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Met) repressor interactions with DNA probed

by in-cell NMR
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Atomic level characterization of proteins and other macromole-
cules in the living cell is challenging. Recent advances in NMR
instrumentation and methods, however, have enabled in-cell stud-
ies with prospects for multidimensional spectral characterization
of individual macromolecular components. We present NMR data
on the in-cell behavior of the MetJ repressor from Escherichia coli,
a protein that regulates the expression of genes involved in
methionine biosynthesis. NMR studies of whole cells along with
corresponding studies in cell lysates and in vitro preparations of
the pure protein give clear evidence for extensive nonspecific
interactions with genomic DNA. These interactions can provide an
efficient mechanism for searching out target sequences by reduc-
ing the dependence on 3-dimensional diffusion through the
crowded cellular environment. DNA provides the track for MetJ to
negotiate the obstacles inherent in cells and facilitates locating and
binding specific repression sites, allowing for timely control of
methionine biosynthesis.
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he environment in which proteins and nucleic acids function

within a cell is well known to be crowded and complex (1).
Understanding the influence of the numerous large and small
molecule components on the biophysical and functional prop-
erties of these macromolecules in cellular environments, how-
ever, is extremely difficult (2, 3). For example, the detailed
mechanism of gene regulation is of great interest, but the study
of these interactions within living cells has always been a
challenge.

The transcriptional repressor MetJ controls the expression in
Escherichia coli of the Met regulon, which is composed of at least
12 genes scattered at 7 sites around the genome (Fig. 1). These
genes code for proteins that are involved in methionine biosyn-
thesis and transport (4, 5). The promoters of these genes contain
from 2 to 5 tandem repeats of the MetJ binding site, which are
called metboxes and have the consensus sequence AGACGTCT
(6). When Met] is activated by S-adenosylmethionine (SAM) it
binds tightly to the metboxes and shuts down transcription (7, 8).
The different genes repressed by MetJ not only have a variable
number of metboxes but also variable sequences. MetJ is thus
capable of specific binding to several variations of the consensus
sequence in vivo and fine-tuning its repression of each gene (4, 9).

NMR spectroscopy has recently been shown to provide a
valuable strategy for studying proteins in living cells (10-13).
This in-cell spectroscopy gives atomic level fingerprints and even
3-dimensional spectral data that are used to assign resonances
and characterize features of individual components in the cel-
lular milieu (12). The method has been used to show ligand
binding (14), protein—protein interactions (15) and in at least 1
case, a gain of structure presumably as a result of molecular
crowding inside the cell (13). Here, we report NMR results on
both in-cell and cell lysate studies, which show that MetJ]
associates nonspecifically with genomic DNA in cells, thereby
providing an efficient search mechanism for identifying and
binding metbox repressor sequences.
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Fig. 1. Schematic of the E. coli chromosome (4,639,675 bp) showing the
locations of the genes regulated by MetJ (not toscale). The gray boxes indicate
the number of 8-bp metboxes at each locus, ranging from 2 to 5.

Results

Whole Cells and Lysates. E. coli cells overexpressing MetJ in the
presence of ’N-labeled ammonium chloride as the sole nitrogen
source were harvested and concentrated for NMR studies as
described in the methods section. Proton-nitrogen correlation
spectra ("N-HSQC) of intact, living cells showed a rather
minimal pattern (Fig. 24) similar to that for controls in which
cells lacking the MetJ plasmid were grown in ’N-labeled media
(Fig. 2B). The NMR spectrum observed in preparations of
freshly lysed cells containing overexpressed °N-labeled MetJ is
similar to that for whole cells. These spectra are clearly different
from the well-dispersed HSQC spectrum of purified MetJ (shown
in Fig. 34). In fact, spectra very similar to those in Fig. 2 have been
seen by other researchers and shown to indicate detection of only
the labeled background molecules (16).

The absence of identifiable protein NMR spectral features
within cells or cell lysates can result either from insufficient
expression or from association with heavy cell components
causing restricted motion and/or intermediate exchange. SDS/
PAGE gels of our NMR samples, however, show that Met]J is
overexpressed as expected at levels sufficient for NMR detection
(=300 uM after concentration of the cells). Furthermore, we
were able to partially purify Met] from the lysates, using
ammonium sulfate fractionation and cellulose phosphate chro-
matography, a method highly selective for MetJ. An NMR
sample produced this way from a 50-ml culture showed the
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Fig. 2. HSQC spectra of intact, living cells does not show the overexpressed
MetJ spectrum. Cells overexpressing MetJ (A) show the same pattern as cells
without the MetJ plasmid (B) indicating that the spectrum from MetJ is not
being detected. The amide region for proton resonances is on the x axis, and
amide nitrogen resonances are on the y axis. lcons represent cells with or
without the Ca-backbone structure of a MetJ dimer (PDB entry 1CMB).

standard MetJ spectra (data are identical to those shown in Fig.
3A4). This and gel analysis of the induction demonstrate that there
is sufficient MetJ in the lysate to produce strong NMR signals.

Met]J is a DNA binding protein, which suggests that it may be
associating nonspecifically with genomic (and plasmid) DNA.
This interaction must be nonspecific with overexpressed MetJ,
because the number of MetJ molecules in the cell is in several
thousandfold excess over the number of natural metbox binding
sites. Our in-cell NMR data therefore suggest substantial non-
specific MetJ binding to genomic DNA.

Purified Met) with Nonspecific and Specific DNA. To investigate MetJ
binding with nonspecific DNA, NMR spectra were acquired on
mixtures of purified N-labeled MetJ and sonicated salmon
sperm DNA to mimic large genomic DNA. This nonspecific
DNA is composed of 300- to 2,000-bp fragments. Starting with
a solution containing 7.2 mg of MetJ (spectrum in Fig. 34),
nonspecific DNA was titrated in until the characteristic pattern
for MetJ disappeared with 120 ug of DNA (Fig. 3B). As the DNA
was added, the peaks from the free MetJ progressively weakened
but did not shift position, indicating that MetJ interacts with the
DNA, and that this nonspecific interaction attenuates detectable
Met] resonances. The loss of the entire MetJ spectrum suggests
that MetJ forms a relatively compact structure upon nonspecific
DNA binding. This contrasts with its structural homolog, ParG,
where a flexible N-terminal domain remains unaffected in the
NMR spectrum upon DNA binding (17). DNase and MgSO4
were then added to a final concentration of 25 wg/mL and 5 mM,
respectively, to digest the salmon sperm DNA, which restored
the MetJ spectrum (Fig. 3C).

MetJ can also be rescued from nonspecific DNA binding by
the addition of “metbox” DNA, a small oligo containing 2
repeats of MetJ’s preferred binding sequence. To a starting
solution of ’N-labeled MetJ (as in Fig. 34), salmon sperm DNA
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Fig. 3. The MetJ spectrum can be restored in preparations exhibiting
nonspecific DNA binding by DNase treatment. (A and B) The spectrum of
purified Met) dimer (A) is lost after the addition of nonspecific DNA (B). (C) The
spectrum is restored with the addition of DNase. Icons represent a MetJ dimer
in solution: alone, interacting with nonspecific double-stranded DNA, or with
that DNA digested into fragments.

was added until the signal disappeared (as in Fig. 3B). Metbox
DNA was then added at twice the stoichiometric concentration
of MetJ, which restored the MetJ spectrum (Fig. 44). The
pattern that is observed matches that of a purified in vitro sample
of MetJ with the same oligo (Fig. 4B), showing that Met]J is
forming a complex with metbox DNA that can successfully
compete with and displace the nonspecific DNA binding.

Pure Met) in Unlabeled Lysates. Our experiments using salmon
sperm DNA showed that MetJ can interact nonspecifically with
DNA and that either DNase treatment or competition with
specific DNA can restore the MetJ spectrum. To further dem-
onstrate the nonspecific association with genomic DNA, we used
purified 'SN-labeled MetJ with unlabeled cell lysates. This
method has the advantage that only MetJ is '’ N-labeled, so there
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Fig. 4. MetJ can be rescued from nonspecific DNA binding (seen in Fig. 3B)
by metbox DNA. Addition of a 20-bp DNA fragment containing 2 adjacent
8-bp metbox sequences restores the HSQC fingerprint of MetJ bound to its
recognition site (A) as shown by comparison with the purified complex (B).
Icons represent 2 MetJ dimers interacting specifically with metbox DNA, in the
presence or absence of nonspecific DNA.

is no background labeling of other cell components, and we can
quantitatively control the concentration of MetJ.

To a starting solution of purified '>N-labeled Met]J (as in Fig.
3A4), an equal volume of an unlabeled cell lysate was added
resulting in nonspecific DNA binding and disappearance of
spectral features (Fig. 54), thus recapitulating the results ob-
served in our first experiments. For this experiment, the lysate
from 4 mL of culture (=10'° E. coli cells) completely eliminated
the signal from 7 mg of MetJ. Tenfold excess DNase was then
added to a final concentration of 250 wg/mL, which restored the
Met] signal (Fig. 5B).

This experiment revealed that nonspecific MetJ-DNA inter-
actions in cell lysates could be attenuated by excess DNase,
suggesting similar results might be observed in cells containing
endogenous overexpressed MetJ. We investigated this possibility
by adding excess DNase to freshly lysed cells overexpressing
I5N-labeled MetJ, but were still not able to detect the MetJ
signals by NMR. We note, however, that in this experiment the
ratio of DNA in the 50-ml culture to overexpressed MetJ
(estimated to be 5 mg from gel analysis) is >10 times larger than
in the above controlled samples in which lysate from only 4 mL
of cells was added to 7 mg of purified, labeled MetJ. This larger
excess of DNA would tend to favor even weak binding to the
residual DNA fragments.

Discussion

The combination of in-cell NMR and experiments with cell
lysates indicates that the MetJ repressor protein in E. coli has
substantial nonspecific associations with genomic DNA in the
cellular environment. Other evidence for nonspecific MetJ/DNA
association comes from surface plasmon resonance kinetic stud-
ies with varying sizes of DNA fragments, which show that MetJ
can find a target site faster when it is embedded within longer
pieces of DNA (18). This work, along with our present study,
suggests a mechanism for the enhancement of MetJ’s ability to
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Fig. 5. The MetJ spectrum can be restored in preparations exhibiting
interactions within cell lysates by DNase treatment. (A) The spectrum of
purified MetJ dimer (seen in Fig. 3A) is lost after the addition of an unlabeled
E. coli cell lysate. (B) The spectrum is restored by the addition of DNase. Icons
represent the MetJ dimer in cell lysates, with nonspecific DNA either intact or
digested.

find its specific DNA target genes. There is abundant genomic
and plasmid DNA within cells where nonspecific Met]J interac-
tions can occur. The protein concentration in vivo is estimated
to be 600 Met] dimers per cell (7) but even with typical
overexpression levels of 600,000 MetJ dimers per cell, our results
indicate the 4.6 million bp of genomic DNA per cell are sufficient
to ensure that all of the Met] is associating nonspecifically with
DNA. It is noted that overexpression constitutively represses the
Met regulon, requiring the addition of exogenous methionine to
allow cell growth (7, 19). This overexpression does not lead to
any other growth defects, however, indicating that MetJ does not
nonspecifically repress other transcription units. This is in con-
trast to the overexpression behavior of TrpR, the regulator of
tryptophan biosynthesis, which will promiscuously repress genes
involved in the biosynthesis of Ile, Leu, Val, Thr, Ser, Phe, and
Tyr (20).

Although it is always important to consider the consequences
of overexpression on any in vivo biological model, in this case the
nonselective association of a large excess of MetJ with genomic
DNA clearly indicates that at the much lower native concentra-
tion, the protein will also be associating with the DNA available
in the cell. To further reinforce this conclusion, analytical
ultracentrifugation studies in our lab also show nonspecific
binding to DNA in cases where the DNA is far in excess of the
MetJ concentration.

These results also provide insight into the detailed mechanism
used by Met]J to locate metbox sequences, and likely other DNA
binding proteins to find their recognition sequences, when
functioning within the cell. In general, proteins that work by
binding specific DNA sequences, such as transcription factors
and restriction enzymes, must sort through millions of bases of
DNA to find a small number of target sites. For some DNA
binding proteins, target binding is faster than the 3D diffusion
rate [e.g., lac repressor (21), EcoR1 endonuclease (22), and
integration host factor (23)], suggesting that these proteins use
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some method of “facilitated diffusion” to efficiently search for
a target sequence. Maintaining a close interaction with DNA,
rather than depending on free diffusion in solution, provides
such a facilitating strategy (24-26).

Various studies have been performed to test this model.
Studies with RNA polymerase show sliding along DNA, with an
increased lifetime for the nonspecific complex when bound to a
mica surface versus free in solution (27). The authors speculate
that this surface might be a good model for the viscous interior
of the cell. In the case of the restriction enzyme EcoRYV,
however, linear diffusion occurred only over short distances
(<30 bp) before dissociation, and 3D transfer between DNA
strands was more important (28). There have also been several
reports of single-molecule experiments on DNA binding pro-
teins, using recently developed techniques for imaging, fluores-
cent-labeling, and sample immobilization (29). One such study
used fluorescent lac repressor in living cells and showed good
evidence for nonspecific interactions with DNA, linear diffusion
along DNA, and transfer from one DNA segment to another
(30). For the DNA-repair enzyme hOggl, single-molecule stud-
ies have shown good evidence for extensive linear sliding along
DNA (31). In vitro NMR techniques, such as paramagnetic
relaxation and exchange analysis, have also been used to observe
nonspecific binding and transfer from one piece of DNA to
another (32-34). Our present results show that the MetJ repres-
sor binds nonspecifically to DNA in the living cell, and thus can
use this mechanism to speed specific binding and efficiently
regulate methionine biosynthesis.

The in-cell and other NMR results presented here comple-
ment previous work to provide compelling evidence that tran-
scription factors can use efficient diffusion in reduced dimen-
sionality to facilitate the kinetics associated with their function.
In the case of Metl, it is capable of repressing or derepressing
target genes within 30 min of a change of methionine concen-
tration (35, 36). Our NMR spectral data clearly indicate that
MetJ’s nonspecific interactions with genomic DNA are exten-
sive, providing a mechanism for this efficiency.

Materials and Methods

Sample Preparation. Whole-cell samples were prepared using a protocol
developed in our laboratory (12). Briefly, a 50-ml culture of BL21(DE3) cells
(Novagen) containing a plasmid with the Met) gene was grown in minimal
media supplemented with [">NINH4Cl (Cambridge Isotopes). After 4 h of
induction with IPTG the cells were harvested by centrifugation at 1000 X g
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then resuspended in a minimal volume of the spent media (=20% cells by
volume). D,0 was added to 10%. NMR spectra were acquired within 30 min of
sample preparation.

To have cells available as early as possible in the day for NMR studies, a
modified induction protocol was also used whereby a 50-mL culture was
grown overnight in media containing only 0.05% glucose. This limiting con-
centration of glucose arrested cell growth at an ODgoo between 0.5 and 0.6. In
the morning, glucose was added to a final concentration of 0.3% and 1 mM
IPTG was added to induce protein expression. Cells could then be harvested in
the early afternoon after 3-5 h. Induction yields were comparable to those
using standard methods.

For the lysate samples, the induced cells were pelleted and resuspended in
4 mL/gBugBuster (Novagen) supplemented with 50 ug/mL lysozyme, 25 ng/mL
DNase, 5mM MgSOg4, 1 MM DTT, 1 mM protease-inhibitor PMSF and 10% D,0.
Lysis was allowed to proceed for 15-30 min, then the cells were spun down and
the soluble portion used for the NMR experiments. Unlabeled cell lysates were
made from noninduced, overnight cultures grown in rich media (LB broth) and
lysed the same way.

Quantitative plating of cells (using a method similar to that described in
ref. 37) showed colony production and cell viability did not change in our
recombinant cells under NMR sample conditions during a time period well
in excess of that needed to collect NMR spectra. We also examined the
supernatants of whole cell samples by both NMR and SDS/PAGE for evi-
dence of protein leakage within the time scale of our experiments but
found none. For NMR, the supernatant was analyzed with and without
DNase treatment, but in both cases the spectra were comparable to the
background signals shown in Fig. 2, with no evidence of characteristic MetJ
resonances.

Purified MetJ was obtained by published procedures (38). Metbox DNA was
purchased from IDT as a 20-bp oligo containing 2 copies of MetJ's preferred
binding site flanked by GG and CC bases: 5' GG-AGACGTCT-AGACGTCT-CC3'.
Sonicated salmon sperm DNA was from Stratagene; DNase and lysozyme were
from Sigma.

NMR Conditions. All spectra were acquired at 600 MHz on a Varian Inova
spectrometer equipped with an H,C,N triple-resonance cryogenically cooled
probe using gradient-enhanced TROSY HSQC experiments. Spectra were ac-
quired for 10—45 min at 25 °C for samples containing cells and 40 °C for
purified MetJ samples. NMR spectra were processed with NMRPipe (39) and
analyzed with Sparky (40). All spectra in a given series (e.g., Fig. 2 A and B) are
plotted at the same nominal contour level.
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