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ABSTRACT: The interaction of a symmetric /ac operator duplex, d(TGTGAGCGCTCACA),, with the
N-terminal 56-residue headpiece fragment of the /ac repressor protein was monitored by 3'P NMR spec-
troscopy. The changes in the 3P chemical shifts upon addition of the headpiece demonstrated an end point
of two headpiece fragments per symmetric 14-mer duplex with each headpiece binding to the
T1pG2pT3pG4pAS ends of the duplex. The specific phosphate 3'P perturbations observed are consistent
with those residues implicated in protein binding by previous NMR, molecular biological, and biochemical
techniques. Upon complexation, the 3!P signals of phosphates G2—-AS5 showed upfield or downfield shifts
(<0.2 ppm) while most other residues were unperturbed. The interactions were dependent on ionic strength.
The 3'P NMR data provide direct evidence for predominant recognition of the 5 strand of the 5'-

TGTGA/3'-ACACT binding site.

’Ee lac repressor and operator system has been the prototype
for studying protein—-DNA interactions (Gilbert et al., 1975).
Although extensively studied (Caruthers, 1980; Ptashne, 1986),
it is still not understood at a detailed molecular level. The lac
repressor protein is proposed to bind to its operator through
a helix—turn—helix motif (Boelens et al., 1987), which shares
homology with other bacterial DNA-binding proteins (Ptashne,
1986). Both molecular biology and NMR have proved to be
fruitful in understanding the molecular basis for the /ac re-
pressor and operator system. The DNA-binding proteins that
have been studied by X-ray crystallography (unfortunately not
including the /ac repressor) have each been found to bind to
DNA as a dimer so that the protein~-DNA complex exhibits
a 2-fold axis of symmetry, with one of the a-helices in the
monomer unit binding in the major groove of the operator.
X-ray crystallographic structural refinements and extensive
mutagenesis experiments [cf. Betz (1986, 1987), Ebright
(1986), Eisenbeis et al. (1985), Koudelka et al. (1987),
Wharton et al. (1984), Wharton and Ptashne (1985, 1987),
and Lehming et al. (1987, 1988)], as well as model building
on a number of operator DNA complexes, suggest that certain
side-chain residues recognize the individual bases of nucleic
acids, while others “recognize” the backbone phosphates,
possibly through sequence-specific variations in the DNA
conformation.

The lac repressor system has been extensively studied by
'H NMR (Buck et al., 1980, 1983; Hogan et al., 1981; Nick
et al., 1982; Scheek et al., 1983). It appears to be possible
to duplicate the basic /ac operator—/ac repressor protein in-
teraction by using the smaller /ac repressor headpiece N-
terminal domain fragment (Adler et al., 1972; Buck et al.,
1978; Wade-Jardetzky et al., 1979; Wemmer & Kallenbach,
1983; Boelens et al., 1987) and small 14-22-bp DNA frag-
ments that comprise the /ac operator (two subunits of the
tetrameric /ac repressor bind to the two halves of the partially
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palindromic /ac operator; Pilz et al., 1980).

These studies have attempted to gain a better understanding
of the detailed binding interactions between the regulatory
proteins, such as the /ac repressor, and DNA operator se-
quences. Most efforts directed toward defining the binding
specificity between amino acid sequences and DNA sequences
have centered on hydrogen-bonding to the acceptor/donor
groups on the Watson—Crick base pairs in the major groove
[cf. Landschulz et al. (1988)]. At present we do not under-
stand this “second genetic code” of protein~-DNA recognition.
Perhaps one reason for the inability to dissect the basis for this
specificity is the emphasis on base-pair interactions alone. As
described in this paper, the conformation and position of the
phosphates may be an important component of protein-DNA
recognition.

Both ionic and nonionic interactions are believed to be re-
sponsible for the tight binding of repressor protein to operator.
Indeed, ionic interactions between proteins and their recog-
nition sequences have been shown to be of major importance.
Thus, the recent crystal structure of the trp repressor dem-
onstrated that every one of the direct protein contacts was
mediated through interactions with the phosphate backbone
(Otwinowski et al., 1988). Ionic interactions involving the
phosphate backbone have been implicated as being important
factors in the recognition of the /ac operator as well. Spe-
cifically, deHaseth et al. {1977) determined that /ac repres-
sor—operator interaction involves approximately 10-12 ionic
interactions per operator duplex. Therefore, the repressor
protein may be recognizing the geometry of the phosphate
backbone as a very important feature. It is not known whether
any of these ionic interactions provides a specific recognition
mechanism for the repressor. As one might expect, ionic
strength plays a large role in these ionic interactions.

31P Chemical Shifts as a Probe of DNA Structure. It is
now widely appreciated that duplex DNA can show local
conformational heterogeneity in the base-pair geometry as well
as the deoxyribose phosphate backbone (Calladine, 1982;
Dickerson, 1983; Dickerson & Drew, 1981). While base-
pairing and stacking interactions can often be adequately
defined from 'H NMR, NOESY-derived distances (Nilges
et al., 1987), detailed sequence-specific conformational in-
formation with regard to the deoxyribose phosphate backbone

© 1990 American Chemical Society



3P NMR of Lac Operator—Repressor Complex

TpGpTpGpApGpCpGpGpApTpApApCpA 15 base pair segment
ApCpApCpTpCpGpCpCpTpApTpTpGpT of nawral lag operator

* AT 10 C/G

TpGpTpGpApGpCpGpGpCpTpCpApCpA
ApCpApCpTpCpGpCpCpGpApGpTpGpT
* omit G/C
Tp1Gp2Tp3GpaApsGp6Cp7GpsCp9Tpi0CP11AP12CP13A lac
Ap13Cp12Ap11Cp10TP9CP8GP7CP6GPSAPAGP3Tp2GpIT  Pscudooperator

FIGURE 1: Natural operator and symmetric pseudooperator [14-mer,
d(TGTGAGCGCTCACA),). Asterisks indicate base-pair alterations.

is often not available. Recently we have attempted to utilize
3P NMR to define sequence-specific variations in the back-
bone conformation of oligonucleotides (Gorenstein et al., 1988;
Nikonowicz et al., 1989a,b; Schroeder et al., 1989; Roongta
et al., 1990; Powers et al., 1990).

Variations of *'P chemical shifts of individual phosphates
in duplex oligonucleotides have been suggested to be attrib-
utable to torsional angle changes in the deoxyribose phosphate
backbone. Various chemical shift calculations (Gorenstein,
1984, 1987; Gorenstein & Kar, 1975) and *'P signal assign-
ments in oligonucleic acids (Gorenstein et al., 1987; Lai et al.,
1984; Schroeder et al., 1986; Shah et al., 1987a,b) have
confirmed that the 3!P resonance of a phosphate diester in a
g8~ conformation should be 1.6 ppm upfield of the 3'P signal
of an ester in a ¢,g~ conformation (¢, trans or 180° dihedral
angle) (Gorenstein, 1984; Roongta et al., 1990). [The notation
for the P-O ester torsion angles follows the convention of
Seeman et al, (1976) with the ¢, P-O-3’ angle given first
followed by the a, P-O-5 angle; both P-O ester bonds have
dihedral angles of —60° or —gauche, g".]

Thus one of the major contributing factors that we have
hypothesized determines 3'P chemical shifts is the main-chain
torsional angles of the individual phosphodiester groups along
the oligonucleotide double helix. It should be noted that
environmental effects on the >'P chemical shifts of nucleic acids
(Costello et al., 1976; Lerner & Kearns, 1980) are generally
smaller than the intrinsic conformational factors discussed
above, assuming comparisons are made under similar solvation
conditions. Similarly, other possible effects, such as ring-
current shifts are not likely to be responsible for shifts >0.01
ppm (Giessner-Prettre et al., 1976; Gorenstein, 1984).

As described in this paper, we have assigned the 3'P NMR
spectrum of the 14-base-pair lac “pseudooperator” segment
d(TGTGAGCGCTCACA), bound to the lac repressor
headpiece. This symmetrical base sequence is about two-thirds
the length of the 21-base-pair wild-type sequence and is be-
lieved to contain most of the important contact sites (Sadler
et al., 1983; Simons et al., 1984). The pseudooperator segment
is derived from the natural operator sequence as shown in
Figure 1. The pseudooperator differs from the natural op-
erator sequence by two A-T to G-C base-pair conversions,
indicated by the two asterisks in Figure 1, and by deletion of
a single G-C base pair at its center. Interestingly, these se-
quence alterations result in a 10-fold increase in repressor
binding affinity over that for the natural operator sequence
(Sadler et al., 1983). Here we present the first 3P spectral
changes of an operator duplex upon binding repressor protein.
The data suggest that specific phosphates of the tight-binding
operator do interact in an ionic fashion with residues of the
headpiece.

EXPERIMENTAL PROCEDURES

Synthesis. The self-complementary 14-mer d-
(TGTGAGCGCTCACA), was synthesized by a manual
modification of the solid-phase phosphite triester method (using
10 umol of the starting nucleoside-derivatized support at a 28
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mmol/g loading level for each separate synthesis) as previously
described (Lai et al., 1984; Schroeder et al., 1987; Shah et
al., 1984a,b). The resulting tritylated product was cleaved
from the support and purified by C-18 reverse-phase HPLC
with an acetonitrile/triethylammonium acetate buffer gradient
as previously described (Gorenstein et al., 1988). The amounts
of purified oligonucleotide obtained through several separate
syntheses were 43.6 mg (871 OD units, 12.0 umol).

NMR Measurements. 'H spectra were obtained on a Va-
rian VXR-500 NMR spectrometer. The 3'P 1D NMR spectra
and the 2D "H/3!P correlation COLOC (PAC) and J-resolved
spectra were run on Varian XL-200A spectrometer at ambient
temperature (ca. 25 °C) operating at 81.1 MHz. A sweep
width of 172 Hz, an acquisition time of 2.98 s, a block size
of 1K zero filled to 16K, and a pulse width of 7 ms were use
for the 1D spectra. Spectra were resolution-enhanced by using
a combination of positive exponential and Gaussian apodization
functions. Typical values were 0.1-0.2 resolution enhancement
values and 0.5-0.6 apodization function values, respectively.
The values were adjusted in accordance with the signal to noise
ratio in the 3'P NMR spectrum. The number of acquisitions
for each spectrum was typically between 2000 and 3000. The
31P resonances were referenced to an external sample of tri-
methyl phosphate (TMP) at 0.0 ppm, which is 3.53 ppm
downfield of 85% phosphoric acid.

A Bio-Ion Cf desorption mass spectrometer was used to
determine the molecular weight of the headpiece. A 10-uL
aliquot of a 10 ug/mL sample followed by 1 uL of ethanol
was applied to a nitrocellulose coated mylar target and ab-
sorbed for a half hour. The sample was then washed with 50
mL of a 0.1% trifluoroacetic acid in water solution and dried.
The instrument was set in the positive mode at 15000 V. Data
were collected every nanosecond for 4 h. The TDC group size
was set for 8§192.

Lac Repressor Headpiece. Plasmid pHI1Q3 and Escherichia
coli strain MC1061 were gifts from Dr. Joan Betz. This
overproducing strain provided ca. 200 mg of /ac repressor
protein/100 L of culture.

Lac repressor headpiece consisting of the N-terminal 56
residues was prepared according to Arndt et al, (1981) with
the additional quenching of the a-chymotrypsin (Worthington)
digest with a 4 molar equiv excess of turkey trypsin inhibitor
(Sigma). '

3P NMR samples were prepared by dissolving 4-6 mg (3
mM duplex) of the lyophilized DNA in 0.4 mL of buffer
solution in D,O. Both the 14-mer pseudooperator and the
headpiece were centrifuged in Sephadex G-10 (Pharmacia)
spun columns (Maniatis et al., 1982) to change the buffer
conditions. Both headpiece and DNA concentrations were
measured by UV spectroscopy. Amounts of the 14-mer were
determined spectrophotometrically by using the relationship
of 20 absorbance units (optical density, OD units)/1.0 mg of
DNA at 260 nm.

RESULTS

Assignment of 3'\P Signals of 14-mer Oligonucleotide Du-
plex. The 3'P signals of the tetradecamer were previously
assigned by both 2D pure absorption phase constant time
(PAC) heteronuclear correlation NMR (Fu et al., 1988) and
170/'%0 labeling methodologies (Schroeder et al., 1987). The
3IP spectrum for the 14-mer is shown in Figure 2.

Headpiece. The 56-residue lac repressor headpiece was
characterized by both proton NMR and mass spectroscopy.
The proton NMR spectrum of the purified headpiece was
identical with that previously published (Arndt et al., 1981).
A Bio-Ion Cf desorption mass spectrometer, accurate to £5
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FIGURE 2: 3'P NMR spectra and phosphate assignments of the 14-mer,
d(TGTGAGCGCTCACA),, at various /ac headpiece:DNA ratios.
Numbering corresponds to the phosphate position from the 5’-end
of the duplex.

mass units, was used to determine the molecular weight of the
headpiece. The calculated molecular mass was 6227 daltons
while the measured mass was 6231 daltons, which is within
the experimental error for this technique.

Headpiece Titration. The 3P NMR spectra at various
[operator]:[/ac repressor headpiece] ratios are shown in Figure
2. Plots of the 3P chemical shift vs [operator]:[/ac repressor
headpiece] ratio are shown in Figure 3 at two different ionic
strengths. Because of peak overlap during various additions
of headpiece to the operator, it is necessary to clarify how the
phosphate resonances were assigned during the titration. We
assumed that perturbations in the 3'P chemical shift were a
continuous function throughout the titration. Thus, peaks that
did not shift with added protein remained unshifted once the
peak had merged with another peak. In addition, the slope
of the perturbation was assumed to stay constant during and
after merging of the peaks.

The 3P signals of phosphates 2, 4, and 5 are well resolved
at the beginning of the titration and clearly show significant
perturbation upon addition of headpiece. As shown in the
summary bar plot of Figure 4, the G2 phosphate shifts 0.20
ppm downfield while the G4 phosphate shifts 0.16 ppm upfield
during the titration. The A5 phosphate shifts 0.06 ppm upfield
during the titration. Unfortunately the 3!P signals of phos-
phates 3, 6, and 8 are coincident in the absence of repressor,
and in the 2:1 complex two of the three shift 0.15 ppm upfield
during the titration. It is most likely that phosphate 3 is one
of the two that is perturbed because it is adjacent to phosphates
2 and 4, which experience the greatest perturbation. The 3'P
signals of the remaining phosphates 1, 7, 9, 10, 12, and 13 show
either no or small perturbations (<0.05 ppm) upon titration
with headpiece (11 shows a modest upfield shift of 0.07 ppm).
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FIGURE 3. Titration of the *'P chemical shifts and assignments of
the 14-bp oligonucleotide duplex, d(TGTGAGCGCTCACA),, as a
function of the relative ratio of [/ac repressor headpiece]:[14-bp “super”
operator] at moderate ionic strength, 0.09-0.17 M (A), and low ionic
strength, 0.067 M (B).
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FIGURE 4: Summary bar plot of perturbation of *'P chemical shift
of individual phosphates of the 14-mer operator upon binding 2 equiv
of the 56-residue /ac repressor headpiece. There is some ambiguity
in the signal assignment of phosphates 3, 6, and 8. Thus, only two
of the 3P signals of phosphates 3, 6, and 8 are shifted upfield; the
third (assumed to be phosphate 8) is not perturbed.

Assuming that the magnitude of the *'P shift reflects the
degree of interaction of the phosphate with the headpiece, we
can conclude that phosphates 2, 3, 4, and 5 (and possibly 6)
represent a major binding site for the headpiece.

The interaction of the headpiece with operator is dependent
on ionic strength. At an ionic strength of 0.067, two headpieces
are bound per operator duplex (Figure 3A). At an ionic
strength of 0.514, no interaction is observed (spectra not
shown). During a titration encompassing ionic strengths
ranging from 0.087 to 0.169 only one headpiece is bound per
duplex operator (Figure 3B). Although the ionic strength
varied during the titration, the final 3'P spectrum was unaltered
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upon dilution to the initial ionic strength,

DISCUSSION

The 3'P spectral changes upon binding the 56-residue head-
piece to the 14-mer operator (Figure 2) demonstrate that all
of the phosphate resonances remain in fast exchange during
the entire course of the titration. This fact greatly simplified
the interpretation of the results because only one signal was
observed per phosphate rather than two, which would have
been the case under slow exchange.

At low ionic strength the 3'P titration curves (Figure 3A)
level off at a ratio of two headpiece molecules (HP) per one
operator duplex (O). Therefore, one headpiece is bound at
each of the putative dTGTGA recognition sequences that are
located on either side of the operator’s 2-fold axis of symmetry.
It is assumed that each headpiece makes the same contacts
as the other headpiece on the basis of symmetry considerations.
This is supported by the titration curves, which show that the
chemical shift perturbations at a 1:1 ratio are ca. !/, those at
the final 2:1 [HP):[O] ratios. Therefore the observed chemical
shift represents the population weighted average of the
chemical shift of free operator and the headpiece-bound state,
with little chemical shift difference between the 1:1 and 2:1
complexes. These 3P titration results are consistent with
earlier '"H NMR titration data (Lamerichs et al., 1989).

The strength of the Jac repressor—operator interaction is very
much dependent on the ionic strength of the solution (Riggs
et al,, 1970; Whitson et al., 1986; Winter & von Hippel, 1981;
Record et al., 1977). This is consistent with a large contri-
bution of ionic stabilization of the complex. The perturbations
in the 3P spectra of the operator in the presence of headpiece
are strongly influenced by the ionic strength of the solution,
consistent with the ionic association mechanism. When the
titration was carried out in a buffer of 0.05 M phosphate, pH
7.4, and 0.4 M KClI, no phosphate 3P signals were perturbed
upon addition of headpiece, indicating that no interaction
occurred (data not reported). Surprisingly, we find that in
moderate ionic strength solutions (0.09-0.17 M) the 3P ti-
tration curve levels off at a 1:1 complex (Figure 3B). This
suggests that at higher ionic strength, where the binding of
headpiece to operator is weaker, a second headpiece protein
is prevented from binding to the operator. This ionic-
strength-related, anticooperative behavior is likely associated
with the net reduction of the duplex anionic electrostatic po-
tential upon binding of the first headpiece molecule.

The interaction is highly specific, with the only major 3P
changes occurring at phosphates at positions 2 (downfield) and
3,4, 5, and 6 (upfield) (i.e., TpGp*Tp*Gp*Ap*Gp*, asterisks
indicating position of interaction). Smaller perturbations are
found at phosphates 1, 7, and 11.

Most importantly, the interaction is asymmetric, with little
perturbation of the complementary phosphates 9-13 on the
opposite 3’ strand (Figure 4). Note that of the two *'P signals
of complementary phosphates 2 and 12 in the G2pT3/
C13pA12 base step only the phosphate 2 signal shifts downfield
upon addition of headpiece. Similarly, the P signals of
complementary phosphates 3 and 11 in the T3pG4/A12pCl1
base step both shift upfield upon addition of headpiece, al-
though again the major perturbation is observed in the 5
strand (T3 phosphate). The complementary phosphate (T10)
of the most upfield-shifted *'P signal (phosphate G4) is also
not perturbed at all. Clearly, only the 5’ strand of the operator
is influenced by binding to the repressor while the base-pairing
3/ strand is essentially unaltered.

Origin of ' P Chemical Shift Perturbations. As indicated
above, studies carried out on oligonucleotide duplexes and
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drug—duplex complexes indicate that 3P chemical shifts are
strongly dependent on the phosphate diester conformation.
Thus, any induced structural change of the pseudooperator
occurring upon repressor headpiece binding will be evident
from resonance shifts in the *'P spectrum. 'P chemical shifts
are also dependent on the electrostatic environment, which can
be significantly altered through binding contact with an amino
acid side chain. Thus, changes occurring in the 3'P spectrum
upon operator—repressor complex formation should lead to
better understanding of the binding interaction.

The 3P chemical shifts of four of the phosphates were
shifted either downfield or upfield during the titration by at
most 0.1-0.2 ppm. These 'P chemical shift changes upon
binding the headpiece to the operator suggest trhat recognition
occurs via electrostatic, groove-binding interactions rather that
intercalation, since intercalation is expected to produce a 2-3
ppm downfield 3P shift while electrostatic association should
produce considerably smaller (and generally upfield shifts) for
the phosphates directly involved in the interaction (Gorenstein,
1978, 1981, 1984; Gorenstein et al., 1981; Patel, 1979; Rein-
hardt & Krugh, 1977).

These results also demonstrate that the conformations of
the operator phosphates are not significantly perturbed upon
binding of headpiece. Thus the 3P resonance of a phosphate
diester in a g~,g~ conformation (both P-O ester bonds have
dihedral angles of —=60° or —gauche, g”) has been shown to be
1.5-1.6 ppm upfield of the 3'P signal of an ester in a t,g"
conformation (¢, trans or 180° dihedral angle) (Gorenstein,
1984). The *'P chemical shifts are also sensitive to local helical
parameters such as helix twist and base-pair roll (Schroeder
et al.,, 1989). These geometric changes influence the con-
formation of the sugar phosphate backbone and are reflected
in changes in the phosphate ester conformation and hence 3'P
chemical shift (Schroeder et al., 1989).

The small upfield and downfield shifts of the phosphates
upon addition of headpiece suggest that there is very little
perturbation of the local helix geometry and backbone con-
formation in the complex relative to the free operator. As
shown in Figure 2, the spread in the 3'P chemical shifts of the
phosphates in the complex is narrower (0.5 ppm) than in the
free operator (0.7 ppm). The backbone conformation is more
uniformly g™,g” in the complex than in the free operator, al-
though the degree of this perturbation is small.

Previously we have shown that the 3!P chemical shift of a
phosphate in oligonucleotide duplexes and duplex—drug com-
plexes is shifted downfield by ca. 1.0 ppm per 20° of helix
unwinding (Lai & Gorenstein, 1989). The repressor protein

~ is believed to unwind the operator by 90° (Barkley & Bour-

geois, 1978; Wang et al., 1974). Even if this unwinding were
uniformly distributed over all of the operator base steps, this
degree of unwinding should have resulted in a major change
in the conformation of the phosphates and hence should have
produced large 3P chemical shift changes. We do not observe
any net downfield shift of the phosphates. This result is thus
inconsistent with a major unwinding of the operator in the
duplex complex. Indeed, our results suggest that the headpiece
perturbs the sugar phosphate backbone very little. The dis-
crepancy between the earlier unwinding data and the 3'P re-
sults could possibly be attributed to an inability of the head-
piece molecule to unwind the duplex to the same degree as
the entire Jac repressor protein.

Comparison with Other Data. Phosphate ethylation ex-
periments demonstrate that phosphates 2, 3, 8, and 9 (num-
bering based upon 14-mer sequence) are ethylated to either
a greater or lesser degree upon addition of repressor (Barkley



6582 Biochemistry, Vol. 29, No. 28, 1990

& Bourgeois, 1978). Qur results definitely show phosphate
2 being involved and phosphate 3 probably being involved in
the recognition process. Phosphate 9, which remains well
resolved during the entire titration, was definitely not perturbed
upon addition of the headpiece. It is possible that residues
not included in the headpiece are responsible for the observed
ethylation increase by ethylnitrosourea observed for phosphate
9.

Noble et al. (1984), through the use of various methyl
phosphonate substitutions along the 21-base-pair natural op-
erator sequence, have shown that at least seven phosphate
positions may be recognized through electrostatic interaction
with /ac repressor. In addition, the interaction at any par-
ticular phosphorus is stereospecific, which one might expect
owing to the specificity of the binding interaction as a whole.

'H NOE:s are observed in the headpiece~operator complex
to Tpl, p7Gp8, p8Cp9, and p9Tpl0 bases and to two bases
(an adenine and a thymine) that are not included in our 14-mer
operator sequence (Lamerichs et al., 1989). These NOEs and
model-building studies of Kaptein and co-workers are not
entirely consistent with our 3'P NMR data. However, 'H
NMR studies in the imino region have shown perturbation in
the AT* base pair in the TpGpT*pG portion of a symmetrical
18-bp operator-51-residue headpiece complex (Buck et al.,
1986). Our results indicate very little (if any) interaction of
the headpiece with phosphates 7-10. Of course, it is entirely
possible (and even quite likely) that interactions observed in
the 'H NMR NOESY experiment are not reflected in the
interactions observed in our 3'P NMR spectra. Thus, if the
protein makes contact to bases 7-10, it may not be simulta-
neously binding to the phosphates in this region of the operator
as well. Similarly, if the contacts to the operator in the G2-AS
region are to the phosphate ester backbone, then contacts to
the bases may not be present. We should emphasize again
that our *'P data provide the only direct evidence for pre-
dominant recognition of the 5’-strand of the 5-TGTGA/3’-
ACACT binding site.

A number of site-specific mutants of the /ac repressor
(Lehming et al., 1987, 1988; Betz, 1986, 1987; Ebright, 1986)
and the relative binding affinities to various wild-type and
mutant operators provide support for the model proposed by
Kaptein and co-workers (Lamerichs et al., 1989). Betz has
characterized several tight-binding mutants (Vals, — Asns,
and Val, — Ala,), and Lehming et al. have constructed a
number of Jac repressor mutants that have different affinities
for various operators. The data of Lehming et al. confirm that
the major recognition site of the operator is the 5-TGTGA
sequence starting at the first G. Mutagenesis studies by
Muller-Hill and co-workers (L.ehming et al., 1987, 1988) on
the repressor protein have implicated plGp2, p2Tp3, and
p3Gp4 as sites of contact. Our results confirm that p2—p6 are
likely all involved in the recognition of the operator DNA.

The data of Lehming et al. suggest that residue 1 of the
recognition helix (Tyr,;) interacts with base pairs 4 and 5 (see
above numbering convention), which is consistent with our *'P
NMR data. Note, however, that Kaptein’s results (Lamerichs
et al., 1989) are not entirely consistent with the mutagenesis
experiments. Thus Ebright (1986) and Lehming et al. (1987)
suggest that residues 17/18 recognize base pairs 4 and/or 5,
while Kaptein indicates that Tyr;, interacts with base pairs
2/3. Also, Arg,; (residue 6 of the recognition helix) contacts
base pair 6 (Lehming et al., 1988).

This study defines the points of phosphate perturbation by
lac repressor headpiece upon interaction with the tight-binding
14-mer operator. These sites agree in general with the rec-
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ognition sites that have been observed previously by using
NMR, molecular biological and phosphate ethylation tech-
niques. The perturbed phosphates account for the 12 ionic
interactions that have been defined for the /ac repressor—op-
erator complex (deHaseth et al., 1977).

Conclusions and Some Implication toward DN A~Protein
Recognition and Specificity. Most attention on understanding
the binding specificity between amino acid sequences and
DNA sequences has centered on hydrogen-bonding to the
acceptor/donor groups on the Watson—Crick base pairs in the
major groove [cf. Landschulz et al. (1988)]. At present we
do not understand this second genetic code of protein-DNA
recognition. Perhaps one reason for the inability to dissect
the basis for this specificity is the emphasis on base-pair in-
teractions alone. On the basis of analysis of 3P chemical shifts
and coupling constants, it has been possible to demonstrate
that the conformations of the phosphates in duplex oligo-
nucleotides show sequence specificity (Ott & Eckstein,
1985a,b; Schroeder et al., 1986; Gorenstein et al., 1988, 1990).
Do DNA-binding proteins recognize these sequence-specific
backbone structural features of DNA? It is not unrealistic
to assume that at least a portion of protein~-DNA recognition
derives from recognition of the sequence-specific variation in
the geometry and (in the case of the phosphates) the elec-
trostatic potential of the DNA (an indirect readout mecha-
nism). DNA is not a uniform cylinder of equivalently placed
negative charges but rather one in which the phosphate charges
can significantly migrate across the surface of the cylinder in
response to changes in local helical parameters such as helix
twist (in turn responsive to sequence specificity). With helical
twist variations of 12-14° expected in normal B-DNA, the
phosphate groups can vary from their uniform B-DNA position
by £7°, which translates into linear displacements of 1 A
(indeed, variations of phosphate position by 67 A are observed
in DNA-protein complexes; Otwinowski et al., 1988). It would
appear that the location of these charges could represent a
convenient signpost for designating a specific DNA sequence.

Certainly electrostatic interactions can be a major factor
in stabilizing these complexes. In phage 434 repressor, the
protein makes three or four hydrogen bonds to the phosphates
of the backbone (Anderson et al., 1987). Extensive networks
of hydrogen bonds are made with the oxygens of the phos-
phates in the direct operator recognition site of various op-
erators (Jordan & Pabo, 1988; Wolberger et al., 1988; Ot-
winowski et al., 1988). Most significantly, in ¢trp repressor
it appears that all of the 24 specific, direct protein contacts
to the operator are to the phosphate ester phosphoryl oxygens
(Otwinowski et al., 1988). No direct hydrogen bonds exist
between the base pairs of the operator and the repressor.

Dickerson (Dickerson, 1983; Dickerson & Drew, 1981) has
noted that significant variation in the sugar phosphate ¢ and
¢ torsional angles is observed in the crystal state. Most
phosphates are in the B; conformational states (e = ¢, { = g7)
while several are in the By, conformational state (e = g7, { =
7). A crankshaft motion interconverts these extreme phosphate
ester conformations. It is important to point out that changes
in the torsional angles ¢ and ¢ similar to the By to By con-
formational transitions not only shift the position of the
phosphate but also rotate the orientation of the phosphoryl
oxygens relative to the helix axis. Figure 5 shows a cylindrical
projection of the phosphate ester backbone of a portion of one
strand of a 12-mer (Dickerson, 1983) between residues 9 and
12. The phosphate of the G10pCl1 base step is in a By
conformation while the other phosphates shown are in the B
conformation. Note the relative orientation of the two
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FIGURE 5: Cylindrical projection of the phosphate ester backbone of
the Dickerson 12-mer between residues 9 and 12 [derived from
Dickerson (1983)]. The phosphate of the G10pC11 base step is in
a By; conformation while the other phosphates shown are in the B,
conformation.

phosphoryl oxygens in the figure. The plane formed by the
phosphorus atom and the phosphoryl oxygens of the phosphate
in the By conformation is nearly perpendicular to the plane
formed by the phosphorus atom and the phosphoryl oxygens
of the phosphate in the By; conformation. Any set of H-bond
donors or positively charged groups could readily discriminate
between these two conformations that differ significantly in
their orientation of the electrostatic potential.

We have recently shown that the population of the B,/By;
conformations is controlled by sequence-specific variation in
the local helical structure which can alter the length of the
sugar phosphate backbone. Thus if the helix unwinds (for
example, in response to purine-purine clash), the sugar
phosphate “tether” between a base step must contract. In turn
this alters the conformation of the phosphate (Schroeder et
al., 1989; Roongta et al., 1990). The response of the phosphate
conformation to the sequence-specific variation in local helical
parameters can thus explain the “indirect readout” of the
operator sequence through the protein—-phosphate contacts.

We have shown that the repressor interacts with the
phosphates in the 5-TGTGA-3’ region, which may present
a unique set of phosphate conformations and electrostatic
potentials to be recognized by the repressor protein. Of note,
the 5-TGTGA-3’ sequence may be conserved in other protein
recognition processes { Nussinow, 1986a), and the 5-TGTG-3’
sequence has been implicated as a recognition signal required
for transcription termination in eukaryotes (Nussinov, 1986b).
Perhaps a portion of the second genetic code will be found in
the sequence-specific variation in the phosphate ester backbone,
an often overlooked component of DNA structure.
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