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ABSTRACT

The DNA-binding domain of the oncoprotein c-Myb
consists of three imperfect tryptophan-rich repeats,
R1, Ry and R 3. Each repeat forms an independent mini-
domain with a helix—turn—helix related motif and they
are connected by linkers containing highly conserved
residues. The location of the linker between two
DNA-binding units suggests a function analogous to a
dimerisation motif with a critical role in positioning the
recognition helices of each mini-domain. Mutational
analysis of the minimal DNA-binding domain of chicken
c-Myb (R, and R3), revealed that besides the recogni-
tion helices of each repeat, the linker connecting them
was of critical importance in maintaining specific DNA-
binding. A comparison of several linker sequences from
different Myb proteins revealed a highly conserved
motif of four amino acids in the first half of the linker:
LNPE (L138 to E141 in chicken c-Myb R 5R3). Substitution
of residues within this sequence led to reduced stability

of protein—-DNA complexes and even loss of DNA-
binding. The two most affected mutants showed
increased accessibility to proteases, and fluorescence
emission spectra and quenching experiments revealed
greater average exposure of tryptophans which
suggests changes in conformation of the proteins.
From the structure of R ,R3 we propose that the LNPE
motif provides two functions: anchorage to the first
repeat (through L) and determination of the direction of
the bridge to the next repeat (through P).

INTRODUCTION

N-terminus and is a highly conserved tryptophan-rich region
composed of three imperfect repeats, (® and R) each with

a helix—turn—helix related motif{9). Each repeat has a distinct
function and is folded independently of the othegsisRightly
folded in solution and mainly responsible for the sequence-specific
recognition of the AAC-core in the binding si¢10). Ry is a
more flexible unit with a cavity inside the hydrophobic cafg, (

and seems to undergo slow conformational fluctuations and
specific conformational changes upon binding to DNA-{4).

The function of R is thought to be stabilisation of the
protein—-DNA complex through electrostatic interacticris-{7).

The minimal region in Myb giving sequence-specific DNA-binding
has been delimited to the Bnd R repeats{8-20). The RR3

of Myb binds to the major groove of DNA continuoushy)(
similar to transcription factor lllA-type zinc fingerz1£23).

The majority of eukaryotic transcription factors analysed so far
use motifs that insert anhelix into the major groove of the target
DNA to obtain specific binding. However, due to the curving of
the DNA surface, a single straighthelix can only contact 46
base pairs, which is too short an interaction surface to achieve
necessary specificity2{). Therefore, sequence-specific DNA-
binding usually requires two or more subdomains to get a
sufficiently large interaction surface in the major groove. Many
transcription factors achieve this by forming homo- or heterodimers
like, for example, leucine zipper proteins, helix-loop—helix proteins
and nuclear receptor®5). In addition to the primary function of
binding monomers together, the dimerisation domain is also
responsible for positioning the two DNA-recognition units in a
correct distance and direction.

Certain families of transcription factors bind their target as
monomers but still use multiple recognition units to contact DNA.
The best studied example is the large family of zinc finger proteins
which binds DNA through covalently linked mini-domains.

The cmyb proto-oncogene is expressed in a limited range dknother example is the covalently linked tryptophan-rich repeats
differentiating cell types and has a critical role in early stages of the DNA-binding domain of the Myb family of transcription
hematopoiesisl(2). The c-Myb transcription factor plays a role factors. In these transcription factors with repeated motifs the
in the balance between proliferation and differentiation in thegelative positioning of the mini-domains might be directed by the
cells. Aberrant overexpression of the transcription factor inhibitehker sequences joining them. If so, these linkers would have a
differentiation of hematopoietic precursor cellswhile loss of  role equally important as the dimerisation domains in dimeric
c-Myb expression inhibits their proliferatiof-g). transcription factors. Accordingly, the linkers in these transcription
The cmybgene encodes a 75 kDa sequence-specific DNAactors contain distinct conserved residues. The evolutionary
binding transcription factor with at least three functional domainsonservation of these linkers in Myb- and zinc finger proteins
(2). The DNA-binding domain (DBD) is located near thesuggest a distinct functional role in the activity of the protein.
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Choo and KlugZ6) studied the influence on DNA-binding of linker R2: )
sequences connecting zinc fingers and found that a replacement al ol a3 Linker

of individual amino acids could reduce binding by factors up to 24. —

In the present work we addressed the question whether the

linkers between the repeats in the Myb proteins might be of _:5-5

similar importance. We report that certain single amino acid I =t 5 7
substitutions in the linker sequence of c-MyjRRimpair the 3 Eg E E ?E = E f‘. ; E; ig
ability of the protein to bind DNA. The weakening or loss of PO ROk S E RO REER

binding is accompanied by changes in conformation of the
protein as seen from protease cleavage patterns, fluorescence
emission spectra and quenching experiments.

F TR e S
MATERIALS AND METHODS Sswe

1 23 43567 8 %10111213 1415

{

Expression and purification of c-Myb RR3 proteins

The minimal DNA-binding domain of the chicken c-Myb protein, Figure 1.DNA-binding of R- and linker mutants of the minimal DNA-binding
RyR3 and derived mutants were expresse&saherichia coli domain of chicken c-Myb. Recombinahicoli crude protein extracts of the

: : e : various mutants were diluted either 1:1000 (Q101A, R102A, PK112/113A,
using the T7 systen2{). Proteins were purified as described by H121A, K123P, R125A, Q129A, R131A, R133A, N136A, N139A, P140G) or

Gabrielseret al. (8). 1:50 (T96R and E105A) due to differences in induction levels as judged by
SDS-PAGE analysis. Opwas incubated with 10 fmol MRE probe af €5
Mutagenesis for 10 min. Purified wild-type pR3 (10 fmol) was included as control (lane 1).

The complexes formed were analysed by the electrophoretic mobility shift
The foIIowing mutations were introduced in the |1§gion of assay as described in Materials and Methods. The positions of the mutations
- - A - . lative to secondary structure elements4r(12) are indicated. C, protein—
c-Myb RyR3 by site-directeth vitro mutagenesis: T96R, Q101A, rDeN A lex: E froe DNA
R102A, E105A, PK112/113A, H121A, K123A, R125A, Q120A, o ke e BRA
R131A, R133A and N136A, and in the linker region: L138A,

N139A, P140A, P140G and E141A (amino acids numbered froghd a scanning speed of 500 nm/min. Each recording was made

the first residue in the chicken c-Myb protein). The mutantgs an average of three accumulated scans. Samples were prepare
QI01A, R102A, Q129A, R133A, N136A and N139A have beefom purified proteins in TE buffer at a concentration of IM2

described previouslys). In the quenching experimengsl), each protein was measured at
its emission maximum. Immediately before recording, 1126
Electrophoretic mobility shift assay diluted protein was added to a test tube containing dfeither

DNA-binding was monitored by the electrophoretic mobiIityTE buffer, 1.5, 3, 4.5, 6 or 7.5 M acrylamide solution to obtain

. . o : . Yfinal concentrations of 0, 0.1, 0.2, 0.3, 0.4 and 0.5 M acrylamide.
shift assay (EMSA)Z8), with the modifications described in N
Gabrielseret al (8). The MRE probe was a 23mer duplex oligoFIuorescence values were corrected with respect to background

: " X fluorescence and the inner filter effect of acrylamide according to
den;/ed from_the %'be fr?;;gnguon eleg1ent (MRE) in theParker 82). For denaturation, proteins were incubated with 6 M
upstream region (site A) 0 m- gene £9). guanidinium chloride for 20-30 min at room temperature before

recording.
MRE

5'-GCATTATAACGGTTTTTTAGCGC-3 RESULTS

3'-CGTAATATTGCCAAAAAATCGCG-5 . . . . . _
In a screening study of a series of single amino acid substitutions

dispersed throughout the second repegti(Rhe DNA-binding
domain of chicken c-Myb and the linker connecting the second

Trypsin and chymotrypsin solutions were made fresh each tind@d third repeats, we observed two regions especially affected by
from powder dissolved in TE buffer (10 mM Tris—HCI, 1 mM mutations. When performing simple EMSA studies on crude
EDTA, pH 8.0). Purified c-Myb proteins were diluted inbacterial extracts ontaining these mutants, we found that
TE-buffer and incubated with or without protease &@fr ~ mutations in the third-helix of R, abolished or severely reduced

15 min and the reaction stopped by addition of SDS loadifgNA-binding (Fig. 1), as would be expected from previous
buffer. The samples were heated &t®%or 2 min and loaded on reports {,8). However, we also observed that one mutation in the

a 10—20% polyacrylamide gradient gel containing SDS accordifigker connecting Rand R abolished binding while another did
to Laemmli G0). not (N139A and P140G in Fidy). This suggested that the linker

region between the repeats &d R might have an equally
important role in binding as the third helix of, Rnd we decided

to investigate more closely the importance of the linkers.

A Perkin-Elmer LS-50B Luminescence Spectrometer and aTo compare linker sequences for the conserved residues, we
Perkin EImer Luminescence Spectroscopy Cell of l28ere  defined the ‘linker’ sequence of the c-Myb DNA-binding domain
used for the fluorescence experiments. The exitation wavelengthspan from the end of the thiedhelix in one repeat to the
was 295 nm, and exitation slit 15 nm. Emission spectra webeginning of the firsti-helix in the next repeat (for chicken
recorded between 310 and 400 nm with an emission slit of 5 nm¥Myb that is N136 to T148), assuming conservation of these

Protease treatment of c-Myb BR3 proteins

Fluorescence spectroscopy



3992 Nucleic Acids Research, 1996, Vol. 24, No. 20

Figure 2.Three-dimensional structure of mouse c-MgBR&Rn complex with DNA. The structure of Ogatzal.(10) was displayed using the RasMac v.2.6 Molecular
Visualisation Program (Roger Sayle). iR displayed in pale yellow,4:n light blue, L138 in red, N139 in yellow, P140 in magenta and E141 in green.

secondary structure elements. A comparison of linkers connecting wIRIRD  LI38A  NI3GA  Plaba P1s0G El4iA

R1and R and linkers connectingRnd R in Myb proteins from R |

both humans, higher mammals, frog, plants, insects and yeast m

gave the following conserved linker residues: » §lNg2 P1oo - -

Eg7 X X Kg7 X X Wg7 Tg7 (numbers referring to percent

conservation). This shows a highly conserved sequence of four

amino acids in the first half of the linker: LNPE, and a single  F '-' - = e *
conserved lysine closer ta.Rn the chicken c-Myb the conserved 234 567 8B 911213141516 1TI8
amino acids are L138, N139, P140, E141 and K144. The 3-D

location of the LNPE motif according to the NMR structure ofFi ure 3. DNAbinding of c-Myb RRs proteins mutated in the linker
Ogataet al. (10) is shown in Figure2. Framptonet al. (7) cognnectlng the repeatsg Purlflesz|Id ty[?;z(RpBorllnker mutant proteins (5, 10

performed a mutational analysis of c-MybR3 where they 3,4 50 fmol) were incubated with 10 fmol MRE probe &C2fr 10 min and
substituted K144 with isoleucine and observed a severe decreas@lysed by the electrophoretic mobility shift assay as described in Materials

in binding. They also substituted the entire triplet NPE (139-1413nd Methods. C, protein-DNA complex; F, free DNA.
for RRK found in the C-terminal ofd&nd observed a complete
loss of DNA-binding.

To obtain more detailed experimental evidence for the importandéfferences in stability, although such differences may have large
of this conserved linker motif, we mutated each residue in theffectsin vivo(33). Excluding the P140G mutant that did not bind
LNPE motif and performed a detailed biochemical analysis ddNA, the remaining proteins mutated in the LNPE motif were
these five RR3z linker mutants: L138A, N139A, P140A, P140G analysed with regard to the stability of the specific complexes.
and E141A. The mutant proteins were expresse#.@oli  First the protein-MRE complexes were titrated with increasing
purified and analysed for DNA-binding by the electrophoretiamounts of poly(di-dC) (FigdA). The L138A mutant was
mobility shift assay. The P140G mutant was chosen in additigitrated out at much lower concentrations of poly(di-dC) than the
to the alanine mutant because glycine is the only amino acid akléd-type. Also the titration of P140A occurred at lower
to adapt to the chain-breaking conformation of proline. As showsoncentrations of poly(dl—dC) than for the wild-type protein. The
in Figure 3, the P140G mutant abolished complex formatiorN139A and E141A mutant proteins were titrated almost in
while the N139A, P140A and E141A seemed to be marginallyarallel with the c-Myb BR3 wild-type. Similar differences were
affected compared with wild-typesRs. L138A had reduced observed when the preformed specific complexes were subjected
affinity compared with wild-type. About four times more L138Ato a 75-fold excess of unlabelled specific DNA and the decay of
protein than wild-type protein was needed to give the sanspecific complexes were followed for a period of 30 min @Bgj.
amount of binding to the probe. Thus the two most conservathe L138A and P140A mutant proteins in complex with DNA
positions (L138 and P140) also seemed to be the most importaatd a very rapid decay. While there was still detectable amounts
for maintaining an active DNA-binding structure. It is thoughof labelled complexes with the wild-type protein left after 30 min
noteworthy that P140G did not bind to the MRE probe while thef competition, these two mutants were almost competed out after
alanine mutant P140A bound with an affinity indistinguishabl@ min. The N139A mutant was competed out after 10 min
from wild-type RR3. suggesting slightly reduced stability, while the E141A mutant

In our experience direct EMSA with purified protein does nobehaved very similar to the wild-type protein. These studies show
discriminate clearly between complexes that have moderdtet there were distinct differences in stabilities between the
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mutant proteins (Ag) were incubated with 0, 6 or 24 ng chymotrypsin or 0, 4.5
or 12 ng trypsin at 3 for 15 min and then analysed on an SDS—polyacryl-
amide gradient gel, 10-20%, as described in Materials and Methods.

wIKZIR3

Free DNA degree and pattern of proteolysis among the different mutants.

The L138A and P140G mutants gave patterns which differed

Figure 5.Protease fingerprinting of mutants. Purified wild-typR4or linker

' 4 56 from wild-type protein, while the cleavage pattern of N139A,
B P140A and E141A were more similar to wild-typgRR This
Decay . suggested to us that mutants most affected in DNA-binding also
had induced changes in conformation.
Lizzs B To obtain more evidence for a possible change in conformation
induced by linker mutations, we performed a series of fluorescence
rioa analyses of the mutants. Quenching experiments with the neutral
guencher acrylamide monitored if mutations in the linker induced
Plans any alteration in the average exposure of tryptophans inke R
o protein. As seen by the plot in Fig&, the L138A and P140G
LA ——— mutants were quenched significantly more than the wild-type
e RoR3 suggesting an altered conformation, while the N139A,
i - P140A and E141A mutants gave slopes almost identical to
wild-type. In addition, a series of emission scans of native proteins
Free A D showed that the L138A and P140G mutants had significant higher
¢ 2 5 10 30 min guantum yield and a shift in emission maximum towards longer

wavelength (352 nm compared with 338 nm for wild-typlR4R

Figure 4. Analysis of mutant ¢-Myb #Rs-DNA complexes &) Titration with supporting the conclusion drawn from the quenching experiments
. . | ! . L

poly(dl—dC). Purified wild-type pR3 or linker mutant proteins (N139A, ((jFlg' GB)'.A” p_r?]teeln,a gaV: Ctlhehsameh emlssmnhspectra fafltler
P140A, E141A) (20 fmol), or 40 fmol of the L138A protein, were incubated d€naturation wit uHCI where the tryptophans are fully
with 10 fmol MRE probe and 0, 0.125, 0.25, 0.5, 1.0 op@.@oly(dl-dC) exposed to the solvent (emission maximum = 358 nm).
reSpgctiveéy ganesla—G) anld anaglsad bgtgs)egctmphorfetic mobility ﬂiféassay We conclude that mutations of conserved amino acids in the
as_described in Materials and Metho ecay of mutant c-Myb |inker region connecting the repeats in the DBD of c-Myb gives
Rafis DNA complexs, Purifed widype s or nker mutant proteins —ciie St e/ Shiiiecto bind DNA, We can range the
(N139A, P140A, E141A) (15 fmol), or 40 fmol of the L138A protein, were P . L ; . o 9
incubated with 10 fmol MRE probe at X5 for 10 min. Then the specific ~ Mutants according to their increasing affinity/stability when
complexes were exposed to an excess of 750 fmol unlabelled MRE oligo andgomplexed to DNA as follows: P140G < L138A << P140A <
further incubated for 0, 2, 5, 10 or 30 min before analysis by the electrophoretify139A < E141A = wild- -type BRa. The two weakest mutants,

mobility shift assay as described in Materials and Methods. L138A and P140G, also shows altered protein conformation.

) B . ~ DISCUSSION
various specific complexes and that the linker sequence indeed

has an important impact on the DNA-binding propertiesBgR  In this work we have investigated the importance of the linker
Using a combination of proteolytic fingerprinting and fluor-sequence between the &d the Brepeats in the DNA-binding
escence spectroscopy, we have in previous studies of the chickemain of the chicken c-Myb protein. We have shown that certain
c-Myb DNA-binding domain seen that changes in conformatiomutations in the highly conserved LNPE-motif in the first half of
can be correlated with altered DNA-binding activit@)( To get  the linker severely affects the proteins ability to bind DNA.
an indication of whether there was differences in overaMutations of the invariant residues L138 and P140 were found to
conformation in the various linker mutants the purified proteinBave great impact on both DNA-binding and conformation of the
were subjected to limited proteolysis by chymotrypsin angrotein. Point mutation in the highly conserved K144 was shown
trypsin (Fig.5), two proteases whose specificity should not b@reviously to severely affect DNA-binding as wéll.
affected by the amino acid replacements in our mutants. TheThe Myb protein is a transcription factor with a repeated
pattern of bands after cleavage revealed distinct differencesNA-binding motif. The DNA-binding domain is made up from
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Figure 6. Fluorescence analysis of wild-typeR and linker mutantsA) Quenching of the fluorescence by acrylamide. The emissiopMffotein were
guenched by increasing concentrations of acrylamide (0, 0.1, 0.2, 0.3, 0.4 and 0.5 M) and emission recorded at the emission maximum for each protein. The |
are presented as the ratio of unquenched and actual fluorescence (Fo/F) as a function of acrylamide concentration, as described in MateriaB)dfmigkitimods. (
spectra of the proteins in denatured and native form. Samples contqingrdtein were prepared with or without 6 M guanidinium hydrochloride, and emission
spectra measured as described in Materials and Methods. The spectra of the denatured forms were used for normalising.

three imperfectly repeated mini-domaing; R and R, connected when measuring NMR relaxation parameters. Accordingly, the
by short linker sequences. We see only one reasonable explanativantation of R and R are not fixed in solution, while upon
why the linker sequence should be of critical importance fdrinding to DNA their relative orientation becomes fixed) (At
DNA-binding and that is if it had a role in positioning the twothe R side the flexibility ends with the docking of the tryptophan
DNA-interacting subdomains,oRnd R, relative to each other and start of the first helix (E149). To keep our hypothesis
to achieve an optimal DNA-binding surface. This explanatiogonsistent with these observations we have to assume that the
would define the linker as a functional analogue of the variounserved residues in the linker limits the relative orientation of
dimerisation domains found in transcription factors formindghe two subdomains to an allowed range of conformations and
homo- or heterodimers, since many of them also have a critidalht upon DNA-binding the final fixed orientation is achieved.

role in mediating an optimal relative orientation of the DNA-binding Mutations in the four conserved amino acids LNPE in the first
monomers. We have not provided conclusive evidence for thimlf of the linker sequence ofJRs gives rise to specific
hypothesis but all our observations can easily be rationalispdotein—~DNA complexes with great variation in binding affinity
within such a framework. The high conservation of specifiand stability. The L138A mutant binds to the MRE probe with
residues would not have been expected if the linker was onlyagproximately one fourth the strength of the wild-type complex,
passive chain holding two autonomous domains physicalgnd was severely destabilised under competitive conditions. It
together. Our mutational analysis also demonstrates that they s also more sensitive to proteases, and together with fluorescence
conserved because they are necessary to achieve stable protemission and quenching studies this suggests that the mutation
DNA complexes. Furthermore, increasing the flexibility of thehad caused an increase in the average exposure of the peptide
linker by replacing a stiff proline residue with a glycine, abolishedhain and the tryptophans to the solvent. These changes might be
DNA-binding. In our collection of nearly 20 single amino aciddue to the alanine failing to make as extensive contact with the
replacements in #R3 this is the only mutation outside the hydrophobic core and the tryptophans géRleucine because of
recognition helices that has such a large negative effect @a smaller side chain, thereby leaving one tryptophan more
DNA-binding. exposed to solvent than in the wild-typgRR protein.

An NMR-derived 3-D model of the mousesAR-DNA Two mutations were made in position 140: P140A and P140G.
complex allows us to rationalise our observation. Displaying thiBhe idea was that a glycine residue would be the only amino acid
structure revealed that the leucine in position 138 in the linker able to mimic the conformation of the peptide bond made by
RoR3 seems to make close contact with the hydrophobic core aprbline and thereby letting the linker bend in the same way as in
thereby the tryptophans ob kFig. 2). It appears to be a kind of the wild-type protein. However, the P140G mutant was found to
last anchoring, and then the proline in position 140 changes the unable to bind to MRE while the P140A mutant bound to MRE
direction of the peptide chain which makes the linker break awdut with reduced complex stability. Studies of the conformation
from Ry. A comparison of a wide range of linker sequences fromevealed that the alanine mutant had the same average exposur
Myb proteins in many organisms confirmed that these two amirad tryptophans as wild-type protein, and the same degree of
acids are invariant in all linker sequences we analysed. The logpenching, which makes us conclude that the overall conformation
from glutamate 141 to serine 146 have some flexibility, sincis not severely altered. The glycine mutation on the other hand,
Ogateet al. (11) observe some flexibility in this connecting loop had a much higher average exposure of tryptophans with increased



accessibility to proteases and to quenching by acrylamide, which
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Calabretta, B., Sims, R.B., Valtieri, M., Caracciolo, D., Szczylik, C.,

indicates changes in conformation of the protein. Because of the Venturelli, D., Ratajczak, M., Beran, M. and Gewirtz, A.M. (1991)

lack of side chain in glycine the protein should have increase
freedom of rotation in the mutated region and the impact that this
has on the overall conformation may be too severe for the protem
to be able to recover to an active DNA-binding conformation. The

linker might just be too flexible and leave the protein outside®
acceptable ranges of conformations resulting in loss of functiqg
and failure to position fand R correctly for DNA-binding.

The two other mutations, N139A and E141A, corresponding ta
highly conserved but not invariant positions, were practically
unchanged with regard to DNA-binding and protein conformation
except for a slightly increased off rate seen with N139A.

Zinc finger proteins represent another family of transcriptioqs
factors besides c-Myb where the DBD is built up from imperfect
repeats. Choo and Klug®) reported evidence for the importance 14
of the conserved linker sequences between the individual zinc
fingers. Upon DNA-binding the zinc fingers must be positioned;
correctly for continuous binding, each finger contacting 3 basg
pairs in the major groove in a simple and repetitive manner. When
heterologous linkers were inserted, binding was abolished, ahd
single amino acid replacements led to severe reduction of the
binding activity. Their results are similar to those obtained wit
the c-Myb linkers in our study, and clearly suggests that in thegg

Proc. Natl. Acad. Sci. US88, 2351-2355.
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