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ABSTRACT: The AsiA protein is a T4 bacteriophage early gene product that regulates transcription of host and
viral genes. Monomeric AsiA binds tightly to the σ70 subunit of Escherichia coli RNA polymerase, thereby
inhibiting transcription from bacterial promoters and phage early promoters and coactivating transcription
from phage middle promoters. Results of structural studies have identified amino acids at the protomer-
protomer interface in dimeric AsiA and at the monomeric AsiA-σ70 interface and demonstrated substantial
overlap in the sets of residues that comprise each. Here we evaluate the contributions of individual interfacial
amino acid side chains to protomer-protomer affinity in AsiA homodimers, to monomeric AsiA affinity for
σ70, and to AsiA function in transcription. Sedimentation equilibrium, dynamic light scattering, electro-
phoretic mobility shift, and transcription activity measurements were used to assess affinity and function of
site-specific AsiA mutants. Alanine substitutions for solvent-inaccessible residues positioned centrally in the
protomer-protomer interface of the AsiA homodimer, V14, I17, and I40, resulted in the largest changes in free
energy of dimer association, whereas alanine substitutions at other interfacial positions had little effect. These
residues also contribute significantly to AsiA-dependent regulation of RNA polymerase activity, as do additional
residues positioned at the periphery of the interface (K20 and F21). Notably, the relative contributions of a given
amino acid side chain toRNApolymerase inhibition and activation (MotA-independent) byAsiA are very similar
inmost cases. Themainstay for intermolecular affinity andAsiA function appears to be I17. Our results define the
core interfacial residues of AsiA, establish roles for many of the interfacial amino acids, are in agreement with the
tenets underlying protein-protein interactions and interfaces, and will be beneficial for a general, comprehensive
understanding of the mechanistic underpinnings of bacterial RNA polymerase regulation.

Following infection of Escherichia coli by bacteriophage T4,
phage-encoded proteins bind tightly to the hostRNApolymerase
to direct and redirect transcription (1). One of these proteins, the
AsiA protein, product of the asiA gene (2), associates tightly with
the σ70 subunit of the polymerase holoenzyme (R2ββ0σ) (1, 3-5)
andprevents recognition of the-10/-35 class promoters (2, 3, 6),
which include most host and early phage promoters (7, 8). The
association of AsiA with σ70 also activates transcription of phage
middle promoters, in concert with another phage early gene
product, the MotA protein, which interacts with σ70 and recog-
nizes the “Mot box” sequence centered near the -30 region of
middle phage promoters (6, 9-12). Thus, AsiA functions as a
molecular switch for promoter selection.

Previous results established a 1:1 stoichiometry for theAsiA-σ70

interaction (13) and the ability of AsiA to self-associate to form
dimers (14, 15). Structural and functional studies indicate that the
same surface ofAsiA that interacts withσ70 is also responsible for
AsiA dimerization (16-21). This interaction surface includes the
exterior of a hydrophobic cleft on each protomer complementary

to the hydrophobic C-terminal end of the N-terminal helix of the
opposing protomer. Side chains in the interior of the cleft form
the stable hydrophobic core (22).

An interaction surface exposing substantial hydrophobic area
to solvent is generally destabilizing yet introduces the potential
for high affinity when buried by complex formation, as is often
observed for obligate oligomers (23-27). Conversely, removing
solvent-exposed hydrophobic groups from the interaction surface
tends to stabilize the monomer and decreases potential for high-
affinity dimer formation. Self-association of AsiA, via the same
surface used for interaction with σ70, protects the active hydro-
phobic surface from nonspecific interactions with other proteins
and perhaps precipitation and potentially provides a large degree
of stabilization. Self-association also buffers the concentration
of the active monomer and provides a stable, protected reservoir
of it. Because monomeric AsiA is a key regulator orchestrating
the switch from early to middle viral transcription, its ability to
self-associate (and thus become inactive) could be biologically
significant when its local concentration is high.

Here we determine the contributions of amino acids of AsiA
that, based on structural considerations, participate in intermole-
cular interactions in the AsiA homodimer and in the complex
with σ70 to the AsiA self-association affinity, affinity for σ70,
transcription inhibition, and transcription activation.Ultimately,
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in order to understand how the bacteriophage use AsiA effec-
tively to promote phage propagation, it will be necessary to
understand the properties of AsiA (its structure, the amino acids
important for activity, and self-association) and how they dictate
its ability to regulate the RNA polymerase.

EXPERIMENTAL PROCEDURES

General. Chemicals and media for protein production and
purification were from reliable commercial sources and used
without further purification. Molecular graphics were rendered
with MOLMOL (28) and PyMOL (29) (http://www.pymol.org).
PyMOL was also used to generate computational mutants.
AsiA and Mutant AsiA Production. The cloning, over-

expression, isotopic labeling, and purification of AsiA have been
described previously (14, 22). Mutant AsiA proteins were pro-
duced by mutating the codons for residues M1, E10, V14, I17,
L18, K20, F21, V27, E39, I40, and V42 to alanine (a double
mutant, I17A/I40A, was also produced) using standard PCR1-
based methods (30-32). Oligonucleotide primer pairs for each
mutation were designed and synthesized (MWG Biotech Inc.,
High Point, NC). The wild-type asiA gene in pBluescript II SK
(Stratagene, La Jolla, CA) was used as the PCR template.
Mutated codons were incorporated into the asiA gene by PCR
amplification using primers specific for that mutation. Purified
PCR products were cloned into the expression vector pET-24b
(Novagen, Madison, WI), and the sequences were confirmed by
DNA sequencing (Iowa State University DNA Sequencing and
Synthesis Facility, Ames, IA). For each mutant, one clone was
selected and transformed into E. coli strain BL21(DE3) for
expression of the full-length mutant asiA gene. A final purifica-
tion step for AsiA and all mutant AsiA proteins was performed
using reversed-phase HPLC with an acetonitrile gradient con-
taining 0.1% trifluoroacetic acid. Solvents were removed by
lyophilization and dialysis. Protein concentrations were deter-
mined by quantitative amino acid analysis (Molecular Analysis
Facility, University of Iowa).
RNA Polymerase Proteins. The RNA polymerase core,

holoenzyme, σ70 subunit, and the C-terminal truncated form
(denoted σ565, lacking region 4.2 and remaining C-terminal
residues) were produced as described (20). For His6-σ

70 produc-
tion, the E. coli σ70 gene was cloned into the pET-19 expression
vector (Novagen, Madison, WI) and transformed into E. coli
BL21(DE3) for expression. Cells from a 1 L growth in minimal
medium (M9) were resuspended in lysis buffer (20 mM Tris-HCl
and 500 mM NaCl, pH 7.9), lysed with lysozyme (150 μg/mL),
and then sonicated. The sonication pellets were resuspended in
30 mL of denaturation buffer (20 mM Tris-HCl, 500 mMNaCl,
and 6 M urea, pH 7.9) and allowed to stir overnight at 4 �C. An
affinity column of Ni-NTA resin (GE Health Sciences, Piscat-
away, NJ) was equilibrated with denaturation buffer. The de-
natured His-σ70 was diluted to 150 mL with denaturation buffer
and loaded onto the column. After washing with lysis buffer
containing 20mM imidazole, His-σ70 was refolded on the column
by washing with a gradient of 6-0 M urea in 20 mM Tris-HCl
and 500 mM NaCl, pH 7.9. The His-σ70 was eluted with a
gradient of 0-500 mM imidazole in 20 mM Tris-HCl and

500 mM NaCl, pH 7.9. Fractions were collected, and the purity
of His-σ70 was confirmed by SDS-PAGE.
Circular Dichroism and Secondary Structure. Circular

dichroism (CD) spectra of AsiA and the mutant AsiA proteins
were acquired and analyzed to assess their respective secondary
structures. Themeasurements were performed with a Jasco J-715
spectrapolarimeter using a 0.1 cm path length cell. Temperature
was maintained at 25 �C with a Peltier device. The samples
consisted of 10 μM AsiA or mutant AsiA in 10 mM potassium
phosphate and 10 mM KCl, pH 7.0. Scans from 190 to 250 nm
were recorded in 1 nm increments. Calculations of secondary
structure contributions based on the CD spectra were performed
using the CDSSTR algorithm (33-36) and the DICHROWEB
server (37-39).
NMR Spectroscopy. NMR spectra were recorded with

Varian INOVAspectrometers operating at 600MHz (1H). Sample
temperatures were maintained at 25 �C. Gradient sensitivity-
enhanced 1H,15N-HSQC spectra were collected as described
previously (14, 40-43). Samples contained ∼0.5 mM AsiA or
mutant AsiA in 10 mM potassium phosphate and 10 mM
potassium chloride, pH 6.5. Felix (Accelrys, San Diego, CA)
was used for data processing and analysis. NaþDSS- in D2O
(0.00 ppm) was used for referencing the 1H chemical shifts. The
15N and 13C chemical shifts were referenced indirectly (44).
Dynamic Light Scattering.Dynamic light scattering (DLS)

measurements were performed with a Protein Solutions Dyna-
Pro99 instrument equipped with a Flex99 correlator. Scattered
light was detected at a 90� angle from the incident light (λ =
825 nm). The initial delay time (τ) was 0.48 μs. The sample temp-
erature was maintained at 20 �C. Each sample contained
∼188 μM (2 mg/mL) AsiA or AsiA mutant protein in 10 mM
potassium phosphate, pH 7.0, and from 50 to 200mMpotassium
chloride (see legend toTable 1). Each samplewas filtered through
a 0.02 μm Whatman filter immediately before use. Data from
18-30 10 s acquisitions were averaged. Monomodal distribu-
tionswere indicated for all samples (baselinee1.001; see Table 1).
Translational diffusion coefficients (DT) were used to calculate
the hydrodynamic radii (RH), assuming Brownian motion and
spherical particles of standard density, using the Stokes-Einstein
relationship:

RH ¼ kbT=ð6πηDÞ ð1Þ
whereT is the temperature (K),kb is the Boltzmann constant, and
η is the solution viscosity (set to 1.0 g/(cm 3 s) for samples in
aqueous solution). Molecular masses were estimated based on a
standard curve of measured hydrodynamic radius versus mass
for a set of globular proteins. All calculations were performed
using the manufacturer’s software, with the exception of normal
error propagation calculations.
Sedimentation Equilibrium Experiments. Sedimentation

equilibrium experiments were performed with Beckman Optima
XL-I and XL-A analytical ultracentrifuges using four-position
AN-60-Ti rotors. The protein samples (in 10 mM potassium
phosphate and 50 mM potassium chloride, pH 7.0) were centri-
fuged in six-sector Epon/charcoal centerpieces. For analysis at
280 nm, three different concentrations (26, 65, and 104 μM,
corresponding to 0.1, 0.25, and 0.4 absorbance units, respecti-
vely) of each AsiA sample were analyzed, and the experiments
were performed at 4 �C and at a speed of 40000 rpm as described
previously (14). For analysis at 230 nm, three different con-
centrations (3, 7, and 12 μM, corresponding to 0.1, 0.25, and

1Abbreviations: CD, circular dichroism; DLS, dynamic light scattering;
DSS, 2,2-dimethyl-2-silapentane-5-sulfonate; DTT, dithiothreitol; HPLC,
high-performance liquid chromatography; HSQC, heteronuclear single-
quantum coherence; NMR, nuclear magnetic resonance; NOE, nuclear
Overhauser effect; PAGE, polyacrylamide gel electrophoresis; PCR, poly-
merase chain reaction; SDS, sodium dodecyl sulfate.
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0.4 absorbance units, respectively) of each AsiA sample were
analyzed, and the experiments were performed at 20 �C and at
multiple speeds from 24000 to 40000 rpm. Scans were collected in
a radial increment mode with 0.001 increment and four-point
averaging. Data points with absorbances higher than 0.9 were
discarded. Data were analyzed with the UltraScan software
versions 7.0 and 9.0 (45). The partial specific volume for each
sample was calculated as implemented in the Ultrascan soft-
ware (46, 47). For each species, global fitting methods were
employed to estimate parameters using the sedimentation profiles
for all protein concentrations at all rotor speeds (48). Standard
free energies of association were calculated in the usual way:

ΔG� ¼ -RT ln Ka ð2Þ
where R is the gas constant (8.314 J/(mol 3K)), T is the sample
temperature (K), and Ka is the measured association constant.
Monte Carlo simulations (10000) were used to estimate con-
fidence intervals (49).
Nondenaturing PAGE and Electrophoretic Mobility

Shift Assays.Nondenaturing PAGEwas used to assess the purity
of AsiA and mutant AsiA preparations and qualitatively the affi-
nity between σ70 and theAsiA proteins. Samples of AsiA (0.3 nmol,
0.6 nmol for the shift assays) in buffer (10 mM potassium phos-
phate, 10 mM potassium chloride, and 5 mM DTT, pH 7.0) were
subjected to electrophoresis for 3hat 150V in a12%nondenaturing
polyacrylamide gel. For the electrophoreticmobility shift assays,σ70

(20 μM) was incubated with increasing concentrations of AsiA or
mutant AsiA (0-80 μM) for approximately 10 min in the same
buffer at room temperature. The samples were subsequently
subjected to the same electrophoretic conditions as above. The
proteins were visualized by Coomassie blue staining.
In Vitro Transcription Assays. The ability of AsiA to

inhibit transcription from -10/-35 early phage promoter
T7A1 and, in the context of an RNA polymerase holoenzyme
with a mutant σ70 truncated at residue 565 (σ565), to activate
transcription from the T4 bacteriophage PrIIB2 middle promoter
without MotA (henceforward denoted MotA-independent
activation) was measured using in vitro abortive transcription
assays (20). Briefly, reactions contained, in 10 μL of transcription
buffer (50 mM Tris-HCl, pH 7.9, 10 mM MgCl2, 40 mM KCl,
and 1 mM β-mercaptoethanol), 20 nM RNAP core enzyme
combined with the same amount of sigma proteins and 80 nM-

2.4μMofwild-type ormutantAsiA.Reactionswere incubated for
10 min at 37 �C, followed by the addition of 10 nM DNA frag-
ments containing promoters (T7A1 or PrIIB2), 0.1 mM initiating
dinucleotide CpA, and 3 μCi (3000 Ci/mmol) of [R-32P]UTP or
0.1 mM GpA and [R-32P]GTP for T7A1 or PrIIB2 transcription
reactions, respectively. Reactions proceeded for 10 min at 37 �C
andwere terminated by the addition of an equal volume of loading
buffer containing 8 M urea. Reaction products were resolved
by electrophoresis in denaturing (8M urea) 20% (19:1) polyacryl-
amide gel, visualized by autoradiography, and quantified by
phosphorimagery (PhosphorImager, Molecular Dynamics).

Assays of MotA-dependent activation were also performed.
Reactions contained, in 10 μL of transcription buffer (50 mM
Tris-HCl (pH 7.9), 10 mM MgCl2, 40 mM KCl, and 2 mM
β-mercaptoethanol), 20 nM RNAP holoenzyme, 100 nM wild-
type or mutant AsiA, 5 nM MotA, and 10 nM DNA fragment
containing T4 promoter IIB2. Reactions were incubated for
10 min at 37 �C, followed by the addition of 0.25 mM initiating
dinucleotide GpA, 0.01 mM GTP, and 3 μCi (3000 Ci/mmol) of
[R-32P]GTP. Reactions proceeded for another 10 min at 37 �C
and were terminated by the addition of an equal volume of
loading buffer containing 8 M urea. Reaction products were
resolved and quantified as described above.
Accessible Surface Area Calculations. Solvent-accessible

surface areas were calculated using the method of Lee and
Richards (50) as implemented in the program NACCESS (51)
using the default probe size (1.4 Å). Areas for dimeric AsiA were
calculated for each of the 25 deposited structures of the NMR
ensemble in the PDB (1JR5) and averaged. Areas for each
protomer in each of the structures were then calculated with
the other protomer removed and averaged. The differences
between the dimer and protomer areas were then calculated.
Additionally, starting from the lowest energy structure of the
NMR ensemble, wemade twomutations computationally, F21A
and M1A, and calculated the accessible surface areas for each of
the corresponding mutant AsiA dimers.

RESULTS

AsiA Mutants. The high-resolution solution structure of
dimeric AsiA (PDB 1JR5)2 reveals amino acid side chains

Table 1: Dynamic Light Scattering Results for AsiA and Mutant AsiA Proteinsa

DT (cm2/s)b RH (nm)c Pd (nm)d % Pde mass (kDa)f baselineg SSh % monomeri

WTj (9.24( 0.07)� 10-7 2.27( 0.02 0.33 ( 0.17 14( 7 23.0( 0.4 1.001( 0.002 7( 2 3.0

M1Aj (9.41 ( 0.02)� 10-7 2.23( 0.04 0.37( 0.14 16( 6 22.1( 0.9 1.001( 0.002 8( 2 2.6

V14Aj (9.61( 0.03)� 10-7 2.19( 0.06 0.48 ( 0.21 22( 10 21.0( 1.3 1.000( 0.001 18( 5 5.5

I17Aj (9.30( 0.04)� 10-7 2.26( 0.08 0.43( 0.19 19 ( 8 22.7( 1.9 1.001( 0.001 10( 2 10.8

K20Aj (7.96( 0.11) � 10-7 2.64( 0.04 0.46( 0.20 17( 8 32.6 ( 1.1 1.001( 0.001 4( 1 3.5

K20Ak (8.68( 0.02)� 10-7 2.42( 0.05 0.45( 0.18 19( 7 26.7( 1.2 1.001 ( 0.001 9( 2 3.5

K20Al (9.14( 0.02)� 10-7 2.30( 0.06 0.64( 0.16 28( 7 23.6 ( 1.3 1.001( 0.001 23( 5 3.5

F21Ak (9.28( 0.02)� 10-7 2.27( 0.05 0.44( 0.21 19( 9 22.8( 1.2 1.001 ( 0.001 17( 4 2.3

E39Ak (9.03( 0.02)� 10-7 2.33( 0.05 0.40( 0.17 17( 7 24.3 ( 1.3 1.001( 0.001 9( 3 2.2

I40Aj (9.41( 0.03)� 10-7 2.23( 0.06 0.41( 0.20 18( 9 22.1( 1.4 1.001 ( 0.001 6( 3 8.1

I17A/I40Aj (10.98( 0.02)� 10-7 1.91( 0.03 0.48( 0.18 25( 9 15.4( 0.5 1.001( 0.001 15 ( 4 72.0

aErrors are standard deviations of 18-30 measurements. DLS measurements were not performed on the E10A mutant. bTranslational diffusion
coefficient. cMean hydrodynamic radius. dPolydispersity (standard deviation of the Gaussian particle size distribution about the mean). ePercent
polydispersity (Pd/RH).

fMass calculated from RH as described in the text. gDeviation of correlation from ideality (unity). hSum of squares of the differences
between experimental and fitted correlation functions. iPercentage of total protein existing as a monomer under the conditions of the DLS measurements,
calculated fromKd values determined by sedimentation equilibrium (Table 2). jBuffer was 10 mMpotassium phosphate and 50mMKCl, pH 7.0. kBuffer was
10 mM potassium phosphate and 100 mM KCl, pH 7.0. lBuffer was 10 mM potassium phosphate and 200 mM KCl, pH 7.0.

2An incorrect structure, determined independently by other investi-
gators (21), has since been retracted (52).
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potentially important for protomer-protomer affinity (22)
(Figure 1). These comprise the largely hydrophobic dimer inter-
face and include the side chains of M1, V14, I17, L18, F21, I40,
and V42, which appear to provide most of the hydrophobic
character of the interaction surface (Figure 1) and most of the
interprotomer contacts (22). The structure also suggests potential
contributions to protomer-protomer affinity by charged side
chains of certain residues such as E10, K20, and E39, the latter
two forming a charge pair putatively capping the hydrophobic
interface. Side chains of residues at or near the dimer interface
that line the hydrophobic cleft formed by helices 1-3 could also
ostensibly contribute to protomer-protomer affinity. Such resi-
dues, including L18, V27 and V42, are implicated by results of
hydrogen-deuterium exchange studies as principal contributors
to local and global stabilities (22). Finally, previous results
demonstrate that many of the amino acids comprising the
homodimer interface also participate in the heterodimer interface
with σ70 (16, 18), and mutating some of these residues results in
loss of function (19). In order to assess the contributions of side
chains of AsiA residues at the homodimer interface to the affinity
between the protomers in dimeric AsiA, to the interaction of
AsiA with σ70, and to AsiA activity and stability, we mutated
many of the putatively importantAsiA residues (Figure 1) toAla.
Production of the AsiAMutants.Most of the mutant AsiA

proteins, including the I17A/I40A double mutant, were readily
produced and purified to homogeneity (Figure 2). The exceptions
were the L18A, V27A, and V42A mutants, which formed
inclusion bodies when overexpressed. A fraction of the L18A

and V42A proteins could be solubilized from the inclusion
bodies, refolded, and purified with low yield. The L18A mutant
protein precipitated steadily with time, and the stabilities of the
L18A, V27A, and V42A mutants were deemed too equivocal for
detailed studies, the exception being a single study of σ70 binding
to the L18A mutant. Thus, a total of nine AsiA mutants were
used for the detailed structural and functional studies. The basis
for apparent instability of mutants that were excluded from
further analysis is elaborated below.
Structural Integrity of the AsiA Mutants. The secondary

and tertiary structures of the nine mutant AsiA proteins were
assessed using circular dichroism (CD) spectrapolarimetry and
NMR spectroscopy. The far-UV CD spectra of AsiA and the
mutant AsiA proteins (Figure 3) all exhibit the distinct double
minimum at 208 and 222 nm indicative of R-helical structure.
The spectra of the mutant proteins are all similar to the wild-type
spectrum, and the results indicate that the mutations did not
result in a decrease in secondary structure (helical) content. In
fact, results of secondary structure calculations based on the CD
spectra (not shown) suggest that the helical content ofmost of the
mutant proteins is slightly higher than wild type, as can be
deduced from themore negative signals for (most of) themutants
at 208 and 222 nm and the more positive signals at 190 nm
(Figure 3).

Two-dimensional 1H,15N-HSQCNMR spectra were recorded
for each of the AsiA mutants to evaluate tertiary structure
(Figure 4). The spectra of most of the proteins indicate folded
proteins with defined tertiary structure. The chemical shift

FIGURE 1: The dimer interface of AsiA. (Top) Site-directed amino acid substitutions in AsiA. Eleven Ala mutants of AsiA were produced to
evaluate the functions of the replaced side chains. These side chains are shown on ribbon models of monomeric AsiA (left) and dimeric AsiA
(right). Most of these are at the homodimer interface and include M1 (purple), E10 (gold), V14 (blue), I17 (cyan), K20 (red), F21 (orange), E39
(brown), and I40 (green). The double mutant I17A/I40A (magenta) was also produced. Unstable proteins resulted from mutation of the amino
acids with side chains colored black (L18, V27, V42) to Ala. The six helices of AsiA are numbered from the N-terminus. (Bottom) The
hydrophobic character of the interface region of AsiA. The hydropathies of the individual residues are plotted on the Connolly surface of one
protomer of dimeric AsiA, with green representing the most hydrophobic and white the least. The large hydrophobic cleft in AsiA is apparent,
formed by the side chains of residues from helices 1-3 including V14, I17, L18, V27, F21, I40, and V42. The dimer interface is constructed by
aligning the C-terminal end of helix 1 of each protomer with the hydrophobic cleft of the other.
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dispersions are consistent with those observed typically in spectra
of other folded helical proteins. These indicate that themutations
did not result in protein unfolding. Except for the K20A and
I17A mutants, the line widths and numbers of observed signals
suggest a lack of slow conformational averaging. The line widths
in theNMR spectrum of theK20Amutant suggest a limited slow
conformational averaging. The NMR spectrum of I17A displays
similar but somewhat more marked symptoms, although the
chemical shift dispersion is not affected.

Chemical shift changes are delicate indicators of structural
changes. Unfortunately, chemical shift assignments for the
mutant AsiA proteins are not available. However, conservative
estimates for chemical shift changes resulting from mutation can
be calculated using theminimal chemical shift perturbationmethod,
given the wild-type chemical shift assignments (53). These mini-
mal chemical shift changes can assist in localizing the structural
changes resulting frommutation. In the Supporting Information
(Figure S1), sequence-specific minimal chemical shift perturba-
tions for main chain 1HN,

15N pairs are shown for each mutant
AsiA protein, as are averages at each position. In general, the
largest minimal chemical shifts shown are at the ends of helices
and between helices. In conjunction with the CD results noted
above, this would suggest that the most significant structural

FIGURE 2: AsiA and mutant AsiA binding to σ70. Electrophoretic mobility shift assays using nondenaturing PAGE were used to evaluate the
apparent affinities ofAsiAand themutantAsiAproteins forσ70 bymonitoring formationof theAsiA-σ70 complexes.NondenaturingPAGEwas
also used to confirm the purities of the AsiA proteins and to demonstrate their relative electrophoretic mobilities, as shown in the first (upper left)
panel.The remaining panels show the resultswhen increasing concentrationsofAsiAormutantAsiAwere incubatedwith a fixed concentrationof
σ70. Electrophoresis of the samples was performed as described in the text. Lane 1, AsiA ormutant AsiA only (20 μM). Lane 2, σ70 only (20 μM).
Lanes 3-7, 20 μM σ70 and 5, 10, 20, 40, or 80 μMAsiA or mutant AsiA, respectively.

FIGURE 3: Circular dichroism spectra for AsiA and the AsiA mu-
tants. The far-UV circular dichroism spectra of the mutant proteins
are similar to one another and towild type and clearly indicate no loss
of helical secondary structure in the mutants. Shown are spectra for
wild-type AsiA (black) and mutants M1A (purple), E10A (gold),
V14A (blue), I17A (cyan), K20A (red), F21A (orange), E39A
(brown), and I40A (green) and the double mutant I17A/I40A
(magenta).

FIGURE 4: NMR spectra of the AsiA mutants. The 1H,15N-HSQC
spectra of wild-type AsiA and the stable mutant AsiA proteins are
shown. Although some slight (K20A) to moderate (I17A) conforma-
tional averaging is observed, the chemical shifts and chemical shift
dispersion observed in the spectra of the mutants are similar to wild
type and indicate that themutations donot eliminate tertiary structure.
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changes accompanying the mutations are reorientation or repo-
sitioning of helices, including protomer-protomer reorientation
in the dimers, rather than changes in secondary structure or
helical character. The minimal chemical shift perturbations are
largest overall for the double mutant, which might suggest that
the combined effect of the two substitutions results in larger
structural changes. The minimal chemical shift perturbations are
smallest overall for the I17Amutant. For this mutant, because of
the conformational averaging, there are many signals in the
spectra, generally increasing the probability for a small minimal
chemical shift. On the other hand, a simple explanation would be
that one of the conformers present is structurally very similar to
wild type. Finally, it is important to note that there are relatively
large minimal perturbations observed throughout each of the
mutant AsiA proteins. This indicates that structural changes are
not localized to the sites of the amino acid substitutions and that in
this relatively small protein compensatory structural changes occur
throughout each protomer in dimeric AsiA. Such behavior has
been noted previously in N-terminal His-tagged AsiA. This AsiA
species is largely monomeric in solution, and its high-resolution
solution structure reveals that, although the helices remain intact,
there are significant changes in helix positioning (16).
Dimerization of the AsiA Mutants. Dynamic light scatter-

ing (DLS) and sedimentation equilibrium studies were perfor-
med to provide an initial assessment of the propensity for self-
association of the AsiA mutants to form dimers at protein
concentrations known to favor dimer formation by wild-type
AsiA (results are not available for the E10A mutant; see below).
For each protein, the DLS data fit well to a monomodal
distribution (Table 1). For wild-type AsiA, the mass derived
from the hydrodynamic radius (23 kDa) is consistent with an
AsiA dimer (21.2 kDa). The translational diffusion coefficient
(9.72 � 10-7 cm2/s) and Stokes radius (2.21 nm) for the AsiA
dimer calculated from the known structure of dimeric AsiA (22)
using HYDROPRO (54-56) are likewise similar to the values
determined by DLS (9.24 � 10-7 cm2/s and 2.27 nm, res-
pectively). The observed polydispersity is not unexpected and
must be due to the presence of some monomeric protein. The
results with the M1A, V14A, I17A, and I40A mutants are
essentially identical to wild type and indicate that these proteins
are mostly dimeric under the conditions (∼188 μM AsiA or
mutant species) of the measurements.

Initial DLS results with the K20A, F21A, and E39A mutant
AsiA proteins suggested that species larger than dimers were
present. Increasing the ionic strength with additional KCl
(Table 1) promoted a reduction of the respective hydrodynamic
radii and masses to values consistent with dimers. The effect was
most pronounced with the K20A mutant (Table 1). We thus
attribute the results at lower ionic strength to nonspecific
electrostatic aggregation.

DLS analysis of the I17A/I40A double mutant indicates that
this protein ismostlymonomeric under the conditions of the experi-
ment. The observed mass is somewhat higher than the actual
monomeric mass due to the presence of some dimer and perhaps
to deviation of the I17A/I40A monomer structure from an ideal
sphere, both of which would decrease the observed translational
diffusion coefficient and increase the observed mass.

An initial set of sedimentation equilibrium experiments was
also performed to address dimer formation by the AsiAmutants.
These experiments were conducted at a single speed and at
protein concentrations higher than those used to determine
association constants. The absorbance at 280 nmwas monitored.

For wild-type AsiA, and for each mutant, the data fit well to a
single species model with random residuals (not shown). In all
cases, the single species molecular mass was equivalent to that of
an AsiA dimer, with the exception of the I17A/I40A double
mutant, for which the single species mass was equivalent to that
of an AsiA monomer. Thus, these results, and those from the
DLS measurements, indicate that the mutant proteins retain the
ability to self-associate to form dimers. The results also suggest
that the association constant lower limits are not dramatically
decreased by the mutations. The exception is the I17A/I40A
double mutant, for which a significantly lower association con-
stant is indicated, as is a substantial combined contribution of the
I17 and I40 side chains to the free energy ofAsiA dimer formation.
Free Energies of Dimer Formation for AsiA Mutants.

Using sedimentation equilibrium methods, we demonstrated pre-
viously the ability of wild-type AsiAmonomers to self-associate in
solution to form homodimers (14); subsequently, an association
constant was determined using similar methods (21). In order to
establish the contributions of individual amino acid side chains at
the dimer interface to the free energy of AsiA dimer formation, we
conducted additional sedimentation equilibrium experiments with
each of the mutant AsiA proteins to determine the free energy
changes resulting from the mutations.

In order to measure the association constants for homodimer
formation by the mutant AsiA proteins, the sedimentation
equilibrium experiments were performed at lower concentrations
(3-12 μM), the absorbance was monitored at 230 nm, and
multiple speeds (24000, 30000, and 40000 rpm) were used. For
wild-type AsiA and for all AsiA mutants, the results were best
fit by a monomer-dimer equilibrium (self-association) model.
The resulting monomer molecular masses were consistent with
the monomeric AsiA mass, and the residuals from the fits were
random (representative results are shown in Figure 5). The values
for the association constants and free energies of associationwere
determined (Table 2), with confidence intervals estimated from
results of Monte Carlo simulations (Figure 5).

The association constant forAsiA self-association to formdimers
is consistent with that determined previously (21) and corresponds
to a free energy of associationof-36.8 kJ/mol (-8.8 kcal/mol). The
M1A, K20A, and F21A substitutions did not significantly change
this free energy, whereas the E39A substitution only nominally
(if significantly) decreased it (Table 2). Thus, the side chains ofM1,
K20, F21, and E39, and the putative electrostatic interaction
between K20 and E39, do not apparently promote affinity between
the protomers in dimeric AsiA.

The results with the E10A mutant were ambiguous. Several
data sets were collected for this mutant, and in each case, fits to
monomer-dimer self-association models indicated association
constants substantially larger than wild type. The data also fit
well to a single species model, with the fitted mass consistent with
a dimeric species. However, the indicators of the quality of the
data and fits suggested that the results were unreliable. Therefore,
we can only speculate that this mutation promotes an increase in
protomer-protomer affinity in dimeric AsiA relative to wild
type. Additional studies with E10A were not pursued.

The V14A, I17A, I40A, and I17A/I40A mutants all exhibited
protomer-protomer affinities significantly lower than wild-type
AsiA. For the single mutants, the affinities are lowest for the I17A
and I40A, demonstrating that the side chains of both I17 and I40
are important for protomer-protomer affinity. Furthermore,
substituting both I17 and I40 with alanine produced a dramatic
decrease in affinity (18.8 kJ/mol), signifying the importance of the
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combined contributions of the side chains of these two amino acids
to the affinity between the AsiA protomers.
Affinity of AsiA Mutants for σ70. A qualitative assessment

of the relative affinities of AsiA and the mutant AsiA proteins
for σ70 was derived from electrophoretic mobility shift assays
using nondenaturing PAGE (Figure 2).With the exception of the
I17A/I40A double mutant, under the conditions of the experiment,
most of the mutant proteins were able to bind to σ70 with appa-
rent affinities similar to the affinity of wild-type AsiA for σ70.

This conclusion is also true for the L18A mutant that was not
used in the biophysical experiments described above. The appa-
rent affinity of the I17A mutant for σ70, however, appears some-
what lower, as indicated by a large amount of unbound I17A
observed at equimolar concentrations of σ70 and I17A (lane 5).
The affinity of the I17A/I40Adoublemutant for σ70 is nominal at
best, indicating that the affinity of AsiA for σ70 results largely
from the combined interactions of the side chains of I17 and I40
with σ70.
Transcription Inhibition and Activation by AsiA Mutants.

The effects of AsiA and AsiA mutants on both inhibition and
MotA-independent activation of transcription by the E. coliRNA
polymerase were measured using in vitro transcription assays
(Figure 6). Wild-type AsiA inhibited transcription more than
90% at a ratio of 4:1 (AsiA:holoenzyme). Inhibition of transcrip-
tion by theM1Amutant was similar to wild type. Both the E39A
and I40Amutants also proved to be relatively effective inhibitors.
A group of mutants including V14A, I17A, K20A, and F21A
proved to be less effective inhibitors, with only ∼40% transcrip-
tion inhibition attained at a 4:1 ratio of AsiA to holoenzyme. The
I17A/I40A double mutant demonstrated little ability to inhibit
transcription.

As shown previously (20), when σ70 in the RNAholoenzyme is
replaced with a mutant lacking region 4.2 (truncated at residue
565, denoted σ565 or σ70Δ565-613), AsiA activates transcription
from the T4 phage middle promoter PrIIb2 in a MotA-indepen-
dent manner. This is a convenient assay, despite the decreased
affinity of AsiA for this mutant σ70 and the correspondingly
higher molar ratios of AsiA necessary for activation to be
observed. As shown (Figure 6), wild-type AsiA is able to activate
MotA-independent transcription by more than 20-fold at a high
molar ratio (120:1) of AsiA to holoenzyme. Similar results are
observed for the M1A mutant, whereas the E39A mutant is able
to activate MotA-independent transcription by ∼12-fold under
these conditions. A group of mutants including V14A, K20A,
F21A, and I40A are less effective and activate MotA-indepen-
dent transcription 7-9-fold at the 120:1 molar ratio. The I17A
mutant is a poor transcription activator (∼3-fold), and the I17A/
I40A mutant shows little MotA-independent activation ability.

The affinity and activity measurements suggest that impaired
AsiA function upon mutation is due to decreased affinity for the
RNA polymerase (σ70) and not due to nonproductive binding or

FIGURE 5: Sedimentation equilibrium results for AsiA and AsiA
mutant proteins. (Top) For each protein, sedimentation equilibrium
data were acquired at three protein concentrations and three centri-
fugation speeds. Shown are representative results at 40000 rpm for
3.0, 7.0, and 12.0 μMprotein (wild type, I17A, F21A, and the I17A/
I40A double mutant) monitored at 230 nm. In each case, the best fit
from the global analysis (shown as a black line through the data
points) was to a monomer-dimer equilibrium model. Residuals are
shown at the top of each panel. (Bottom) Distributions of values for
lnKa fromMonteCarlo simulations forwild-typeAsiAand the I17A,
F21A, and I17A/I40A mutants.

Table 2: Sedimentation Equilibrium Measurements of Protomer-Protomer

Affinities for AsiA and Mutant AsiA Proteinsa

Ka (M
-1) Kd (μM) ΔG� (kJ/mol)b mass (kDa)c

WT (2.8( 0.8)� 106 0.35 ( 0.10 -36.8( 0.7 10.90( 0.08

M1A (3.8( 1.0)� 106 0.26 ( 0.07 -37.6 ( 0.6 12.33( 0.08

V14A (8.2( 1.2)� 105 1.2 ( 0.2 -33.7( 0.4 10.23( 0.07

I17A (2.0( 0.2)� 105 4.9 ( 0.6 -30.3( 0.3 13.49( 0.13

K20A (2.1( 0.4)� 106 0.48 ( 0.10 -36.1 ( 0.5 12.62( 0.09

F21A (4.7( 1.9)� 106 0.21 ( 0.09 -38.0( 1.0 11.87( 0.11

E39A (5.7( 2.0)� 106 0.18 ( 0.06 -38.5( 1.0 12.58( 0.09

I40A (3.6( 0.5) � 105 2.7 ( 0.4 -31.7 ( 0.3 10.72( 0.09

I17A/I40Ad (1.4( 0.3) � 103 694 ( 0.149 -18.0( 0.5 11.47( 0.27

aFits are to a monomer-dimer self-association model and are from
data acquired at three speeds for three protein concentrations monitored at
230 nm unless otherwise noted. Error limits are standard deviations from
Monte Carlo simulations. bFree energy of association. cFitted monomer
molecular mass. The actual AsiA molecular mass is 10.59 kDa. dBased on
data collected at a single speed at higher concentrations monitored at
280 nm (see text).
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essential roles for any of the amino acids in question in
transcription activation or inhibition. We therefore performed
an experiment at saturating AsiA (and mutant AsiA) concentra-
tions, measuring MotA-dependent RNA polymerase activation
by AsiA, to determine if any of the mutant AsiA proteins were
essential for activation or full activation. This is a more con-
venient assay for this purpose, as saturating AsiA concentrations
for the MotA-independent assay would be prohibitively high. In
the presence of MotA, saturating concentrations of AsiA or
mutant AsiA proteins produced similar degrees of transcription
activation (Figure 7, top) compared to activity in the absence of
both MotA and AsiA, with an average fold activation of ∼2.15.
At the 95% confidence level (error limits shown are 68%
confidence intervals), degrees of activation by all AsiA species
were statistically identical. When coactivation by MotA and
coactivation by AsiA and AsiA mutants are compared, with
normalization to activity withwild-typeAsiA (Figure 7, bottom),
again no remarkable differences are noted, with the possible
exception of MotA activation with the K20A AsiA mutant
protein. These results indicate that none of the mutant AsiA
proteins are defective for MotA-dependent coactivation and
none of the side chains under consideration are essential for this
activation process. So, the individual side chains in question
mediate affinity, but none appear essential for activity.
Accessible Surface Areas. To approximate the changes in

solvent-accessible surface areas for residues at the protomer-
protomer interface of AsiA upon dimer dissociation, these areas
were calculated for dimeric AsiA and for the individual proto-
mers with the opposing protomer removed from the structure
(Figure 8). Overall, the protomer-protomer interface in dimeric
AsiA is approximately 2012 ( 102 Å2 (1253 ( 102 Å2 of this is
nonpolar), with 1741 ( 74 Å2 contributed by amino acid side
chains (error limits are standard deviations computed from the

ensemble of 25 deposited NMR structures). The interface size
is not unusual (23), but it is somewhat larger than a typical
homodimeric interface relative to the monomeric mass (24). At
the residue level, the increase in solvent-accessible hydrophobic
surface area upon dimer dissociation is largest for M1 and F21
followed by I17 and I40 (Figure 7). The side chains of I14, I17,
and I40 are essentially completely buried in the AsiA dimer
(100%, 100%, and 97% buried, respectively) and somewhat
exposed in the monomer (83%, 53%, and 60% buried, res-
pectively). Therefore, the changes in hydrophobic surface areas
for these amino acids uponAsiA dimer dissociation aremoderate
(I14) to quite large (I17, I40). Although the side chains ofM1 and
F21 are more exposed in the dimer (91% and 88% buried), they
are also highly exposed in the monomer (both 36% buried),
resulting in large absolute changes of exposed hydrophobic

FIGURE 6: Transcription inhibition and activation by AsiA and
mutantAsiA proteins. The ability ofAsiA andmutantAsiA proteins
to inhibit or activate transcription by E. coli RNA polymerase is
shown. (Top) Activation of transcription from the T7 bacteriophage
early promoter A1. (Bottom) Inhibition of transcription from the T4
bacteriophage PrIIB2 middle promoter.

FIGURE 7: MotA-dependent transcription coactivation by AsiA
and mutant AsiA proteins. (Top) Fold activation with or without
MotA in the presence of saturating wild-type AsiA or mutant AsiA,
normalized to the activity in the absence of both MotA and AsiA.
(Bottom) Fold activation by MotA or wild-type AsiA and AsiA
mutants normalized to wild-type activation. “M” on the abscissa
represents activation byMotA in the presence of saturatingwild-type
AsiA ormutant AsiA, with activation normalized to wild-type AsiA.
“A” on the abscissa represents activation by wild-type AsiA (or
mutant AsiA) in the presence of MotA, normalized to wild-type
AsiA. Error limits are (1 standard deviation.

FIGURE 8: Solvent-accessible surface area differences between AsiA
dimers and protomers. The differences shown are residue localized
increases in nonpolar solvent-accessible surface areas for AsiA pro-
tomers (from the dimer structures, but in the absence of the opposing
protomer) relative to dimers. The protomer-protomer interface in
dimericAsiA is approximately 2012( 102 Å2 (1253( 102 Å2 of this is
nonpolar), with 1741( 74 Å2 contributed by amino acid side chains
(error limits are standard deviations computed from the ensemble of
25 deposited NMR structures).
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surface areas upon dimer association/dissociation. With the
exception of M1, the changes in exposed hydrophobic surface
areas upon dimer dissociation are smaller for residues near the
N-terminal end of helix 1 of AsiA and larger toward the C-terminal
end (note, in Figure 8, the periodicity of helix 1 reflected in these
changes), indicating an overall tighter packing of the interfacial
residues on one protomer that interact with the hydrophobic cleft
formed by helix 1 and helix 3 of the opposing protomer.

In monomeric AsiA, the side chains of L18, V27, F33, F36,
L37, and V42 are nearly completely buried (92%, 99%, 98%,
89%, 100%, and 88%, respectively), and all are 98-100%buried
in the dimer. This suggests important roles for these residues in
stabilizing monomeric AsiA, as is indicated by the instability of
the L18A, V27A, and V42A mutants.

DISCUSSION

Monomeric AsiA binds tightly to σ70 and mediates the
promoter specificity of the RNApolymerase holoenzyme. Structural
studies indicate that many of the same residues comprising the
surface that interacts with σ70 also contribute to the protomer-
protomer interface in dimeric AsiA. Presumably, this surface/
interface has been optimized for phage survival and propagation
by a sapient balance between protomer-protomer affinity in the
homodimer, affinity for σ70 in the AsiA-σ70 heterodimer, and
stability. Here we explored the contributions of interfacial
residues to protomer-protomer affinity in homodimeric AsiA,
to AsiA function, and, to an extent, to AsiA stability.

Of the residues suggested by structural studies to be important
for AsiA homodimer affinity and the AsiA-σ70 heterodimer
interaction, V14, I17, and I40 clearly contribute substantially to
protomer-protomer affinity in dimeric AsiA (Table 2). Structu-
rally, the side chains of these residues interact with one another
within a given protomer and between protomers (Figure 9). The
combined effect of the I17A and I40A substitutions, in the I17A/
I40A double mutant, increases the observed homodimer disso-
ciation constant by approximately 2000-fold and decreases the
total free energy of homodimer formation by just over one-half
compared to the wild-type protein. Also, as discussed above,
these residues are essentially completely buried in the dimer.
Our results are consistent with recent suggestions that solvent
inaccessibility in the complex is a necessary, but not sufficient,
prerequisite for residues that contribute significantly to affi-
nity (23, 57). Thus, the side chains of these residues comprise a
core hydrophobic assemblage or “hot spot” (58) maintaining the

affinity and structural integrity of the protomer-protomer inter-
face in dimeric AsiA (Figure 9).

It is worthwhile noting that the effects of the I17A and I40A
substitutions, for instance, are not independent, and their effects
on the free energy of AsiA dimer formation/dissociation are not
additive. For residues such as I14, I17, and I40, such apparent
coupling is not unexpected (59-63), given the intra- and inter-
molecular interactions between the side chains of these amino
acids evident from structural studies of the homodimer (Figure 9).
Also relevant is the fact that substitution of a single AsiA residue
constitutes a double mutation of the symmetrical AsiA homo-
dimer. With these points in mind, it appears that compensatory
structural changes underlie a resilient AsiA homodimer interface
that accommodates single alanine substitutions of hot spot resi-
dues with relatively modest protomer-protomer affinity changes.
Alanine substitution of more than one of these residues is less
readily accommodated and relatively much more deleterious to
interface structure and affinity. A more exhaustive analysis
would be necessary to test these assertions thoroughly.

ResiduesM1,K20, F21, and E39 are positioned near the edges
of the AsiA homodimer interface. Mutating any one of these
residues to alanine does not alter significantly the free energy of
dimer dissociation relative to wild type. Although the changes in
the solvent-accessible hydrophobic surface areas upon homo-
dimer association/dissociation for the side chains ofM1 and F21
are large, these side chains are significantly solvent exposed in the
homodimer. When these residues are substituted computation-
ally to alanine, there is little if any significant change in solvent
accessibility of residues constituting the interior of the interface.
These results are consistent with “O-ring” (57) and similar (23)
models of interfaces and results of experimental (64, 65) and
computational (57) “alanine shaving” experiments. Thus, the side
chains of these residues provide little contribution directly to
the affinity between the protomers of dimeric AsiA, but evidently
the main chain and β positions assist in occluding solvent from
the hot spot. AlthoughK20 andE39 appear to form a charge pair
in the homodimer structure, the results indicate that these two
amino acids do not contribute directly to protomer-protomer
affinity in the homodimer. We also note that previous, prelimin-
ary results suggested a very high dissociation constant for the
K20A mutant. We postulated that the tighter association of this
mutant with σ70 in bacterial two-hybrid analyses stemmed from
decreased competition from homodimerization (17). This is not
the case, as indicated herein. Nevertheless, this mutant is very

FIGURE 9: Functional epitopes of AsiA maintaining (left) protomer-protomer affinity in dimeric AsiA and (right) AsiA-σ70 affinity. Color
intensity is a qualitative indicator of relative contribution.
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effective at increasing the sensitivity of bacterial two-hybrid analyses
of AsiA binding, has been utilized effectively in this capacity, and
is clearly a useful tool for these types of studies (17, 66).

Representatives of a group of residues at or near the AsiA
homodimer interface suspected to contribute to the intrinsic
stability of monomeric AsiA were also mutated to alanine. For
AsiA, the global and site-resolved stabilities are known from
hydrogen exchange studies (22), which indicate that the most
stable part of theAsiA protein is the hydrophobic cleft formed by
residues of helices 1-3, and the global stability is about 7 kcal/
mol (determined in 90%D2O,whichmay differ from the value in
H2O (67, 68)). Residues with hydrophobic side chains in this cleft
include A15, L18, V27, F33, F36, L37, and V42. Of these, the
amide hydrogens of A15, L18, and F36 exchange only from the
globally unfolded state, and therefore they define the global
stability (22, 67, 68). Although some of the side chains of residues
in this cleft contribute interprotomer contacts in homodimeric
AsiA and in the AsiA-σ70 heterodimer, the number of these
contacts is very small compared to the number of intraprotomer
contacts that they contribute. Furthermore, most of these resi-
dues are completely or nearly completely solvent inaccessible in
monomeric AsiA. Given these facts, it would be expected that
alanine substitution, eliminating the intraprotomer contacts
conferred by atoms beyond the β carbon position, would result
in a significant destabilization of the AsiA monomer but would
have a smaller impact on the affinity for σ70. This appears to be
the case for the L18A, V27A, and V42A mutants. All of these
formed inclusion bodies when overproduced. Both the V42A
and L18A inclusion bodies were solubilized, and refolding was
attempted, but yields of purified proteins were low and the
proteins precipitated easily and were not amenable to detailed
study. However, we were able to demonstrate that the L18A
mutant still binds tightly with σ70, indicating that the intrinsic
ability to do so has not been lost due to the alanine substitution
and suggesting that any significant loss of function that might be
observed for this mutant would be due to loss of the active con-
formation resulting from destabilization of the AsiA monomer.

The interactions between σ70 and the mutant AsiA proteins
were evaluated by measuring the ability of the AsiA mutants to
regulate transcription and by nondenaturing electrophoretic
mobility shift assays. Although the mobility shift experiments
cannot reveal subtle differences in affinities, they did reveal that
the I17A/I40A double mutant displays little measurable affinity
for σ70 and that the affinity between the I17A mutant and σ70 is
somewhat attenuated relative to wild type and the other mutants.
These residues appear to be integral to the affinity between AsiA
and σ70, in analogy with the AsiA homodimer. This is consistent
with the structural studies (16, 18) and is supported by the results
of the activity assays. At concentrations less than saturating, the
I17A/I40A double mutant is a poor transcription regulator,
apparently reflecting the very poor affinity for σ70. The likewise
poor affinity of the I17Amutant renders it a poor transcriptional
regulator at subsaturating concentrations. The V14A mutant
also shows low activity. The I40A mutant is also a very poor
activator (of MotA-independent activity) but relatively less
ineffectual as an inhibitor. Nevertheless, under conditions where
the mutant AsiA proteins are saturating, none of the mutant
proteins are defective for MotA-dependent activation, indicating
that none of these side chains are essential for activity and
indicating that affinity governs activity. Because of the structural
differences implicit in the transcriptional complexes for early
versus middle phage promoters (16, 18), there is no reason that

the contribution of a particular amino acid inAsiA to affinity for
σ70 need be the same for activation and inhibition. Analogously,
affinity and activity need not be fully coupled, so that a particular
mutation may affect one more than the other. Nonetheless, for
each of the mutant AsiA proteins, the correspondence between
relative activation and inhibition abilities is remarkably similar.
Finally, the activity assays indicate that residues such as K20 and
F21, which do not contribute directly to homodimer affinity, are
clearly important forAsiA activity, as is suggested by the solution
structure of the AsiA-σ70 region 4 complex (16), which shows
many interactions between the side chains of these residues of
AsiA and region 4. Interactions between E39 and both positively
charged and hydrophobic groups in region 4.2 of σ70 are also
observed in the structure, but based on the results of the
transcription inhibition assays with E39A, these apparently do
not contribute substantially to polymerase inhibition by AsiA.

The functional roles of some of the AsiA residues that com-
prise the homo- and heterodimer interface have been addressed
previously. For instance, V14, L18, and I40 were suggested to be
important for forming or maintaining the AsiA-σ70 com-
plex (19). The side chain of L18A makes contacts with at least
one residue in region 4 of σ70 in the structural model of this
complex (16). L18S andL18F substitutions renderAsiAdefective
for binding to σ70, and this observation was interpreted to
indicate that L18 was important for tight binding to σ70 (19).
However, substituting the L18 side chain with alanine does not
decrease the apparent affinity of AsiA for σ70 noticeably,
indicating that contacts between L18 and σ70 are not critical in
this respect. Because the alanine substitution apparently de-
creases the stability of monomeric AsiA, which is consistent with
the nearly complete burial of L18 in the AsiA monomer, it seems
most likely that the steric perturbations and polarity changes
introduced by the L18F and L18S mutations destabilize mono-
meric AsiA and disrupt the interface, leading to the observed
effects. In contrast, V14 and I40 certainly contribute to the
affinity of AsiA for σ70, and results of studies using mutations
likely to perturb the interface (V14D and I40N) are consistent
with this conclusion (19). Previous studies have also addressed
the role of E10 (69) demonstrating that the E10K substitution
eliminated both AsiA toxicity to E. coli and the interaction with
σ70, although E10 substitutions to leucine, serine, glutamine,
tyrosine, and alanine did not affect toxicity. It was concluded that
the negative charge of the E10 side chain is not important for the
interaction with σ70.

The linchpin for AsiA activity and intermolecular affinity
appears to be I17. In the AsiA homodimer, the side chain of I17
from one protomer is positioned centrally at the interface, between
I40 and I17 of the other protomer (Figure 9), and is a key
contributor to the affinity between the protomers. When one of
the protomers is displaced by σ70 to form the AsiA-σ70 hetero-
dimer, the I17 side chain is positioned in a hydrophobic pocket
formed by side chains of residues from regions 4.1 and 4.2 (16).
Interestingly, in the heterodimer, the F563 side chain of σ70 occupies
the central position between I17 and I40 of AsiA occupied
previously by the I17 side chain of the displaced protomer. It has
likewise been demonstrated that F563 is pivotal to the interaction of
σ70 with both AsiA and the β flap (16, 17, 66, 70). These facts serve
to underscore the fundamental importance of I17 in AsiA struc-
ture and function.

The relative abilities of the AsiA mutants to inhibit transcrip-
tion (from a phage early promoter) are remarkably similar to their
relative abilities to activate MotA-independent transcription
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(from amiddle promoter). We assayedAsiA-dependent,MotA-
independent activation of transcription from the T4 bacterio-
phage PrIIB2 middle promoter with RNA polymerase holoen-
zyme incorporating a truncated σ70 (σ565) that lacks the
C-terminus, which includes conserved region 4.2 (20). This
proves a useful means to monitor activation by AsiA as it does
not require MotA. Activation without region 4.2 is possible, in
part, because the interaction of AsiA with σ70 occurs via both
conserved regions 4.1 and 4.2 of σ70 (14). As demonstrated
previously, AsiA binds tightly in vitro to short peptides corre-
sponding to regions 4.1 and 4.2 of σ70 both individually, to form
binary complexes, or simultaneously, to form a ternary com-
plex (14). The exchange behavior of the complexes and observed
NOE-based intermolecular contacts indicate that the binary
complexes are similar structurally. Either peptide, in the absence
of the other, can occupy one or more sites in the hydrophobic
cleft between helices 1 and 3 of AsiA. However, in the ternary
complex, regions 4.1 and 4.2 are each restricted to a single defined
site on AsiA (18). The different patterns of intermolecular
contacts from NOE spectra reveal directly the structural differ-
ences between binary and ternary complexes and the different
contacts between σ70 and regions 4.1 and 4.2 in these contexts.
This latter fact has been corroborated recently by remarkable
results demonstrating that both AsiA and MotA interactions
with region 4.1 are perturbed by specific mutations in region 4.1;
however, these mutations do not affect the ability of AsiA and
MotA to coactivate transcription from theT4phage PuvsXmiddle
promoter (66). Furthermore, the AsiA-σ70 interface must re-
organize markedly following formation of the initial encounter
complex through the course of subsequent events, including
binding to the core polymerase, MotA, and (middle) pro-
moters (9, 16, 18, 20, 66, 70, 71).However, even in the context of a
draconian truncation of σ70, the relative contributions of the
AsiA amino acids at the AsiA-σ70 interface to transcription
activation are similar to the contributions to inhibition when
wild-type σ70 is present. These facts together serve to illustrate the
robust structural and functional plasticity in the AsiA-σ70

interaction (18, 20) and partly how it is accomplished.
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