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Crystal Structure of lac 
Repressor Core Tetramer and Its 

Implications for DNA Looping 
Alan M. Friedman, Thierry 0. Fischmann, Thomas A. Steitz* 

The crystal structure of the tryptic core fragment of the lac repressor of Escherichia coli 
LacR) complexed with the inducer isopropyl-p-D-thiogalactoside was determined at 2.6 6 resolution. The quaternary structure consists of two dyad-symmetric dimers that are 
nearly parallel to each other. This structure places all four DNA binding domains of intact 
LacR on the same side of the tetramer, and results in a deep, V-shaped cleft between the 
two dimers. Each monomer contributes a carboxyl-terminal helix to an antiparallel four- 
helix bundle that functions as a tetramerization domain. Some of the side chains whose 
mutation reduce DNA binding form clusters on a surface near the amino terminus. Placing 
the structure of the DNA binding domain complexed with operator previously determined 
by nuclear magnetic resonance onto this surface results in two operators being adjacent 
and nearly parallel to each other. Structural considerations suggest that the two dimers 
of LacR may flexibly alter their relative orientation in order to bind to the known varied 
spacings between two operators. 

T h e  regulation of transcription is a central (JO), gal (1 I), and lac operons (6, 7, 1 I), in 
mechanism of metabolic control and devel- positive regulation in prokaryotes, for ex- 
opment in all organisms. Positive and neg- 
ative regulation are mediated by regulatory 
proteins that bind DNA either near to or at 
a distance from the start of transcription 
(1). The lac operon of E. coli and the lac 
repressor (2) are examples of negative tran- 
scriptional control acting both nearby and 
at a distance. In the absence of inducers. 
which signal a requirement for the enzymes 
encoded by the lac operon, the repressor 
binds a high-affinity lac operator DNA site 
( 0 1 )  centered at the +9 base pair (bp) 
from the start of transcription. This site 
overlaps the binding site for RNA poly- 
merase (3). The bound repressor either in- 
hibits the binding of RNA polymerase (4) 
or stops its entrv into the ~rocessive elon- 
gation phase (3, preventing effective tran- 
scription of the genes for lactose metabo- 
lism. In the presence of inducers, the repres- 
sor's affinity for operator drops, and tran- 
scription ensues. 

The lac repressor also mediates DNA 
loo~ine  that results from interaction with . - 
multiple operator sites (6, 7), a common 
theme in prokaryotic and eukaryotic tran- 
scription regulation (1). Numerous exam- 
ples of DNA looping have been observed in 

A - 
neeative regulation in ~rokamotes. includ- 

ample NtrC (12), and in positive regulation 
in eukaryotes, such as the progesterone re- 
ceptor (13) and Spl (14). Unlike these 
transcription regulators, LacR is a tetramer 
that can bind two DNA operator sites and 
form bidentate interactions with the lac 
promoter (6, 7, 11). These bidentate inter- 
actions are required for maintaining the 
repression efficiency found in the lac operon 
(1 5). In LacR, separated DNA binding sites 
are brought together by a single protein 
molecule, creating a favorable system for 
studying the structural organization of pro- 
teins bound to separated regulatory sites. 

LacR is organized into an architecture 
common to many prokaryotic and eukary- 
otic transcriptional regulators that have a 
small DNA binding domain (headpiece) 
and a larger regulatory domain (core). Al- 
though about two dozen structures of DNA 
binding domains from transcriptional regu- 
lators complexed with DNA have been de- 
termined, few structures of multidomain 
transcription factors or of isolated regulato- 
N domains are known. The intact 38-kilo- 
dalton repressor forms a homotetramer of 
152 kD. Trypsin cleaves intact LacR into 
four 6-kD monomeric headpiece domains 

- - , , 
ing phage A repressor (8), the ara (9), deo 
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Table 1. Structure determ~nat~onand refnement The observed B~jvoet(shown on diagonal) and d~sper 
slve (shown off-dagonal) mergng R factors on lntens~tybetween measurements In the MAD data set are 
shown Anomalous scatterer parameters for the edge wavelength were ref~nedw h e  those for the remote 
wavelength were held f~xedat ther theoret~cavalues (56)The completeness of the data for phase 
determ~natonIS deta~ledas 1s the agreement between Independent redundant determ~nat~onsof the 
MAD fundamental parameters Fa F, and A h  where Fa 1s the magn~tudeof the anomalous structure 
factor F, 1s the magntude of the wavelength-~nvar~atitstructure factor and 14)1s the d~fferencen phase 
angle between the anomalous and the total structure factors (29)The qual~tyof both the MAD f~ t tng  
procedure and the s~~bsequentanomalous scatterer refnement was confrmed by the agreement be 
tween Fa alid F, calculated from the ref~nedparameters F~nally the correctness of the stat~st~cal 
procedures 1s ndtcated by the close agreement between the u of 1cb  and the d~fferencebetween 
Independent determnat~onsof 14 (<A(A+)>) as well as by tlie agreement between the tr of Faatid the 
mean resdual after anomaoc~sscatterer refnement (<IF,- F, I > )  

Data co//ection 

R* for matched measurements In a phaslng set 
Scatterng 

WaveAength Overall, 23-3.5A factors
Low resouton. 23-7.5A 

Edge Remote, Edge Remoteo f '  f " 
1.0088A 0,9840A 1.0088 0.9840A i e  ) (e -1 

1.0088.edge ND 0.016 ND 0.024 -23.4 1,9 
0.9840,remote 0.031 0.046 -10.2 9.7 
Centric Bijvoet 0.018 0.032 

R factor 

Phase detern~n~ation 

Resolution range (A) 
Data type 

23.0-6.0 6.0-3.5 230-3.5 

MAD phase determination sets measured (N) 4568 13055 17623 
Total possbe unique reflections (N) 3504 13929 17433 
Unique reflections phased by MAD (N) 2801 10036 12837 
Unique reflections phased by MAD (06) 79.9 72.1 73.6 
Mean a of A+, <a(Acb)> 49.1" 61.9" 57.2" 
Mean figure of merit <m-I.> 0.65 0.47 0.54 
Agreement between independent phase determinations 

Redundant phase det (No.) 1767 3019 4786 
RIF,) between redundant det? 0.029 0.039 0.035 
R(F,) between redundant det:!: 0.465 0.499 0.486 
Mean phase difference, <A(&)> 50.0" 68.9" 61.9" 

Anomalous scatterer refinement 
Refect~onsin refinement (N) 442 298 740 
R factor between Faand FcS 0.231 0.414 0.311 
Mean resdual, < Fa- F, > 49.7 102.3 70.9 
Mean cr of Fa.<u(F,)> 38.0 49.9 42.8 

Symmetty averagii~g 

Resolution range (A) 
Data type 

23.0-5.4 5.4-3.4 3.4-2.6 23.0-2.6 

Data used for averaging and refinement 
Total poss~bleunique reflections (N) 4815 14056 23246 42117 
Unique reflections measured (N) 4808 14013 22259 41080 
Unque refect~onsmeasured (Sb) 99.9 99.7 95.8 97.5 
Merging R factor 0.048 0.079 0.253 0.095 

Symmetry averaging 
R factor on Four~erinverson of f n a  map7 0.122 0152 0.284 0.188 

R = , I h  - .:l(li)>11,,, 1,ih).summaton taken ocer a par  of matched B~jcoetlnates or a c~oss-v~avee~ig t l i  
dispersve par. -:-Fgureof merit: deined as cos < u ( l b ) >(29). +R = I , . , I F ( h l  - .:F(hl> \,,,,F(Ii) s~lmmaton 
taken over Independent phase deterlnnat ons. SR = I,,F,(hl - F,(hlliI,.F,!h), vlhere Fas the estlnate of F ~ > i ~ tfroln 
the observed data and F, s the caue calculated froln the reined heavy atoln paralneters. The s~~mlna tons taken over 
ail reiectons used ior refir~enent,whlch were tliose lneetlng the qual~tycl-ltera of Fa > 4 ' nF,, F , .: 500 (on abso l~~te  
scale), and m!l\b) .: 80". R = 1 ,I h - .:l(h)l '2-/,ih), summation taken over a B~jcoetlnates and all 
waceengtlis. 7 R  = 1,.lF,,!h) - F,(hlI,lZ,,F,ih), -!here F, 1s the observed str~~cturefactor magntude and Fc s tile 
structure factor lnagnt~ldecalculated from Fourier invet-sonof the fnal cycle of averaging Tlie su~nmaton1s taken over 
a rneasured reflect ons. 

(residues 1 to 59) and the 128-1<L3tetralnerlc 
core fragme~lt(16).  A n  isolatctl heailpiece 
domain hinds specifically to one-half of the 
dyad syln~netricoperator anil does not re-
spolld to inducer (17).T h e  nuclear magnet-
ic resonance (NMR)  structures of the head-
piece (18) and a he,~ilpicce-DNAhalf-oper-
ator complex (19)  reveal a hel ix- t~~m-hel ix  
lnotif and protun-DNA contacts. 

T h e  LacR core retams the incl~~cerhinil-
11lg anii ollgomcriz,ltion properties of the  
intact m o l e c ~ ~ l e(20) .  Seq~lencesimilarity 
(21) and three-dimensional structure pro-
files (22) shoned that the core is homolo-
gous to the  iieriplasmic hincling proteins 
(23) ,  and allowed huililing an  approxilnate 
moilel of the LacR monomer (24) .  A struc-
ture of the dilneric pilrme repressor corn-
plexed n.1t11 D N A  is now ,I\-ailahle (25), 
confirnling the  s t r ~ ~ c t i ~ r a lhomology be-
tween the  tral-isport and regrllator sLWr 
hincllng protein f~mll les .  

Each of the LacR core di~nersorients the  
tn.o attached headpiece (lomains for inter-
action with operator, enlia~lcingtheir affin-
ity (17,  26) ,  since ~ n o n o ~ n e r i cheadpieces 
h11li1 D N A  weakly. Core also reg~llates 
D N A  affinity by translnittlllg the  allosteric 
signal from the  inil~lcerliindi~lgsltes 111 the 
core to the  D N A  hinding domains. T h e  
hindillg of is~pr~~~yl-P-L>-thii~gi~l~~cto~icde 
(II'TG) to lacR lowcrs lacR1s affinity for 
operator D N A  lee0 tilnes (27) ,  L ~ r c s ~ ~ m a h l y  
through rcorlentatioll of the heailpieces 
(17). Since the  core retams the  tetrameric 
s t r u c t ~ ~ r eof LacR, it not [only positions a 
pair of headpieces to hinil a single operator, 
l i i~talso positions the second pair of head-
pieces relative to the first, defining the 
glohal structure ot hiilentate cc~mpleses 
wit11 DNA. 

Structure determination. T h e  tryptic 
core fr,lgment (resiilues 69 to 369) \vas pre-
pared ( 16) and reacteii nit11 ethylmercury 
phosphate liefore cryst~~llization(25) .Exper-
mental phases were cleter~nlnecl1.y the 111111-

t~uavclengtha n o m a l o ~ ~ sdiffraction ( M A D )  
met!lod (29) Lvith the incoryoriitecl mercury 
as the a n o m a l o ~ ~ sscatterer (Tahlc 1)  (30). 
T h e  determination ot this hrge str~lctureby 
MAL3 and symmetry averaging extends the 
~~sefi~lllessof this combination ( 31 ) to sig-
nificalltly smaller anomal(>i~sdifil.,iction sig-
nals. Scaling of the M A D  data ancl phase 
iictcrmination (Table 1)  \yere iione with a 
new suite of programs MAL3I'RR (32) Jc-
riveel horn the orig~llalpack*e (29) .  

T h e  M A P  electron density map calcu-
lated at 4.5 A reso l~~ t ion(Fig. 1 A )  was the 
startlllg point for phase improvement 
(Table 1)  (33) .  Phases were ilnproved f ~ r s t  
by scolvent flattelljng and f i ~ ~ ~ r f o l dsymmetry 
,iveraging a t  4.5 '4 resolution (Fi:. l0B),and 
sul~sccluentpha5e extension to 2.6 A .  After 
the  COOH-terminal resicdues were located 
and incluiled ~n the  sc~lvent f la t ten~ng 
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domain 

Ribose 
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COOH 

Fig. 2. Tertiary structure of the lac repressor core fragment. (A) Stereo repressor core fragment monomer (in silver) using the program 0 (58). 
drawing (57) of Ca backbone of one of the two dimers of the core fragment. Residual rms differences after alignment were 1.6 A for 242 Ca atom pairs 
(B) Comparison of a periplasmic receptor protein and thelac repressor core closer than 3.8 A: Ribose transformed with the same alignment matrix and 
fragment monomer. The Ca coordinates of the ribose binding protein com- IPTG are also shown. [Figs. 28 and 3 through 6 were made with the 
plexed with ribose (37) (in red) were superimposed on those of the lac program RIBBONS (59).] 

mask, another round of phase improvement 
gave the final map (Fig. 1C). This map was 
used to build a model of residues 61 through 
356, IPTG and ethylmercury. The structure 
was refined (34) to a crystallographic R 
factor of 22.2 percent for all data (IF1 > 20 
IF1 between 8 and 2.6 A resolution (Table 
1). The root-mean-square (rms) deviations 
of bond l e n ~ t h  and angles from ideality 
were 0.012 A and 1.8 degrees, respectively. 
The refined structure was confirmed by sim- 
ulated annealing omit maps (Fig. ID). 

Each monomer has two alp open-sheet 
domains and a COOH-terminal a helix 
(Fig. 2, A and B). The NH2-terminus of the 
core and most of the NH2-terminal residues 
are located in the NH2-domain. Likewise, 
most of the COOH-terminal residues are 
located in the COOH-domain. An extend- 
ed coil segment (residues 331 to 337) con- 
nects the COOH-domain to a COOH-ter- 
minal a helix (residues 338 to 356) bearing 
two leucine heptad repeats. The importance 
of the leucine heptad repeats for tetramer- 
ization has been demonstrated (35, 36). 
This helix along with the corresponding 
helices of the other three monomers forms a 
four-helix bundle oligomerization domain, 
which knits together the tetramer. 

The bodv of the monomer com~lexed 
with IPTG has a tertiary structure similar to 
the structures of the glucose-galactose- 
arabinose-ribose family of periplasmic re- 
ceptor proteins complexed to their respec- 
tive sugars (23). As predicted (22), the 
ribose binding protein (37) is the member 
of this family with the greatest structural 
similarity to LacR (Fig. 2B). 

A cleft between the two domains enclos- 
es the inducer IPTG. Pyranose IPTG binds 
in a position similar to the pyranose isomer 

of ribose in the periplasmic receptor struc- 
ture (Fig. 2B). Important hydrogen bonding 
interactions are made with IPTG by resi- 
dues including Ser69, ArglO1, Asp149, 
Arg197, and Asp274. Hydrophobic 
contacts are made by residues including 
Leu73, Ala75, Pro76, TrpZ20, Phe293, 
and Leu296. 

Unusual, nonsymmetric LacR quater- 
nary structure. The overall symmetry of 
the core tetramer differs from other known 
tetramer structures, which have either D2 
symmetry (three mutually perpendicular 
twofolds) or C4 symmetry (a single four- 
fold). Tetramers having D2 and C4 symme- 
tries cannot form larger aggregates by build- 

Cool 

Fig. 3. Quaternary structure of the lac repressor core fragment. The coloring of subunits is constant 
throughout the panels while the same viewing orientation (approximately that of Fig. 2) is maintained in the 
first three. (A) One of the two dyad symmetric dimers. (B) The second dyad symmetric dimer, which lies 
behind the one shown in (A). (C) The complete tetramer comprising two dimers connected by the 
four-helix bundle oligomerization domain, which is located at the bottom of the panel. (D) The structure 
in (C) rotated approximately 90 degrees around the vertical axis. 
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ing on the tetramerization interfaces (38). 
In LacR, the bodies of each core monomer 
form two C2-symmetric dimers (Fig. 3, A 
and B). These two dimers are arranged 
head-to-head and nearlv ~arallel to one an- 
other with their ~ ~ ~ - t & m i n i  on the same 
face of the tetramer (Fig. 3, C and D, tops of 
both). The dyad axes of the dimers diverge 
from parallel by only 28". The translation 
between the dimers and the small diver- 
gence of their dyad axes create a deep, 
V-shaped, solvent-filled cleft between them 
(Fig. 3D). 

Although the overall symmetry of the 
core tetramer is not D2, the four COOH- 
terminal helices form an oligornerization 
domain, an antiparallel four-helix bundle 
with D2 symmetry (Fig. 3, C and D, lower 
part of each, and Fig. 4A) as predicted (35). 
Because the surface that forms the dimer- 
dimer interface is confined to the four-helix 
bundle, the D2 symmetry of this domain 
prevents infinite aggregation (38). Because 
the four-helix bundle and the two dimers of 
the body of the subunits have different sym- 
metries, the coil segment connecting the 

Fig. 4. (A) The structure of A 
the four-helix bundle oli- 
gomerization domain. (6) NZ 
Superposition of the four 
helices showing the varia- 

terminal helix and the rest of the molecule 
adopts a different conformation in each 
monomer (Fig. 4B). 

Independent evidence supports the V- 
shaped LacR core structure observed in the 
crystal being the predominant conforma- 
tion in solution for both core and intact 
LacR. X-ray (39) and neutron (40) scatter- 
ing studies on solutions of LacR and core 
are consistent with the quaternary structure 
in the crystal. Using the refined crystal 
structure atomic coordinates. we have cal- 
culated radius of gyration (r,) and maxi- 
Tum dimension jD,,,) values (r,  = 32.2 
A; D,,, = 94.5 A) that are close to exper- 
imental values dcrived from soLution scat- 
tering (r,=34.2 A; Dm,,= 100 A). In con- 
trast, a model-built extended D2 symmetric 
siructure gives calculated values (rg=43.9 
A; D,,, = 138.3 A) that are significantly 
larger than the observed values. Thus, the 
extended conformation cannot exist as a 
significant species in solution. Neutron 
scattering also predicts a solvent-accessible 
inhomogeneity, presumably the V-shaped 
cleft, within the scattering particle (40). 

Fig. 5. Mutations in LacR 
core (24, 60) divided into 
eight classes on the basis 
of their phenotype and lo- 
cation. Alpha carbons 
and side chains of the 
wild-type residues whose 
mutation results in the r 
various phenotypes are 
shown. (A) I S  mutations 
located 'in the inducer 
binding cleft are silver 
while those located at the 
dimer interface are gold. 
(6 and C) I -  mutations, di- 
vided into those located I 

COOH 

within the hydrophobic 
core (B, in silver), those lo- 
cated at the dimer inter- 
faces (B, in gold), those 
located within the IPTG 

sumed to form the inter- 
face with the headpiece domain (C, in gold). (D) Mutations that have been shown by biochemical means 
to alter the oligomerization of LacR. Side chains whose mutation results in dimers are shown in silver, 
while those which result in monomers are in gold. 

Negatively stained electron micrographs of 
intact LacR show a molecule of approxi- 
mately the dimensions seen here with a 
deep cleft that fills with stain (41 ). These 
micrographs were interpreted as two pairs of 
cylindrical subunits diverging by an acute 
angle, as in the core structure. Finally, both 
LacR and core have a strong. Dermanent -, . 
electric dipole (42), a finding inconsistent 
with D2 svmmetrv. We conclude that the 
unusual quaternary structure observed in 
the crystal is not a crystal packing artifact 
but is the predominant species in solution 
for both core and intact LacR. 

Although various techniques confirm 
that the crystal structure is the predominant 
structure in solution, the forces maintaining 
it are only moderate. The interaction be- 
tween monomers fotming a dyad-symmetric 
dimer buries 3000 AZ of accessible surface 
outside of the oligornerization domain. The 
association of the four cw helices to for? the 
oligornerization domain buries 3900 AZ of 
accessible surface and ~rovides a stable an- 
chor for the formation of the tetramer. The 
two dimers are oriented into the V-shaped 
quaternary structure by interactions be- 
tween each dimer and the oligornerization 
domain and by a direct interaction across 
the V-shaped cleft between a subunit of 
each dimer. The total accessible surface 
buried in these three interactions is 1600 
A'. Although significant, this is much 
less than the 3200 AZ typically buried in 
an interface between stable dimers (43), 
and suggests that this is the weakest inter- 
action among the various forces determin- 
ing the quaternary structure. 

Although LacR clearly does not share 
sequence or structural similarity with the 
tumor suppressor p53, the only other tet- 
rameric DNA binding protein for which 
there is significant structural information, 
the two proteins share a number of analo- 
gous features; p53 also has an oligomeriza- 
tion domain with a four-helix bundle motif 
(44). However, the p53 oligornerization do- 
main has both ~arallel and antiparallel 
packing of the helices and contains both 
helices and P strands. The DNA binding 
site of p53 consists of a pair of dyad sym- 
metric sites separated by 0 to 13 bp (45), 
and a model of a p53 tetramer bound to 
DNA has been proposed on the basis of the 
structure of the p53 core domain-DNA 
complex (44, 46). The arrangement of 
binding sites and of monomers in the model 
is not D2 symmetric. Yet, like LacR, the 
oligornerization domain of p53 has D2 sym- 
metry. The combination of an asymmetric 
body with a symmetric oligornerization do- 
main may prove to be a common motif in 
tetrameric DNA binding proteins. 

The nature of the conformational 
change ~roduced by the binding of IPTG to 
LacR is suggested by that ~roduced by li- 
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gand binding to the homologous periplas- 
mic sugar binding proteins. Ligand binding 
to these proteins changes the relative ori- 
entation of the cx/P domains and closes the 
interdomain cleft (47,. 48). Both the apo 
(open) and liganded (closed) structures of 
the leucine-isoleucine-valine binding pro- 
tein (LIVBP) have been determined (48). 
Superimposing the COOH-domains of 
LIVBP and core shows that the dimer in- 
terface of LacR is roughly perpendicular to 
the axis of the hinge-bending motion in- 
duced by ligand binding to LIVBP. The 
analogous hinge-bending motion in LacR 
would slide the NH2-domain dimer inter- 
faces past each other when IPTG is bound. 
Such a motion would also alter the relative 
orientation of the DNA binding domains. 
The extent of hinge-bending motion be- 
tween inducer-bound and DNA-bound 
forms of LacR must be less than that gen- 
erally seen in the periplasmic binding pro- 
teins: Replicating the open structure of 
LIVBP by rotating the NH2-domains of 
LacR core places theoNH2-termini of the 
core monomers 43.5 A from the dyad axis, 
too far apart to connect to the COOH- 
termini of headpiece domains bound to op- 
erator DNA. 

Structural basis of mutant LacR pheno- 
types. Mutations in LacR resulting in the 
inability to respond to inducer are called I" 
(noninducible) mutations. The I" mutant 
side chains cluster in the IPTG-binding cleft 
and at the dimer interface between NH2- 
domains (Fig. 5A). Ikutations within the 
IPTG-binding cleft could be either reducing 
the affinity of LacR for inducer or interfer- 
ing with the transduction of the allosteric 
transition. Mutations in the NH2-domain 
dimer interface presumably interfere with 
the allosteric transition (49) since IPTG- 
induced cleft closure would alter the relative 
orientation of the two NH2-domains. 

The inability to bind operator and re- 
pressor results in the I- phenotype (non- 
DNA binding and nonrepressing). Exclud- 
ing those found in the protein interior, 
non-DNA binding (I-) mutant side chains 
that are located in the core occur along 
surfaces that indirectly control the orienta- 
tion of the headpiece domains such as the 
interfaces between monomers, the IPTG- 
binding cleft, and the NH2-terminal sur- 
face. Mutations occurring at the interface 
between monomers that would prevent or 
alter dimer formation show the I- pheno- 
type because the high-affinity DNA bind- 
ing unit is a dimer (Fig. 5B). 

The cluster of I- mutant side chains 
around the IPTG-binding cleft (Fig. 5C) 
may achieve that phenotype by altering the 
relative orientation of the NH2- and 
COOH-domains of core and thus of the 
headpieces. The small group of I- muta- 
tions on the surface of the NH2-domain 

near the NH2-terminus (Fig. 5C) define a 
surface with which that NH2-terminal 
headpiece may interact. Changes in these 
residues mav directlv alter the orientation 
of the headpiece domain. 

Mutations resulting in remessor dimers - 
lie within the oligomerization domain, 
whereas mutations promoting dissociation 
into monomers lie in the dimer interface 
between COOH-domains. Although muta- 
tions in the leucine heptad repeat result in 
dimers (15, 35, 36) (Fig. 5D), the leucine 
side chain of one monomer actually points 
toward the COOH-terminal helix of the 
other monomer in a dimeric subunit. The 
dimer-dimer interaction is mediated through 
the global hydrophobic packing of this do- 
main. rather than bv direct leucine-leucine 
contact. Mutations in the leucines disrupt 
the global hydrophobic packing of this do- 
main. The separated dimers are still stabi- 
lized, however, by the extensive monomer- 
monomer interface between the NH2- and 

COOH-domains. 
Classical genetic studies (50) have iden- 

tified several regions (residues 65 to 75, 221 
to 227, and 270 to 290) whose mutation 
yield monomeric mutants. These regions 
are in or near the NH2- and COOH-do- 
main dimer interfaces. Because of the im- 
precision of classical genetic mapping, we 
show (Fig. 5D) only those mutations that 
have been sequenced (5 1 ). 

Models of intact repressor complex 
with operator and of DNA looping. We 
have constructed an approximate model of 
an intact repressor complexed to DNA by 
docking the structure of a LacR headpiece 
monomer complexed to a DNA half-oper- 
ator site determined by NMR (1 8) onto the 
LacR core. The headpiece-half-operator 
complex structure (1 8)  was converted into 
a dimer with the dyad axis passing through 
the central base pair of the operator. We 
have assumed that the dyad axis relating 
the two halves of the operator DNA and 

. Operators 

L - 
Core A 

i 
Headpiece 

Fig. 6. Two possible models of a bidentate repressor-DNA interaction. The same viewing orientation as 
in Fig. 3 is maintained in both (A) and (B) but the orientation of the headpiece domains and DNA relative 
to the core is different in the two models. In the model in (A) the headpiece domains make contact with 
the NH,-terminal surface of the core where I - mutations are known to lie. The model in (B) approximately 
replicates the orientation seen in the homologous purR-DNA structure (25). In both models the headpiece 
domains have been portrayed as space filling solvent accessible surface. 

A f - 9  +410 Operator 
1- 

lac CAP lac lacZ (P-galactosldase) lac 
0 3  01 coding sequence 0 2  

I 
I .92 bp ' 401 bp 

Looping Wrapping toward Wrapping away 

Fig. 7. Schematic diagrams of higher order interactions between LacR and the lac operon. (A) The 
control sites of the lac promoter. (B) Possible modes of bidentate interaction between two lac operators 
and LacR. (C) Postulated partial unfolding of lac repressor and subsequent segmental flexibility in binding 
two lac operators separated by distances shorter than can be accommodated by the repressor in its 
crystal conformation without severe strain. The extended coil connecting the COOH-domain and the 
oligomerization domain, which may form a flexible tether after the interaction of the two domains is 
disrupted, is shown as a heavy black line. 
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bounci heaiipiece, ir coilicidelit \\.it11 tlie 
one relatine the t ~ v o  sul~unitb of the corc 
dimer. Accordiligly, only the  relative rotrl- 
tion of the  liec~ijt3ieces aliii core dimers 
ahout this ,ixis and the  translatioli along it 
r e q ~ ~ i r eadjustment in dockilig these two 
Liomains. O n e  possible orie~itation of the  
docked heaiipieces places them in contact 
n-ith the  I ~ n ~ ~ t a t i o n s  Leu"',(Lysl", 
~~~l 15 ,  ~ 1 1 7, / ,To '~18, and Vc~lli" located ~ 1 

o n  the core NHI-b~trface (Fig. 6 A )  while 
another orielitatioli (Fig. 6A) nearly orthog- 
onal to tlie firrt is similar to that reen in the 
PurR-DXA comples structure (25) .  It ir of 
n c  coliseuuelice to the subreuuent d i r c ~ ~ s -  
sion \vhich of these orientations (or any in 
betn-eel?) prover to he correct. In  either of 
the  extreme or ienta t~ons the  t\vo operator 
DNAs 1.ound to the t\\-o dllners are aL3rrox- 
imately parallel and o n  tlie rame side of tlie 
molecule (FIE. 6 ,  A and B). Our  model has 
erscntlally btraight D N A ,  111 accord \vith 
solution studler that ruggest LacR does not 
hend ivlld-type operator s~gniticant1.i. (52) .  

A prlori there are three tvays that two 
operators in the inc promoter (Fig. 7A) c;ln 
for111a hidentate complex with the tn-o sites 
in a LacR tetramer; these are looping, tvrap- 
pi11g to\vard the protein, and lvrapping away 
fro111 it (Fig. 7B). T h e  term "DNA looping" 
has heen ured (1 . 6-14) to provide a general 
description of these interactions. Ttvo cares 
slioulci be considered. With  lengths of D N A  
het~veen operators that are loliger than the 
persistence le~igtli of DX.4, ruch as the 421 
1.p hetneen operator 0 1  and the clo~i-11-
stream oLTerator 0 2 ,  none of the ~nodels 
present rterlc problemr. Electron micro-
graphs of LacR l~ound  to two operators 
spaceil 535 bp apart slion- exa~nples of both 
loops and \\.raps (6) .  

Shorter lengths of D N A  het~veeli opes- 
atorr, ruch a> tlie 92 hu betxeeli 0 1  and the 
uprtream 01, rertrict the possil3le models. 
Aidentate bilidilig of LacR to DNAs con- 
taining t\vo operators har heeli ohrer~red 
~ v i t h  rpaciqgs as s~nal la.: 52 hp bet~veeli 
operator centerr (6) .  A characteristic pat- 
tern of alternating deoxyribon~~cleare I pro-
tection and hyperseliritlvity \vas generatai  
and shows the ciirection of the D X A  henil. 
For LacR this suggest? that the  D N A  he~ldr  
tolvard tlie protein (53),  ruling out the 
wrapping ;Itvay model. 

Exa~liitlatioll of our models of iiic repres-
sor (Fig. 6) and attelnpts to connect the tn-o 
hounci operators n-ith inter\.enilig D N A  
suggest that form;ltlon of a complex lie-
tween LacR ; ~ n d  tn-o operators spaced 52 hy 
apart tvo~lld i~ l t rod~ lce  severe or i~npossihle 
rtrain when hound either as a loop or 
mrappeii toward the  protein; one way to 
achieve the  bidentate il-iteractio~~ \vith t\vo 
such closely spaceil oper,ltors tvitli a slnaller 
energetic cost would 1.e to dirrupt the rel,l- 
tivel1- ~llodest interface between the t\vo 

LacR Jimers , ~ n d  the 01igomeri:atioli do-
main (Fig. 7C).Bidemate binding of LacR 
to DNA's wit11 a range of interoperator 
dibtancea tiurn 52 thrc>ugh 54 hp has heel? 
esperimelitally observed (6) .  T~vi i  LacR 
Jilners tethered to the  tetrameri;ation do-
nlaili through the  flexihle segment could 
accom~nodate to this range of interoperator 
~listalices (Fig. 7C) .  This flexil~le arrange- 
lnent of LacR may he the  energetically most 
favorable one for the  wild-type 92-bp rpac- 
ilig hetn-een operators 01 alicl 0 1 .  For tlie 
421-by spacing between 0 1  slid 01, the  
represror might or might not  retain the 
crystal a~laternarv structure. 

This general design consisting of t\vo li- 
eand-hindintr iiimers tetliered to a tetramer-

L 

i;atlon domain through ,i flexible hinge re- 
gion IS a~-ialogo~~bto the deslgli of alitlhodies, 
tvhich have ttvo antigen-l~inding F,,I. do- 
mains connected through a l-i~nge to its F, 
dollla~li (54) .  Thls feature of antll~ocly btruc- 
ture has lollg been recogni:ed as ~mportalit 
for crorslinklng antigens wit11 \~arious rela- 
ti1.e orielitations. Like~v~se, tlesihle colinec- 
tiolir hetneen D X A  hinding ciomailis of 
tra~iscr~ption reg~llatol-y proteins lnay in-
crease the ~rerratility of the protein in bind- 
i ~ l g  D N A  sites separated along the  D N A  hy 
\~arvilie ilistancer. T h e  tetra~neric 1353 ~nole-  , 	 L, 

cule is alro tliought to have a flexible region 
betn-een itr D N A  hindi~lg dimer units and its 
o1igomeri:atioli i i o ~ l ~ ~ i l i(44. 46).  Flexil~le 
conliectiolis may play a role in those dimeric 
tranrcriptional regulators that relf-associate 
i ~ i t o  larger compleser to loop D N A  (8.1 1 . 
1.3, 14).  A model for D N A  looping involv- 
ilig flexi1.l~ c o n ~ i e c t ~ o ~ i s  hetn-eel? domaills of 
,iraC, a dilneric transcriptional reg~~lator  that 
iloes not self-associate, has also heen pro- 
posed (9,55) .  Thus, multiple D N A  hindi~lg 
cio~nains flexibly attached to an o1igomeri:a- 
tion l1~1.i.Drove to be one eeneral structural , 

principle in the architecture of prokaryotlc 
and e~tkaryotlc traliscription factors. 
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improvement and structure refinement. All the data 
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protein {37) with a cross-rotation function and a 
phased translation function with the use of the ex
perimental MAD phases in the program X-PLOR [A. 
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quent masks were constructed around partial mod
els of LacR. Because of the absence of point group 
symmetry, initial operators relating this monomer to 
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Multiple sets of superpositions were screened until 35. 
operators with correlation coefficients greater than 
0.4 were found. The monomer mask and noncrys- 36. 
tallographic symmetry (NCS) operators were then 
used to build a tetramer mask, and the MAD phases 37. 
to 4.5 A resolution were improved through histogram 
matching and solvent flattening with the tetramer 38. 
mask and the program SQUASH [K. Y. J. Zhang, 
Acta Crystallogr. D49, 213(1993)]. Maps calculated 39. 
with FQ amplitudes and combined phases were sub
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solvent flattening in RAVE followed by Fourier inver
sion and phase combination at 4.5 A (Fig. 1B). Sym- 41. 
metry averaging was repeated at 4.0 A, 3.7 A, and 
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periment at each step, with subsequent extension 43. 
from 3.5 A to the limit of resolution, 2.6 A, in 24 
steps without experimentalophases. A preliminary 44. 
model was fitted into the 2.6 A resolution map. Nearly 45. 
every residue between 61 and 332 was readily visible. 46. 
The NCS operators of the missing COOH-terminal 
residues were subsequently found to deviate signifi- 47. 

cantly from the NCS operators of residues 61 through 
332. The missing residues were visible but poorly 
defined in a map calculated with 3F0 - 2FC ampli
tudes and averaged phases. The averaging process 
was completed by averaging maps calculated with 
2FQ - Fc amplitudes and combined phases at a fixed 
resolution of 2.6 A. Fourfold averaging was applied 
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flattening (Fig. 1C). The R factor on Fourier inversion 
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