
~ a t h l @ - ~ ~ " P - ~ ~ '  embryos. (A and B) Myosin VI immunostaining of an 
E13.5 vestibule. (C through F) Calretinin immunostaining of E16.5 
utricles. ((3 and H) Calretinin immunostaining of E18.5 crista ampullaris. 
The crista is cut at an oblique angle, which accounts for the multiple 
layers of hair cells in (C). lmmunostaining (green) with myosin VI and 
calretinin is evident in immature and mature hair cells of (A, C, E, and C) 
wt epithelia but is clearly absent in (B, D, F, and H) MathlP-GaVP-Ga' 
epithelia. Boxed areas in (C) and (D) indicate regions magnified in (E) and 
(F). Sections were counterstained with (A and B) TOTO-3 iodide or (C through F) propidium iodide for confocal microscopy and were counterstained 
with (C and H) DAPl for immunofluorescent microscopy. Scale bars represent 50 p m  in (A) and (B), 100 p m  in (C) and (D), and 15 pn in (E) and (F); 
original magnification is x2OO in ((3) and (H). 

and in vivo function are akin to those of supporting cells (26) ,  in which the interplay ~~f~~~~~~~ ~~t~~ 
Mathl's proneural homolog, ato (23). ato is of Delta and Notch homologs results in the I. R. I. Ruben. Acta oto-~aryngol. suppl. 220.1 (1967). 

expressed in a ring of epithelial cells within 
the antenna1 disc of Drosophila. Some of these 
cells will subsequently give rise to mechano- 
receptors in the Johnston organ, which is nec- 
essary for hearing (24)  and negative geotaxis 
(25). Mechanoreceptor progenitor cells are 
affected in ato mutants (23), whereas only the 
mechanoreceptors, and not their progenitors, 
are absent in Mathl-null mice. 

To our knowledge, Mathl is the first gene 
shown to be required for the specification of 
hair cells. We propose that Mathl acts as a 
"pro-hair cell gene" in the developing sen- 
sory epithelia. Three recent studies provide 
evidence supporting a lateral inhibition mod- 
el for the determination of hair cells and 

selection of individual hair cells from clusters 
of competent cells. Such a model entails that 
the sensory epithelia express a pro-hair cell 
gene, whose function is essential for hair cell 
fate specification. Mathl is a likely candidate 
for such a gene. 

Finally, because ectopic expression of ato 
in the h i t  fly (23) [and its homolog Xathl in 
Xenopus (27)]  can recruit epithelial cells into 
specific neuronal fates, it should be possible 
to test whether expression of Mathl in inner 
ear epithelia recruits hair cells. The potential 
clinical applications of such studies cannot be 
overlooked, because loss of hair cells through 
disease, trauma, and aging is a common cause 
of deafness and vestibular dysfunction. 
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m o u n t  studies. 
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slides by dipping for  10  m i n  i n  Streck tissue f ix- 
at ive (Streck Laboratories, Omaha, NE) and air 
drying. Sections were blocked in  10% normal  goat 
serum and 0.3% Tr i ton X - I 0 0  in  PBS for  1 hour a t  
room temperature (RT).  Rabbit polyclonal ant i -  
body t o  calretinin (Chemicon International, Te- 
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Crystal Structure of the Za 
Domain of the Human Editing 

Enzyme ADARI Bound to  
Left-Handed Z-DNA 

Thomas Schwartz,' Mark A. Rould,' Ky Lowenhaupt,' 
Alan Herbert.' Alexander Rich1* 

The editing enzyme double-stranded RNA adenosine deaminase includes a DNA 
binding domain, Zoc, which is specific for left-handed Z-DNA. The 2.1 angstrom 
crystal structure of Zol complexed to DNA reveals that the substrate is in the 
left-handed Z conformation. The contacts between Zoc and Z-DNA are made 
primarily with the "zigzag" sugar-phosphate backbone, which provides a basis 
for the specificity for the Z conformation. A single base contact is observed to 
guanine in the syn conformation, characteristic of Z-DNA. Intriguingly, the 
helix-turn-helix motif, frequently used to recognize B-DNA, is used by Za to 
contact Z-DNA. 

Since the elucidatioi~ of the structure of left- 
handed Z-Dii.4 in 1979 (1). the questioil of a 
biological role for this coilfornlatioil has re- 
nlained in the forefront of research in the 
field. The discovery of a Z-DNA binding 
activity for double-stranded (ds) RNA aden- 
osine dealnillase (ADARl) constituted an im- 
portant step (2). ADARl deanlillates adenine 
in pre-mRNA, yielding iilosine. which codes 
as guanine. Suc11 codon changes result in 
alternative folms of the translated proteii~. 
The NH,-tern~inus of ADARI includes a do- 
main, Z a .  \vhich is responsible for high-af- 
finity binding to the Z coilfornlatioil of DNA. 
This was originally shown by a band-shift assay 
(3). where the binding withstood a challenge of 
a 10,000-fold nlass excess of llollspecific B- 
DNA competitor (3. 4) .  Circular diclxoic and 
Rainan spectroscopic measurements have con- 
fiinled the specificity of Zoc coiltaiiliilg peptides 
for Z-DNA (4-6).  Z a  is the prototype for a 
family of related peptides, which share com- 
ino~l  ainillo acid sequence motifs (4). We have 
now cocrystallized a proteolytically de- 
filled Z a  do~na in  [residues 133 to 209 (7, 
8 ) ]  of human ADAR1 with the 6-base pair 
(bp) DNA fragment d(TCGCGCG),. The 
structure was deter~niiled by single isomor- 
phous replacement including ailoinalous 
scattering (SIRAS) and was refilled to a 
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resolutioll of 2 1 14 (Table 1) 
The monomeric Z a  domain binds to one 

strand of the palindromic dsDNA. The con- 
fonnatioll of the DNA substrate is very sim- 
ilar to the calloilical Z-DNA structure deter- 
mined by Wailg et trl. (1, 9) [root mean 
square deviation (nnsd) 0.80 14, illcludiilg all 
atoms in the duplex]. A second monomer 
related by the t\vofold axis of the DNA oli- 
goiner binds to the opposite strand of the 
DNA; l~owever. the two proteins do not in- 
teract \vith each other. In the asymmetric unit 
thele ale thlee independent Za-DNA coin- 
plexes (10) 

The Z a  donlaill has a coinpact a, p archi- 
tecture containing a three-helix bundle ( a1  to 
013) flanked on one side by a twisted antipa- 
rallel p sheet (PI to P3) (Fig. I) .  The NH,- 
terlniilal helix a 1  (SerU"o Leu1") is fol- 
lowed by the short-strand P l  (Ala15' to 
~ 1 ~ ~ 1 5 7  ); which positions the COOH-terminal 

p hailpin (p2:  Leu1" to Ala1"$3: Pro1" to 
Ile'"') by means of two hydrogel1 bonds. This 
arrangement of a p hailpin with exactly two 
hydrogen bonds to a third P strand is a com- 
mon feature of helix-turn-helix (HTH) pro- 
teins with ol:P topology. Helices a 2  and a 3  
(Ala15"o and Lysl") to Lysl") re- 
side bet~veen p 1 and P2 and form the HTH 
motif. Aliphatic residues from the three heli- 
ces, together \vith Trplg in strand P3, inter- 
digitate and foiln a hydrophobic core. The 
secondary structure reported in a nuclear 
magnetic resonance experinlent indicates that 
the unbound protein in solution adopts a ery 
siinilar fold (11). 
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