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Bacteriophage T4 encodes a transcription factor, MotA,
that binds to the —30 region of middle-mode promoters
and activates transcription by host RNA polymerase.
We have solved the structure of the MotA activation
domain to 2.2 A by X-ray crystallography, and have
also determined its secondary structure by NMR. An
area on the surface of the protein has a distinctive
patch that is populated with acidic and hydrophobic
residues. Mutations within this patch cause a defective
T4 growth phenotype, arguing that the patch is import-
ant for MotA function. One of the mutant MotA
activation domains was purified and analyzed by NMR,
and the spectra clearly show that the domain is properly
folded. The mutant full-length protein appears to
bind DNA normally but is deficient in transcriptional
activation. We conclude that the acidic/hydrophobic
surface patch is specifically involved in transcriptional
activation, which is reminiscent of eukaryotic acidic
activation domains.

Keywords activation domain/nuclear magnetic
resonance/site-directed mutagenesis/transcription factor/
X-ray crystallography

Introduction

usually within separate protein domains, and several types
of activation domains have been characterized (Ptashne
and Gann, 1990).

We are studying the MotA transcriptional activator from
bacteriophage T4. Bacteriophage T4 genes are transcribed
by the host RNA polymerase from three classes of
promoter in a temporal cascade. Early promoters resemble
strong host promoters and are transcribed by unmodified
RNA polymerase (Wilkens and ‘Rer, 1994). Middle-
mode promoters have a standard —10 sequene€AN-
NNT-3'), along with a unigue consensus sequencgA%
T)(AIT)TGCTT(T/C)-3] in the —30 region (Brodet al,
1983; Guildet al, 1988; Stitt and Hinton, 1994). Activation
of middle-mode promoters requires MotA, which binds
the —30 consensus sequence (the mot box) and AsiA,
which binds tightly to the host’°-subunit (deFranciscis
et al, 1982; Hinton, 1991; Schmidt and Kreuzer, 1992;
Orsini et al, 1993; Ouhammouclet al, 1995). Finally,

T4 late promoters require a phage-encodesubunit and
an enhancement mechanism that depends on T4 replication
proteins (Williamset al., 1994).

The existence of a T4 middle-mode transcription factor
was first inferred fromin vitro transcription/translation
experiments using T4 DNA and an extract from uninfected
Escherichia coli(O’Farrell and Gold, 1973). Subsequent
genetic studies led to a collection of pleiotropic mutations
that all mapped to the same gene, designateatA
(for modifier of transcription; earlier designatiomoy)
(reviewed by Stitt and Hinton, 1994). Although these
motApoint mutations do not block phage growth in normal
E.coli strains, themotA gene is essential becausenatA
deletion mutant phage cannot grow unless the MotA
protein is suppliedn trans (Benson and Kreuzer, 1992).

Detailed analyses of the MotA protein were greatly
facilitated by the elucidation of the gene sequence (Uzan
et al, 1990) and the overproduction and purification of
the protein (Hinton, 1991; Schmidt and Kreuzer, 1992).
MotA has two ~10 kDa domains that can readily be
separated by cleavage with trypsin, and NMR experiments
have confirmed that each domain folds independently

Although much has been learned about how transcription (Finnin et al, 1993). The C-terminal domain (MotCF)
factors recognize their DNA target sites (Pabo and Sauer,binds DNA, and the N-terminal domain (MotNF) contains

1992), relatively little is known about how these factors

the activation elements (Finniret al, 1993, 1994,

interact with the basal transcription apparatus to activate D.Hinton, personal communication; this report). The full-

transcription. In prokaryotes, activation is generally
achieved by a single activator protein that interacts with
thea or o-subunits of RNA polymerase (Ishihama, 1993;
Busby and Ebright, 1994). In contrast, activation of
eukaryotic transcription often involves multiple proteins,
including activators that bind to DNA targets and co-

length MotA protein failed to crystallize and was too large
for NMR analysis, and our structural studies have therefore
employed cloned versions of the two MotA domains.

We previously determined the secondary structure of
MotCF using NMR spectroscopy (Finniet al., 1994),
and this domain resembles one-half of the eukaryotic

activators necessary for communication between activatorsTATA-binding protein (TBP) which is an intramolecular
and the basal transcription apparatus (Smale, 1994; Zaweldimer (Nikolov et al, 1992). In this communication, we
and Reinberg, 1995). The transcriptional activation and report the analysis of the structure of the MotNF domain

DNA-binding functions of eukaryotic activators are

1992

using both X-ray crystallography and NMR. The molecule
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Fig. 1. The primary and secondary structures of MotNF, the N-terminal domain of MotA. The secondary structure of MotNF as determined by NMR
and X-ray crystallography superimposed on the amino acid sequestgices are shown as bafsstrands as arrows and loops as double arrows.

The amino acid sequence is shown in the one-letter code. Solid bars indicate consecutive NOE resonances and the bar thickness is proportional to
the approximate NOE intensity. An NOE resonance fromaheroton of residué to the B-proton of residué + 3 is shown as a cross. An asterisk
indicates an NOE from the-proton of residué to the amide proton of residuet+ 3. The dotted lines indicate regions where the inter-residue NOE
resonances are not consistent with a defined secondary structure. Note that the three N-terminal residues could not be assigned in the NMR data.

is almost completelya-helical, and it has a distinctive ated three-dimensional experiments were performed
surface patch that contains a mixture of acidic and hydro- using 1*N/*3C doubly-labeled protein to facilitate the
phobic residues. Mutational studies on the full-length analysis. These methods and results are briefly described
protein argue strongly that this region of MotNF is in this report, and will be presented in greater detail
involved in transcriptional activation. Differences between elsewhere.
the X-ray and NMR secondary structures also suggest that It was possible to assign the protein backbone from
MotA forms a dimer when bound to DNA. residues 4 to 96, and the side chains were partially assigned
using a combination of two-dimensional (2D) and three-
Results dimensional (3D) homonuclear and heteronuclear TOCSY
experiments. The side chain assignment was facilitated by
NMR studies the °3C chemical shifts of ¢/Cg pairs which reflect the
Preliminary NMR studies have shown that excellent data amino acid type (Grzesiek and Bax, 1993). The entire
can be collected from MotNF in low salt and at low pH secondary structure was derived from characteristic pat-
(Finnin et al, 1993). This prompted a more extensive terns of sequential NOE resonances. As suspected from
NMR analysis to determine the solution structure of the the relatively poor spectral dispersion (Fineiral., 1993),
molecule. Initially, the assignment of the NMR peaks was MotNF is mostlgelical (Figure 1). The molecule
attempted using 2D homonuclear & HMQC spectra. contains fiven-helices and a short two-strandpdibbon,
However, as noted previously (Finngt al, 1993), the and residues 1-3 at the N-terminus and 86-96 at the
spectra have relatively poor dispersion, and more sophistic- C-terminus appear to be unstructured.
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Table I. Statistics for native and derivative data

Crystal Nativel Native2 SeMet KAU(CBH) HgBr,
Concentration (mM) 0.25 1.0
Soaking time (h) 24 24
Resolution (A) 2.46 2.19 25 25 25
Reym (%) 3.86 5.36 5.32 4.52 8.52
Reflections (measured) 32 150 66 237 33242 21 227 28 906
Reflections (unique) 7069 9394 5747 6983 6854
Completeness (%) 96.4 98.5 82.0 97.6 97.4

In each case, all data were collected from a single crystal. SeMet is selenomethionine.
Reym = Z|li-ImlZlm wherel; is the intensity of the measured reflection dpds the mean intensity of all symmetry-related observations.

Table Il. Final phasing data and statistics

Heavy atom SeMet KAuU(CN) HgBr,
Resolution (A) 2.5 2.5 25
Number of sites 2 1 2
Overall phasing power 1.60 1.69 1.53
Mean figure of merit 0.387 0.364 0.411
Reutiis 0.608 0.552 0.576

SeMet is selenomethionin®is = Z|(Fpr—Fp)—FHl/Z|Fp—Fp| for centric reflections.

Phasing power= Fy/Erms; Fr Fpy andFy are the protein, derivative and heavy atom structure factors respectivelfgaprds the residual lack of
closure.

The overall figure of merit before solvent flattening is 0.517, and the overall figure of merit after solvent flattening is 0.902.

Crystal structure determination agreement are the locations of the st&ribbon and the

The crystallization of MotNF has been reported previously connecting type 1B-turn (Figure 1).

(Finnin et al, 1993). The crystals are in space group The dimerization is mediated by two interactions involv-
P321 and contain two molecules in the asymmetric ing the a-helical regions at the extreme C-terminus of
unit. The crystal structure was solved using the multiple each monomer. In the first, the C-terminal half of helix
isomorphous replacement (MIR) method, and three deriv- a5 projects away from each monomer and interacts with
atives were used: selenium, mercury and gold (Tables | its dimeric partner to form an antiparallel coiled-coil.
and 1l). The selenium and mercury derivatives required Alanines 83, 87 and 91 withia5 mediate the short coiled-
mutagenesis of MotNF since only the gold derivative coil structure (Figure 5A). In the second interaction, the
could be found by conventional crystal soaking methods. four-residue C-terminal helixa6 from one monomer
Leu85 was replaced with a methionine to permit the associates within the body of the other monomer (Figure
metabolic incorporation of selenomethionine, and Asn81 5B). This is mediated by a kink between heliags and

was replaced with a cysteine which was then derivatized a6 caused by Pro92 which allows Leu94, Leu95 and
with mercury. The molecule was built by several iterative Tyr86 to associate with their counterparts and create a
rounds of electron density fitting, phase calculation and tight hydrophobic cluster. Lys3, Tyr6, lle7 and lle79 also
phase combination. This process was facilitated by prior participate in stabilizing interactions with the invadiag
determination of the secondary structure using NMR. helix. In the NMR secondary structuregBeadixds at
Equivalent sections of electron density from the initial residue 85 (Figure 1). Therefore, most of thehelical

MIR map and the final B.—F. map are shown in Figure 2. segments involved in the MotNF dimer crystal structure
Pertinent statistics for the final refined dimer structure at are apparently absent in solution.

2.2 A are shown in Table Ill. Note that the meBsfactor

for molecule B is significantly less than that of molecule An acidic/hydrophobic surface patch

A. This is due to the different crystal environments of the The GRASP program (Nicholst al, 1991) was used to

two molecules in the asymmetric unit where molecule A calculate an accessible surface area and a corresponding

is more exposed to the solvent than molecule B. surface potential map of the MotNF crystal structure. The
surface is relatively smooth with few deep grooves or

Description of the structure cavities, but the potential map shows that each monomer is

The MotNF crystal structure is a dumb-bell shaped dimer populated with three highly acidic patches. One is on the

of approximate dimensions 6®6x25 A (Figures 3A ‘top’ of the molecule (relative to Figures 3 and 4) centered

and 4). Each monomer is a bundle of fiaehelices in on Glu74 and Asp77, the second is ‘underneath’ the dimer

which four @1, a3, a4 anda5) are amphipathic and pack and comprises Glu36, Glu39 and Asp43, and the third is
their hydrophobic surfaces around the central helk centered on th@-ribbon and includes Asp30, Glu63 and
(Figure 3B). Apart from the C-terminal region (see below), Asp67. An important type of transcriptional activation
the positions of these-helices within the primary structure domain in eukaryotes is the so-called acidic domain which
agrees exactly with the NMR results (Figure 1). Also in contains neighboring acidic and bulky hydrophobic groups
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Fig. 2. Electron density maps of MotNF, the N-terminal domain of MotA. Both maps were generated by the O prograne{dnd991) and
correspond to the region of the molecule surrounding residues B46-B60 oroHelBhey are contoured at 1& (A) The initial 2.5 A MIR map
used to build the moleculeB] The final 2.2 A £,F. map.

which are thought to interact with other elements of the

o ; .~ Table Ill. Crystall hi ters of the refined struct
transcription apparatus (Triezenberg, 1995). The third abe rystalograpnhic parameters of The refined struetre

acidic patch on MotNF conforms to this general description Resolution (&) 2.2-6.0

since it also contains the adjacent hydrophobic residuesSigma cutoff 2.0

Phe31 and lle70 (Figure 5C and D). The location of this Number of reflections P 8781

patch on the MotNF dimer is shown in Figure 4. ﬁﬁmggt%?e;;g:so“ter shell (2.2-2.29 A) (%) 6597'6
Overall R-factor 0.208

Mutation of the acidic/hydrophobic patch Overall Ryed 0.291

A mutational approach was used to assess the importanceverall G factoP 0.09
3D-1D profilé 0.25-0.65

qf this dlstlnqtlve surface region of MotNF in transcrip- R.m.s. deviationd carbons) molecules A and B (&)  0.971
tional activation. Asp30 and Phe31 were selected for \jeanp-factord

mutagenesis since they are conveniently adjacent within  molecule A main chain (3 32.6
the sequence and are the most prominent elements of molecule A side chains (3 35.6
the patch. Beginning with a full-length-MotA expression mg:ggﬂ:g S ;’I‘génczg?r']”s ((?; gg-g
plasmid (Schmldt_ and Kreuzer, 1992), the two res_ldues R.m.s. deviation from ideal geometry

were replaced with alanine, in the form of both single  pongs (&) 0.009
(D30A and F31A) and double (D30A/F31A) mutants. The  angles (°) 171

phenotypes caused by thesetAmutations were analyzed Ramachandran plot statistics:
by complementing anotA deletion mutant phage from res!g“es in mdodsti.fa"?relf fegions (%) o ot
the expression plasmids. The deletion mutant phage does residues in additional allowed regions (%) '
not propagate unless the bacterial host provides MOotA agringer (1992).
proteinin trans (Benson and Kreuzer, 1992). PLaskowskiet al. (1993).
Previously isolatednotA point mutants are viable in  Luthy et al. (1992). . .
normal E.coli strains (e.g. strain MCS1) but restricted for ' "ee ar¢ two monomers of MotNF in the unit cell.
growth in a mutante.coli host, TabG. The TabG strain

carries a mutation in or neapoB (Pulitzeret al, 1979), ment of T4 middle-mode genes, which encode several
which encodes th@-subunit of RNA polymerase. These essential replication proteins. The typical T4 middle-mode
findings can be rationalized by considering the arrange- gene contains a MotA-dependent middle-mode promoter
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immediately upstream, and a (MotA-independent) early We first used NMR to ask whether the mutations grossly
promoter further upstream (Stitt and Hinton, 1994). The affect the structure of the N-terminal domain. MotNF-
early transcript is thought to require antitermination to D30A/F31A was produced from the full-length double-
extend into the middle gene, and the simplest explanation mutant protein by proteolysis (Finnit al, 1993), and a

for restriction by the TabG strain is a defect in this 2D NOESY spectrum was collected. The spectrum (not
antitermination mechanism. According to this interpret-
ation, MotA activity is required at only a very low level
when antitermination is active, but is required at a high
level when antitermination of early transcripts is reduced
or abolished.

The expression plasmid producing the double-mutant
protein allowed the T4motA deletion mutant to form
normal-sized plaques in strain MCS1, but did not allow
plague formation in the TabG strain (data not shown).
Each single-mutant protein showed a less severe defect
allowing the deletion mutant phage to form small plaques
on TabG (and normal plagues on MCS1). The extent of
the defects caused by theotAmutations was also assessed eeaiet  Acidic/Bydrophobic
with a one-step liquid growth experiment in strain TabG. EIEREY atch
The wild-type expression plasmid permitted a rapid burst
of >100 plaque-forming units (p.f.u.) per infected cell, )
the single D30A mutant plasmid permitted only a delayed
and substantially reduced burst, and the single F31A and
double D30A/F31A mutants allowed essentially no burst
of the motA deletion mutant phage even after 90 min of _
infection (Figure 6). We conclude that both single W 2 N
mutations and the double mutation cause a significant piydcophehie.
defect in MotA functionin vivo, with the double D30A/

F31A mutation causing the most severe defect. The — )
severity of the double-mutant phenotype is similar to that Fig. 4. Important structural and functional features of MotNF: general

) ) . S location. Two orthogonal views of the dimeric crystal structure are
of previously isolatednotApoint mutants, indicating that

. U shown. Each monomer is coloured separately andg3ttibbons are
the double mutant retains enough activity to allow T4 shaded differently for clarity. The residues involved in the coiled-coil

Top View

growth in normalE.coli strains. interaction, the hydrophobic dimer interface and the acidic/
hydrophobic patch are indicated. These are shown in greater detail in
Structural and functional analysis of D30A/F31A Figure 5. The dimeric structure has two acidic/hydrophobic patches,

. but only one is labeled. Note the clustering of the N- and C-termini
To analyze the nature of the defect in the D30A/F31A pejow the dimer close to the hydrophobic interface. The figure was

double mutant, the protein was overproduced and purified. produced with the MOLSCRIPT program (Kraulis, 1991).

Fig. 3. The 3D structure of MotNF, the N-terminal domain of MotA)(A ribbon diagram and a stereo diagram of the complete dimer in the
crystal asymmetric unit. In the stereo diagram, eaetarbon is shown, and every 10thcarbon is marked with a dot and numbered. Note that the
four termini within the dimer are clustered together at the bott@).A ribbon diagram and a stereo diagram of one monomer in the crystal
asymmetric unit. The-helices are numbered in the ribbon diagram from the N- to the C-terminus. The figures were produced with the
MOLSCRIPT program (Kraulis, 1991).
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Fig. 5. Important structural and functional features of MotNF: expanded viedjsThe alanine residues that mediate the short coiled-coil structure
viewed from the ‘top’ of the moleculeB) The hydrophobic dimer interface viewed from ‘below’ the molecu@) The acidic/hydrophobic patch

viewed from the ‘side’ of the molecule. The three figures were produced with the MOLSCRIPT program (Kraulis, D99mhe (electrostatic

surface potential map of the view shown in (C). Red, blue and white correspond to negatively charged, positively charged and uncharged regions
respectively. The locations of the important amino acids are shown. The map was generated using the GRASP prograrat &icheBl), and

the solvent-accessible surface was calculated with a 1.4 A probe. The positive upper bound and the negative lower bound for the electrostatic
potentials weret 10 k,T and —10 KT, where k; is the Boltzmann constant afidis the temperature in degrees Kelvin.

shown) confirmed that the overall structure of the double- the —30 region (mot box) of thaigeYmmiddle-mode
mutant MotNF protein is very similar to that of wild-type promoter. The wild-type protein shifted the oligonucleotide
MotNF, consistent with the locations of the two mutated predominantly into a single complex (Figure 7), which
amino acids on the exterior of the molecule. The similar reflects site-specific binding to the mot box (Hinton,
overall structure argues strongly that thevivo phenotype 1991; Schmidt and Kreuzer, 1992; March-Amegadzie and
caused by the D30A/F31A mutations is not simply the Hinton, 1995). MotA-D30A/F31A bound the oligonucleo-
result of aberrant protein folding. tide with essentially the same affinity as the wild-type
We next compared site-specific DNA binding by the protein (Figure 7). Therefore, the D30A/F31A mutations
wild-type and double-mutant MotA proteins, using a gel- do not appear to affect DNA binding, as expected from

shift assay with a 30 bp duplex oligonucleotide containing the prior assignment of the DNA-binding function to
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Fig. 6. Burst size analysis with wild-type and mutant MotA.
Escherichia coliTabG with the indicated MotA expression plasmid
was infected with T4dlenA denB motA and the burst size (per
infected cell) was measured as a function of time postinfection by
lysing the cells with CHG. MotA-F31A and MotA-D30A/F31A did
not allow a significant burst throughout the infection.

MotA
4|8 [16]32]48

MotA-D30A/F31A
4|8]16]/32]4s8
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oqq—

Fig. 7. DNA binding assay with wild-type MotA and MotA-D30A/
F31A. An end-labeled 30-mer duplex oligonucleotide containing the
mot box from theuvsYpromoter was incubated with the indicated
amount of protein in a 1l reaction and subjected to gel
electrophoresis under native conditions (see Materials and methods).
The primary gel-shift product is indicated by the arrow.

the C-terminal domain of MotA (Finniret al., 1994;
D.M.Hinton, personal communication).

Finally, we analyzed the activation of run-off transcrip-
tion from the uvsYmiddle-mode promoter by thE.coli
RNA polymerase in the presence of the co-activator
protein AsiA. MotA-D30A/F31A was markedly defective
for transcriptional activation (Figure 8A). The mutant
protein induced ~11-fold less transcript than the wild-type
protein at a low level of MotA (0.1 pmol), and even at
saturating MotA levels the amount of transcript was ~4-
fold lower with the double-mutant protein (Figure 8B).
Based on the defective transcriptional activation but
apparently normal DNA-binding activity, we conclude
that the D30A/F31A mutant is a positive control mutant
of the MotA protein.
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Fig. 8. In vitro transcription assay with wild-type MotA and MotA-
D30A/F31A. Transcription reactions (3il) contained 0.25 pmol

E.coli RNA polymerase, 7.5 pmol AsiA and the indicated amount of
MotA protein (see Materials and methodsh) (Autoradiogram of the
transcription products run through a polyacrylamide gel. The 221-base
transcript (indicated by arrow) was synthesized by run-off transcription
using a DNA template containing thevsYmiddle-mode promoter.
Slightly shorter transcripts were probably generated by initiation just
downstream from the major initiation site (Ouhammouwettal., 1995);

note that the shorter transcripts also require MotA and AsiA proteins.
(B) Quantitation of transcripts. The major transcript in each lane of the
above gel was quantified using an AMBIS direct radioisotope counting
system.

Discussion

We have solved the structure of the N-terminal domain
of the T4 transcription factor, MotA, and have shown that

it contains a conspicuous acidic/hydrophobic patch on its
surface. When we mutated two residues of this patch, T4

growth was severely compromised. The double-mutant
MotA protein was purified and found to be defective for
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transcriptional activation of a middle-mode promoter. The do unique activation mechanisms come into play? In recent
mutations do not disturb the 3D structure of MotA, and studies with the T4ivsXpromoter, March-Amegadzie and

the mutant protein appears to bind DNA normally. These Hinton (1995) found that a MotA—RNA polymerase—DNA
results strongly suggest that the surface patch is crucialcomplex is more stable than a complex of DNA with

in mediating protein—protein interactions with T4-modified either protein alone. Furthermore, AsiA-containing RNA
RNA polymerase during the activation of middle-mode polymerase requires MotA in order to form open com-
promoters. plexes at thaivsXpromoterin vitro (Hinton et al,, 1996).

The host-encoded RNA polymerase and the T4-encodedThese results suggest that MotA, bound at the mot box in
AsiA protein are sufficient to elicit MotA-dependent the —30 region, activates an early step involved in open
transcriptional activatiorin vitro (Ouhammouchet al, complex formation at thewvsXpromoter.

1995). Therefore, the relevant protein—protein interactions  Another important question concerns the precise roles
are almost certainly between MotA and one or both of of MotA and AsiA in phage DNA synthesis. Replication
these proteins. Like MotA, AsiA is expressed from an s severely depressed in batibtAandasiA mutants, and
early promoter, and together they induce the transition to the defect presumably has two causes. First, most of the
middle-mode transcription (for review, see Stitt and replication proteins are expressed, at least in part, from
Hinton, 1994). AsiA binds to thes’%-subunit of RNA  mjiddle-mode promoters that require MotA and AsiA
polymerase and probably controls transcription throughout for activation. Second, phage replication origins contain
the T4 infection cycle. It participates in the shut-off middle-mode promoters that appear to be involved directly
of transcription from early promoters, causes the RNA i the mechanism of replication initiation (for review, see
polymerase to become MotA dependent for middle pro- kreuzer and Morrical, 1994). As expected from their
moters, and likely assists late transcription by mediating companion roles in regulation and replication, mutants
the replacement of the host’™® by the T4-encodeds deficient in MotA or AsiA have very similar phenotypes
factor, gp55. AsiA ando’® clearly interact closely, but (Ouhammouctet al, 1994).

how does MotA interact with the AsiA-containing RNA The differences between the secondary structures of
polymerase? _ MotNF in solution and in the crystal strongly suggest that

The o”%-subunit is the most likely target because both yhe gomain can exist in both a monomeric and a dimeric
proteins contact a similar region of the promoter (centered gyate This can be explained by assuming that MotA forms
at —30 for MotA and 35 foio™). Such an interaction 5 gimer only when immobilized on DNA, and that it is

ini 0
would be reminiscent of that betweer® and the phage 0 Gimeric form of MotNF that has been captured in the
A cl protein, which activates transcription by binding near crystal structure. The Stokes radius of MotNF has been

the —35 region of pRM (see Ptashne, 1992 for review). T o :
Recently, a direct interaction has been observed betwee meeésllérle&d(ggtgerl]éltlt;ar\]téwn?nvc\i/hc:zﬂai\;n ;Slggzgﬁg%tf::tn\?vi:ﬂ

MotA and o’% and this interaction was not detected . - -
. ' ) . the monomeric state. If correct, the MotA—DNA interaction
with a mutant of MotA (Mot21) that is defective for would be an example of DNA-directed dimerization,

transcriptional activation (Gerber and Hinton, 1996). In C : I
Mot21 Ft)he N-terminal eig(ht residues have been rep)lacedWhICh is a feature of several eukaryotic transcription
! factors, such as the glucocorticoid receptor (L@sial,

by 11 different residues. Mot21 is the only other positive .
control mutant of MotA that has been characterized to ~293) and the bZIP proteins (Pabo and Sauer, 1992). In
DNA-directed dimerization, the protein binds as two

date. Like the MotA mutants presented in this report, 10 DNA half-sit d the alioned lecul
Mot21 retains the DNA-binding properties of the native MONOMEYS 10 hall-sites, and the aligned molecules
then dimerize at their interacting interfaces. The dimeriz-

protein. It is difficult to predict the structural consequences ™ o - ;
on the MotNF domain caused by the amino acid replace- ation process adds specificity and stability to the protein—

ments in Mot21, but the resulting phenotype is consistent DNA complex. An important feature of the process is
with MotNF being the activation domain. the creation of specific protein—protein interactions via

Alternative or additional MotA interactions could Cconformational changes at the dimer interface. In the case

include thea-subunit of RNA polymerase and the AsiA  Of the MotNF dimer, the highly specific interactions
protein. SeveraE.coli transcription factors are known to ~dépend completely on the C-termir@helical segments,
interact with thea-subunit's C-terminal domain. This Which are apparently missing in solution (Figure SA
domain contacts DNA at AT-rich regions upstream of and B). . .

the —35 region and interacts with class | transcription _ We have previously shown by NMR that the C-terminal
factors, including CRP and OxyR (Ishihama, 1993). If DNA-binding (;Iomaln, MotCF, has_, S|mllar|t|es to one half
MotA simply interacts directly with the T4-encoded AsiA  ©of the TBP (Nikolovet al, 1992; Finninet al, 1994). We
protein, AsiA might serve as an adaptor between MotA have also presented structural evidence that MotCF may
and the host transcription complex. bind DNA in a similar fashion to TBP (Kimet al,

In addition to the precise interactions that occur between 1993a,b; Finniret al, 1994). DNA-directed dimerization
MotA, AsiA and RNA polymerase, a number of key is particularly attractive in the case of MotA because TBP
questions remain to be answered about the mechanism ofs an intramolecular dimer, and dimerization of MotCF
transcriptional activation by MotA and its co-activator would be required to generate the complete TBP-like
protein AsiA. For example, which step(s) in transcriptional intermolecular dimer. Since the C-termini of the MotNF
initiation is activated (RNA polymerase binding, transition dimer project from below the molecule, the putative dimer
from closed to open complex, € Does activation also  of MotCF would be positioned below the MotNF dimer
affect later steps in transcription (e.g. promoter clearance)?as viewed in Figures 3A and 4. We have noted previously
Is activation at all T4 middle-mode promoters similar, or that the upper surface of the Mb&DEet that would

1999



M.S.Finnin et al.

mediate this interaction with MotNF is highly hydrophobic
(Finnin et al,, 1994).

Our reason for targeting the acidic/hydrophobic patch
of MotNF for mutational and functional analysis is that it
contains the types of amino acid that are known to be
important components of eukaryotic activation domains.

Based on amino acid composition, the latter have been

classified into subgroups such as acidic, proline- or
glutamine rich (Triezenberg, 1995), and they are normally
considered to be largely unstructured. The highly ordered
MotNF patch appears not to follow this general description,

but recent data suggest that this difference is misleading.

First, it is becoming increasingly clear that it is the inter-
spersed hydrophobic residues in eukaryotic activation
domains that are important for transactivation (Triezenberg,
1995). Second, in the recently reported structure of the
complex between a fragment of the p53 activation domain
and the MDM2 oncoprotein, the MDM2—p53 interaction is
mediated by three bulky and highly ordered hydrophobic
residues from the p53 fragment (Kussieal, 1996). Thus,
the p53 activation domain may be disordered in isolation,
but it assumes an orderedhelical conformation in the
protein—protein complex.

Interestingly, there are other features of the MotA
system that parallel eukaryotic transcriptional activation.
First, activation by MotA requires another phage-encoded
protein, AsiA, which seems analogous to eukaryotic co-
activator proteins (Ouhammouehal, 1994, 1995; Brody
et al, 1995). Second, MotA contains two domains, a
C-terminal domain (MotCF) that binds DNA and an
N-terminal domain (MotNF) implicated in transcriptional
activation (Finninet al,, 1993; 1994; Gerber and Hinton,
1996; this communication). In prokaryotes, transcription
factors generally contain both DNA-binding and activation
functions within the same protein domain (Busby and
Ebright, 1994). Third, the secondary structure of the DNA-
binding domain of MotA is not similar to any known
prokaryotic DNA-binding protein, but rather resembles
that of the TBP (Nikolowet al., 1992; Finninet al., 1994).
Finally, it is worth noting that T4 replication proteins,
including DNA polymerase, polymerase accessory pro-
teins and type Il DNA topoisomerase, have both amino acid
sequence and functional similarities with their eukaryotic
counterparts (Kreuzer and Jongeneel, 1983; Spateat,,
1988; Tsurimoto and Stillman, 1990; Huff and Kreuzer,
1991). Studies of the MotA system may therefore provide
important information relevant to eukaryotic transcrip-
tional activation.

Materials and methods

Bacterial and phage strains

The cloning and expression of the MotNF gene has been described

previously (Finninet al, 1993). To produce the selenium-substituted
protein, the L85M mutant gene was expressed in strain B834(DE3),
which is auxotrophic for methionine. We have fully described this
procedure elsewhere (Goldenal, 1993).Escherichia colistrain MCS1
(supD) is described by Kreuzest al. (1988) and TabG (Pulitzest al,
1979) was obtained from L.Gold (University of Colorado, Boulder, CO).
Strain JC4583 (F endAl supE44 gal44, thi-1, thyA48 thyR27 lac61)

was obtained from P.Modrich (Duke University Medical Center), and
DE3 prophage and plasmid pLysE were introduced into the strain by
K.Carles-Kinch and K.Kreuzer. TdenA(nd28 denB(rll PT8) and T4
denA (nd28 denB (rll PT8) motAA (Benson and Kreuzer, 1992) were
used for allin vivo growth assays.
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Construction of mutants

The mutants L85M and N81C used in the crystallographic analysis were
produced by the PCR protocol developed by Nelson and Long (1989).
We have fully described this procedure elsewhere (Golderal,
1993). Mutations in the acidic/hydrophobic patch were generated by
oligonucleotide-directed mutagenesis of pRS31, which contains the
cloned full-lengthmotAgene (Schmidt and Kreuzer, 1992). A degenerate
oligonucleotide spanning the first 109 basesnuftA (containing the
Ndd—Pst fragment) was synthesized so that point mutations would be
introduced at Asp30 (D30A) and/or Phe3l (F31A). The sequence at
these codons was changed frolt@GATTTC-3' (normal gene) to 5
G(A/C)T(T/G)(T/C)T-3 (oligonucleotide), to change either or both
codons to an alanine triplet. The complementary strand was synthesized
by primer extension, and the resulting duplex was cleaved Wid

and Pst and then ligated td\Ndd/Pst-cleaved pRS31. The sequences
of the entireNdd—Pst segment of the resulting plasmids were verified
by dideoxynucleotide sequencing.

Purification of full-length MotA

The full-length MotA proteins were purified using strain JC4583(DE3)
containing plasmid pLysE and a MotA expression plasmid. Cells were
grown in 1 | of L broth (10 g/l bactotryptone, 5 g/l yeast extract and 10 g/l
NaCl) containing ampicillin (4Qug/ml) to an ORgg of 0.8, at which
point the cells were induced with isoprop§de-thiogalactopyranoside
(IPTG) (0.4 mM final concentration). Cells were grown for an additional
3 h and then pelleted and resuspended in 350 mM potassium phosphate
pH 7.6, 1 mM B-mercaptoethanol and lysozyme (20@/ml). Poly-
ethyleneimine was added to a final concentration of 1% and DNA was
pelleted by centrifugation at 12 0@ for 10 min. Ammonium sulfate
was added to the supernatant to 80% saturation and the precipitate was
pelleted by centrifugation at 17 00§ for 30 min. The pellet was
resuspended in 30 ml of buffer A [S0 mM potassium phosphate pH 7.6,
1 mM B-mercaptoethanol, 10uM phenylmethanesulfonyl fluoride
(PMSF)], and dialyzed against the same buffer for 3 h. The protein was
then purified sequentially on an S-Sepharose column and a DEAE-
Sepharose column, eluting from both columns with a 0-0.5 M NacCl
gradient in buffer A. The MotA protein was dialyzed against buffer A
after the first column, and the protein was concentrated to 2 mg/ml using
Centricon-10 microconcentrators (Amicon) after the second column. The
final pool of MotA was stored in MotA sonication buffer (20 mM Tris—
HCl pH 7.9, 1 mM EDTA, 10% glycerol, 1 mM3-mercaptoethanol,

1 mM PMSF) (March-Amegadzie and Hinton, 1995) at —-80°C.

Purification of the MotNF domain

The purification procedure for the MotNF domain has been described
previously (Finninet al, 1993). No changes in the protocol were
necessary for the mutant and labeled proteins. NMR data for MotNF
were collected on unlabeled®N-labeled and™®N/X3C doubly labeled
proteins. The procedures used to generate the labeled samples have been
described elsewhere (Ventegs al, 1991; Finninet al,, 1994; Jaishree

et al, 1996).

NMR studies
In all cases, the NMR samples contained 4 mM protein in 200 mM
potassium phosphate buffer pH 6.5 and the temperature was 28°C. The
2D homonuclear and HMQC experiments were identical to those used
for the MotCF NMR analysis (Finniet al., 1994). The 3D NMR data
were acquired on a Varian Unity 600 MHz spectrometer equipped with
a gradient triple resonance probe. This enabled gradient-enhanced
versions (Bax and Pochapsky, 1992) of the following spectra to be
collected in water: CBCA(CO)NH (Grzesiek and Bax, 1992, 1993;
Muhandiram and Kay, 1994), HNCA (Kagt al, 1990), HCCH-TOCSY
(Kay et al, 1993),1°N-edited HMQC-NOESY (Fesik and Zuiderweg,
1988) and-3C-edited HSQC-NOESY (Majumdar and Zuiderweg, 1993).
Sweep widths of 7400.6, 10 000.0 and 2000 were u¥ddfi@ the
and 15N dimensions respectively. The spectra were referenced with

respect to sodium 4,4-dimethyl-4-silapentane-1-sulfonate (DDS) for

IH, 2.9 M INH,CI in 1 M HCl (24.93 p.p.m.) for!>N and
3-(trimethylsilyl)propanesulfonic acid, sodium salt (TSP)fa. For
the CBCA(CO)NH and HNCA experiments, 32 increments were collected
in the carbon and nitrogen dimensions. The 3D HCCH-TOCSY was
acquired using 57 increments in the carbon dimension and a spin lock
time of 18.8 ms. FdPithand 13C-edited 3D NOESY experiments,
32 and 40 increments were collected in the nitrogen and carbon
dimensions respectively with mixing times of 100 ms. All spectra were
collected at 28°C. The data were processed using a Gaussian function
for apodization in all three dimensions on a SPARC station using VNMR
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4.0 (Varian Nuclear Magnetic Resonance Instruments, Palo Alto, CA). 10 mM Md©0 mM KCI, 1 mM DTT and 100ug/ml BSA)
Linear prediction was used in the carbon and nitrogen dimensions containing 0.1 pmol DNA template and 5 pmol non-competitive DNA
where applicable. for 10 min at 37°C. 4 of loading buffer (10% Ficoll-400, 0.15%

B ) bromphenol blue) was then added and the samples were subjected to
X-ray data collection and processing _ electrophoresis through a non-denaturing 12% polyacrylamide gel (29:1
MotNF was crystallized as described previously (Finetnal, 1993). total acrylamide:bisacrylamide) in TBE buffer (89 mM Tris base, 89 mM
The crystals are in space group,PB with unit cell dimensiona = boric acid, 2.5 mM NsEDTA) at 4°C and 125 V for 3 h. The DNA

b = 46.7 A, c = 139.6 A. Diffraction data were collected using the  template consisted of a 30 bp oligonucleotide (one strand end-labeled
oscillation method on an RAXIS-Il image plate system mounted on a yjith 32P) containing the mot box from the —30 region of thesY
Rigaku RU300 rotating anode X-ray generator operating at 40 kV and pjqdie-mode promoter. The non-competitive DNA consisted of a 50 bp

80 mA (Molecular Structure Corporation). Data were processed by either gjigonucleotide from the T4ivsWgene, with no significant matches to
the RAXIS-II software or the HKL package (Otwinowski, 1993). Typical  the mot box sequence.

crystal-to-detector distances and exposure times were 110 mm and 20
min/degree, and the oscillation data were collected in two degree ranges. jn yjtro transcription assay

Isomorphous replacement data were collected from three derivatives, Transcription reactions (2l) contained the indicated amounts of wild-
selenium, mercury and gold, and Bijvoet pairs were kept separate initially type MotA or MotA-D30A/F31A, 7.5 pmol AsiA (kindly provided by

but later merged. Statistics for both native and derivative data are given pehorah Hinton, NIH, Bethesda, MD), 0.25 pmol RNA polymerase
in Table . holoenzyme (Boehringer Mannheim), 8 U RNasin (Promega), 0.05 pmol
DNA template, 125uM ATP, 125uM GTP, 125uM CTP and 4uM
[a-32P]UTP (30 Ci/mmol) in transcription buffer. The DNA template
consisted of thessp—EcaRV fragment of T4-modified plasmid pGJB1
containing the middle-mode promoter from the OvsYgene (Menkens

and Kreuzer, 1988), isolated and purified as described by Schmidt and
Kreuzer (1992). AsiA and RNA polymerase were pre-incubated for
5 min at 37°C, as were MotA, DNA template and rNTPs. After mixing,
the reaction proceeded for 30 min at 37°C and was stopped by adding
80 I stop solution (77 mM Tris—HCI pH 7.9, 10 mM EDTA, 0.4%
SDS). RNA was isolated by ethanol precipitation, resuspendedpih 6

of loading buffer [95% (v/v) formamide, 20 mM NBDTA, 0.05%
xylene cyanol, 0.05% bromphenol blue], heated to 90°C for 4 min and
subjected to electrophoresis through a denaturing 8% polyacrylamide
gel. Markers (BioMarkers Low; BioVentures, Inc.) were end-labeled by
kinase treatment and denatured by heating. Electrophoretic bands were
quantitated on an AMBIS direct radioisotope counting system.

Crystal structure solution

The crystal structure was solved using the multiple isomorphous replace-
ment method. Only one derivative, gold, was found by conventional
crystal soaking techniques: 0.25 mM KAu(GNyr 24 h. Two additional
derivatives were generated by appropriate mutagenesis of the protein.
Leu85 was replaced by a methionine to permit the metabolic incorporation
of selenomethionine, and Asn81 was replaced with a cysteine which
was then derivatized by soaking the crystals in 1 mM HgBhe heavy
atom positions were located by Patterson and difference Fourier methods,
and confirmed by cross difference Fouriers. The initial phases had an
average figure of merit of 0.517 which improved to 0.902 after density
modification. The anomalous data did not improve the phases and were
notincluded in the final phasing. Since the crystal contains two molecules
in the asymmetric unit, non-crystallographic symmetry (NCS) averaging
was performed in an attempt to improve the phases. The NCS axis was
located and refined (correlation coefficient of 0.623 at 4 A) but the
averaging did not improve the map. It was subsequently found that the
electron density for one monomer is of considerably poorer quality than Acknowledgements

the other. The final phasing statistics are shown in Table Il. Due to the

relatively poor quality of the map, the structure was built in stages using We thank Dr Deborah Hinton for supplying AsiA protein, for providing
the NMR-derived secondary structure as a guide. Following each round unpublished data and for many invaluable discussions. We are also
of model building into unambiguous regions of the electron density, grateful to Drs David Hoffman and Ronald Venters for assistance with
phases were calculated and combined with the MIR phases. The finalthe NMR analyses, Christine Hughes for help in the Stokes radius
model was refined by alternate rounds of simulated annealing using measurements, and Drs Dirksen Bussiere and Barbara Golden for many

X-PLOR (Bringer et al, 1987), and rebuilding usingRg—F¢, Fo—F¢ helpful suggestions. This work was partially funded by grant GM34622
and simulated-annealing omit electron density maps (Heal, 1992). from the National Institutes of Health (to K.N.K.) and a generous award
Since the structure was built by an iterative procedure, it was carefully from the Rippel Foundation. M.S.F. and M.P.C. were supported by NIH
checked by a Ramachandran analysis, a 3D-1D profile (Lathsl, training grant T32CA09111.

1992) and PROCHECK (Laskowskt al., 1993). All calculations were
performed using the PHASES package (Furey and Swaminathan, 1990)

and the molecule was built using the O program (Joeteal, 1991). References
The final structure included residues 2—-96 from both monomers and 65
water molecules. The coordinates of MotNF will be deposited with the
Brookhaven Protein Data Bank.
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