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ABSTRACT: In Trp repressorDNA complexes, most interactions either occur with phosphate groups or

are water-mediated hydrogen bonds to bases. To examine the factors involved in DNA selectivity, we
have studied Trp repressor binding to two operator sequetqé®, and trpOM, with L-tryptophan or
5-methyltryptophan as corepressor. These operators contain all the consensus bases but differ at base
pairs contacted by their phosphate groups. In electrophoretic mobility shift assays (EMSAg)Rhe
sequence gives solely 1:1 proteiDNA complexes with either corepressor. TlipOV sequence binds

more weakly thartrpRS. It gives dissociating 2:1 complexes in EMSAs withiryptophan, but both 1:1

and 2:1 complexes are observed with 5-methyltryptophan or if glycerol is present in the gel. The backbone
resonances of the TrpR -tryptophan-DNA complexes were assigned using triple-resonance experiments

and selectively>N labeled protein. On changing the DNA sequence, the largest differences in the NMR
spectra are at residues-781, at the turn of the helixturn—helix motif and the tip of the recognition

helix. 179 and A80 interact with the conserved bases of the operators, while G78 and T81 interact with
phosphate groups at bases that differ between the two sequences. Changing the corepressor from
L-tryptophan to 5-methyltryptophan causes effects at residues 52, 60, 61, and 85, which do not interact
with the DNA. The spectra suggest that there is mutual induced fit between protein and DNA so that
sequence changes at bases contacted only by the phosphate groups affect the environment of the protein
at residues that bind to conserved bases elsewhere in the DNA.

The E. coli Trp repressor (TrpR) binds to at least five yet its mechanism of DNA binding and, in particular, its
operators in th&. coligenome, repressing gene expression DNA selectivity are poorly understood (reviewed in &f
(reviewed in refl). The operators at which it binds vary The protein is a dimer, each subunit containing six helices
considerably in DNA sequence and are located at different (Figure 1A). Four of the helices (A, B, C, and F) form the
positions within the promoters or leader sequence of the core of the protein and intertwine with the corresponding
genes controlled. The operons controlled, namely, the helices from the other subunit. Helices D and E of each
trpEDCBA(trpO) operon and the genes fopR, aroH, mtr, subunit form a helix-turn—helix motif (5, 6). In the presence
andaroL (1, 2), are involved in the biosynthesis and uptake of L-tryptophan, the orientation of these helices relative to
of the amino acid tryptophan. The repressor binds to the the core is altered so that they are correctly spaced to bind
operators only in the presence oftryptophan, hence to DNA (7, 8). Tryptophan also affects the oligomerization
controlling the intracellular level of its effector. 5-Methyl-  of the protein 9, 10) and interacts directly with the DNA
tryptophan acts as a stronger corepressor than tryptophan abackbone 11).

it increases the affinity of Trp repressor tpO (3). Most studies of Trp represseDNA interactions have
As it is one of the smallest DNA-binding proteins that is been with therpO operator and symmetricabOS? variants
regulated by binding of a ligand, the Trp repressor has beencontaining TA at base pair 3, rather than AT. TtipOS
extensively studied by genetic and biophysical techniques, operator contains three axes of symmetry, a central @he (
and two secondary oneg)( four base pairs apart. In this
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Ficure 1: Schematic representation of the structure of the FrpR
trpOS—L-tryptophan ternary complex. (A, top) Overall structure,
from 1TRO (1). The DNA is shown as van de Waals spheres, the
o-helices of the protein are shown as rods joined by ribbons, and
the corepressor is shown in stick representation. d4elices of

one subunit are labeled-AF. (B, bottom) Proteirr DNA contacts

in one half-site of the complex. Indirect contacts via water ot"Ca
are shown in parentheses. The base pairs changagRa and
trpOM are shown in bold.

Chart 1: Sequence of tHEEpEDCBAOperator Showing the
Axes of Symmetry and the Numbering Used in This Paper

trpO 8 o 8

10:11 20

CGAACT.AGTT:AACT.AGTACG

GCTTGA.TCAA: TTGA.TCATGC

@ The centrala. axis of symmetry is designated with a colon, the
secondaryf3 axes of symmetry are designated by periods. Bases
contacted in the crystal structure of the TrpfR0OS complex(11) are
shown in bold.
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symmetry, shows tandem binding of the protein along the
DNA (14), with two protein dimers per DNA duplex, and
further water-mediated contacts to bases corresponding to
A7, G8, and A12. Preliminary NMR studies of a tandem
2:1 complex have been reportetl5( 16). Other solution
studies show that the stoichiometry of Trp repressor binding
depends on the exact sequence and length of DNA studied
(17-22). These findings suggest that sequence-specific
recognition of operator DNA by Trp repressor may be due
to factors other than direct hydrogen bonding. These could
include water-mediated hydrogen bonds, the conformation
of the DNA backbone (indirect readout), and cooperative
binding of the protein to multiple sites. These factors have
not often been considered in studies of DNA sequence
selectivity but may be important for a number of protein
DNA complexes for discrimination between cognate and
noncognate sequences.

The aim of our work is to examine the molecular basis
for the selectivity of Trp repressor for operators over
nonoperator sequences. We have previously examined Trp
repressor binding to all of its five operators and to variant
trpR operator sequences in the presence of tryptophan by
electrophoretic mobility shift assay (EMSAJJ). We found
that the repressor binds to DNA containing each of the five
natural operator sequences with a stoichiometry of at least
2:1 protein dimer:DNA, but a change in a single base pair
within the trpR sequence could change the stoichiometry to
1:1. We have also examined the effect on the DNA of Trp
repressor binding to a symmetrized form of theR operator,
trpRS, using NMR spectroscopy4). Here we compare Trp
repressor binding to two symmetrized operator varidrgi®
andtrpOM, by EMSA and NMR studies of the protein. Both
of these operators contain all the bases that form hydrogen
bonds to the protein in the 1:1 TrpRrpOS complex. The
trpRS operator differs frontrpOS at two of the ten base pairs
in each half-site. It binds with similar affinity to Trp repressor
astrpOS but gives solely a 1:1 complex in EMSA&3). The
trpOM mutant differs fromtrpOS at only one base pair per
half-site, at a base also alteredtipRS. Despite this, it acts
as a partially constitutive operator vizo (25), and in anin
vivo phage challenge assa&y?, this mutation showed a large
effect on DNA binding. We show below thatpOM binds
to the Trp repressor more weakly thixpRS and in EMSAs
with L-tryptophan only a 2:1 complex is observed that
dissociates in the gel. However, both 1:1 and 2:1 complexes
are observed in EMSAs with tha#pOM operator in the
presence of 5-methyltryptophan, or when glycerol is present
in the gel. Under these conditions, thipRS operator still
gives only a 1:1 complex. To examine the molecular basis
of the differences observed in the binding of the two
sequences to Trp repressor in the presence of the two
corepressors, we examined the protein in each of the

bases, to base G2. In mutagenesis studies this base was neomplexes by NMR spectroscopd and**N chemical shift

found to be important for DNA bindingl@). There are a

mapping was used to examine the effects of complex

number of protein/phosphate contacts, but the remainingformation on the chemical environment of each amide group
protein/base contacts occur via water molecules to bases A4jn the protein. The results are discussed with reference to

G16, and A15 (in bold in Chart 1) (Figure 1B). An NMR
study of the 1:1 TrpRtrpOS complex showed contacts
similar to those in the crystal structure, but could not resolve
whether the hydrogen bonds to the base pairs were direct o
water mediated1(3). The crystal structure of Trp repressor
bound to an alternative sequence, based ongtasis of

the crystal structure of the TrpRrpOS L-tryptophan com-
plex (11).

[EXPERIMENTAL PROCEDURES

Oligonucleotide The self-complementary sequences
5'-dCGTACTCGCTAGCGAGTACG-3 (trpRS and B5-
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Table 1: DNA Sequences Studied of _purified plasmid DNA_was determined fluorimetrically
using Hoescht 33258, with sheared calf thymus DNA as a
trp0° standard.
1-------- 10--------- 20 EMSA A 400-600 ng sample of plasmid DNA was
CGTACTAGTT.AACTAGTACG restricted withEcaRl and Hindlll to excise the fragment
GCATGATCAA. TTGATCATGC containing the operator sequences. THeerfids of the
1rp0" fragments were labeled using-f?P]dATP by the Klenow
CGTACTGGTT . AACCAGTACG fragment of DNA polymerase |. These fragments were
GCATGACCAA . TTGGTCATGC separated from the remaining plasmid DNA and the un-
trpR incorporated label by polyacrylamide gel electrophoresis in

CGTACTCTTT . AGCGAGTACA TBE. The fragments were eluted from the gel by crushing

GCATGAGAAA.CTGCTCATGT the part of the gel of interest and soaking it in 10 mM Tris
pR® HCI, pH 8.0, 0.1 mM EDTA for a few hours followed by

CGTACTCGCT . AGCGAGTACG centrifugation.

GCATGAGCGA. TCGCTCATGC EMSAs were performed on the basis of the method of
Carey 30). DNA (~50 pM) was incubated on ice with-20
nM protein in 10 mM sodium phosphate buffer (pH 6.0), 25
dCGTACTGGTTAACCAGTACG-3(trpOV) were synthe- mM NaCl, 1 mM EDTA, 1 mg/mL BSA, 10% v/v glycerol
sized by the phosphoramidite method. They were purified (or 12% for gels containing glycerol), and either 0.4 mM
by reversed-phase HPLC before and after detritylation. For L-tryptophan or 0.8 mMb,L-5-methyltryptophan. The samples
NMR experiments, 36 mg was dissolved in 0.4 mL in 25 were loaded under tension onto an 8% acrylamide, 1.6%
mM sodium phosphate, pH 7.6, 150 mM NaCl, 0.05 mM bisacrylamide gel containing 10 mM sodium phosphate
EDTA and freeze-dried. The sample was heated td6Tth buffer (pH 6.0) and either 0.1 mittryptophan or 0.2 mM
a water bath and allowed to cool overnight to anneal the p,L-5-methyltryptophan, plus or minus 3% glycerol. The
strands. The amount of oligonucleotide was estimated by electrophoresis buffer was the same as in the gel but plus or

weight. minus 2% glycerol. Gels were electrophoresed &4t 20
Isolation and Purification of the ProteirThe Trp apo- mA for abou 5 h with recirculation of the electrophoresis
repressor was isolated from the overproducing straig.of  buffer. The gels were dried and autoradiographed, and the
coli CY15070 carrying the plasmid pJPR26f. 1°N,'3C- intensity of each band was measured using a phosphorimager

labeled protein was made by growing the strain in M9 media plate and the program ImageQuant 3.3 (Molecular Dynam-
containing 1 g/L "’NJNH4Cl and 2 g/L [¥Cg]glucose as the ics). The fraction of the total radioactivity found in each band
sole nitrogen and carbon sources, respectivél;“N-Leu- was fitted to the following equation881) using nonlinear
labeled protein was made using M9 media containing 1 g/L regression in Sigmaplot (SPSS Inc.):

[**NJNH4CI and unlabeled leucine (0.26 g/L) and glutamic

acid (0.46 g/L) as the nitrogen sources. Samples that were Firee= 1/Z
selectively labeled with'fN]amino acids were made as by

Muchmore et al.Z7). Deuterated Trp repressor protein was Fi=K{P)Z
made by acclimatizing thi.coli CY15070 containing pJPR2

to grow in D,O by successively subculturing it in higher F,= KZ[P]Z/Z
concentrations of BD in M9 media. It was then grown in

M9 media containing 50% D, [**N]NH4CI, and [¥Cg)- Z=1+K,[P]+ K2[|3]2

glucose. In all cases the protein was purified according to

the method of Paluh and Yanofsk3@). Traces of nuclease  whereFy.. is the fraction of DNA species in the free band,
were removed using a Trisacryl Blue column (IBF) as  Fis the fraction of DNA species in the first retarded band,
described previoushy2d). The concentration of protein was F, is the fraction of DNA species in the second, more
estimated from its absorbance at 280 nm, using an extinctionretarded, band,

coefficient of 1.2 drismgt-cm?* (28). [P] is the protein concentration in subunits,

Cloning for EMSA All cloning and DNA preparations K is the macroscopic association constant for a single
were performed as by Sambrook et @B) The oligonucleo- protein molecule binding to the DNA, and
tides were blunt-end ligated, after annealing, into $med K is the macroscopic association constant for two protein
restriction site of plasmid pUC19. Transformants containing molecules binding simultaneously to free DNA.
the desired plasmids were selected by lackaedomple- Formation of Complexes for NMR Experiments

mentation inE. coli JM101. The length of the insert was The protein was added to an excess of oligonucleotide
determined. The polycloning region of the plasmids was (ratio approximately 0.9:1.0), in the presence of 2 mM
sequenced to confirm the sequence of the insert and, forL-tryptophan or 4 mhb,L-5-methyltryptophan, and dialyzed
asymmetric sequences, to determine its orientationtrpifie into 5 mM sodium phosphate buffer, pH 6.0, 0.05 mM
operator was cloned with tHecoR1 site closestto bp 1 and EDTA, 50 mM NaCl, 2 mM L-corepressor. The final
the BamH1 site closest to bp 20 in the orientation shown in concentration of protein in the NMR experiments of the
Table 1. Large-scale preparations of plasmids were madeternary complexes was-2 mM in subunits in this buffer.

by the alkaline lysis method. Contaminants were removed Additional oligonucleotides were added to a final ratio of
by precipitation with polyethylene glycol, or by isopycnic 1.5-1.8 equivalents of protein. The concentrationsLef
centrifugation through cesium chloride. The concentration tryptophan or 5-methyltryptophan were determined spectro-
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photometrically. For the binary complexes, the protein was after our correction is applied, the average differencéhh

dialyzed into the same buffer, containing 500 mM NaCl.  shifts between the TrpRirpOS—L-tryptophan complexi(3)
NMR SpectroscopyNMR spectroscopy was performed and the TrpR-trpOS—5-methyltryptophan complex3g) is

using a Bruker AMX500 spectrometer operating at 500.13 0.15 ppm. The average differencefN shifts between the

MHz or on a Varian Unity-plus spectrometer operating at TrpR—trpOS—L-tryptophan complex and the TrpRrpRSL-

599.98 MHz. The spectra were recorded at’87 tryptophan and TrpRtrpOM—L-tryptophan complexes, after
N—1H HSQC spectrad?) were collected with 2K points  correction, is 0.19 ppm. We have only considered shift

with a'H spectral width of 13 ppm in the directly observed differences greater than twice the average difference as

dimension, and 346400 points in F1 with a 41 ppm sweep significant.

width in *N. Experiments were collected in States-TPPI

(time-proportional phase incrementation) mode using the RESULTS

standard pulse sequences and phase cycling schemes and at ine th lecul is of th lectivi
leag a 1 sdelay after acquisition and before the first pulse _ EMSA To examine the molecular basis of the selectivity

of the program. The data were zero-filled in the indirect Of TTP repressor for its operator DNAs, we have compared
dimension to 1K points prior to Fourier transformation. The the.blndlng of the _Trp. repressor to two symmgtrlcaldopﬁrator
spectra were converted to Bruker format and processed using/212nts, @ constitutive mutant operatarpO”, and the
UXNMR software with shifted sine bell window functions SymmetrizedrpR® operator (Table 1). Both contain all the

in F1, Gaussian resolution enhancement in F2, and baselind’@S€S recognized by a single TrpR dimer, but differ at bases
correction in both dimensions. near the center of the operator contacted only at phosphate

HNCA (33), HNCOCA (33), HNCO (34), HNCACB (35), groups. The first step in the comparison of the operators was

and CBCACONH 86) spectra were collected with 1K points to examine their binding to Trp repressor and the stoichi-
and a spectral width of 13 ppm in the diréet dimension, ometry of the complexes formed, using EMSAs. These were

32—48 points in theN dimension (zero filled to 64128 ~ compared to EMSAs with the symmetrized trpEDCBA
points) with a sweep width of 38 ppm, and-582 points in ~ OPerator {pO?), used for crystal studies, and with thipR
13C (zero filled to 128 points). For HNCO spectra, tHe operator. For thes.e studies 20 bp ollgon_ucleotldes containing
spectral width was 10.5 ppm, for HNCA 30 ppm, and for the sequence of interest were cloned into 8med site of

HNCACB 63 ppm. 3D'N—1H NOESY/HSQC spectrz3p) ]E)UC19. From the_se pllasmids we t;excisegi _Ionrg]]er DNA
were collected with a mixing time of 125150 ms and 128  ragments (approximately 70 bp) to be used in the assays,

points in the'H NOE dimension (zero filled to 256 points), as In our previous studi2@). By cloning the oI_|gonucIeot|des
over a sweep width of 13 ppm. Proton chemical shifts are MO the same site, all the sequences studied have the same
referenced to internal sodium 3-trimethylsilyl-(2,2,3t8,)- Iength and identical flanking sequences, so the only differ-
propionate at 0 ppnisN shifts andC shifts are referenced ence is the operator sequence inserted. Thls approach allows
indirectly to *H (37). a d'lrect comparison Qf the effects of thellnserted sequence,
All amide H, 1N, and 13Co resonances for the binary while allowing the binding of the protein to extend into

and ternary complexes withpRS have been assigned, apart 112NKing sequences.

from those of M11, E13E18 inclusive, and E47 in the As shown in Figure 2A (lanes-18), on addition of Trp
ternary complex, due to resonance overlajg3 resonances ~ 'epressor to thetrpO® operator in the presence af-

have been assigned for the majority of residues, excludingtryptophan, two clear bands of mobility lower than the free
the ones above, the prolines, and an additional seven residuegperator are observed. Previous studies of this operator have

in the ternary complex. The corresponding amitie 15N, shown that these correspond to prote®NA complexes of
and 3Ca. resonances for th@‘pOM Comp|ex have been Stoichiometry 1:1 and 2:1 dimer:operatdlB,(lg). In contrast,
assigned, but no side chain resonances. with the mutantrpOM operator only one band is observed
Comparison of Shifts to Those for trpCComplexes  at relatively high protein concentrations (Figure 2A, lanes
Reported Preiously (13, 38) The 9-16). This band has the same mobility as the @@OS

NMR studies of the six complexes reported in this study complexes and dissociates in the gel, giving a smear between
were conducted at the same temperature and pH. Thebound and free DNA.
chemical shifts could therefore be compared directly. How-  5-Methyltryptophan binds more strongly to Trp repressor
ever, when comparisons were made with two previous NMR than tryptophan does and acts as a strong corepressor. It has
studies of TrpR-trpOS complexes 13, 38), small systematic ~ been reported to tighten binding of wild-type Trp repressor
differences in the chemical shifts were found among all the (3) and Trp repressor mutant89) to trpOS DNA. To
studies. To minimize the systematic differences, we deter- examine whether this occurs with other operators, we re-
mined the mean difference in chemical shifts between the peated the EMSA experiments in the presence of 5-methyl-
resonances in each of the complexes. This mean differenceryptophan, rather thanrtryptophan, as corepressor. For the
was then subtracted from the actual difference in chemical DNA fragment containing thepOS sequence, there was little
shift observed at each residue. After this correction, the difference in Trp repressor binding in the presence of the
differences in chemical shifts in the N-terminal half of most two corepressors (Figure 2, lanes8). However, with DNA
of the complexes are very small. However, at a few residuescontaining theérpOM sequence a marked difference was seen
there are large chemical shift differences of the T+pR in the presence of 5-methyltryptophan; both 2:1 and 1:1
trpOS—L-tryptophan spectra from those of all the other TrpR—trpOM complexes were observed, with no dissociation
complexes. We therefore compare the chemical shifts of only in the gel (Figure 2B, lanes-916). This suggests that
the C-terminal three helices, from residue 70 onward, 5-methyltryptophan stabilizes both complexes fqrOV
including the helix-turn—helix region. For these residues, DNA.
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FiIGURE 2: Electrophoretic mobility shift assays of Trp repressor binding to DNA fragments contaipi®l and trpOS sequences in

buffer containingL-tryptophan (A) or 5-methyb,L-tryptophan (B) in gels electrophoresed in the absence of glyceroltrp®M (lanes

9—16) andtrpOS (lanes 1-8) with L-tryptophan. Trp repressor concentrations: lanes 1 and 9, O; lane 2, 0.04 nM; lane 3, 0.08 nM; lane 4,
0.16 nM; lane 5, 0.32 nM; lane 6, 0.64 nM; lane 7, 1.25 nM; lane 8, 2.5 nM; lane 10, 0.32 nM; lane 11, 0.64 nM; lane 12, 1.25 nM; lane
13, 2.5 nM; lane 14, 5 nM; lane 15, 10 nM; lane 16, 20 nM. {)OM (lanes 9-16) andtrpOS (lanes 1-8) with 5-methyltryptophan. Trp

repressor concentrations: lanes 1 and 9, 0; lanes 2 and 10, 0.02 nM; lanes 3 and 11, 0.04 nM; lanes 4 and 12, 0.08 nM; lanes 5 and 13,
0.12 nM; lanes 6 and 14, 0.16 nM; lanes 7 and 15, 0.24 nM; lanes 8 and 16, 0.32 nM.

To try to prevent dissociation of ttigpOM complexes with 2-fold more tightly. The binding of the second dimer is much
L-tryptophan, glycerol was added to the gel and the running tighter for trpOS than fortrpR or the other sequences, that
buffer in the EMSA. Under these conditions, DNA fragments of trpOM is weak, and no second binding is seentfpiRS.
containing either thérpO® sequence or thiepOM sequence NMR Spectroscopy
both gave 2:1 and 1:1 complexes with either corepressor To examine the molecular basis for the differences in
(Figure 3A,B). ThetrpOM sequence binds more weakly than  binding, we have used NMR spectroscopy to examine Trp
the trpOS sequence, requiring higher concentrations of Trp repressor in its complexes with thgRS andtrpOM oligo-
repressor for a complex to be formed. DNA fragments nucleotides in the presence and absence of the two co-
containing therpR sequence show behavior similar to those repressors.
containing thetrpO® sequence in EMSA, with two retarded Figure 4 shows thé>N—'H HSQC spectra of the fully
bands of the same mobility as 1:1 and 2:1 complexes (Figure!>N labeled TrpR-L-tryptophan binary complex (A), the
3C,D, lanes 1-8). The symmetrizedrpR sequencet(pRS) TrpR—trpRS—L-tryptophan ternary complex (B), and the
however gives only one complex, with the same mobility as TrpR—trpOM—L-tryptophan ternary complex (C). In all cases
the 1:1 proteir-complex even with 5-methyltryptophan and L-tryptophan, and DNA where present, was in excess over
glycerol (Figure 3C,D, lanes-916). No 2:1 complex was  protein. The backbon&, >N, and*3C assignments of the
observed with this sequence, even at high Trp repressorTrpR—L-tryptophan binary complex and the TrpRpRS—
concentrations. L-tryptophan ternary complex were determined by 3D triple-

Table 2 shows the apparent association constants measuregsonance HNCA, HNCOCA3Q), and HNCO experiments
for the different fragments from the gels in Figure 3. The (34), in combination with*"N—H NOESY—-HSQC @2). The
four fragments with the same corepressor were assayedside chain resonances of these two complexes were partially
together to allow comparisons between their relative affini- assigned by a combination of 3D triple-resonance and
ties. When the gels were repeated, the relative affinities double-resonance experiments. The amidle®N, *Ca, and
remained the same but the absolute values varied by a facto3C’ resonances of the TrpRrpOM—L-tryptophan ternary
of 2. This is due partly to the relatively few points for each complex were assigned by comparison of the HNCA and
fragment; the accuracy of the association constant depend$iNCO spectra with those of the TrpRrpRS—L-tryptophan
on the concentrations assayed. There is no significantcomplex, but the side chain resonances were not assigned.
difference in binding of the DNA fragments with tryptophan The resonance assignments for the two ternary complexes
or 5-methyltryptophan as cofactor, except for tinpOV are given as Supporting Information.
sequence, which binds more tightly with the latter corepres- Because of the large mass of the ternary complexes (37
sor. The fragments containitgpO® andtrpR sequences have  kDa) and thex-helical structure of the protein, the sensitivity
very similar association constants to form the 1:1 complex, of some of the triple-resonance experiments was low and
while trpOM binds 2-3-fold more weakly andrpRS 1.5— there was much resonance overlap. Partial deuteration
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Ficure 3: Electrophoretic mobility shift assays of Trp repressor binding to (AtrBPY andtrpOS and (C, D)trpRS andtrpR in buffer
containingL-tryptophan (A, C) or 5-methyt,L-tryptophan (B, D) in gels electrophoresed in the presence of glycerol. (&pB) (lanes

16—9) andtrpOS (lanes 1-9) with (A) L-tryptophan and (B) 5-methyd;L-tryptophan. Trp repressor concentrations: lanes 1 and 9, O; lane

2, 0.02 nM; lane 3, 0.04 nM; lane 4, 0.08 nM; lane 5, 0.16 nM; lane 6, 0.32 nM; lane 7, 0.64 nM; lane 8, 1.25 nM; lane 10, 0.16 nM; lane
11, 0.32 nM; lane 12, 0.64 nM; lane 13, 1.24 nM; lane 14, 2.5 nM; lane 15, 5.0 nM; lane 16, 10 nM. ({@R®jlanes 9-19) andtrpR

(lanes 1-8) with (C) L-tryptophan and (D) 5-methy;L-tryptophan. Trp repressor concentrations: lanes 1 and 9, 0O; lanes 2 and 10, 0.02
nM; lanes 3 and 11, 0.04 nM; lanes 4 and 12, 0.08 nM; lanes 5 and 13, 0.16 nM; lanes 6 and 14, 0.32 nM; lanes 7 and 15, 0.64 nM; lanes
8 and 16, 1.25 nM.

(approximately 50%) of the protein was used to increase the of the importance of glycine in turns, we also used an [AGS-
sensitivity of some of the triple-resonance experiments. To N]-Trp repressor sample to confirm the assignment of
help remove ambiguitie$®N HSQC and NOESY HSQC glycine residues and to examine the serine residues, which
experiments were performed with protein samples that wereare labeled by metabolism from glycine. Leucine and
selectively™N labeled. A, I, and T residues occur at the glutamate are particularly abundant in Trp repressor (19
beginning of the recognition helix of the DNA-binding motif residues each of 107) and so were chosef*sdabeled

and contact the DNA, so they were chosen for the selectively residues in an otherwiséN labeled protein sample. In this

labeled amino acids in the samples [PN]- and [AI-*>N]Trp sample, in*>N-filtered spectra there was a general back-
repressor. Figure 5 shows the HSQC spectra of théJ\[- ground of'“N-labeled protein from metabolism of glutamate.
labeled TrpR-trpRS—L-tryptophan and TrpRtrpOM—L- In the'®N-observed spectra, however, the Leu residues were

tryptophan complexes, showing the selective shift differencesabsent while some of the lle and Val residues had lower
of T81 and 179 between the two ternary complexes. Becauseintensity relative to other residues. A few leucine resonances
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Table 2: Apparent Association Constants for the Four DNA ' A
Fragments Binding to Trp Repressor Obtained from EMSA in the ] o4 o
Presence of Glycerdl 52 b

DNA K;x10° Ky;x 10 DNA K;x10° K;x 10 ] 48
fragment (M1 (M2 fragment (M™% (M~2)

A. With Tryptophan as Corepressor =4 5 [ 1ooo
trpOS  3.3+1.0 155451 trpR 294+05 5.0+11 s
trpOM 12402 14403 trpRS 6.3+09 O

B. With 5-Methyltryptophan as Corepressor 50 | 1500 o
trpO°  4.6+1.1 21.8+6.0 trpR 294+05 5.0+1.1 ® g3 e PR (pom)
trpOM  25+05 23+0.6 trpR®S 59+09 0 1 10 S gn ST 6

2The errors shown are those from the fit for a single gel. Whenthe | 8 % G BIPd 106 | 12000
gels were repeated, the relative affinities of the fragments remained = 3 e® o2 o
the same as did the ratios Ki/K,, but the absolute values differed. 1 serpes o T2 2 a

[ 105.00

=04 . - 125.00
are clearly separated from others in the HSQC spectra, and | '
so could be assigned directly from the 2D spectra. The | w
majority of leucine peaks were assigned by their absence in B —— —
3D NOESY-HSQC spectra in this sample. Comparison of w0 T
all these spectra allowed unambiguous assignment of reso- —— — — B
nances by amino acid type from most of the ten Ala, three ¢

lle, four Thr, five Gly, six Ser, and nineteen Leu residues,
comprising 44% of the residues of the protein. ]

Figure 6 shows histograms of the differences in chemical
shifts of amide proton and®N resonances between the | g6 85 11000
complexes. Parts A and B of Figure 6 show the differences ﬂ,& 0 '1)9
in chemical shifts that occur on bindirtgpRS DNA to the ] o %5 _'9 (‘_‘ -
TrpR—L-tryptophan complex. On DNA binding, shift changes | 42 & o2 4% 1500 o1
occur throughout the protein, with most large changes at the 44 & 4000000 L6 wfls s {pprm)
helix—turn—helix, DNA-binding region (residues 689). s 0% ST 8, 002 * i
The largest™N shift change is 7.1 ppm for 179 in the 6 54y Vi I oy 12000
recognition helix, while T81 and T83, in this helix, change B ol o e ‘5.?2
by 3.2 ppm (Figure 6A). Outside this regio®N shift ¢ O G 5
changes greater than 1 ppm on DNA binding occur at D46, ‘ R ' - 12500
G52, and R56 in the C helix, at S8 and A9 at the N-terminus |
of the protein, and at L38 in helix B. Amidél shift changes d'
on DNA binding occur in regions similar to those of the  — T
15N shifts (Figure 6B). w2 (ppm)

Parts D and E of Figure 6 show the differences in chemical | 51 cl
shifts between the TrpRtrpRS—L-tryptophan and TrpR ] -
trpOM—L-tryptophan complexes. The differences in chemical | " 52
shifts between the two ternary complexes are much smaller |
than the changes observed on adding DNA to the binary §
TrpR—L-tryptophan complex. The differences in shifts | R L 000
between the two ternary complexes occur primarily in the | QP o &F
DNA-binding region. The largest®N shift differences ] o .
between the ternary complexes are 1.4 ppm for AB0 and 1.1 | s 72 g @ 115,00 o1
ppm for G78 (Figure 6D). AmidéH shift differences greater { 4 87 100 86 . ;o K Plos e
than 0.15 ppm between the two ternary complexes occur only | 9 o s ' T i
at residues A77T81 (Figure 6e). | 54 (39 " |- 12000

We also compared tHéN HSQC spectra of Trp repressor ] s Cly 84 52 b
complexes containing 5-methyltryptophan to those with | floe 20 Gly o g
L-tryptophan. Fully®®N labeled Trp repressor was used for | 29 0
all three complexes. The resolved peaks in the HSQC spectra |
were assigned on the basis of comparisons with the corre-
spondingL-tryptophan complex. In additional, spectra of "es | e | s soo | 7m0 700
selectively labeled [AFMN]TrpR—trpOM—5-methyltrypto- o2 (pom)
phan and [AGS*N]TrpR—trpRS—5-methyltryptophan com-
plexes were taken to confirm the assignments of the ti;g;?rféé—lf-’\tlr;gt-lopHI%%%iﬁgf;:ggn%re P Egp;ﬁ%sd?é)c%r;g%gf (A,
correspondlng reS|due§ in these.complexes. L-tryptophan ternary complex, and (C’, b(‘mom) TFAROOM— L -

Figure 7 shows the differences'itN shifts of the resolved  tryptophan ternary complex. Selected isolated peaks are labeled with
peaks between the-tryptophan and 5-methyltryptophan their assignments.

52 [ 105.00
T8

79 fros o

[ 105.00

| 125.00

[ 130,00
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Ficure 5: 15N—1H HSQC spectra of Trp repressor selectivély labeled at lle and Thr in complex with (A, toppRS DNA andL-tryptophan
and (B, bottom}rpOM DNA and L-tryptophan. Peaks are labeled with their assignments.

complexes. In the HSQC spectrum of the TrplRmethyl- observed between the two binary complexes is 0.13 ppm
tryptophan binary complex 58 peaks were assigned. Figurefor G85 and S86. In addition, T44 gave a broad peak in the
7A shows the differences id°N shifts for these peaks HSQC spectrum with 5-methyltryptophan, suggesting ex-
between the TrpR5-methyltryptophan complex and the change broadening between two conformers. Figure 7C
TrpR—L-tryptophan complex. The largest observed differ- shows the corresponding differences'iN chemical shifts
ences in°N shift between the two binary complexes is 0.63 between the two TrpRtrpOM ternary complexes with
ppm for L61 and G85. The largesH shift difference different corepressors, TrpRrpOV—5-methyltryptophan
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FiIGURE 6: Histogram showing the changes in chemical shifts of FrpRryptophan residues on bindingpRS DNA (A, B) and between
the TrpR-trpRS—L-tryptophan ternary complex and the TrpRpOM—L-tryptophan ternary complex (D, E). (A, D) Differences N
shift. (B, E) Differences irtH shifts. The chemical shift differences are given in parts per million. Chemical shifts are accutededd
ppm inH and=+0.05 ppm int5N. (C) shows the residue numbers, with the positions-tielices as black rods labeled as in Figure 1. The
position of 179 in each histogram is marked.

and TrpR-trpOM—L-tryptophan. Several of the resonances observed in EMSA unless stabilized either by 5-methyl-
affected on a change of corepressor in the binary complextryptophan or by reducing the dissociation rate with glycerol.
are also affected in th&pOM ternary complexes. Large The association constant of thigpOM fragment to give a
effects are observed at E60, L61, and L105, with the largest1:1 complex is 2-3-fold less than that aipOS, and that of
effect at G52 {-1.0 ppm). For the two TrpRtrpRS ternary the 2:1 complex is 1520-fold less. In contrast, while the
complexes with different corepressors, TrpiRORS—5- 1:1 TrpR-trpRS complex is formed at concentrations of Trp
methyltryptophan and TrpRtrpRS—L-tryptophan (Figure repressor similar to those required for formation of 1:1
7B), the same residues are affected on a change in core-TrpR—trpOS complex, the 2:1 complex is not observed, even
pressor as in thérpOM ternary complexes. However, the in the presence of 5-methyltryptophan. These differences in
pattern of shift changes is different, and for theRSternary Trp repressor complexes wittpRS andtrpOM DNA led us
complexes, the largest effect is at E60 (0.94 ppm). to examine them using NMR spectroscopy.

Despite the EMSAs, evidence for both 1:1 and 2:1
DISCUSSION complexes in the presence iofryptophan for TrpR-trpRS

To examine the molecular basis of the specificity of Trp as well as for TrpR-trpOM is observed in NMR studies. On
repressor for its operators, we have compared its binding toaddition of only 1 equivalents dfpRS DNA to the TrpR-
two symmetrical operator variants. Each variant contains all L-tryptophan holoprotein, the line widths of the peaks in the
the consensus bases recognized by a single TrpR dimerNMR spectra of the protein are greater than expected for
contactedvia hydrogen bonds to bases. They differ only at the size of the 1:1 complex (data not shown). As the amount
bases near the center of the operator, contacted at theof added DNA is increased above 1 equivalents, the line
phosphate groups. ThepOM sequence is a variant of the widths of the peaks decrease to those expected for a 37 kDa
trpOS® operator, differing only at base pair 4Z. ThetrpR® complex. This shows that there are two (or more) protein
sequence is a symmetrical version of thgR operator. It complexes in equilibrium and that the position of the
differs from both therpOS and thetrpOY sequences at two  equilibrium is affected by DNA concentration. These species
base pairs, namely, ¥0 and 14-7 (Table 1, Figure 1B).  are likely to be the 2:1 protein dimeDNA complex and
The EMSA studies of Trp repressor binding to DNA 1:1 protein dimerDNA complex. At low DNA concentra-
containing thetrpOS and trpR sequences shows bands tions, these are in fast to intermediate exchange on the NMR
corresponding to both 2:1 and 1:1 TrpRNA complexes. time scale, leading to line broadening of the resonances. On
Trp repressor binding to thepOM operator in the presence  adding excess DNA, more of the 1:1 proteiDNA complex
of L-tryptophan shows only a 2:1 TrpRrpOM complex, is formed, so the signals from this dominate the appearance
which dissociates in the gel. However, in the presence of of the spectrum. The same effect is observed wigO
5-methyltryptophan, or when glycerol is present in the gel DNA, but more DNA needs to be added to obtain a sharp
containing tryptophan, both 2:1 and 1:1 TrpRpOM spectrum corresponding to the 1:1 proteldNA complex.
complexes are seen. We conclude that the FppOM This is in agreement with the weaker bindingtgfOM to
complexes have fast dissociation rates and so are notTrp repressor seen in the EMSA. Calorimetric and fluores-
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A 09 binds slightly to the aporepressor at low ionic strength, as
some line broadening and shifts are seen in the NMR spectra
05 | of both DNA and protein on their addition. However, no

changes are observed in the NMR spectra at high ionic
strength. This suggests that the binding of Trp apoprotein to
trpRS DNA is weak and mainly electrostatic. The difference

in Trp aporepressor binding tpRS DNA and totrpO™ DNA
confirms that the apoprotein shows some DNA selectivity.
This selectivity has also been observed in fluorescence
polarization studiesAl). The differences in effects observed
on DNA binding between the holorepressor and aporepressor
confirm that the ternary complexes studied here, containing
Trp repressor, DNA, and corepressor, are specific.

In the presence af-tryptophan, large changes are observed
in the chemical shifts of Trp repressor on DNA binding. The
largest changes in chemical shifts occur at the helixn—
helix region of the protein, residues 689. The changes
observed on bindingrpR® DNA are similar to those
previously observed on forming the TrpRpOS—L-tryp-
tophan complex)3) and can be rationalized on the basis of
the structure of this complex. Figure 1B shows a schematic
view of the DNA—protein contacts in the crystal structure
of the 1:1 TrpR-trpOS—L-tryptophan complex1(1). In the
current study, the largest changes in chemical shifts of Trp
repressor on bindingpR® DNA are at 179, A80, T81, and
T83. In the crystal structure of tligpOS complex, 179, A80,
and T83 hydrogen bond to the DNA bases water-
mediated contacts, while T81 hydrogen bonds to two
phosphate groups. D46, Q68, R84, S86, and N87, which
bond to the DNA backbone in thigpOS complex, also show
large changes in chemical shift on addingRS DNA in this
study. In addition, R69, which is the only residue that forms
a direct hydrogen bond to a DNA base in the crystal structure,
shows a large change in shift on bindingpRS DNA.

residue number Changes are also observed in the C helix at G52 and R56,
FIGURE 7: Histogram showing the difference N chemical shits ~ Which lie close to the phosphate backbone and the corepres-
between Trp repressor complexes witkiryptophan and with sor, and at residues G76 and A77 in the turn before the
5-methyltryptophan as corepressor. Chemical shift differences (A) recognition helix. These effects suggest that overall the
:)oet‘g’:r?”a;ge#"’% gi“mag%/thtrrp rteoprﬁ:flor(é;)@g%‘i Eﬂpﬁ orientations of the protein and DNA in the Trpf&pOS
tr;?RS operator 2omplexesyTrpr1):trSRS—L-tryptophan and Trpg Comple).( and the TrpRtrpRS Complex are similar.
trpRS—5-methyl tryptophan, and (C) between the TrpRoOM The differences in chemical shifts between the two FpR
complexes TrpRtrpOV—L-tryptophan and TrpRtrpOM—5-methyl- DNA —L-tryptophan ternary complexes studied here, FrpR
tryptophan. The lowest histogram shows the residue numbers, withtrpRS—L-tryptophan and TrpRtrpOM—L-tryptophan, are
the positions ofx-helices as black rods labeled as in Figure 1. much smaller than the effects observed on DNA binding to

the binary complex. The chemical shift differences occur

cence anisotropy studies with short {226 bp) oligo- primarily at residues A7#T81, which are in the turn of the
nucleotides based on tgO sequence also show formation  helix—turn—helix motif and in the first turn of the recognition
of 2:1 TrpR-DNA complexes 40, 41). These occur at Trp  helix. The changes in shifts for these residues on binding
repressor concentrations lower than that of binding at the two oligonucleotides vary in magnitude and direction.
nonspecific sequences and have been interpreted as tandefoth the!®N and*H shifts of 179 are further downfield in
binding along the DNA, despite its short length. Our results the trpOM complex than in theérpRS complex, whereas the
suggest that Trp repressor forms 2:1 and 1:1 pretBINA opposite is the case for A80. All of these shifts are further
complexes in solution with all four DNA species studied, downfield in the two ternary complexes with DNA than in
but EMSA selects only those that are kinetically stable. Thus, the binary TrpR-L-tryptophan complex. In contrast, thN
the use of EMSA to determine equilibrium constants and shift of G78 in the binary TrpRL-tryptophan complex lies
stoichiometry may be misleading for fast-exchanging DNA between the corresponding shifts in the two ternary DNA
complexes. complexes TrpRtrpRS—L-tryptophan and TrpRtrpOM—

The DNA binding observed in our NMR studies is L-tryptophan. The differences in effects observed at these
dependent on the presence of the corepressor. In the absendbree positions show that the shift differences are not due
of corepressor, no changes in shift are observed in the NMRsimply to a faster off rate for the DNA in thtegpOM complex.
spectra of eithetrpO" DNA or Trp aporepressor when they  They reflect a difference in the conformation or environment
are added to each other (data not shown). ffhBS DNA of the protein in the two ternary complexes.
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In the crystal structure of the TrpRrpOS—L-tryptophan A
complex, 179 and A80 interact with DNA base pairs that
are common in the operators studied, while G78 and T81
interact with phosphate groups. G78 interacts with p14, while
T81 interacts with p14 and p13. The sequences ofrihie®
and trpOM operators differ at base pairs 492 and 14-7.
These differences are likely to change the conformation of
the backbone of the DNA, affecting its interactions with the Arz84(R)
protein. The indole proton of the bound corepressor also
hydrogen bonds to p13. Its resonance is shifted downfield Trp 1(W)erg
by 1.4 ppm on bindindrpRS DNA (24). However, its shift

CA
Ser BR(R)

1l

is the same in therpOM complex as in therpRS complex -
(data not shown), showing that its environment is unchanged. \l"i((? = Nehi
This suggests that p13 is not affected by the change in Arg 4RI '

sequence. The effects observed at G78 and T81 are therefor > y‘u;
probably due to changes at p14, rather than at p13. Little val s8(R)

change is seen in tHéN shifts of other residues that interact
with central phosphate groups, B shift differences are
seen at 179 and A80, which interact with the bases that are
conserved in all these species. These data show that the
changes to nonconserved bases, contacted only at the W‘E

Thr 44(C)

Leu 43(C)
S 1

phosphate groups, affect the environment of the protein at
residues that contact conserved bases elsewhere in the DNA

We also examined the effect of a change in corepressor
from L-tryptophan to 5-methyltryptophan in the binary  teu4HO)
complex and the ternary complexes withRS and trpOM.

The tryptophan contacts in the crystal structures of the binary
TrpR—L-tryptophan complex5) and the ternary TrpR ‘

Trp 1(B)"§

= 291
,
ME|
1. Arg B4(A)

g

trpOS—L-tryptophan {1) are shown in Figure 8. Previous u(% :
NMR studies and molecular dynamics calculations of co- '*"“'”‘:'g o W
repressor binding to TrpR4R) suggest that the indole ring ﬁ:ﬂm

of 5-methyltryptophan is moved slightly relative to that of . . _
tryptophan. This allows the methyl group to be in a F'GL;REtSQ ?Xhtem;ﬂ:'hc f?DFSSthtailonhOf tg_e prOfﬂlﬁtrsllptoltl)CSSP
: : contacts in (A, top) the TrpRL-tryptophan binary complex,

hydrophob|c pocket. Comparison of the spectra of the two (5), and (B, bottom) the TrpRrpOS-L-tryptophan ternary complex,
binary complexes TrpR5-methyltryptophan and TrpR.- 1TRO (11). The diagrams were drawn using the program Ligplot
tryptophan shows chemical shift differences at R54, G85, (44). Residues forming ionic or hydrogen bond interactions with
T81, and R84 and a broadening of the resonance of T44 inthe corepressor are.showr) as ball-and-stick models, with 'ghe
the former complex. All of these residues bond directly to Nydrogen bonds as lines with distances between the appropriate
th Lar hift chan between th W0 bin ratoms. Residues with van der Waals contacts to the corepressor

€ corepressor. Large shitlt changes between Nese Wo binary e shown as semicircles. In (A), (R) denotes the repressor and
complexes also occur at G52, E60, L61, and S86. These(w) the corepressor. In (B), (A) and (C) denote the two subunits
residues are further from the corepressor binding site andof the repressor while (B) denotes the corepressor and (J) a strand
are too far for these shift effects to be due to ring currents, of DNA.
but they may be influenced by changes in the hydrophobic

pocket at V58 and L89. Comparisons of our data with previous NMR studies of
Comparison of the spectra of the two TrpRpOM ternary TrpR— trpOS complexes witht-tryptophan, and with 5-
complexes, with 5-methyltryptophan andryptophan, shows  methyltryptophan3, 38), suggest that the complexes with
differences in chemical shifts at E60, L61, G85, and G52. all three operators differ at residues at the tip of the
The effects at E60, L61, and G85 are similar in magnitude recognition helix. As discussed above, the changes in shift
to those in the two binary complexes, while the effect at observed on addingpRS DNA to Trp holorepressor in this
G52 is larger in the ternary complex. R54 and R84 are not study are similar to those on addirtgpOS DNA. This
resolved in the TrpRtrpOM complexes, so the effects here suggests that TrpRirpRS complexes are very close in
are unknown, but there is no effect at T81 or S86 on a changestructure to the TrpRtrpOS complexes. Detailed compari-
of corepressor from-tryptophan to 5-methyltryptophan. In  sons of the shifts are difficult, as there are small, systematic,
the two TrpR-trpRS ternary complexes with 5-methyltryp-  chemical shift differences between all the studies. We have
tophan and.-tryptophan, the same residues are affected asnumerically minimized the average shift differences, as
in the TrpR-trpOM™ ternary complexes, but to different described in the Experimental Procedures. Here we compare
extents. This suggests that 5-methyltryptophan may be in athe chemical shifts of the C-terminal 38 residues, from
slightly different orientation in theérpRS complex than in residue 70 onward, after this minimization. Comparisons of
thetrpOM complex, leading to different longer range effects the shifts of the twotrpOS ternary complexes studied
at G52, E60, and L61. This may explain the differential effect previously, TrpR-trpOS—L-tryptophan and TrpRtrpOS—
of the corepressor in the two complexes. 5-methyltryptophan, in this region show only seven residues
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with differences in'>N shift greater than 0.3 ppm. These SUPPORTING INFORMATION AVAILABLE

are at K72, A77, T81, R84, G85, L89, and L105. Many of

these residues have been shown in this study to be affected Chemical shifts for the TrpRtrpRS—L-tryptophan and

by changes in corepressor frarvtryptophan to 5-methyl-

TrpR—trpOM—L-tryptophan complexes. This material is

affect the TrpR-trpOS complexes in the same way as the

TrpR—trpRS and TrpR-trpO" complexes. ThérpOM com- REFERENCES
plex differs from thetrpOS complex at only one base pair,
14. The largest difference i?N shift between the TrpR 1. Somerville, R. (1992prog. Nucleic Acid Res. Mol. Biol. 42—38.

trpOM—L-tryptophan complex and the TrpRrpOS—L-tryp-
tophan complex is only 0.5 ppm. This occurs at two residues, 3
at G78, which interacts with p13, and also at A80, which

interacts with the conserved bases 15 and 16. There is also 4 | \ ] A
5. Schevitz, R. W., Otwinowski, Z., Joachimiak, A., Lawson, C. L.,

a difference in shift of 0.4 ppm at T83, which interacts with
the conserved base 4, further from the site of mutation. The 4
trpRS andtrpOS complexes differ at two base pairs, 12 and

14. The TrpR-trpRS—L-tryptophan and TrpRtrpOS—L- 7.

tryptophan complexes show differences'iN shift greater
than 0.4 ppm at residues 780, T83, and S88. The largest

differences are at A80, 0.9 ppm, and at 179, 0.74 ppm, both 9.

of which interact with the conserved bases.

Thus, in complexes with all three DNA sequences, which
differ at positions contacted onlyia phosphate groups,
changes in environment are observed at residues that
hydrogen bond to conserved bases. Changing the corepressor

10.

from L-tryptophan to 5-methyltryptophan causes shift changes 12.

at different positions compared to the effects of changes in

DNA sequence. The subtle differences observed between all 13

the ternary complexes suggest that the DNA and the protein 14,
15.

both undergo mutual “induced fit” on binding; i.e., the entire
protein—DNA interface is affected by a change in a single
base pair or protein (or corepressor) residue. The changes ¢
observed at the protein residues that contact the conserved
bases may explain why tigO" sequence binds sufficiently
poorly to Trp repressor to act as a constitutive operator
vivo, despite the presence of the conserved base sequence.
In contrast, theérpRS sequence differs frormpOS at the same
position astrpO™ and at an additional base pair, yet binds
equally well to the first TrpR dimer. Coupling between
phosphate contacts (indirect read-out, as proposed iyef
and contacts to bases, either water-mediated or direct, has

been seen in a recent study of a mutant MetJ protein binding 22-

to three DNA sequencedd). Sequence selectivity in TrpR,
MetJ, and other DNA-binding proteins appears to be due to

a complex interplay among the energy required to deform 24.

DNA by the protein, the energy obtained from release of
water at the interface between the molecules, and both direct

and indirect interactions between the protein and the DNA. 2s.

The effects of mutations of either DNA or protein (or, in
this case, corepressor) cannot be explained as simple effects?
at a single point.

28.
29.
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