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The DNA binding domain of ¢c-Myb: Over-
expression and NMR characterization
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The DNA-binding domain of the Drosophila melano-
gaster ¢c-Myb protein, 160 residues long, containing
three conserved imperfect repeats of nearly 50
residues each has been overexpressed in E. coli strain
BL2I(DE3). The protein is expressed to the extent of
atleast 20% of the total cellular protein. 1t has been
purified by a four-step protocol developed in the
laboratory. The protein has been characterized by
various 2D NMR experiments. Several specific amino
acids have been identified. A three-dimensional NMR
spectrum has beer recorded to achieve dispersion of
cross-peaks into different 2D planes.

THE c¢-Myb protein, an oncogene product, is a nuclear
protein and binds to DNA in a sequence-specific
manner!=3. The DNA binding activity is mediated by a
highly conserved amino-terminal region which consists
of three imperfect stretches [R1-R2-R3] of approxi-
mately 50-53 amino acids, characterized by tryptophan
repeats every 18/19 residues in each stretch®%7. It is
conjectured that the tryptophan repeats play important
role in the DNA interaction and recognition process.
Out of the three conserved stretches, two stretches (R2-
R3) have been shown to be critical for the DNA binding
in the chicken ¢-Myb. With a view to investigate the
structure-function relationship, recently Ogato et al.B
have determined structures of a synthetic peptide
containing the third stretch of the protein [R3] by NMR.
The results show the presence of a helix-turn-helix
motif, characteristically seen in DNA binding motifs of
other DNA binding proteins®.

To further study the structure and mechanism of
Interaction of the eatire segment of three conserved
regtons with DNA, we have over-produced this segment
(hereafter referred to as R123) of Drosophila mela-
nogaster myb (Dm-myb). Over-expression has been
achieved in £. coli cells to the extent of approximately
20% of the total cellular protein using the vector system
developed by Studier!®. The protein has been purified
and characterized by two-dimensional NMR spectro-
scopy. For complete three-dimensional structure deter-
mination of the protein by NMR ~the protein being
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among the largest ever handled by NMR in the world -
we have successfully extended the NMR experiments
into the third dimension. We present here the highlights
of our experiments and results while the details will be
published elsewhere.

Methods

Protein preparation

The strategy used for over-producing the conserved
stretch of the Drosophila melanogaster ¢-Myb protein is
shown in Figure 1. The p-Gem?2 vector containing a full

P1 : CGRATCC TCTAGAGTCTGCGTTCGALCTC
F2 : TOCAQATCTOCATOOGGCAAACOCTGGTEC

Brgure 1 Suategy used (o constioch i eyvprossiole vedtor pils
IR 123} 1o over-eapress the comserved stivteh ot thie Om ¢-Myb-
protemn in & eolt The primer sequences used for PR generalion ol
DNA are also mdicaied
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length ¢-Myb clone was the gift of Rashint Sood. PCR
was used to simultaneously amplify the fragment coding
for R123 and generate start and stop codons at
appropriate places. Primer P2 contained Bglll & Ncol
site overlapping with ATG start codon and primer Pl
contained an Xbal site overlapping with TAG stop
codon & BamHI site. The reaction was carricd out in a
thermal cycler for 20 ¢ycles of denaturation at 95°C,
ann¢aling and extension at 75°C for 45 seconds. The
success of PCR reaction was checked on 3% NuSieve
agarose gel. The reaction product was fused between
Ncol and BamHI sites of pET-11d. The ligation mixture
was transformed into £. coli BL21(DE3) using standard
procedures!! and the transformants were selected for
ampicillin resistance. The plasmid DNAs from transfor-
mants were Turther screened by various enzyme
digestions for the presence of the insert and the
recombinants were identified. The recombinants were
grown at 37°C overnight in a medium containing 10 g of
Bactotryptone, 10 g of NaCl and 5 g of Bactoyeast
extract, pH 7.0 (LB medium) and 100 pg/ml of
ampicillin. The culture was diluted and allowed to grow
just before induction. Expression was 1induced by
addition of IPTC to 25 uM when the O.D.g50 reached
around 0.7. Cells were harvested after 3 hours by
centrifugation at 5000 rpm for 10 minutes at 4°C using
GSA rotor. The protein was found to come in both the
soluble form and as an inclusion body. In order to
solubilize the insoluble portion (inclusion bodies) of the
protein as well, 8 M urea was included in the lysis
buffer. The cells from every litre of culture were
suspended in 20 ml of lysis buffer (8 M urea, 20 mM
Tris.HCI pH 8.0, 2 mM EDTA, 1 mM PMSF), sonicated
(1 min x 5 at 40% maximum intensity) using a Branson
sonifier and centrifuged at 10,000 rpm for 10 minutes
using S834 rotor in Sorvall RC5B centrifuge to remove
the cell debris. The supernatant contained the R123
protein along with other soluble cellular proteins and
DNA.

Purification of the recombinant protein and
refolding

DNA and lipids were removed from the cell-free extract
by adding PEI (polyethyleneimine) to a concentration of
0.03%. The precipitate was removed by centrifugation at
15,000 rpm for 10 minutes using SS34 rotor. From the
supernatant the proteins were precipitated by adding
ammonium sulphate solution to a final concentration of
50% saturation and the precipitate was pelleted by
centrifugation at 15,000 rpm for 10 minutes using SS34
rotor. The pellet was redissolved in 20 ml of the lysis
buffer. Sample was loaded on DE-52 (Whatman) column
(5.0 x 45 ¢m) pre-equilibrated with lysis buffer and
various fractions of 4 ml were collected. The elution of
lhie protein was monitored by measuring O.D.ay.
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Fractions containing the proteins were analysed on 15%
SDS-PAGE gel electrophoresis and were visualized by
Coomassie Brilliant Blue R250 staining. Fractions
containing R123 (based upon the mobility of proteins in
15% SDS-PAGE gel) were pooled. The pH of the
pooled fractions was adjusted to 6.5 by MES and loaded
on SP-sephadex column (2.5 x 15 em) pre-equilibrated
with buffer A (8 M urea, 20 mM Na-MES pH 6.5,
0.15 M NaCl). The column was washed extensively with
buffer A and developed with a linear gradient of NaCl
(0.15-1.0 M) in buffer A. Fractions of 2.0 ml were
collected and analysed on 15% SDS-PAGE gel
electrophoresis. Active fractions were pooled and found
to be of approximately 99% purity as shown in Figure 2,
lane 6.

For refolding, the protein was diluted to 200 pg/m!
with 20 mM Tris.HCI pH 7.0, 1.0 mM EDTA, 10 mM
DTT buffer and gently rocked at 4°C for 24 hours. The
urea concentration in this solution was 0.1 M. The
protein was concentrated by ultrafiltration on an Amicon
YM10 membrane and dialyzed against three changes of
water to remove the remaining urea and DTT. The
dialyzed sample was lyophilized,

The protein samples for NMR were prepared by
dissolving the protein in 0.5 ml solution of either
10 mM sodium acetate buffer, or 10 mM Na-phosphate
buffer. The experiments were performed in the pH
ranges of 1.5-7.5. The sample was in 90% ‘H,0/10%

’H,O for the experiments in water. For experiments in
’H,0, the NMR sample was in 99.99% 2H,0 and was
prepared by repeated lyophilization from 99.8% “H,0.
The lyophilized protein was finally dissolved 1n 99.99%
?H,0. The protein concentration in each of the samples
was approximately 6 mM.

NMR data acquisition and processing

NMR spectra were recorded on a Bruker AMX-500
spectrometer, operating at 500 MHz for 'H. All spectra
were recorded at 289 K. Two-dimensional 2QF COSY!?
w-scaled 2QF-COSY 3. Clean TOCSY!* double quan-
tum'5: 16, NOESY!? and three-dimensional NOESY-
TOCSY!® spectra for 'H,O sample were acquired using
the standard methods. The Clean TOCSY spectra for
'H,O sample were acquired with spin-lock periods of 38
and 61 ms and the NOESY with a mixing time of 60 ms.
The 3D NOESY-TOCSY spectrum was obtained with a
NOE mixing time of 100 ms and spin lock period of
60 ms. Spectra recorded for the ¢H,O sample were 3QF
COSY'% and TOCSY with spin lock time of 33 ms.
Spectra were collected in phase-sensitive mode, using
time-proportional phase incrementation (TPPL!?), 2048
points were collected and averaged with 96 or 128 scans
in the ¢, dimension. In #; dimension 450-580 points
were acquired. Spectral widths of 5208.33 Hz for the
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YH,0 sample and 4032.26 Hz for the 2H,0 sample were

used. The 3D NOESY-TOCSY spectra were recorded
with 512 points in the #; dimension averaged to 16
scans, 64 in the 1, and 64 in the #, dimension.

All the spectra were processed on Aspect-X32 data
station using the UXNMR software. Before Fourier
transformation, the time domain data were apodized
with phase-shifted sine square functions. The 2D data
were processed with 2048 real points in both the
dimensions. For 3D with 512*64*64 acquired points in
the three dimensions linear prediction was used to
extend the data to 128 points along £, and ¢, dimensions.

Automated baseline corrections were performed on all
the processed data. Chemical shifts are expressed with
respect to HDO whose position was calibrated with
respect to sodium 3-(trimethylsilyl) [2,2,3,3-2H,]propio-
nate([ZH] TSP).

Results

Overexpression and purification of the protein

For over-producing the DNA binding domain of the
Drosophila melanogaster c-Myb protein in E. coli, our
strategy was to make use of bacteriophage T7 expres-
sion system developed by Studier et a/.2* Figure 2
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shows the results at various stages of protein purifica-
tion. The presence of the protein with an apparent
molecular weight of about 19.5 kDa (indicative of
R123) revealed that E coli BL21(DE3) cells
transformed with pET-11d(R123) plasmid expressed
R123 protein on induction with IPTG (Figure 2: inset:
lane 2).

Polyethyleneimine (PEI) causes precipitation of
nucleic acids and acidic proteins at low ionic strength by
forming charge neutralization complexes and cross
bridges between the complexes leading to flocculation.
By using PEI to a final concentration of 0.03% not only
DNA gets removed but some of the acidic proteins also
get precipitated (Figure 2; lane 3). PEI from the Super-
natant was removed by precipitating the proteins by
ammonium sulphate precipitation. It was found that at
50% saturation of ammonium sulphate all the protein of
interest gets precipitated. The precipitate was found to
be soluble only in buffer containing 8 M urea.

Further purification of the R123 protein was achieved
by ion-exchange chromatography. The anion exchange
column DE-52 (Whatman) retained the acidic proteins
which were not precipitated by PEI. The protein of
interest came entirely in flow. This partial purification
of the protein using DE-52 column resuits in significant
enrichment of the protein (Figure 2; inset: lane S). Final
purification of the protein was accomplished by cation

13%0 SDS-palyacsy ande gebanalvais showmg enture eell protein aind pusihwation of RL 3 b £

colr. BL2U(DLEI/pht-1H(RI23) Lane 1 BLIIDEIVpET-11d(R123) whole cell fysate befowe wduciion
Lanc 2 BL2E(DE3)/plET-11d(R123) whole cell Iysate prepared after 3 hours of wduction |anc 1 aften P41
precipitation of the crude Iysate. Lane 4. after 50% smmonium sulphate saturation. the picapitisic s
redissolved in the lysis buffer and analysed Lane 5 DE-$2 cellulosc {(Whatman) poul contanming the actne
fractions. Lane 6: SP-sephadex pool comtaming the active fractions. Lane 7 afer refolding the proton,
Molecular weight markers are indicated with srrows and expressed in kD.
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exchancer SP-sephadex column. It was found that on
equihibrating the column with bufter containing 0.15 M
NaCt R123 was retained in the ¢olumn and eluted at
0.83%° of NaCl on developing the column with linear
NaCl gradient (0.15-1.0). The peak corresponding to
R123 showed a single band on 15% SDS-PAGE gel
electrophoresis at approximately 19.5 kDa (Figure 2;
inset: lane 6). SDS-PAGE gel electrophoresis of the
refolded protein showed a single band indicative of no
degradation products during refolding (Figure 2; inset:
lane 7).

The purified and refolded R123 protein has been
tested for its DNA-binding properties. It has been
observed that protein binds to DNA tightly and strongly
discriminates between cognate target and non-cognate
tarcet DNA sequences, assuring us about the retention
of biological activity in the truncated myb protein.

2D NMR characterization of the protein

NMR has emerged as an invaluable tool for detailed
characterization of biclogical macromolecules in aque-
ous solutions. At the lowest level, the behaviour of
protein molecules under different experimental condi-
tions such as pH, ionic strengths, concentration and
temperature stability can be studied. At a somewhat
higher level, specific residues in a large protein can be
identified which can serve as monitors for interaction
studies with substrates. At a still higher level, three-
dimensional structures of the molecules can be deter-
mined and finally the dynamism can be studied at the
highest level of experimental sophistication and data
analysis.

In the following, we will first establish a correlation
between the amino acid composition of the R123 protein
and the npumber of peaks in different 2D spectra. This
will not only provide complementary support— though
preliminary — to the successful production of the desired
protein, but will also throw light on the chemical shift
dispersion among the various types of protons in the
protein, a feature which is at the heart of feasibility of
3D structure determination. Next, we will try to identify
some amino acid types in the spectra so that they can be
monitored for interaction studies with its specific DNA.
Table 1 shows the amino acid sequence and ¢composition
of the R123 protem,

Two-dimensional J-correlated spectra in “H,0 solution

provide fingerprints of the number of residues and to
some extent also of the amino acid composition of a
well-folded protein. Each residue except prolines and
glycines produces one NH-C?H cross-peak while each
glycine produces two peaks and proline gives rise to
none. Thus the number of peaks expected for a given
protein can be calculated from the knowledge of its
amino acid composition. These NH-C2H peaks appear in
a distinct region of the 2D NMR spectrum which is
consequently referred to as the ‘fingerprint’ region of
the spectrum. Thus, analysis of the fingerprint region of
2D NMR spectra is the first step in NMR characteri-
zation of a given protein. Often the number of peaks
observed will be slightly less than the expected number,
This is because (i) depending upon the lability of the
protein, the peaks belonging to the terminal residues
may not be seen due to fast exchange of the amide
protons with the solvent protons and (i) due to large
linewidths of some resonances, the net intensities and

Table 1 Amino-acid sequence and composition of R123 protein.

Amino acid sequence-

MGKRWSKSEDVLLKQLVETHGENWEIIGPHFK
DRLEQQVQORWAKVLNPELIKGPWTRDEDDMYV
IKLVRMFGPKXWTLIARYLNGRIGKQCRERWH
NHLNPNIKKTAWTEKEDEIIYQAHLELGNQWA
KIAKRLPGRTDNAIKNHWNSTMRRKYDVERRL,

Amano acid composion.

Alantne 7 Leucine 14
Arginine 15 Lysine 17
Asparagine Il Methionine 3
Aspariate Phenylalanine 2
Cysteine 1 Proiine 6
(ilutamine Serine 3
Glutamate 13 Threonine 7
Glycine 9 Tryptophan 9
Histidine 6 Tyrosine 3
Iscleucine I Valine 7

Total number of amino acid residues = 160
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peak heights may get reduced resulting in poor signal-
to-noise ratio. A larger than the expected number of
peaks could imply some compositional or confor-
mational heterogeneity of the sample. |

In the R123 protein, the fingerprint region of the
J-correlated spectra 1S expected to contain 163 peaks.
We have used a variety of J-correlated techniques
namely double quantum filtered (DQF) COSY, shift-
scaled DQF-COSY, double quantum (DQ) spectroscopy
and clean-TOCSY to check for the consistency of
resufts. However, it is important to note that excepting
clean-TOCSY spectra, all others have positive and
negative components in the cross-peak fine structures
which will tend to cancel each other in the event of large
linewidths of the protons. Clean-TOCSY has all positive
components and consequently we were able to count the
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Figure 3. NI region of the 300 MIly ¢lean YOCSY spectrum of the
RI23 prowsn wn 90% 'H,0/10% *H,0, st 289 K. The spectrum was
acguired with a spin lock peniod of 60 ms @, Finperprint region
conmanemg 154 NH-CYfl puaks 8, Region CORLAIING Cross-peaks
buiween NI and the rest of the aliphatic protuns
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maximum number of peaks (154) in the fingerprint
region of this spectrum (Figure 3 a).

Clean-TOCSY spectrum also provides correlations
between the NH-C*H, C'H etc. protons for each amino
acid residue and thus can be used to identify spin
systems of the wvarious residues in the spectrum
(Figure 3 4). This information can be cross-checked with
the C*"H-C"H, C'H etc. cross-peaks present in the clean-
TOCSY spectra in “H,0 solutions or with other C*H-
C'H, C’H-C'H etc. cross-peaks present in the J-
correlated spectra such as DQF-COSY, E-COSY spectra
in 2H,O solutions. We have carried out such an exercise
and more than 100 NH-C"H-(C’H1, C*H2) spin systems
could be identified from the spectra. In this context, the
E-COSY spectrum is also helpful in distinguishing non-
exchangeable AMX spin systems expected for the
residues Ser, Asn, Asp, Trp, Tyr, His, Phe, Cys from the
spin systems of long side chains; the AMX systems
produce well-resolved (+, —) patterns in the cross-peaks.
R123 has 37 AMX spin systems and we have been able
to identify a large number of these systems.

The above analysis has indicated that under the
experimental conditions of 16°C and pH 4.2, there is a
fairly good chemical shift dispersion among the NH,
C°H and C"H protons of the protein molecule, so much
so that nearly 90% of the expected peaks could be
resolved. This i1s indeed suggestive of a well-folded
structure for the molecule and is encouraging for
attempting 3D structure determination by NMR.

The next step is to identify residue specific peaks In
the spectra. In this sense, Trp residues show great
promise, and they are of special interest in the present
case because of their hypothesized involvement In
specific DNA binding. The NH proton in the indole ring
of the side chain of Tryptophan residue resonates at a
distinctly low-field position (> 10 ppm) in the spectrum;
consequently, the cross-peak between NH (ring) and
C7H (ring) protons in the residue appears in a distinct
region and can be easily identified. Figure 4 4 shows a
portion of a NOESY spectrum of the R123 protein from
which 9 peaks of Trp can be easily counted, which 1s the
expected number for the protein. Here we assume that
all the peaks are intra-residue indole peaks; they are
expected to be strong due to their fixed short distance.
Many of these correlations are also seen in TOCSY and
DQ spectra (data not shown),

Triple quantum-filtered (TQF) COSY allows unique
identification of certain spin systems. For a résponse (o
appear in @ TQF COSY spectrum, it is necessary that at
least three spins aie J-coupled to each other, While
many amino acid spin systems satisfy this condition, the
NH-(C*H1, C"H2) of Gly and C"HI3-(C'HI, C12) of Ile
are of special significance. If a TQF-COSY spectrum is
recorded in 'H,0, the fingerprint region of the spectrum
would contain cross-peakhs belonging exclusively to
glycines. Similarly, among the methyl containmg resi-
dues, only the isoleucines have the above coupling
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Figure 4. Portwons of various 500 Mliz 2D specira recorded for R123 protem at 289 K to 1dentify the specific spin systems 4, Portion of the
NOESY spectrum (1 = 60 ms) of the protem in 90% 'H,0/10% 2H,0 showing peaks due to indole NH for the 9 Tryptophan restdues b, Portion
of the 3QF-COSY spectrum of the protein 1n *H,O containing the C'HI-C'H, and C'H2-C°H, cross-peaks for the 1soleucine residues. Both
positive and negative levels have been plotied ¢, Portion of the double quantum spectrum of the protein m 90% 'H,0/10% *H,0 showing the

remolte peaks aft w, =NH, w, = H_, tH,,, for the glycme residues

pattern and only these peaks will be present in the CH;-
CYH cross-peak region of the spectrum. Figure 4  shows
the above Ile cross-peaks in the TQF COSY spectrum
recorded in "H,0. We were able to count here 11 peaks
considering the (+ — — +) patterns along both @, and w,
axes in each cross-peak. It is difficult to say at this stage
whether the C'H1 and C'H2 protons are equivalent or
otherwise for each of the residues. Experiments to locate
the glycines from 'H,O spectra were not successful,
possibly due to the large linewidth of these protons
compared to the NH-C*H1, C"H2 coupling constants.
All the nine glycines spin systems were however
identified from double quantum (DQ) spectrum in 'H,0
solution. Here again the unique feature of glycines is
that, only these produce ‘remote’ peaks at the chemical

292

shift positions @, =NH and @ =C"'Hl+ CH2.
Figure 4c¢ shows the portion of the DQ spectrum
containing the remote peaks of the glycines residues.
The C°HI-C*H2 chemical shift value in conjunction
with direct peaks in DQ spectrum and the range of C°H
chemical shifts seen in the fingerprint region of the
clean-TOCSY spectrum, allow identification of the indi-
vidual Gly C°H chemical shifts. In most cases the two
C*H protons have been found to be nearly equivatent.

Extension into the third dimension

The next level of characterization of the protein, namely
structure determination, requires complete segquence-
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specific assignment of all the protons and quantification
of the interactions between the assigned piotons.
Following established procedures, which have worked
very well in many small proteins, the 2D NOLSY
experiment constitules  a crucial  technique in this
respect. Cross-peaks in NOESY spectra provide a
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I day only with 512 peints along 1, and 64 points each along 4, and ¢,
directions

fingerprint of the structure, and these are used for
resonance assignments as well. However, with increas-
ing sizes of the proteins, the overlap problems become
more and more severe and individual cross-peaks cannot
be discerned. This is true in the, present case of R123 as
well as 1s shown in Figure 5. Then, it i1s absolutely
essential to add new dimensions to NMR experiments,
either by providing additional nucler {(heteronuclet such
as N or 13C) and/or exploiting different types of 'H-'11
interactions to spread the cross-peaks onto different
planes. In this sense, 3D NOESY-TOCSY is a useful
experiment and allows NOE and J-coupling correlations
to be used along orthogonal axes in the 3D spectrum.
We have successfully recorded a 3D NOESY-TOCSY
spectrum of the R123 protein in an affordable short
period of one day. This spectrum shown in Figure 6, has
NOE information in the @—a; planes and TOCSY
information in the ay~w, plane. The peaks which are
useful for sequential assignments are the equivalents of
the ‘fingerprint’ region in 2D spectra. For specific
assignments, the individual planes need (o be plotted
separately and analysed. We do indeed observe that
there are fewer peaks in each plane, clearly establishing
the effective enhancement of dispetsion of the ¢ross peaks,

Detailed analysis of all the NMR spectra s n
PLOgILSS.
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