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ABSTRACT: A series of modified ¢rp operator sequences has been prepared by the incorporation of seven
different base analogues. Four of the analogues allow the site-specific deletion of functional groups present
on the dA-dT and dT-dA base pairs at positions —4/+4 and —5/+5 in the trp operator. The remaining
three analogues permit the incorporation of structural analogues of the native dA-dT or dG-dC base pairs.
The duplex operator sequences all exhibit 7, values well above ambient temperature (48—70 °C), and these
values generally correlate very well with the number of interstrand hydrogen bonds present. The affinity
between the #rp repressor and 14 modified operator sequences was examined using a recently developed
alkaline phosphatase protection assay. The results from the analogue sequences used in this study suggest
that the structure of the dA-dT or dT-dA base pairs at positions ~4/+4 and —5/+5, respectively, has relatively
little effect upon the solution binding by the ¢7p repressor, but the protein is very sensitive to the orientation
of the amino and carbonyl functional groups at the —4/+4 positions, which are involved in the formation
of an interbase hydrogen bond present in the major groove. (The term structure in this case refers to the
hydrogen bonding structure of the base pairs. We recognize that the introduction of conservative functional
group deletions or reversals may affect other structural criteria such as hydration.) The deletion of individual
functional groups from the operator sequence suggests that the carbonyl at dT., is critical for formation
of the high-affinity sequence-specific complex. Additionally, the thymine methyl group at dT,, and the
N7 nitrogen of dA; appear to be critical contacts necessary for high-affinity binding by the repressor. The
thymine carbonyl and the adenine N7 nitrogen are each responsible for approximately —1.5 kcal/mol of
apparent free energy of binding. The thymine methyl provides a somewhat smaller contribution of —0.7
kcal/mol. Deletion of either of the adenine amino groups at dA_, or dA, s results in a sequence that binds
to the repressor with a higher affinity than observed with the native sequence; this can be explained in that
the functional groups lost are not critical for binding, and the resulting increased flexibility of the operator,
or the creation of a more hydrophobic surface at these sites, enhances van der Waals contacts between the

protein and the nucleic acid.

F[:ne formation of high-affinity sequence-specific recognition
complexes between proteins and nucleic acids can be explained
most easily in terms of multidentate ionic interactions, hy-
drogen bonding interactions, and van der Waals contacts
between the amino acid side chains of the protein and the base,
carbohydrate, and phosphate residues of the nucleic acid
(Seeman et al., 1976; von Hippel & Berg, 1986). While some
protein—-DNA contacts contribute to the overall binding affinity
between the two macromolecules, it is the direct or indirect
readout of the bases which allows the protein to discriminate
correct from incorrect base sequences. With direct sequence
readout, the protein appears to contact specific functional
groups present on the base residues, and a target sequence will
ideally contain a unique set of functional groups available for
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such interactions. Binding at the correct or incorrect sequence
will depend both on the binding energy realized from the
formation of specific interactions and on the potential binding
energy lost as the result of steric interactions that preclude
the formation of such bonds. Reports on the structure of a
number of sequence-specific protein-DNA complexes, in-
cluding bacterial phage repressor proteins (Anderson et al.,
1987; Aggarwal et al., 1988; Jordan & Pabo, 1988; Wolberger
et al., 1988) and the EcoRI restriction endonuclease (McClarin
et al., 1986; Kim et al., 1990; Rosenberg, 1991), using X-ray
diffraction methods have generally confirmed the existence
of the direct readout mechanism. Indirect readout of base
sequences has been suggested as an alternative mechanism by
which proteins can form high-affinity complexes (Otwinowski
et al., 1988). In this case, the functional groups present on
the base residues will contribute to the overall geometry of the
recognition site and may be important in allowing the intimate
association of the protein with the nucleic acid, but most of
the direct contacts occur between the amino acid side chains
of the protein and the phosphodiester residues of the DNA.
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The reported structure of the ¢rp repressor with its operator
site (Otwinowski et al., 1988) best represents the indirect
readout mechanism. Although the X-ray crystallographic
structure of this repressor—operator complex has been reported,
there has been some controversy about the nature of the op-
erator site recognized by the repressor and whether the re-
ported crystal structure represents a specific or a nonspecific
protein-DNA complex (Brennan & Matthews, 1989; Staacke
et al., 1990; Benson et al., 1992).

The trp repressor is composed of two identical subunits of
107 amino acids (Gunsalus & Yanofsky, 1980; Joachimiak
et al., 1983) and binds with dyad symmetry (Otwinowski et
al., 1988). The subunits are formed from a-helices, and in
common with many other bacterial repressors [for reviews see
Olendorf and Matthews (1983) and Pabo and Sauer, 1984],
the trp repressor contains a helix—turn-helix structural motif
which is primarily responsible for interacting with the operator
site (Otwinowski et al., 1988). The amino acid tryptophan
functions as a co-repressor (Joachimiak et al., 1983), which
upon binding to the protein induces a conformational change
and increases binding affinity for the operator by 10 000-fold
(Marmorstein et al., 1991). Bass et al. (1987) have used an
in vivo assay to study the binding of the #7p repressor to a series
of operators containing symmetrical base changes. Their work
suggests that the five nucleotides, 5-ACTAG-3’ including base
pairs —7/+7 through -3/43 are most important for the for-
mation of the high-affinity complex between the repressor and
operator.

The crystal structure of the protein-DNA complex at 2.4
A has been reported (Otwinowski et al., 1988) using the
following self-complementary 19-mer:

The crystal structure indicates the presence of only a single
direct amino acid—nucleoside base contact: a bidentate in-
teraction between Argg, and G_,. However, there are six major
groove contacts to functional groups on the bases in each
operator half-site mediated by three water molecules, and there
are 12 direct contacts involving the unesterified oxygens of
six phosphate residues. The complex may be stabilized ad-
ditionally by extensive nonspecific van der Waals contacts at
the protein—-DNA interface that largely exclude solvent water
molecules.

It has been suggested that the observed specificity of the
trp repressor for its target operator is largely the result of the
structure of the operator itself (indirect readout) rather than
the result of interactions to the bases (direct readout) (Ot-
winowski et al., 1988; Luisi & Sigler, 1990). The DNA op-
erator in the complex is bent, principally at the -5/-4 and
+4/+5 steps, where there is large positive roll (~11°) that
compresses the major groove and opens up the minor groove,
and there is evidence to suggest that d(TA) steps, particularly
in the sequence d(CTAG), tend to deviate from the classical
B-form DNA structure with little if any induced strain (Hunter
et al., 1989). The presence of such sequence-mediated
structure modulation in B-form DNA in the area of contact
between the trp repressor and its operator site has been sug-
gested to be primarily responsible for the formation of the
high-affinity recognition complex in the presence of the 105-10’
other possible binding sites in the prokaryotic genome (Ot-
winowski et al., 1988; Luisi & Sigler, 1990).

The incorporation of modified nucleobases into short
chemically synthesized oligodeoxynucleotides can be a useful
approach for the study of recognition processes in that the
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functional groups of the base residues can be systematically
altered [for a review see Aiken and Gumport (1991)]. The
presence or absence of a given functional group at a specific
location will vary in these sequences, and corresponding
structure modulation of the DNA recognition site can be
expected in some cases. Structure alteration will be most
pronounced when functional groups involved in interstrand
hydrogen bonding have been deleted, or in cases where ad-
ditional functional groups have been incorporated into the
sequence. This approach has been employed in studies with
other repressor proteins (Goeddel et al.,, 1977, 1978; Caruthers,
1985) as well as restriction endonucleases (Dwyer-Hallquist
et al., 1982; Ono et al., 1984; Yolov et al., 1985; Brennan et
al., 1986a, Jiricny, et al., 1986; Seela & Driller, 1986; Seela
& Kehne, 1987; McLaughlin et al., 1987; Nwosu et al., 1988;
Mazzarelli et al., 1989; Lesser et al., 1990; Newman et al.,
1990a,b; Aiken et al., 1991) modification enzymes (Brennan
et al., 1986b), and RNA polymerase (Dubendorff et al., 1987).

We have prepared a series of 14 modified ¢rp operator
sequences in which we have altered the nature and position
of functional groups present in the major groove at the —4/+4
and the —5/+5 base pairs. The structure of the dA-dT and
dT-dA base pairs at these positions has been suggested to
account for the high-affinity binding of the trp repressor to
its operator site. We have examined the binding affinities of
the 1rp repressor to these sequences using a recently developed
kinetic assay employing alkaline phosphatase (Marmorstein
et al., 1991).

EXPERIMENTAL PROCEDURES

Materials

Thin layer chromatography (TLC) was performed on 5 X
10 cm silica gel 60F,s, glass-backed plates (E. Merck,
Darmstadt, Germany). For flash chromatography, silica gel
60 (particle size less than 0.063 mm; E. Merck, Darmstadt,
Germany) was used under positive pressure from nitrogen gas.
High-performance liquid chromatography (HPLC) was car-
ried out on ODS-Hypersil (4.6 X 250 mm) or MOS-Hypersil
(9.4 X 250 mm) (Shandon Southern, England), using a
Beckman HPLC system. 3'P and 'H NMR spectra were
obtained with a Varian XL-300 multinuclear spectrometer at
121.421 and 300 MHz, respectively. Absorption spectra were
recorded by a Perkin-Elmer Lambda 3B UV /vis spectropho-
tometer. Oligodeoxynucleotides were synthesized using nu-
cleoside phosphoramidites on an Applied Biosystems 381A
DNA synthesizer. The fully protected 2’-deoxynucleoside
phosphoramidites containing arene- or isobutanamides were
purchased from Cruachem through Fisher Chemical Co. The
phosphoramidite derivatives of purine 2’-deoxyriboside (dP)
(Clore et al., 1988), 5-methyl-2-pyrimidone 2’-deoxyriboside
(d5) (Gildea & McLaughlin, 1989), and 2,6-diaminopyrine
2’-deoxyriboside (dD) (Gaffney et al., 1984) were prepared
as described in the appropriate references. The phosphor-
amidites of 2’-deoxyuridine (dU), 2’-deoxyinosine (dI), and
2’-deoxy-5-methylcytosine (dM) were prepared by standard
procedures in our laboratory, but they are also available from
Applied Biosystems, Inc. (Foster City, CA). The phosphor-
amidite derivative of 7-deaza-2’-deoxyadenosine (dc’A) was
prepared by a procedure similar to that described earlier (Seela
& Kehne, 1988) and is described in full in the present report
(see below). The controlled pore glass support containing the
3’-terminal nucleoside was a product of Applied Biosystems,
Inc. The trp repressor was isolated from an overproducing
strain provided as a gift from Prof. P. Sigler (Yale University).
Calf intestinal alkaline phosphatase was a product of Boeh-



Interactions between Trp Repressor and Its Operator Sequence

ringer, Mannheim (Germany).

Methods

Synthesis of N*-(Benzoylamino)-7-[5-0-(4,4"-dimeth-
oxytrityl)-2"-deoxy-B-p-erythro-pentofuranosyl] pyrrolo[ 2,3-
d)pyrimidine (1). N-Benzoyl-2’-deoxytubercidin was prepared
from tubercidin as described by Robins et al. (1983). To 502
mg (1.42 mmol) of N-benzoyl-2’-deoxytubercidin which was
evaporated from dry pyridine (3X) and then dissolved in 25
mL of dry pyridine was added N,N-diisopropylethylamine (0.5
mL, 5.4 mmol) followed by 4,4’-dimethoxytrityl chloride (723
mg, 2.14 mmol). The reaction mixture was stirred at room
temperature under an argon atmosphere for 2 h. At this point,
TLC analysis (CH,Cl,/CH;0H 9/1) indicated a complete
reaction and the presence of a single product (R, = 0.52). The
reaction was stopped with methanol and stirred an additional
5 min. The solution was evaporated to dryness, and the residue
was dissolved in dichloromethane and washed successively with
5% NaHCO,; and water. The organic layer was dried
(Na,SO,), filtered, and evaporated to dryness. The product
was purified by short column chromatography (dichloro-
methane with a gradient of methanol) to give 1. Yield: 964
mg (69%) as yellow foam. R,(CH,Cl,/CH;0H 9/1): 0.52.
UV (CH;0H): Ap,, = 222, 272, 280; Ay, = 258. 'H NMR
(DMSO0-d;) (TMS): 6 2.3 (1 H, m, Hy), 2.6 (1 H, m, Hy),
32 (2 H, m, Hs/, Hsﬂ), 3.7 (6 H, S, OCHg), 4.0 (1 H, m, H4/),
4.4 (1 H, m, Hy), 5.75 (1 H, d, 3-OH), 6.7 (1 H, dd, H,
J = 6.8, 6.1 Hz), 6.8-7.8 (18 H, m, Ar-H), 7.1 (1 H, d, H,),
8.1 (1 H, d, Hy), 8.6 (1 H, s, H,), 11.16 (1 H, 5, NH).

Synthesis of N*-(Benzoylamino)-7-[3%-0-(N,N-diiso-
propylamino-B-cyanoethoxyphosphinyl)-5"-0-(4,4"-dimeth-
oxytrityl)-2"-deoxy-B-D-erythro-pentofuranosyl) pyrrolo[ 2,3-
d)pyrimidine (2). To a solution of 1 (600 mg, 0.914 mmol)
in anhydrous dichloromethane (20 mL) at room temperature
was added V,N-diisopropylethylamine (353.6 mg, 2.73 mmol),
and the reaction mixture was stirred for 15 min under an argon
atmosphere. To this solution was added 2-cyanoethyl N,N-
diisopropylphosphoramidite (323.7 mg, 1.36 mmol) dropwise
over a period of 10 min, and the reaction mixture was stirred
an additional 2 h. The reaction was stopped by the addition
of methanol (2 mL) and stirred for 5 min. The solvent was
evaporated to yield a yellow oil and purified by a short column
chromatography. The product eluted in dichloromethane/
methanol/triethylamine 9.8/0.1/0.1. The fractions containing
product were collected and evaporated to an oil that was
dissolved in a small quantity of anhydrous dichloromethane
and precipitated into cold petroleum ether (70 °C) to give
2 as light yellow solid. Yield: 700 mg (89%). Ry
(CH,Cl,/hexane/(CH;CH,);N, 45/45/10): 0.75, 0.80. 3P
NMR (CDCl;) (H,PO, ext.): 149.0, 149.3.

Oligonucleotide Synthesis. The oligonucleotides were
synthesized on controlled pore glass supports using phospho-
ramidite chemistry (Matteucci & Caruthers, 1981) and an
Applied Biosystems 381A DNA synthesizer. After depro-
tection by base (concd ammonia for 6 h at 50 °C), the se-
quences were isolated using a 9.4 X 250 mm column of
ODS-Hypersil at a flow rate of 3.0 mL/min in 50 mM tri-
ethylammonium acetate (pH 7.0) with a gradient of aceto-
nitrile (20-65% M over 40 min) (McLaughlin & Piel, 1984).
After isolation, the 5’-terminal DMT group was removed in
80% aqueous acetic acid at 0 °C for 30 min. Most of the acid
was then removed by evaporation from ethanol/water 1/1
(3X), and the fragments were desalted (Sephadex G-10) and
lyophilized to dryness.

Nucleoside Analysis. Nucleoside composition was deter-
mined after snake venom phosphodiesterase/bacterial alkaline
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phosphatase hydrolysis. A 20-uL reaction mixture containing
0.5 Ay unit of oligomer in 100 mM Tris-HC], pH 8.0, 20 mM
MgCl,, 3 units of snake venom phosphodiesterase, and 2 units
of bacterial alkaline phosphatase was incubated at 37 °C
overnight. A 5-uL aliquot was analyzed by HPLC using a
4.6 X 250 mm column of ODS-Hypersil in 20 mM potassium
phosphatase, pH 5.5, and a gradient of 0~70% methanol (60
min). Under these conditions the following retention times
were observed (260 nm): dC, 6.7; dU, 7.2; dM, 9.6; dI, 10.3;
dG, 11.0;d5, 11.8 (at 310 nm); dT, 11.9; dD, 12.4; dP, 14.5;
dA, 15.5; dc’A, 17.1 min.

T,, Values. T, values were obtained in 10 mM Tris-HCI
(pH 7.4) and 250 mM sodium chloride at duplex concentra-
tions in the low micromolar range. Absorbance values were
measured with a Perkin-Elmer Lambda 3B UV /visible spec-
trophotometer equipped with a digital temperature control.
The solution temperatures were measured directly with a
thermister probe (OMEGA Engineering, Stanford, CT).
Absorbance and temperature data were collected after analog
to digital conversion (DT-2800; Data Translation, Marlboro,
MA) using an IBM-XT computer and the ASYST (version
1.53) scientific software package (MacMillian Software, New
York, NY). T, values were determined from first- and sec-
ond-order derivatives of the absorbance vs temperature plots.

Radioisotopic Labeling. Each 20-mer was 5’-end-labeled
with [y-3?P]JATP as follows: A 200-uL reaction mixture
contained 0.5 Ay unit of 20-mer (~0.1 mM), 40 mM
Tris-HC], pH 7.8, 10 mM MgCl,, 10 mM DTT, 0.2 mM
Na,EDTA, 0.005-0.025 mM ATP, ~50 uCi of [v-*?P]ATP,
5 ug/mL BSA, and 10 units of T, polynucleotide kinase was
incubated overnight at 37 °C. The product was isolated by
adsorption on a C;3 Sep-Pak cartridge. The cartridge was
washed with 4% aqueous methanol to remove the excess ATP
and then with 20% aqueous methanol to elute the product. The
product was lyophilized to dryness and dissolved in 10 mM
Tris-HCI, pH 7.4, and 250 mM sodium chloride at a duplex
concentration of approximately 0.5 mM. This solution was
heated to 80 °C for 5 min, slowly cooled to 5 °C, and finally
diluted with buffer to a final duplex concentration of 0.5~1.0
uM.

Alkaline Phosphatase Binding Analysis. The assay as
described by Marmorstein et al. (1991) was employed. Some
of the details of the procedures are noted below: Both the trp
repressor and the calf intestine alkaline phosphatase were
dialyzed against 10 mM Tris-HCI, pH 7.4, and 250 mM
sodium chloride. Approximately 1 mg of repressor in 30 uL
of storage buffer (0.5 mM sodium phosphate, 250 mM sodium
chloride, pH 7.0) was diluted to a final volume of 500 uL and
dialyzed at 4 °C. Three buffer changes were completed at
4-h intervals, and after 16 h the dialysis was stopped, the
protein was transferred to a suitable container, and the final
concentration was determined spectrophotometrically at 280
nm (e = 1.48 X 10* M~ cm™). A total of 100 units of alkaline
phosphatase (1 unit/uL) was also dialyzed under the same
conditions.

Alkaline Phosphatase Reaction in the Absence of Re-
pressor. A 200-uL reaction solution at 22 °C containing 20
nM duplex operator in 10 mM Tris-HCI, pH 7.4, and 250 mM
sodium chloride and containing 10 ug/mL BSA was initiated
by the addition of 2.5 or 5.0 units of alkaline phosphatase.
Aliquots of 20-30 pL were removed at 15-s intervals (usually
for a 2-min total period), and the reaction was quenched by
addition of the aliquot into 25 uL. of 0.15 M potassium
phosphate, pH 7.0, containing 100 A4,¢, units/mL of bulk
tRNA. The nucleic acids were precipitated by the addition
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of 3 mL of 5% aqueous trichloroacetic acid (TCA) followed
by incubation for 5 min at ambient temperature. The TCA
solution was filtered through a nitrocellulose membrane,
followed by filtration of an additional 3-mL “wash” solution
of TCA. The membrane was dried, and the radioactivity was
determined in a toluene-based scintillation fluid.

Alkaline Phosphatase Reaction in the Presence of Re-
pressor. The alkaline phosphatase reaction in the presence
of the trp repressor was performed by essentially the same
procedure with the following exceptions: The 200-uL reaction
solution contained 0.1, 1.0, or 10 uM repressor (dimer) and
0.5 mM L-tryptophan co-repressor, and this mixture was in-
cubated 30 min at 22 °C prior to the addition of the phos-
phatase. Control reactions were also performed in absence
of the co-repressor. The time invervals for removing aliquots
of solution for precipitation and analysis varied depending upon
the rate of reaction.

Data Analysis. The amount of radiolabeled duplex present
at various time periods, determined from the precipitated
radioactivity (as a ratio of the starting labeled duplex), was
plotted logarithmically as a function of reaction time as de-
scribed previously. In some reactions with the repressor, a
biphasic reaction rate appeared to be present: an initial rapid
dephosphorylation occurred, similar to the rate of the alkaline
phosphatase reaction in the absence of the repressor, followed
by a second slower rate. The initial rate accounted for ap-
proximately 10-15% of the labeled oligodeoxynucleotide and
likely reflected the presence of non-duplex structures (e.g.,
hairpins). The presence of such structures is not generally
considered in assays using self-complementary oligodeoxy-
nucleotides, but they are likely to occur, particularly when the
concentration of the oligodeoxynucleotide is relatively low. In
cases where a biphasic reaction rate appeared to'be present,
the second portion of the rate curve was used to extrapolate
the concentration of “active” duplex 20-mer present when the
reaction was initiated. Rate constants were obtained from the
plots of the alkaline phosphatase reaction with (k) and
without (k;) repressor (R) and an apparent dissociation con-
stant (Kp) was obtained from the following relationship: Kp
= [R]/(ki/k{ — 1), as has been described previously (Mar-
morstein et al., 1991). The K, values reported are the result
of a minimum of four independent assays and the standard
deviations reported reflect deviations in these independent
assays.

RESULTS

Design of the Modified Operator Sequences. We have used
a 20-base-pair sequence containing the 18 base pairs of the
trp operator sequence used in crystallographic analysis (Ot-
winowski et al., 1988) of the repressor—operator complex:
9 -5 -1+l +5 +9
5-CGTACTAGTTAACTAGTACG
GCATGATCAATTGATCATGC -5
. . ] .

+9 +

Although two distinctly different alignments of the repressor
about the operator sequence have been proposed (Otwinowski
et al., 1988; Staacke et al., 1990), other experiments, including
genetic studies (Bass et al., 1987, 1988), hydroxyl radical
footprinting (Carey, 1989), and in vitro binding assays
(Marmorstein et al., 1991; Haran et al., 1992) suggest that
the traditional operator sequence, and that employed in this
study, is the preferred target of the trp repressor molecule.
In vivo studies have implicated a portion of the 18-base-pair
operator sequence, including the —7/+7 through —3/+3 base
pairs as being critical for binding by the repressor (Bass et
al., 1987, 1988). In the crystallographic analysis of the re-
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FIGURE 1: Deletion-modified adenine~thymine base pairs (arrows mark
the site of the deleted functional group in each base pair).

pressor—operator complex, the structure at the base pair steps
-5/-4 and +4/+5 have been suggested to be crucial for se-
quence-specific binding of the repressor to the operator se-
quence (Otwinowski et al., 1988), and these two sites appeared
a likely area of the recognition sequence to initiate studies
involving base analogues. Seven base pairs have been sub-
stituted for the dA-dT base pair at the —4/+4 positions and
the dT-dA base pair at the —5/+5 positions. In addition to
base pairs containing altered functional groups, we have in-
corporated a corresponding dG-dC or dC-dG base pair at each
of the appropriate sites. The base pairs with altered functional
groups fall into two classes: deletion modifications and
functional group reversals. In the first group, four base pair
analogues have been employed to systematically delete each
of the four critical functional groups located in the major
groove of a dA-dT (or dT-dA) base pair (the adenine N7, the
adenine NH,, the thymine O4, and the thymine CH) (Figure
1). Each functional group deletion was accomplished by the
incorporation of the appropriate analogue: 7-deaza-2’-
deoxyadenosine (dc’A), purine 2’-deoxyriboside (dP), 5-
methyl-2-pyrimidinone 2’-deoxyriboside (d5), and 2’-deoxy-
uridine (dU).

In some cases (e.g., dP-dT and dA-d5) the deletion of a
specific functional group involved in Watson—Crick base
pairing results in the loss of one (or more) interstrand hydrogen
bond. The resulting local or global structural effects resulting
from the loss of such hydrogen bonds at specific sites may
themselves contribute to an altered affinity between the protein
and the nucleic acid and confuse the interpretation of the
binding assays. In order to partially alleviate such concerns,
we have employed two additional base pair analogues: hy-
poxanthine-5-methylcytosine (dI-dM) and 2,6-diamino-
purine—-uracil (dD-dU) can be viewed as dA-dT and dG-dC
structural analogues (Figure 2). Both modified base pairs
maintain the two or three interbase hydrogen bonds charac-
teristic of dA-dT or dG-dC base pairs, respectively, but reverse
the relative orientation of the amino and carbonyl functional
groups involved in the interbase hydrogen bond present in the
major groove.! The use of these analogues permits alteration
of the functional group character present in the major groove
with little accompanying structural effects.

Synthesis of the Modified Operator Sequences. In addition
to the native sequence, 14 modified sequences were prepared
in which the dA-dT and dT-dA base pairs at positions —-4/+4

! The formal attachment of the hydrogen atom involved in the purine
N1-pyrimidine N3 hydrogen bond is also reversed in these two base
pairs. However, there is no evidence that the ¢rp repressor opens up the
helix to probe the Watson—Crick faces of the base pairs, so this reori-
entation of the formal bonding of the hydrogen atom at this site is un-
likely to have a significant effect upon the structure of the DNA or the
manner in which the protein interacts with the sequence.
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Table I: Consequences of Base Analogue Substitutions at the —4/+4 Positions within the ¢rp Operator

0.1 uM 1.0 uM 10 uM
repressor? repressoré repressor?
trp modified operator sequences position base pair T, (°C) Ky (uM) Ky (uM) Kp (uM)
~5-4-3-2-1+1+2+3+4+5
1 CGTACTAGTTAACTAGTACG -4/+4 AT 65.0 0.003 % 0.0012 0.024 £ 0.005
2 CGTACTGGTTAACCAGTACG -4/+4 GC 70.2 0.57 £ 0.04
3 CGTACTDGTTAACUAGTACG -4/+4 DU 67.4 0.011 % 0.002 0.018 % 0.007
4 CGTACTIGTTAACMAGTACG -4/+4 M 63.0 0.33 £ 0.02
5 CGTACTAGTTAACUAGTACG —4/+4 AU 62.7 0.032 £ 0.004 0.046 =+ 0.007
6 CGTACTPGTTAACTAGTACG -4/+4 PT 56.0 0.0013 £ 0.0004  0.039 * 0.004
7 CGTACTAGTTAACSAGTACG ~-4/+4 AS 52.2 np® 0.47
8 CGTACT(c’A)GTTAACTAGTACG -4/+4 ¢’AT 64.5 0.008 % 0.002 0.024 £ 0.002
gal CGGTGTAAACGTTTACACCG gal operator >14

¢ Concentration of repressor used in the protection assay. The apparent dissociation constant (Kp) varies artificially with the concentration of the
repressor used. It is best to compare Ky, values obtained under identical repressor concentrations. ®np = no protection was observed at this repressor

concentration.

Table II: Consequences of Base Analogue Substitutions at the -5/+5 Positions within the trp Operator

0.1 uM 1.0 uM 10 uM
repressor? repressor? repressor?
trp modified operator sequences position base pair T (°C) Kp (uM) Kp (uM) Kp (uM)
~5-4-3-2-1+1+2+3+4+5
1 CGTACTAGTTAACTAGTACG =5/+5 TA 65.0 0.003 £ 0.0012 0.024 + 0.005
2 CGTACCAGTTAACTGGTACG =5/+5 CG 70.5 0.067 £ 0.010
3 CGTACUAGTTAACTDGTACG -5/+5 UD 64.2 0.005 % 0.0008 0.048 £ 0.001
4 CGTACMAGTTAACTIGTACG ~5/+5 MI 64.3 0.13 £ 0.01
5 CGTACUAGTTAACUAGTACG =5/+5 UA 64.4 0.002 £ 0.0007 0.051 £ 0.015
6 CGTACTAGTTAACTPGTACG =5/+5 TP 56.6 0.00038 % 0.00001 0.017 £ 0.001
7 CGTACSAGTTAACTAGTACG =5/+5 SA 47.6 np® np?
8 CGTACTAGTTAACT(c'A)GTACG -5/45 Tc'A 64.8 0.65 = 0.10
gal CGGTGTAAACGTTTACACCG gal operator >14

2Concentration of repressor used in the protection assay. The apparent dissociation constant (Kp) varies artificially with the concentration of the
repressor used. It is best to compare Ky, values obtained under identical repressor concentrations. ®np = no protection observed at this repressor

concentration,

and -5/+5 were replaced by dG-dC (dC-dG) as well as each
of the modified base pairs illustrated in Figures 1 and 2. Seven
2’-deoxynucleoside phosphoramidites were required for these
syntheses. Six of the phosphoramidite derivatives were pre-
pared as we or others have previously described (Gaffney et
al., 1984; Clore et al., 1988; Gildea & McLaughlin, 1989).
The 7-deaza-2’-deoxyadenosine derivative was prepared by a
modification of a previously described (Seela & Kehne, 1988)
procedure (see Methods). The native and modified sequences
were synthesized using solid-phase based procedures that em-
ployed a controlled pore glass bead support (Matteucci &
Caruthers, 1981).

After assembly, deprotection, and purification, the sequences
were analyzed by HPLC and polyacrylamide gel electropho-
resis. A typical HPLC analysis is illustrated in Figure 3a. On
the basis of these analyses, the oligodeoxynucleotides were
estimated to be >95% pure. Nucleoside analysis (see Figure
3b) confirmed the presence of one equivalent of the modified
residue(s).

T,, Values of the Modified Operator Sequences. The
thermal stabilities of the self-complementary operator duplexes
were determined under the pH and salt conditions used in the
binding assays (10 mM Tris-HCI, pH 7.4, 250 mM NaCl).
Under these conditions, the Ty, value for the native trp operator
sequence at ~5 uM duplex concentration was 65.0 °C. The
incorporation of modified base pairs into two symmetric
positions (—4/+4 or —5/+5) had varying effects upon stability.
Base pairs that maintained the same overall number of in-
terstrand hydrogen bonds in the 20-mer sequence exhibited
T,, values that were within approximately 2 °C of that ob-
tained for the native sequence (compare entries 4, 5, and 8
in Tables I and II with the native sequence, entry 1). Base
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FIGURE 2: Native dA-dT and dG-dC base pairs (top) and the cor-
responding base pair analogues containing functional group reversals
(bottom, arrows indicated the relative positions of the “reversed”
functional groups).

H

pairs that resulted in an increase in the number of interstrand
hydrogen bonds generally exhibited slightly higher T, values
(compare entries 2 and 3 in Tables I and II with the native
sequence, entry 1). Four modified sequences, those containing
dP-dT and dA-d5 base pairs result in a net loss of interstrand
hydrogen bonds relative to the native sequence. Substitution
of purine for adenine eliminates one hydrogen bond (at each
of the symmetric sites) present in the major groove of the
duplex DNA (see Figure 1). However, previous NMR ex-
periments (Ikuta et al., 1987; Clore et al., 1988) suggest that
a single Watson—Crick hydrogen bond remains between the
purine N1 and the thymine NH3 (as shown in Figure 1). The
substitution of two dP-dT base pairs into the operator sequence
results in a net loss of two interstrand hydrogen bonds from
the duplex operators, and the T, values for these derivatives
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FIGURE 3: (a) HPLC analysis of the 20-mer containing the trp operator sequence and a dc’A-dT analogue at the —4 position. Column: 4.6
X 250 mm ODS-Hypersil. Buffer: 50 mM KH,PO,, pH 5.5. Gradient: 0~75% methanol over 60 min. (b) HPLC analysis of the nuclease
digest of the 20-mer described above in (a). HPLC conditions were as described in (a).

are approximately 8-9 °C lower than that of the native
fragment (see entry 6 in Tables I and II). By comparison,
substitution of the 2-pyrimidinone derivative, d5, for dT also
results in the loss of the interstrand hydrogen bond present
in the major groove. However, in this case a tautomeric shift
in the character of the N3 nitrogen eliminates the hydrogen
formally attached to the thymine N3. This tautomeric shift
results in the loss of both Watson—Crick hydrogen bonds
present in a native dA-dT base pair (see Figure 1). A net loss
of four hydrogen bonds (two at each symmetric site) within
the operator sequence results in approximately a 13 °C (at
-4/+4) and a 17 °C (at -5/+5) decrease in T, values
(compare entry 7 of Tables I and II with the native sequence,
entry 1).

Binding of the Native Operator Sequence to the trp Re-
pressor. We have used the recently developed alkaline
phosphatase protection assay (Marmorstein et al., 1991) for
the determination of equilibrium dissociation constants between
the synthesized operator sequences and the trp repressor. In
this assay, binding by the repressor to radiolabeled sequences
of 20 nucleotide residues protects the sequences from de-
phosphorylation by calf intestinal alkaline phosphatase. The
rate of dephosphorylation in this case is dependent upon both
the dissociation constant (Kp), characterizing the binding
between the repressor? and operator, and the concentration
of the repressor (R) available in solution. Plots of the natural
logarithm of the fraction of phosphorylated operator versus
time should generate a linear function with the slope of the
line equal to the apparent rate constant. With a given dis-

2 Although not explicitly stated in each case, all assays were performed
in the presence of 0.5 mM of co-repressor, tryptophan (see Experimental
Procedures). The descriptions of repressor—operator binding actually
reflect the binding of the repressor—corepressor complex to the operator
sequence.

In[(cpm)/(cpm)o]

0 10 ZIO
Time (minutes)

FIGURE 4: Plots illustrating the protection of the 20-mer, containing
the trp operator sequence (~20 nM) and a dD-dU analogue at the
—4/+4 positions, from alkaline phosphatase hydrolysis at varying
concentrations of trp repressor (R).

sociation constant characterizing the binding between the
repressor and operator, the extent of protection from alkaline
phosphatase hydrolysis will vary with the concentration of
repressor available. As illustrated in Figure 4, significantly
more protection was observed for the dD-dU-containing se-
quence with increasing concentrations of repressor.

In some cases, in the presence of the ¢trp repressor, we ob-
served a biphasic character for these rate plots. An initial rate,
almost identical with the rate for alkaline phosphatase hy-
drolysis in the absence of the repressor, was followed by a
slower rate that appeared to reflect protection by the repressor.
The first portion of such plots typically accounted for only
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about 10-15% of the hydrolyzed material. The T, values for
all the operator sequences used in this study, and measured
in the low micromolar concentration range, suggest the
presence of well-characterized duplexes. However, at the low
duplex concentrations used for the protection assay (~20 nM)
some formation of hairpin loop or other unusual structures in
addition to the desired 20-mer duplex can be expected. In
cases where biphasic rate plots were obtained, we have assumed
that the initial fast rate of hydrolysis, unaffected by the
presence of the repressor, represents hairpin or other non-
duplex structures. We have used the second portion of the
curve to extrapolate the concentration of the “active” 20-mer
duplex at time zero.

By comparing the rate constants for the dephosphorylation
of the radiolabeled operator sequence in presence (k") and
absence (k;) of the repressor (R), the apparent dissociation
constant (Kp) can be derived from the relationship K, =
[R]/(k;/k{ — 1) (Marmorstein et al., 1991). However, since
the concentration of repressor enters into this calculation for
the value of K, it is best to compare the relative dissociation
constants for a series of sequences under identical conditions,
and at a repressor concentration that is not excessively high.

In our hands, a repressor concentration of 0.1 uM was
sufficient to exhibit significant protection of the operator se-
quence. Under these conditions, a dissociation constant of 3
nM was obtained characterizing the binding between the native
operator and the ¢rp repressor. This value is essentially
identical with the value obtained by Marmorstein et al. in the
recent work describing this assay. Additionally, this value
compares favorably with the K, values of 2 nM obtained by
Klig et al. (1987) and 5.9 nM reported by Marmorstein and
Sigler (1989) using filter binding assays. The measured Kp
is somewhat higher than the value of 0.5 nM measured by
Carey (1988) using a gel shift assay at pH 6.0.

We have also used a second unrelated operator sequence
(the gal operator) to estimate nonspecific binding. With the
gal operator sequence, we were unable to observe any pro-
tection (binding) by the ¢rp repressor at 0.1 or 1.0 uM con-
centrations of repressor. At 10 uM #rp repressor, we were able
to obtain a value, although difficult to reproduce with precision,
indicating that the K, value for binding of the ¢rp repressor
to the gal operator was not less than 14 uM.

Binding of Modified Operator Sequences to the trp Re-
pressor. Initial binding experiments indicated that some of
the modified operator sequences were only poorly protected
at a repressor concentration of 0.1 uM. In general, it was most
efficient to analyze all operator sequences at the higher re-
pressor concentration of 1.0 uM. Although using a higher
repressor (R) concentration artificially raised the measured
Kp to 24 nM for the native system, we could then compare
relative binding affinities for all the sequences prepared.
Operator sequences that appeared to bind as well as did the
native sequence were then reassayed at a lower concentration
of repressor (0.1 puM). Sequences that did not appear to be
protected at 1.0 uM repressor were assayed again in the
presence of 10 uM repressor. Using these procedures, we could
compare the relative binding affinities for all sequences at a
single repressor concentration, and yet provide some discrim-
ination between sequences, that appeared (at 1.0 uM repressor)
to have relatively low dissociation constants similar to that of
the native sequence or, conversely, very high dissociation
constants.

Consequences of Modifications at the —4/+4 Base Pair.
Analysis of the crystal structure of the trp repressor—operator
complex (Otwinowski et al., 1988) did not suggest the presence
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of any amino acid-base contacts at the —-4/+4 base pair.
Structural anomalies of the DNA sequence within the re-
pressor—operator complex, particularly the high degree of roll
associated with both the —4/+4 and -5/+5 base pairs, was
suggested to contribute to the overall binding affinity. Re-
placement of the dA-dT base pair at ~4/+4 with a dG-dC base
pair resulted in a Kp, value of 0.57 uM, some 24-fold higher
than that observed for the native sequence (compare entries
1 and 2 at 1.0 uM repressor, Table I). Although the dD-dU
base pair can be viewed as a structural analogue of dG-dC
(see Figure 2), the placement of a dD-dU at the —4/+4
position resulted in a K, value very similar to that of the native
sequence (entry 3, Table I). By comparison, the operator
sequence containing a dA-dT structural analogue (dI-dM,
entry 4, Table I) resulted in an apparent dissociation constant
that was 14-fold higher than that characterizing the unmod-
ified operator.

In addition to the structural analogues, the four “deletion-
modified” base pairs (see Figure 1) were each placed into the
—4 /44 site. Deletion of the thymine methyl group, the adenine
amino group, or the adenine N7 nitrogen (entries 5, 6, and
8, Table I) resulted in sequences characterized by K, values
differing from that of the unmodified sequence by less than
2-fold. By comparison, deletion of the thymine carbonyl (entry
7, Table I) produced a sequence that did not exhibit significant
protection in the presence of 1.0 uM repressor.

Sequences 3, 5, 6, and 8 (Table I) with K}, values similar
to that obtained for the unmodified operator (at a concen-
tration of 1.0 uM repressor) were reanalyzed in the presence
of a reduced concentration of the repressor (0.1 uM, see Table
I). The operators containing either a dD-dU or a d¢’ A-dT
base pair exhibited binding characteristics that were very
similar to those of the native sequence (11 nM and 8 nM,
respectively, vs 3 nM). However, the dA-dU-containing se-
quence resulted in a Ky, value approximately 10-fold higher
(32 nM) than that observed with the unmodified operator (3
nM). Surprisingly, the dP-dT containing sequence (entry 6)
exhibited a Kj, value that was slightly, but reproducibly, lower
(1.3 nM) than that of the native sequence.

The only sequence that did not exhibit any protection by
a 1.0 uM concentration of the repressor (entry 7, Table I) was
reanalyzed in the presence of 10 uM repressor. In this assay,
some protection was observed, and a K, value of 0.47 uM was
obtained.

Consequences of Modifications at the -5/+5 Base Pair.
This base pair, in conjunction with the —4/+4 base pair, also
exhibits a high degree of roll, on the basis of analysis of the
crystal structure. Together, the —4/+4 and —5/+5 base pairs
are responsible for the formation of two symmetrically placed
kinks within the DNA structure of the repressor—operator
complex. Additionally, analysis of the crystal structure sug-
gests the presence of a water-mediated contact that bridges
the adenine N7 nitrogen at A,;. This water molecule is also
bound the O6 of dG.¢ and the amide nitrogen of Alag,. In
contrast to the results obtained for substitutions at the —4/+4
position, replacement of the native dT-dA base pair by either
a dC-dG base pair or either of the structural analogues dU-dD
or dM-dI resulted in only marginal changes in binding affinity
when measured in the presence of 1.0 uM repressor (compare
entries 2, 3, and 4 with entry 1, Table II). The presence of
a dC-dG base pair resulted in a 3-fold increase in Ky (0.067
uM) relative to the unmodified operator, and the greatest
change in affinity for these derivatives occurred with the dT-
dA structural analogue dM-dI, where a 5-fold increase in Kp,
was observed (129 nM).
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Deletion of the individual functional groups present in the
major groove of the dT-dA base pair had varying effects upon
repressor affinity. Excision of either the thymine methyl group
or the adenine amino group (entries 5 and 6, Table IT) resulted
in little change in the derived K value. However, deletion
of the thymine carbonyl (entry 7, Table II) generated a se-
quence that could not be protected by the repressor, even at
a repressor concentration of 10 uM. Additionally, substitution
of 7-deazaadenine at the ~5/+5 position resulted in a Kp, of
0.65 uM, 27-fold higher than that measured for the native
sequence.

Three modified operators were further analyzed in the
presence of a lower concentration of repressor (0.1 pM, Table
II). The dC-dG structural analogue dU-dD, containing three
interbase hydrogen bonds, exhibited a binding affinity for the
repressor that was virtually identical with that of the native
operator (5 nM). Additionally the deletion of the methyl group
from dT_s had no effect upon the derived Xy, value (2 nM).
Surprisingly, deletion of the adenine amino group (replacement
by dT-dP, entry 6, Table II) resulted in an approximately
8-fold decrease in the Ky, value, suggesting the formation of
a complex that is more stable (Kp = 0.38 nM) than that
obtained with the unmodified operator.

The only sequence that did not exhibit any protection by
the repressor was the 20-mer containing the d5-dA base pair
at position —5/+5 (entry 8, Table II). Even with a repressor
concentration of 10 uM, the rate of alkaline phosphatase
hydrolysis of the terminal phosphomonoester was unchanged
from that observed in the absence of the repressor. This result
must be compared with that obtained for a non-trp operator
sequence (the gal operator, entry 9, Table II). In the presence
of 10 uM trp repressor, the gal operator sequence exhibited
some protection from alkaline phosphatase activity such that
a K, value of approximately 14 uM could be derived.

DiscussIioN

Two types of base analogues have been employed to probe
both structural (interbase hydrogen bonding) relationships and
specific functional group contacts involved in the formation
of the high-affinity sequence-specific trp repressor—operator
complex. Deletion-modified analogues have been used to excise
a specific functional group at a preselected site within the
DNA sequences of interest. Structural analogues of ade-
nine-thymine and guanine—cytosine base pairs (e.g., dI-dM
and dD-dU) have been used in order to maintain the funda-
mental interbase hydrogen bonded structure of the respective
natural base pair and yet alter the functional group character
present in the major groove of the DNA duplex. Both the
deletion analogues and the structural analogues described here
have been used in other recent studies to probe DNA curvature
(Diekmann et al., 1987, 1992; Diekmann & McLaughlin,
1988) as well as sequence-specific recognition by phase re-
pressor proteins (Goeddel et al., 1977, 1978; Caruthers, 1985),
restriction endonucleases (Dwyer-Hallquist et al., 1982; Ono
et al., 1984; Yolov et al., 1985, Brennan et al., 1986a; Jiricny
et al., 1986; Seela & Driller, 1986; Secla & Kehne, 1987;
McLaughlin et al., 1987; Nwosu et al., 1988; Mazzarelli et
al., 1989; Lesser et al., 1990; Newman et al., 1990a,b; Aiken
et al., 1991), modification enzymes (Brennan et al., 1986b),
and RNA polymerase (Dubendorff et al., 1987).

T,, Values. The relative thermal stabilities obtained for the
various 20-mer duplexes were generally within expected values.
Replacement of the native dA-dT (or dT-dA) base pairs by
dG-dC (or dC-dG) increased the overall number of interstrand
hydrogen bonds by two, and this resulted in a corresponding
(~5 °C) increase in T,,. The 2,6-diaminopurine—uracil base
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pair has been shown by crystallographic analysis to form three
hydrogen bonds (Coll et al., 1986), analogous to a dG-dC base
pair. Although the substitution of dD-dU for dA-dT results
in the presence of two additional interstrand hydrogen bonds,
the T, values for these sequences were not significantly in-
creased relative to the native 20-mer. This is a common
phenomenon for dD-dU (or dD-dT) base pairs (Gaffney et
al., 1984), and their stability relative to dA-dT and dG-dC
base pairs has been explained in the elegant work by Jorgensen
(1990). Base pair analogues that cause an overall loss of
interstrand hydrogen bonds resulted in duplexes that exhibited
reduced T, values. Replacement of dA-dT by dP-dT at two
symmetric sites removes two interstrand hydrogen bonds from
the 20-mer duplex, and a corresponding 8~9 °C decrease in
T, was observed. Replacement of dA-dT by dA-d5 results
in the loss of four hydrogen bonds, and a 13-17 °C decrease
in T, was observed. These results are also generally consistent
with other studies that we have reported employing such base
pair analogues [see for example, McLaughlin et al. (1987)].
We have previously observed that a self-complementary de-
camer containing two dA-d5 base pairs did not form a duplex
at temperatures above 5 °C (Gildea & McLaughlin, 1989),
while a similar dodecamer produced anomalous absorbance
vs temperature curves. Both of these earlier results suggest
that the presence of dA-dS base pairs results in a significant
loss of duplex stability. However, other reports describing the
incorporation of dA-d5 or dP-dT base pairs into self-com-
plementary duplexes indicates that the T, values for the
modified sequences were largely unchanged from those of the
native (Connolly & Newman, 1989; Newman et al., 1990a).
We are unable at present to resolve this discrepancy. However,
in the work presented here, the stability of the 20-mer helices
was generally directly dependent upon the number of in-
terstrand hydrogen bonds present in each duplex.

Binding of the Native Operator Sequence to the trp Re-
pressor. The 3 nM Kj, value obtained using the alkaline
phosphatase protection assay is essentially the same as that
obtained previously using this assay (Marmorstein et al., 1991),
it is corresponds well with the values reported for filter binding
assays (Klig et al., 1987; Marmorstein & Sigler, 1989). The
apparent dissociation constant determined in this work is about
6-fold higher than the 0.5 nM value reported by Carey from
a gel shift assay (Carey, 1988). However, the gel shift assays
were performed under slightly acidic conditions at a pH of 6.0.
The reduced pH value in that study may enhance binding by
providing additional electrostatic contacts as the result of
protonation as noted previously (Marmorstein et al., 1991).

The results presented here cannot be used to discriminate
between the two suggested orientations of the trp repressor
bound to the operator sequence. We have used the traditional
trp operator sequence, essentially identical to that used in the
crystal analysis and observed K, values that are very similar
to those generated using longer sequences (Klig et al., 1987,
Carey, 1988; Marmorstein & Sigler, 1989); these latter studies
would permit either orientation. Recent studies (Haran et al.,
1992) additionally suggest that the traditional operator se-
quence, and that used here, is the preferred binding site.

Binding of the Modified Operator Sequences to the trp
Repressor. The apparent Ky values derived in the alkaline
phosphatase assay must be compared under indentical con-
centrations of repressor. We have observed that high repressor
concentrations tend to obscure differences in K, values because
the rates of alkaline phosphatase hydrolysis become very
similar. Therefore, sequences that exhibit apparent Kp values
similar to that of the native have been assayed a second time
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at reduced repressor concentration (0.1 uM). Under these
conditions the sequences are not protected as well by the
repressor (see Figure 4), and such differences in protection
permit the observation of rate differences that reflect varying
apparent Kp, values. For example, at 1.0 uM repressor, de-
letion of the thymine methyl group (sequence 5, Table I) has
an apparent Kp, value only 2-fold higher than the native se-
quence. This slight difference can be enhanced by assaying
the sequences at lower repressor concentration where a 10-fold
difference in apparent K, is evident. The relative variations
in the apparent Ky, values for the weakly binding sequences
can be determined from the values obtained at 1.0 uM re-
pressor, while relative variations in apparent Ky, values for the
tighter binding sequences can be determined at 0.1 uM re-
pressor.

Analogues at the —4/+4 Positions. The binding between
the repressor and operator is sensitive to some of the base
analogues introduced at these positions, although the crystal
structure analysis did not report the presence of any direct
contacts to the base residues at the —4/+4 positions. Re-
placement of the native dA-dT base pair by a dG-dC base pair
results in a 24-fold increase in the K value (Table I) sug-
gesting that the presence of a dA-dT base pair at these two
symmetrical sites is critical for effective recognition of the
sequence. This is in agreement with the genetic studies of Bass
et al., who report that the incorporation of a dG-dC base pair
at the —4/+4 base pair has a severe effect upon in vivo re-
pression. Both the present in vitro binding results and the
previous in vivo results could be explained in terms of a
structural alteration of the 5-CTAG-3’ portion of the sequence
in such a manner that the dG-dC base pair is unable to adopt
the high degree of base pair roll present at this site in the
crystal structure. The presence of the additional 2-amino
group in the minor groove with a dG-dC substitution, and its
involvement in a third hydrogen bond for the base pair, may
inhibit formation of the structure observed in the crystallo-
graphic complex.

The dD-dU base pair is a structural analogue of dG-dC;
it maintains three interbase hydrogen bonds and has a 2-amino
group located in the minor groove. However, substitution of
this analogue at the —4/+4 position results in a K, value that
is very similar to that of the unmodified operator. By com-
parison, the dI-dM base pair is a structural analogue of dA-dT;
it contains two interstrand hydrogen bonds, it maintains the
methyl group at the pyrimidine 5-position, and it lacks an
amino group at the 2-position of the purine. However, this
substitution results in a 14-fold increase in the dissociation
constant. If the structure of the 5-CTAG-3’ sequence, and
in particular the structure associated with dA-dT at —4/+4,
is critical for binding by the repressor, then it seems likely that
repressor would exhibit similar affinities for the native operator
sequence and that sequence containing the structural analogue
dI-dM. Conversely, sequences containing dG-dC or its
structural analogue dD-dU, both containing an additional
functional group and a third interbase hydrogen bond, would
exhibit reduced affinities. However, this conclusion is not
consistent with the data.

A second view of the importance of the dA-dT base pair
at the —4/+4 position would relate the relative positions of the
functional groups in the major groove to the observed binding
affinities. The functional group character of the major groove
should be in intimate contact with the repressor. With this
approach, the dD-dU base pair can be viewed as a dA-dT
analogue; both base pairs contain a purine exocyclic amino
group (in the major groove) with a pyrimidine carbonyl.
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Although the number of hydrogen bonds in the two base pairs
differ, and the pyrimidine methyl group is absent from the
dD-dU base pair, the relative orientations of the amino and
carbonyl functional groups (forming the interbase hydrogen
bond present in the major groove) are identical. Similarly,
the relative orientations of these functional groups in dG-dC
and dI-dM are identical but reversed from that present in
dA-dT or dD-dU. The similarity in Ky, values for the native
sequence and the dD-dU analogue, as well as the increase in
K, values for both dG-dC and dI-dM containing sequences,
suggests that the repressor is very sensitive to the orientation
of this amino and carbonyl group present in the major groove.
A similar interpretation can be extrapolated from the results
of Bass et al. (1987). In this case the substitution of dG-dC
or dT-dA for the dA-dT base pair at the —4/+4 positions
resulted in severe effects, while substitution of dC-dG causes
only mild effects upon in vivo repression. Although the ge-
ometry is not exact, the relative orientation of the amino and
carbonyl groups in dA-dT and dC-dG is similar.

Site-specific deletion of individual functional groups sug-
gested differences in the relative importance of specific groups
for formation of the high-affinity complex. The results de-
scribed above indicate that the orientation of the amino and
carbonyl functional groups in the major groove at the -4/+4
sites is critical for the formation of a high-affinity complex.
However, deletion of the adenine amino group from this hy-
drogen bonding pair did not reduce the affinity of the repressor
for the sequence; in fact, binding affinity may be slightly
enhanced in this case (see entry 6, Table I). Conversely, the
deletion of the thymine carbonyl from this hydrogen bonding
pair had a severe effect upon the K, value (entry 7, Table I).
The results of both the functional group deletions and func-
tional group reversals at these sites suggest that the thymine
carbonyl (at T.,) is required for high-affinity binding by the
repressor. We should note that the inability to derive a Kpp
value for the dA-dS containing sequence except at high con-
centrations of repressor may suggest additional structural
modulation at this site because of the lack of interstrand
Watson—Crick hydrogen bonds. The suggestion that the
thymine carbonyl is critically important for the formation of
the trp repressor—-operator complex was also suggested on the
basis of the results of in vivo studies (Bass et al., 1987), but
this conclusion does not appear to correlate well with the
observations in the reported crystal structure (Otwinowski et
al., 1988).

The deletion of the adenine N7 at dA_, does not alter the
affinity of the repressor for the operator sequence. Deletion
of the thymine methyl group appeared to have little effect upon
Kp when assayed at 1.0 uM repressor, but upon reducing the
repressor concentration, a K of 32 nM was obtained. This
value is some 10-fold higher than that observed for the un-
modified sequence under the same conditions. The role of the
thymine methyl groups could not be addressed with previous
in vivo studies, but both observations (related to the N7 of dA_,
and the thymine methyl group) correlate well with observations
reported from the crystal structure. Otwinowski et al. (1988)
report that a hydrophobic contact is present near dT,,, but
no contact was observed near the N7 of dA_,. Although the
hydrophobic contact observed in the crystal structure involves
the a-carbon of Gly,; and the C¢-H of dT.,,, the adjacent
methyl group of the thymine C;s is likely close enough to
enhance such interactions and contribute to overall binding
affinity. The importance of thymine methyl groups for the
formation of high-affinity complexes between repressor pro-
teins and operator sequences is well documented in the case
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of the lac repressor (Goeddel et al., 1977, 1978).

Analogues at the =5 /+5 Positions. In contrast to the results
at the —4/+4 positions, binding by the repressor appears to
be much less sensitive to the replacement of the dT-dA base
pair at the -5/+5 positions with either of the structural
analogues dU-dD or dM-dI, or in fact by replacement with
a native dC-dG base pair. Of this series of analogues, the
dM-dI substitution resulted in the highest dissociation constant,
but the value of 129 nM was only 5-fold higher than the Ky
value obtained for the native sequence (at 1.0 uM repressor).
These results suggest that binding by the repressor is much
less sensitive to the structure of the base pair at this position,
and in contrast to the results at the -4 /44 positions, there is
little recognition of the orientation of the amino and carbonyl
functional groups that form the hydrogen bond present at these
sites in the major groove.

Analysis of the crystal structure predicts that a water-me-
diated functional group contact is present at this base pair and
involves the N7 nitrogen of the dA s residue (Otwinowski et
al., 1988). Of all the modified sequences examined in this
study, the deletion of this nitrogen by substitution of dT-dc’A
for dT-dA at the —5/+5 positions resulted in the most dramatic
effects in binding, with a 27-fold increase in the Ky, value.
Although this study cannot confirm the existence of a
water-mediated contact, it is clear that the N7 nitrogen is a
critical functional group necessary for the formation of the
high-affinity sequence-specific complex. The necessity for this
purine nitrogen within the operator sequence was suggested
on the basis of the in vivo studies of Bass et al. (1987). They
have reported that substitution of dC-dG for dT-dA at the
—5/+5 positions has a negligible effect upon in vivo repression,
while replacement of this native base pair (dT-dA) by dG-dC
or dA-dT results in severe effects. Both the native sequence
and the dC-dG substitution place a purine N7 nitrogen in
roughly the same location at the —5/+35 sites, while either of
the other possible native base pair substitutions moves this
functional group to the opposite side of the major groove.

In contrast to the results obtained for the —4/+4 positions,
deletion of the thymine methyl group has little effect upon
repressor binding, and this result argues against a significant
hydrophobic contact at this site. Surprisingly, deletion of the
adenine amino group produced an operator with a Ky, value
approximately 8-fold better than that of the native sequences.
This observation is similar to, but more dramatic than, that
obtained at the —4/+4 positions (see above). The results
obtained for both purine substitutions at dA_, and dA ;s may
reflect the presence of a large solvent-excluded interface be-
tween the protein and the nucleic acid as suggested by the
crystal structure. Removal of the hydrophilic amino group,
which does not appear to be a critical functional group contact
at either position, and its replacement by the relatively hy-
drophobic C-H residue may enhance van der Waals contacts
at these sites and ultimately result in a more stable protein—
nucleic acid complex as is implicated by the lower Ky, values.

The operator sequence containing a d5-dA base pair at the
-5/+5 positions could not be protected from alkaline phos-
phatase hydrolysis even in the presence of 10 uM trp repressor.
Although this could be interpreted to suggest that the carbonyl
at this site is a critical contact, the lack of sensitivity to other
substitutions that alter the position of this carbonyl (see entries
2, 3, and 4 in Table II) does not support such an interpretation.
The use of the d5 analogue suffers from the problem that there
are no Watson—Crick hydrogen bonds that can be formed with
a complementary adenine residue (see Figure 1). Although
in some cases base stacking interactions on either side of these
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residues may assist in positioning this base pair (dA-d5) in
a geometric arrangement that approximates a dA-dT base pair,
there is also the possibility for global helix disruption. The
operator sequence containing the d5-dA base pair at positions
-5/+5 has the lower T, value of all sequences analyzed, and
at very low concentrations (~20 nM) it may undergo dena-
turation or may disproportionate such that little or no “active”
helix results. Such effects may also be present in sequence
7 (Table I), but in this case we were able to observe some
protection (i.e., binding) by the repressor (Kp = 0.47 uM).
The inability to derive a K, value for the d5_s-dA., 5 sequence
at a high repressor concentration, as we were able to do for
even the non-tryptophan sequence (the gal operator), suggests
that this sequence does not result in significant amounts of
a well-characterized duplex at the concentrations used in the
assay (20 nM).

Energetics of Binding. Relative differences in binding en-
ergies were obtained from the measured apparent dissociation
constants for the native (Kp=) and modified (Kpme) sequences
and the apparent free energy of binding for a specific contact
(AG,,) could be estimated [AG,,, = RT In (Kpm/Kpms)] [for
a review, see Fersht (1987)]. Relative values were compared
under identical conditions using the K, values obtained at
either 0.1 or 1.0 uM (and in the case of dA-d5 at —4/+4, at
10 uM) repressor. Differences in relative binding energies were
divided in half in order to reflect the apparent energy of a
single interaction in each operator half-site. The strengths of
uncharged hydrogen bonds in enzyme substrate complexes
have been estimated to vary from 0.5 to 4.0 kcal/mol (Fersht
et al., 1985; Wells & Fersht, 1986; Bartlett & Marlowe, 1987).
Analysis of uncharged hydrogen bond interactions in the ty-
rosyl-tRNA synthetase—substrate complex results in values
ranging from 0.5 to 3 kcal/mol. Deletion of the hydroxyl
groups from the sugar in the glycogen phosphorylase-glucose
complex was analyzed in a similar fashion with apparent
binding energies for uncharged hydrogen bonds of approxi-
mately 1.5 kcal/mol (Street et al., 1986). Similar studies with
restriction endonucleases have generated values in the 1-2
kcal/mol range (Newman et al., 1990b; Lesser et al., 1990;
Aiken et al., 1991). In the present study, deletion of both
thymine carbonyl groups from the two dT,, sites results in
a change in apparent overall binding energy of approximately
3 keal/mol or 1.5 kcal/mol per half-site at 22 °C. A similar
value of 1.6 kcal/mol (22 °C) per half-site was obtained for
the change in apparent binding energy resulting from the loss
of the two N7 nitrogens at dA,s. These values are consistent
with those obtained from the tyrosyl-tRNA synthetase—sub-
strate complex after deletion of uncharged hydrogen bonds
or with the values obtained for the EcoRI (Lesser et al., 1990),
EcoRV (Newman et al., 1990), and Rsr1 (Aiken et al., 1991)
restriction endonucleases. These relatively low energy values
may also reflect the ability of the protein to compensate for
the lack of specific hydrogen bonding partners. Without
compensatory interactions, the loss of a single uncharged
hydrogen bond may account for a free energy of binding as
high as 4 kcal/mol (Bartlett & Marlowe, 1987).

The hydrophobic contribution to sequence-specific binding
is more difficult to quantitate. Although hydrophobic inter-
actions and their contribution as a driving force for the for-
mation of protein~DNA complexes has been studied in some
detail (Jeung-Hoi et al., 1989), it is still difficult to estimate
the individual contribution made by a specific residue, perhaps
with the exception of the thymine methyl group. The free
energy of binding for a methyl group in protein or enzyme
complexes has been determined in several cases and ranges
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from 1.5 kcal/mol for the lac repressor-operator complex
(Goeddel et al., 1977) to 3.3 kcal/mol for several amino-
acyl-tRNA synthetases (Owens et al., 1970; Fersht & Ding-
wall, 1979; Fersht et al., 1980). In the present case, deletion
of the two 4T, methyl groups resulted in a complex that had
approximately 1.4 kcal/mol (~0.7 kcal/mol per methyl group)
less free energy of binding than the native sequence. Although
this value is somewhat below the value of 1.5 kcal/mol reported
by Goeddel et al. (1977) for methyl groups in the Jac repressor,
it still represents a significant difference in apparent free energy
of binding. The lower value may reflect the protein’s ability
to compensate for the loss of the methyl groups by maintaining
significant van der Waals contacts to the Cs-H at the dT,,
site.

The two purine-containing complexes (dP_; and dP.;) ex-
hibited apparent free energies of binding that were approxi-
mately 0.5 and 0.8 kcal/mol more stable, respectively, than
the native complex. This increase in stability may result from
some reorientation of the protein in the dP-containing se-
quences vs the native and may reflect the protein’s ability to
take advantage of additional van der Waals interactions, not
available in the native sequence, in order to enhance overall
binding effects. Additionally, it is possible that the loss of two
hydrogen bonds in the dP-dT-containing operators enhances
the flexibility of the sequences and permits distortion of the
operator with little energy input in such a fashion as to permit
enhanced affinity. Deletion of the adenine amino group at
dA_, may also facilitate a stronger hydrogen bonding inter-
action to the carbonyl of dT,,;. However, a similar interaction
at dT_g seems at present unlikely. The adenine amino group
itself does not appear to be a hydrogen bond donor in the
complex so that its removal does not result in the loss of
significant binding energy. The results of the dP-containing
sequences suggest that an increase in the hydrophobic char-
acter or flexibility at specific sites within the sequence, relative
to that of the native, can contribute significantly to the overall
binding affinity.

Conclusions. The use of base analogues can be a valuable
addition to other methods for examining solution binding by
sequence-specific binding proteins. The results from the
analogue sequences used in this study suggest that the structure
of the dA-dT or dT-dA base pairs at positions ~4/+4 and
-5/+35, respectively, has relatively little effect upon the solution
binding by the zrp repressor, but the protein is very sensitive
to the orientation of the amino and carbonyl functional groups
at the —4/+4 positions, which are involved in the formation
of an interbase hydrogen bond present in the major groove.
The deletion of individual functional groups from the operator
sequence suggests that the carbonyl at dT,, is critical for
formation of the high-affinity sequence-specific complex.
Although this observation is not entirely consistent with the
reported crystal structure (Otwinowski et al.,, 1989), it is
supported by previous in vivo genetic assays (Bass et al., 1987).
Additionally, the thymine methyl group at dT., and the N7
nitrogen of dA,; appear to be critical contacts, and these
results are generally supported by the reported crystal struc-
ture, and in part by the genetic studies. Two of the deletion
modifications result in sequences that bind to the repressor
with a higher affinities than that observed with the native
sequence; this can be explained in that the functional groups
lost are not critical for binding, and the creation of a more
hydrophobic surface at these sites enhances van der Waals
contacts between the protein and the nucleic acid.
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