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ABSTRACT By using a systematic genetic approach, the res-
onances in the ">F NMR spectrum of 3-fluorotyrosine-substituted
lac repressor protein have been assigned. The NMR data indicate
that each. monomer of the repressor consists of two distinct and
independent domains. One domain, the NH,-terminal sixth of the
primary sequence, which has been shown to be very important for
DNA binding, is very mobile. The remaining COOH-terminal se-
quence is more rigid. Ligands of the repressor, which affect its
DNA binding capability, lead to conformational changes in the
COOH-terminal domain. The approach to the assignment of spec-
tral features taken here can be extended to other systems.

The lac repressor of Escherichia coli is the ideal system for an
examination of the molecular mechanism of gene regulation
(1-3). The entire DNA sequence for the lacl gene, which codes
for the repressor, and the amino acid sequence of this protein
have been independently determined (4, 5). It is a tetrameric
protein, total molecular weight 154,520, with 360 amino acids
in the subunit without either bound metal ions or cofactors (2).
In our genetic analysis of this protein, we have been able to
generate 90 nonsense mutations and in most cases determine
their position in the 360 codons in the lacI gene (6-8). Because
there are a number of nonsense suppressors that can insert dif-
ferent amino acids in response to the chain-terminating non-
sense codons (UAG, UAA, or UGA) (9), we have been able to
use this collection to look at the in vivo properties of over 300
different repressors each with a single amino acid substitution
(7). Among these 90 mutations we have characterized nonsense
mutations at the positions corresponding to all of the eight ty-
rosines and both tryptophans in the subunit.

With the ability to substitute other amino acids for tyrosine
or tryptophan at specific positions in the sequence through non-
sense suppression, it is possible to introduce specific alterations
in the corresponding fluorescence (10) or NMR (11) spectra of
altered lac repressors. In the latter case we simply note which
resonance or resonances are missing in the NMR spectra of lac
repressors isolated from strains containing suppressed nonsense
mutations at each tyrosine position. We use this approach here
for the assignment of the resonances from the eight tyrosines
in the '°F NMR spectrum of the substituted lac repressor.

We chose 3-fluorotyrosine to introduce '°F as a nuclear spin
probe and to simplify the NMR spectrum. The '°F NMR spec-
trum shows only a single resonance for each of the eight tyro-
sines. This substituted lac repressor binds to inducer and op-
erator DNA and releases the operator DNA upon binding the
lac operon inducer (12) in a manner almost identical to repressor

Table 1. Effect of amino acid substitution at tyrosine positions of
lac repressor (from ref. 7)

Amino acid substitution*

Wild-type Su-1 Su-2 Su-3 Su-6

amino acid (Ser) (Gln) (Tyr) (Leuw)
Tyrosine-7 F F + ¥
Tyrosine-12 + + + +
Tyrosine-17 - - + ¥
Tyrosine-47 - - + -
Tyrosine-126 + + + +
Tyrosine-204+ + + + +
Tyrosine-273* it i/ + +
Tyrosine-282t - - + +

* Effects are: +, normal repressor activity; —, B-galactosidase consti-
tutive, ¥, Falactosidase partially inducible; i®, B-galactosidase not
inducible; i**, isopropyl B-D-thiogalactoside required for repression.

* These are the actual positions of these three tyrosine residues (4, 5).
Residues 204, 273, and 282 were previously, incorrectly, labeled 193,
260, and 269, respectively. All references to earlier work have in-

cluded this correction.

with normal tyrosines (13). The advantages of this amino acid
analogue and '°F NMR have been described and utilized in
several systems (14-21).

The peak assignment strategy that we use here is not limited
to tyrosine or to the fluorine nucleus. It also allows the insertion
of a nuclear spin label, using suppression, at any of the 90 amino
acids positions where we have nonsense mutations in the lacl
gene (11). Furthermore, any gene product existing or inserted
into E. coli is amenable to the approach that we have taken with
lac repressor.

The properties of lac repressors with substitutions at the
eight tyrosines in vivo in several nonsense suppressor strain
backgrounds are summarized in Table 1. A variety of properties
are represented. Some positions tolerate any substitution and
some, none. Glutamine substitution at 273 leads to a reversal
of the inducer function; at 282, it leads to loss of quaternary
structure (22). The altered repressors used here are isolated
from E. coli strains carrying the respective altered lacI gene and
an amber suppressor, Su-6, which inserts a leucine in response
to the UAG triplet. This particular substitution was chosen be-
cause it gave the largest number of functional repressors in vivo
(Table 1). For all of the spectra shown here, lac repressor was
isolated from the appropriate strain grown and manipulated to
incorporate 3-fluorotyrosine (12).

The publication costs of this article were defrayed in part by page charge
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MATERIALS AND METHODS

The suppressed derivatives of the strains containing amber
mutations at each tyrosine were constructed as follows: the
mutations (6, 7) were crossed into the lac region of a heat-in-
ducible A prophage by genetic recombination, and the strains
were converted to suppressor-positive by transducing to.argi-
nine independence and scoring for the presence of a suppressor
by the conversion of the i~ (constitutive) to i* (wild type) phe-
notype. The strains carried an argE amber mutation, and were
transduced with lysates prepared on an argE~, Su-6" strain.

DL-3-Fluorotyrosine was synthesized from 3-fluoro-p-anisal-
dehyde (Aldrich), and characterized as in ref. 12.

The repressors were isolated as described in refs. 10 and 12.
Tetrameric cores were isolated according to the procedure de-
scribed in ref. 22, except the digestion buffer was 1 M Tris-HCl/
30% (vol/vol) glycerol/0.01 M 2-mercaptoethanol, pH 7.6. The
NMR spectra were obtained on a Nicolet NT 150 spectrometer
operating at 141.1765 MHz at 25°C, using a 90° pulse and a 20-
mm-diameter sample tube. The resonances were not signifi-
cantly narrowed when the protons were decoupled, thus all of
the spectra here are undecoupled. The Fourier transforms were
made on 15,000-25,000 transients with 8000 data points and a
5000-Hz sweepwidth with an acquisition time of 0.4 sec. The
chemical shifts were measured relative to an external standard
of 80 mM trifluoroacetic acid in 25% (vol/vol) 2H,0. Protein
concentrations in all cases were between 10 and 40 uM. in te-
tramers (1.3-5.3 mg/ml) in a solution of 0.25-M TrissHCl/0.2
M KCl/3 mM dithiothreitol/0.1 mM EDTA in 25% 2H,0 (pH
is that of the reading from the meter at 25°C). The recycle time
was 0.5 sec except where indicated. Although the longest lon-
gitudinal relaxation time was 0.4 sec, no significant differences
in relative intensities were observed with recycle times as long
as 3 sec.

RESULTS

Resonances of NH,-Terminal and Core Tyrosines. Geisler
and Weber (23) demonstrated that lac repressor can be selec-
tively cleaved between amino acids 50 and 60, depending on

A

Tyr-(7, 47)
Tyr-17
Tyr-(204, 282)
M»Tijﬁ)>
e ——
56 58 60 62 64
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the protease used. The digestion yields, per tetramer: (i) four
NH,-terminal headpieces with DNA binding activity, including
tyrosines 7, 12, 17, and 47; and (ii) a tetrameric core with the
inducer binding site, including tyrosines 126, 204, 273, and 282
(4, 5, 23, 24). The same occurs in the case of the 3-fluorotyro-
sine-substituted form of the lac repressor.

In Fig. 1 we have superimposed the '°F NMR spectrum of
the core on the spectrum of the intact repressor in the absence
(Fig. 1A) and presence (Fig. 1B) of the gratuitous inducer (1)
isopropyl B-D-thiogalactoside (iPrSGal), respectively. Consis-
tent with the biochemical observation that the iPrSGal binding
site is in the tetrameric core (23), the '°F NMR spectrum of the
core shows the major change upon binding of iPrSGal: the loss
of intensity at 60.2 ppm and the appearance of a resonance at
58.2 ppm. The core spectra are superimposable on the broad
resonances of the intact repressor in both cases, an observation
that makes the description of the peak assignments in the sub-
sequent discussion simpler but is not a requirement in the ap-
proach taken here. The identification of the resonances with
particular tyrosine residues in Fig. 1 is derived from the data
shown in Fig. 2.

Resonances from Tyrosines 12 and 126. The altered repres-
sors having tyrosine residues 12 or 126 replaced by leucine give
the spectra (thick lines) shown in Fig. 2 C and F, respectively.
It can be seen, from the comparison with the wild-type spec-
trum, which resanance is removed by the substitution involved
(indicated by the arrow). The conditions, pH or presence of li-
gands, were chosen to provide the clearest difference in the
spectral regions of interest. iPrSGal was used for the set of spec-
tra shown in Fig. 2F for the assignment of tyrosine-126 because
it allows a better display of the very broad resonances due to
the core tyrosines.

Resonances from Tyrosines 7, 17, and 47. The altered re-
pressor with a leucine for tyrosine substitution at position 7
gives the spectrum (thick line) shown in Fig. 2B. The arrow in
the figure indicates the position of missing intensity at 61.0
ppm. A comparison of the spectrum from the altered repressor
with tyrosine-17 substituted with the spectrum from the re-
pressor with tyrosine-7 substituted is shown in Fig. 2D. These

B Tyr-(7, 47)
Tyr-17 <
Tyr-204
Tyr-126 )
Tyr-282 /
W
T
56 58 60 62 64
Ppm

FiG. 1. !9F NMR spectra of the wild-type lac repressor (thin lines) compared with the spectra of the tetrameric core derived by trypsin digestion
(thick lines), both at pH 7.4. (A) No iPrSGal (IPTG); (B) 0.2 mM iPrSGal present with both core and intact repressor. The peak assignments are

described in the text.



Biochemistry: Jarema et al.

B pH 7.4, + iPrSGal
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Fic. 2. Comparison of the spectra from the collection of altered repressors with the spectrum from wild-type (WT) repressor. The arrows indicate
the positions where resonances are lost due to leucine substitution for tyrosine. The conditions for both spectra in each panel along with the species
of altered repressor are indicated. Spectral parameters are those given in the text except for C, D, E, and G, for which a 3-sec recycle time was used.
The repressors were isolated by the procedures of refs. 10 and 12 with the addition of a DEAE-Sephadex A-50 column as the last step. For G the

o-nitrophenyl D-fucoside (NphFuc; = ONPF) concentration was 1 mM.

two spectra are quite similar, with the missing intensity at 60.7
ppm. Because this feature is present in Fig. 2B, we assign it to
tyrosine-17. This leaves the resonance from tyrosine-47 to the
center at 61.0 ppm. The importance of this residue to the struc-
ture of the protein is seen in Fig. 2E, in which denatured ma-
terial is evident. The tyrosine-17 resonance at 60.7 ppm is vis-
ible as a shoulder. This assignment of the four NH,-terminal
tyrosine resonances has been confirmed by looking at the spec-
tra of the four altered NH,-terminal headpieces.

A general observation is that the altered lac repressors that
give wild-type properties in vivo also result in repressor pro-
teins that seem more stable under the conditions used in these
experiments. Leucine substitutions at tyrosines 17 and 47 result
in loss of operator binding in vivo, with tyrosine-7 showing a
less pronounced difference (Table 1). The spectra for the re-
pressors altered at tyrosines 17 and 47 show broader resonances
along with detectable chemical shifts in the center of the spec-
trum. Substitution at tyrosine-7, which gives a partially wild-
type phenotype in vivo, results in a spectrum that is superim-
posable on the wild-type spectrum with the exception of the
-missing resonance (Fig. 2B).

Resonance from Tyrosine-204. When the spectrum from the
altered repressor with a substitution at position 204 is compared
with that of the wild type, one detects a loss of intensity at the
foot, 60.3 ppm, of the resonance that we assign to tyrosine-47
(see Fig. 1). This difference can be enhanced by comparing the
wild-type spectrum with this altered repressor spectrum in the
presence of o-nitrophenyl b-fucoside (NphFuc), an anti-inducer
(25) (Fig. 2G). We also note loss of relative intensity in the NH,-
terminal resonances as well as a difference at 63.0 ppm, as one
would expect if a broad resonance were removed in the case of
the repressor altered at tyrosine-204. The loss of intensity at
63.0 ppm is compensated by the broad resonance at 63.5 ppm.
We are seeing a change in the environment of the tyrosine cor-
responding to the 63.0 ppm peak due to the leucine substitution

for tyrosine at position 204. This assignment is also confirmed
by changes in the spectrum of the core alone, upon the addition
of NphFuc.

Resonances from Tyrosines 273 and 282. A comparison of
the spectrum of the altered repressor with a substitution at po-
sition 273 with the wild type is shown in Fig. 2H. The only
difference is the broad resonance centered at 63.0 ppm. The
fact that this resonance was shifted upfield by substitution at
position 204 also assures us that it is indeed due to the native
protein and not an artifact of aggregated or denatured protein.

At this point the remaining resonance at 57.7 ppm in the
presence of iPrSGal and at 60.0 ppm in the absence of iPrSGal
must be tyrosine-282. The resonance at 57.7 ppm occurs in the
repressors with substitutions at positions 126, 204, or 273 when
iPrSGal is present. In the absence of iPrSGal it is at the same
position as the resonance due to tyrosine-204, because there is
greater intensity in this region. Furthermore, we see the si-
multaneous loss of intensity at 60.0 ppm with a gain in intensity
at 57.7 ppm when the tryptic core is titrated with iPrSGal.

DISCUSSION

Implications of the Data. The most striking feature of the
spectra, as illustrated by Fig. 1, is the fact that the tetrameric
core spectra are superimposable on the spectra of the corre-
sponding intact repressor. The converse of this result has been
observed in the proton NMR spectrum of the NH,-terminal
headpiece by others (26, 27)—i.e., the aromatic region of the
spectrum contains most of the narrow lines in the 'H NMR spec-
trum of the intact repressor. The corresponding '°F NMR spec-
trum of the NH,-terminal headpiece is superimposable on the
narrow resonances in the center of the '°F NMR spectrum of
the intact repressor, a result anticipated from the 'H NMR ob-
servations. These observations suggest that very little change
occurs in the tyrosine environments or relative mobilities upon
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the removal of the NH,-terminal 59 amino acids by proteolytic
digestion of the lac repressor.

Proteins substituted with 3-fluorotyrosine are expected to
exhibit a nuclear Overhauser enhancement of almost —1 in the
fluorine resonances upon broad-band irradiation of the protons,
because the overall tumbling motion of the macromolecule is
too slow for the irradiation energy to be dissipated into the sol-
vent during the time scale of the observation (14, 16). We have
published a dynamic NMR analysis of the fluorine resonances
upon proton irradiation in 3-fluorotyrosine-substituted lac re-
pressor (28). The narrow resonances, which we now know cor-
respond to the NH,y-terminal tyrosines, all showed nuclear
Overhauser enhancements of —0.5 to —0.7, whereas the broad
resonances, those from the core tyrosines, gave the expected
values of close to —1. Note that even in a protein as small as
the gene 5 product of fd phage, which has a single polypeptide
chain of only 87 amino acids, the fluorines in the substituted
form exhibit nuclear Overhauser enhancements of nearly —1
(29). Thus, the NH,-terminal tyrosines in the lac repressor are
in a very mobile portion of the molecule. The lac repressor is
a protein with two domains: one part, the tetrameric core, is
rigid, and the four headpieces are very flexible.

The denaturation of the lac repressor results in a single res-
onance at 61.5 ppm (12), the same chemical shift as free 3-fluo-
rotyrosine. This corresponds to a position just between the
peaks assigned to tyrosines 7/47 and 12. Thus, a consistent pic-
ture is formed that the tyrosines having the most mobility also
have chemical shifts nearest the completely solvated free fluo-
rotyrosine resonance position. This explains why both iodina-
tion (30) and nitration (31) of tyrosines result mainly in modi-
fication of the NH,-terminal headpiece tyrosines, and perhaps
why one can cleave away the NH,-terminus. A comparison of
the spectra from repressors missing tyrosine at positions 7 or
12 with those of repressors missing tyrosine at positions 17 or
47 suggests that the removal of one of the latter pair of tyrosines
disrupts the lac repressor structure much more than the first
two. This does not seem to be completely consistent with a pro-
posed model for the NH,-terminal fragment in which tyrosines
7, 12, and 17 must be a stacked array (32).

The broad resonance due to tyrosine-273 at 63.0 ppm is at
the same position as the resonance from free 3-fluorotyrosine
at high pH, at which the phenolic proton dissociates (12). This
suggests that tyrosine-273 either is ionized in the protein or is
participating in a hydrogen bond and is broadened due to im-
mobilization. This is the residue that makes the repressor i°
(inducer insensitive) or i (inducer enhances binding to operator
DNA) when it is replaced by serine or glutamine (Table 1). It
is also tyrosine-273 that shifts further upfield in response to a
leucine substitution at tyrosine-204, a residue also involved in
inducer binding.

From nitration experiments with the core of wild-type lac
repressor, Alexander et al. (31) have suggested that iPrSGal
protects tyrosine-204 from nitration whereas NphFuc does not.
In our data we see a slight downfield shift of tyrosine-204’s res-
onance due to NphFuc but not due to iPrSGal. Because iPrSGal
and NphFuc compete in their binding for lac repressor (33), it
is likely that tyrosine-204 is affected by beth ligands, but not
identically, and thus the nitration difference. Binding of inducer
(iPrSGal) results also in a large downfield shift of the tyrosine-
282 resonance. Differences in the effect of inducer and anti-in-
ducer on lac repressor conformation have been detected in a
variety of spectroscopic ways by others (10, 34-38), and have
been localized to the tetrameric core of the repressor (37, 39).
The observations here establish that tyrosines 204 and 282 are
involved.

Our spectra with oligo[d(A-T)] double helical fragments and
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lac operator DNA show significant broadening of the NH,-ter-
minal resonances. Because the binding of inducer reduces the
affinity of the repressor for operator DNA, and the NH; ter-
minus is implicated in the DNA binding function of the protein .
(24, 34), one might expect to see large changes in the NH,-ter-
minal tyrosine environments upon iPrSGal binding. The only
change that we see reproducibly is the very slight resolution of
the tyrosine-7/47 resonance into two (see Fig. 1B). NphFuc
does not give this effect. This is consistent with Ogata and Gil-
bert’s conclusion that the addition of inducer results in small
changes in many points of the repressor molecule rather than
a few major changes in the NH, terminus (40, 41).

Applications of the Peak Assignment Strategy to Other Sys-
tems. The difficulty of correlating NMR spectral features with
specific atoms in the primary structure of a protein or a polynu-
cleotide has limited the application of the full potential of NMR
spectroscopy to molecules that are relatively small, such as ly-
sozyme (monomer of 129 residues), (42—44) or bovine trypsin
inhibitor (monomer of 67 residues) (45-47). In all cases a diverse
repertoire of chemical modification methods along with the
known x-ray structure were employed to make educated
guesses as to the correct assignments (48-51). Even in propi-
tious cases, considerable difficulties have been encountered in
making peak assignments in the NMR spectrum where, for ex-
ample, only four histidines (52-56) or six tryptophans were in-
volved (57). Using the lac repressor, we show that peak assign-
ment, in cases in which relatively large numbers of identical
amino acid residues are involved, can be approached genetically.

The use of variants of a protein for the purpose of peak as-
signment has been made in several cases by taking advantage
of natural variations. This has been done for hemoglobin
(58-60), staphylococcal nuclease (61), pancreatic ribonuclease
(62), and cytochromes (63-68). What we have done here is to
show that it is possible to seek out and use variants in a system-
atic and complete way to make specific changes at the molecular
level. The strategy taken here is quite applicable to other sys-
tems. One is not limited to the fluorine nucleus, to tyrosine,
or to prokaryotic macromolecules. Once one can resolve the
resonances, if necessary via isotopic enrichment or negative la-
beling, all one needs is a scheme to generate and order specific
mutations in the gene for the translational or transcriptional
product of interest. We have taken a classical approach here,
utilizing specific mutagenesis and an extensive deletion map-
ping system (20). However, given the possibility of site-directed
mutagenesis on specific DNA restriction endonuclease frag-
ments of an isolated gene (69), coupled with the flexibility of
modern cloning vehicles and associated technology (70), any
gene product of interest is amenable to the peak assignment
scheme demonstrated here.
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