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ABSTRACT. The mechanisms that control N protein dependent antitermination in gHzgee counterparts
in many eukaryotic systems, including specific regulatory interactions of the antitermination protein with

the nascent RNA transcript.

Here we describe the specific and nonspecific RNA binding modes of

antitermination protein N. These modes differ markedly in RNA binding affinity and in structure. N
protein, either free in solution or as a complex with nonspecific RNA, lacks observable secondary and
tertiary structure and binds RNA sequences indiscriminately with a dissociation cor&fpof (106

M.

In contrast N becomes partially folded with at least-18 amino acids of ordered-helical structure

and binds much more tightlyKg = 107° M) on forming a highly specific 1:1 complex with its cognate

boxB RNA hairpin. These observations and others are used to help define a bipartite model of N-dependent
antitermination in which these specific and nonspecific interactions control the binding of N to the nascent
transcript. Finally the role of RNA looping in delivering the bound N to the transcription complex and
determining the stability (and thus the terminator specificity) of the resulting antitermination interaction
of N with the RNA polymerase is considered in quantitative terms.

The N protein of bacteriophageactivates transcription

boxA element ofutis conserved within most members of

of the delayed early genes (Friedman, 1988). N functions the lambdoid family, the boxB sequence differs for each

by binding to elongation complexes and causing RNA

phage (Franklin, 1985a; Friedman, 1988), and the N protein

polymerase (RNAP) to ignore intrinsic and rho-dependent of each functions specifically only with its cognate boxB
terminators that would otherwise prevent synthesis of thesehairpin (Franklin et al., 1985b; Lazinski et al., 1989). While
delayed early transcripts (Das, 1992, 1993; Roberts, 1993;overexpression of N can alleviate this genomic specificity
Greenblatt et al., 1993) This process, called N-mediated (Frank"n & Doe”ing, 1989; Lazinski et al., 1989), antiter-

antitermination, works specifically on terminators that inter-
rupt the early operons of phage Thenutsequence, located

mination by N depends on the interaction of a specific
lambdoid N protein with the homologous boxB element. This

just downstream of each early promoter, confers this reqyirement allows for strict and precise regulation of the
specificity [e.g., see Rosenberg et al. (1978)]; the functional |5ation and timing of N-mediated antitermination.

expression of this site is the transcribmuat sequence in the
nascent RNA (Whalen & Das, 1990; Nodwell & Greenblatt,
1991; Das, 1992).

The boxA and boxB elements of thrut site are central
in regulating the switch between lysogeny and lytic develop-
ment in the life cycle of the lambdoid family of phages by
controlling the expression of early transcription terminators.
Furthermore, the affinity of N for the RNA hairpin encoded

The specificity of N for boxB is extraordinary; even single
base substitutions in the loop of boxB can greatly diminish
the affinity of N for boxB hairpins (Chattopadhyay et al.,
1995a; Tan & Frankel, 1995; Mogridge et al., 1995). These
mutant boxB hairpins also will not support N-dependent
antitermination in vivo or in vitro (Whalen et al., 1988;
Doelling & Franklin, 1989; Chattopadhyay et al., 1995).

by the boxB element of this site remains a necessary The generally accepted model for N action postulates that

determinant of specific antitermination in vivo (Chatto-
padhyay et al., 1995a; Mogridge et al., 1995). Although the
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the boxB RNA sequence on the nascent transcript binds N
and brings it to the elongation complex by RNA looping,
which effectively increases the local concentration of N near
the RNA polymerase (RNAP) and thus enhances the prob-
ability of a productive interaction with the functional
transcription complex (Whalen & Das, 1990; Nodwell &
Greenblatt, 1991). Consistent with this model, Rees et al.
(1996) have shown that N alone can bring about nonspecific
antitermination in vitro, in the absence of both boxB (using
a transcript from which theut site has been deleted) and
the accessory protein NusA, when N is supplied at elevated
concentrations and antitermination is assayed at somewhat
reduced salt concentrations. The addition of competitor RNA
or higher concentrations of salt greatly inhibits the ability
of N alone to induce antitermination. Thus, under these
conditions, N-dependent antitermination appears to involve
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the direct binding of N to the elongating transcription dynamic studies of the interactions of N protein with specific
complex, with this interaction being stabilized, at least in and nonspecific RNA sequences. These results are then used
part, through nonspecific binding of N to the nascent RNA to describe how N binding to specific and nonspecific RNA
(Rees et al., 1996). targets on the nascent transcript, coupled with RNA looping,
In addition to its binding interaction with N protein, itis can increase the local concentration of N at downstream
clear that boxB itself plays a role in specific antitermination terminators and thus control the efficiency of termination
that transcends the mere provision of a high-affinity binding by stabilizing the transcription complex. Finally, we discuss
platform for N. Thus, certain mutations in the boxB hairpin how the properties of the two different RNA binding modes
that show no qualitative effect on N binding still do not of N might serve to regulate the assembly of the antitermi-
permit antitermination, either in vivo or in vitro (Chatto- nation complex and the activation of transcription.
padhyay et al., 1995a; Mogridge et al., 1995). These residues
may be critical for the association of the-WoxB complex MATERIALS AND METHODS
with NusA, or perhaps allow more efficient interaction of S . .
this complex with the RNA polymerase. The results of Rees Purification of N Protein. A revised procedure was used

et al. (1996) demonstrate that antitermination by N at elevated'© obt_aln the quantities of pure N protein needed for physical
concentrations in the absence afia site is not assisted by chemical study. The vector pET-N1 was used to overexpress

the NUSA protein. In fact, it is only when theit sequence N protein inEscherichia colBL21 (DE3) cells, as described
is present that NusA acts as an antitermination factor, and (R€es €tal., 1996a). Induced cells were resuspended in lysis
at moderate salt concentrations (Rees et al., 1996)uhe  Puffer [ZOOmMI TI’IS—II-|C| (pH 7.6), 50 mM NaCl, ?10 mll\/l
site itself does not effectively stimulate N-dependent anti- EDTA, 10% glycerol, 10 mM3-ME (ﬁ-_mercaptoet anol),
termination unless NusA is present. These results argue tha -5 mM_phenyImethanesquonyI fluoride, and 0.1 mg/ml
the even though N is ultimately capable of functioning enzle}mltflne] and passe_? th(rjofugh a French presds. The
nonspecifically, its interactions both with boxB of the nascent "€Sulting lysate was centrifuged for 30 min at 20g@id 4
RNA and with NusA are critical to its role in specific C. N was purified from inclusion bodies by resuspending
antitermination in Vivo. the lysate pellet in 20 mM Tris-HCI (pH 7.6), 0.1 mM

N is a member of a class of RNA binding proteins that EDTA, 1 (T'\él ﬂ'IVIE ard 8 M gu_afmldlglz;g]n chioride. Tge
carry the ARM (arginine-rich motif) binding motif [Lazinski resijspen ed solution was centrifuge at(.S.OOOQJ and
et al., 1989; reviewed by Burd and Dreyfuss (1994)]. Other 15 C,. and th(_e supernatant containing solubilized N protein
members of this family include the Tat and Rev proteins of was dialyzed into 20 mM Trls-HCI (pH.7.6), 01 mM EDTA,
HIV, the Tat protein of BIV, the Nun protein of phage and 1 mMﬁ-ME. Precipitated ma’genal (contalnlng some
HK022, and the homologous N proteins $21 and P22. N protein) was removed by centrifugation f(_)r_30 min at
The primary determinant of this motif is simply the presence 2000(_9 and 4 _C' The supernatant, now co_ntamlng pure N,
of a significant number of clustered arginine residues (see Vas dialyzed into storage buffer [20 mM Tris-HCI (pH 7.6),

Figure 1A). The most extensive structural work on the ARM 50 mM NaCl, 0.1 mM EDTA, 1 mMj-ME, and 50%

- : lycerol]. The purity of N was determined by SBS
family of proteins has been reported for the Rev and Tat 9 : .
proteins (Tan & Frankel, 1992, 1994; Long & Crothers, polyacrylamide electrophoresis (SBBAGE) and reversed-

1995; Puglisi et al., 1995). The Rev protein binds to an ph_ase_HP!_C chrqmat(_)gra_phy, and N activity was measured
internal loop structure formed by the RRE element, and Tat using in vitro antitermination assays as described (Rees et
binds to a bulge structure formed by the TAR RNA element. ,al" 1996)' Protein purified b_y_the rewsed procedure behaved
However, the structures of the ARM RNA binding domains |dent|cqlly to that .Of N purified according to Rees et al.
of these proteins appear to differ significantly, since the Blv (1996) in all experimental methods used for this work.
Tat binding domain interacts with the TAR sequence as a ©Oligonucleotide SynthesisThe RNA oligonucleotides
B-turn (Puglisi et al., 1995) while the Rev binding domain used in this study were synthesized either by Oligos Inc.
assumes am-helical conformation upon binding to RRE ~ (Wilsonville, OR) or in the University of Oregon Biotech-
(Tan & Frankel, 1994). In both interactions, a conforma- Nology Laboratory (Eugene, OR). The DNA oligonucleotide
tional change in the RNA element is coupled to the binding Was synthesized by DNA Express (Ft. Collins, CO). Oli-
of the protein. Furthermore, proline substitutions that disrupt gonucleotides were further purified by PAGE, as necessary.
the a-helical conformation in peptides encompassing the Prior to use, all RNAs were treated by diluting into N/B
ARM domain of the lambdoid N proteins prevent specific buffer and incubating at 9TC for 10 min, followed by slow-
binding to the cognate hairpins (Tan & Frankel, 1995). cooling to room temperature. This procedure prevented the
N-dependent antitermination consists of two genera| formation of RNA dimers. The sequences of the boxB RNA
mechanistic processes. One is the localization of the N (and DNA) oligonucleotides used in this study, as well as
protein to the transcription complex by interactions with the the site-specific substitution nomenclature used, are shown
nascent RNA, and the other is the subsequent interactiondn Figure 1B.
of N with the transcription complex that lead to productive  Fluorescence Binding MeasurementSteady-state intrin-
antitermination. Both of these activities are partially regu- sic fluorescence measurements were performed on an SLM
lated by the RNA form of thenut site. Although N is 8000 spectrofluorometer (Urbana, IL). N contains two
ultimately capable of triggering antitermination by interacting tryptophan residues, and the overall fluorescence of N is
either specifically or nonspecifically with the nascent RNA appreciably quenched by binding to the RNA and DNA
transcript, it appears that the antitermination system of the variants used in this study. N protein was excited at 300
lambdoid phages has evolved so that only specific interac- nm to minimize internal filter effects due to the RNA, and
tions lead to effective antitermination under physiological the fluorescence emission was monitored at 355 nm. Ti-
conditions. In this paper, we report structural and thermo- trations were performed in N/B binding buffer [20 mM KPO
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(pH 7.6), 100 mM KCI, 0.1 mM EDTA, and 1 mM-ME]
at 20°C. Percent quenching was calculated as

% quenching= [(Q, — Q.Y [RNA/QJ100 (1)

whereQ, represents the quantum yield of N alone &§J -
[RNA] is the quantum yield of N at the various concentra-
tions of RNA used. For titrations of N with wild-type boxB
and boxB A5U, maximum quenching was measured at both
100 nM and 1uM N concentrations when enough boxB

RNA had been added to saturate the change in fluorescence,

indicating that N was fully bound to the RNA at both of
these N concentrations. For the nonspecific boxB RNA
variants, the maximum quenching value could not be

measured directly. As a consequence, binding curves were

fit using the equation:
Fo=

Ky + [Ngl + [RNAG £ 4/(Kq — [N — [RNAJ])® — 4[NGJ[RNA ]
2[Ny]

)

whereF, represents the fraction of N bound ardy] and
[RNA,] represent the total N protein and RNA concentra-
tions, respectively. Titration plots were converted to fraction
of N bound vs concentration of log [RN#JL for presentation.
Appropriate corrections for inner filter and dilution effects
were made before calculating percent quenching.

NMR Spectroscopy of the N ProteiBL21 (DE3) cells
containing the pET-N1 vector were grown in minimal media
supplemented with®N-labeled NHCI. Protein expression
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Ficure 1: Sequences of the ARM moitif proteins and the structure
of the boxB hairpin. (A) A sequence comparison of the RNA
binding domains of the ARM motif RNA binding proteins [modified
from Burd and Dreyfuss (1994)]. (B) Structure of the wild-type
boxB RNA hairpin, showing also the various positions that were
modified to make the mutant constructs used in this study.

stoichiometry of one boxB hairpin per N monomer. One-
to-one quenching stoichiometries with boxB RNA have also
been observed at 250 nM ang:M total N concentrations
(data not shown). This stoichiometry is further supported
by equilibrium ultracentrifugation molecular weight mea-
surements carried out with N and a 15 residue boxB RNA
hairpin oligomer, which also demonstrated that these com-
ponents sediment as a 1:1 complex (data not shown).
Finally, titrations at much lower total concentrations of N
(~5 nM) were used to determine a dissociation constégt (

was induced, and the resulting labeled protein was purified ¢ (1.3 £ 0.4) x 10°° M for the N—boxB RNA complex
as described (Rees et al., 1996) or by the revised procedurgrigyre 2B and Table 1). This value is about 10-fold lower
above. HSMQC NMR spectra were recorded at 500 MHZ 4, that estimated by gel-shift assays (Chattopadhyay et al.,

on a General Electric GN-500 spectrometer at20 The
samples were prepared at 40 N protein in 20 mM KPQ
(pH 5.8), 100 mM KCI, and 5% ED. Spectra were analyzed
using the FELIX software from Hare Research.

Circular Dichroism Spectroscopy CD spectra were

1995a).

To compare this affinity with that of N for a totally
nonspecific RNA oligomer, we measured the binding con-
stant of N to a 15 residue RNA oligomer consisting of a
scrambled boxB sequence. This oligomer was designed to

recorded on a Jasco 600 spectropolarimeter. All spectra wereygiq the formation of stable secondary structure and thus,

collected with 1.0uM N protein in N/B buffer at 20°C.
The CD spectrum of N protein bound to boxB RNA was
determined by subtracting the spectrum of free boxB RNA
at the appropriate concentration from that of the hoxB
complex. This subtraction reveals the difference spectrum
of N protein bound to the RNA, together with any changes
in the RNA spectrum that result from the interaction.

RESULTS

Binding Affinity of N for Wild-Type and Site-Specifically-
Modified BoxB RNAs The N protein contains two trp
residues, one of which is adjacent to the ARM region (see
Figure 1A). Consistent with the interaction between ARM
and RNA, the intrinsic tryptophan fluorescence of the N
protein is partially quenched on binding to RNA. We have
used this quenching to measure the affinity of N for various
RNA oligomers related to the boxB RNA hairpin (see Figure
1B). A typical titration curve for the binding of wild-type
boxB oligomer by N (100 nM), plotted as fraction N bound
versus the total concentration of boxB RNA, is shown in
Figure 2A. Extrapolation of the data points at the high boxB
RNA concentration plateau of this titration shows that the
boxB RNA oligomer and N form a complex with a

while containing the same nucleotide residues, does not
resemble boxB in either sequence or structure. Figure 2B
also shows the titration curve for the binding of N to this
nonspecific RNA oligomer. The dissociation constafd)(

for this interaction is (1.5+ 0.2) x 10°® M (Table 1). As

can also be seen in Figure 2B, the affinity of N protein for
this nonspecific RNA oligomer is approximately 1000-fold
lower than that of N for the wild-type boxB sequence. The
intrinsic fluorescence quenching assay was also used to titrate
N with a wild-type boxB hairpin that had been constructed
with DNA instead of RNA residues (Figure 2B). Tl

for this binding was (1.5- 0.2) x 10°® M (Table 1), which

is essentially the affinity measured for the binding of N to
the totally nonspecific (scrambled) single-stranded RNA
oligomer.

Several groups have reported that making changes in the
first position at the 5end of the hairpin loop (G1) causes
dramatic reductions in binding affinity as measured by band
shift assays (Chattopadhyay et al., 1995a; Mogridge et al.,
1995). However, there is a discrepancy in results obtained
with some variants mutated at theehd of the loop, where
Chattopadhyay et al. (1995a) found that mutations to the
adenosine residue at position 5 (A5) did not significantly
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A

F 12— Table 1: Calculated Dissociation Constants for Mutant BoxB
r / 1 Oligomers
P S o e e _ ] phenotype
[ . ] RNA Ka (M) in vivo in vitro
5 08F ./’ ] boxB (1.3 0.4)x 10°° + +
§ [ ) ] boxB A5U (9.0+ 2.0) x 10°° -
2 06l / . boxB G1A (2.0+£0.3)x 108 - -
g r Y ] boxB G1l (0.8+0.3)x 10°¢ n/a n/a
& 04l / ] ssRNA (1.5+0.2) x 10°® - -
= =T // j boxB DNA (1.5+0.2)x 10°® n/a n/a
N Vod 1 aThe dissociation constankK{) values were measured by fluoro-
02r, ) metry, as described under Materials and Methods. The antitermination
ke ] activity of each boxB mutant was measured by in vitro or in vivo
Qb b b b b o e b Loy transcription assays (Franklin & Doelling, 1989; Chattopadhyay et al.,

0 50 100 150 200 250 300 350 400 1995).

[BoxB]T'Jtal (nM)

the first position (5 of the loop (Figure 1B) abolishes
B T specific binding altogether, with the titration curve for this
[ ] mutant falling into the nonspecific binding group (Figure
2B and Table 1). In keeping with the gel shift results of
Chattopadhyay et al. (1995a), we also found that the
substitution of U for A at the fifth (3 loop position (A5U)
resulted in only a 510-fold decrease in the binding affinity
of this construct for N (Figure 2B and Table 1); we therefore
place this construct into the specific binding group.

The absolute requirement for a guanosine residue at the
5 end of the loop is striking. Guanosine and adenosine differ
only in the substituents carried at the C2 and C6 positions
of the purine ring and in the presence or absence of a
hydrogen at N1. Inosine, which is the metabolic precursor

Fraction Bound

] of both of these purines, is a natural “hybrid”, resembling
-0 -9 -8 -7 -6 -5 -4 guanosine in the presence of a keto group at position C6
Log [RNA], M and a proton at N1, and adenosine in the absence of an amino

Ficure 2: N protein binding to the boxB RNA hairpin and to group at position C2.

nonspecific RNAs. (A) Intrinsic fluorescence titration of 100 nM

N protein with the wild-type boxB RNA of phagk showing that ? N e N HN N
the quenching saturates at a 1:1 complex with boxB RNA. This HN i 65| ¥ HNT Il N N~ I N
curve was used to determine the quenching parameter that corre- H N)\;q“ * N N N N
sponds to binding saturation. (B) Plots of fraction of N protein 2 N N
bound versus IOQ [RNA'LS of (l) Wlld'type boxB RNA (Open Guanosine Inosine Adenosine

circles), (ii) the boxB A5U mutant (open squares), (iii) boxB G1A

(solid diamonds), (iv) boxB G1Ixs), (v) single-stranded RNA If kev interaction ntrollina th ific r nition of
(solid circles), and (vi) boxB DNA (open squares wit). For the ey Interactions controlling the specific recognition o

boxB wild-type and boxB A5U mutants, 5 nM N protein was used bOX_B_ by N protein are located entirely at the C6 and N1
for the titration and the maximum quenching value determined in POSsitions of the G residue at theénd of the loop, then the
(A) above was used to calculate the fraction bound (see Materials substitution of an inosine residue at this position should
and Methods). For the titration of the remaining oligonucleotides, restore some or all of the binding specificity to the interac-
B e e st ok oo st s 100 O the other hand, f an amino group at C2 s
1Ei)t Withgepq 2 (Ma?erials angd Methods). The data were converted to '€C€SSary, an inosine reS|d_qe_ at th's_ position WOUId_ not
fraction N bound versus log [RNAJe for presentation purposes. ~Provide the recognition specificity required to support tight
N—boxB binding.

affect binding, while Mogridge et al. (1995) found that A boxB RNA oligomer containing an inosine residue at
substitution wih a C residue at this position did have a major the 5 end of the loop (G1l) was constructed. We found
effect on binding (perhaps because the C residue forms a(see Figure 2B) that boxB G1lI RNA showed only a 2-fold
Watson-Crick base pair with the crucial G residue atthe 5 increase in its affinity for N over the G1A construct (i.e.,
end of the loop). Tan and Frankel (1995) also used bandboth bind N essentially nonspecifically), rather than the
shift assays to show that peptides containing the amino- dramatic increase in affinity that might be expected if specific
terminal RNA binding domain of N appeared to bind to boxB binding had been restored. Thus, key interactions necessary
hairpins with an affinity greater than 100-fold higher than for specific binding and stable complex formation are
that for boxB hairpins carrying modifed residues at the 5 critically dependent on the presence of an amino group at
or 3 ends of the boxB loop. the C2 position of the purine ring.

We have examined two of these site-specifically-modified  The N—-boxB dissociation constants measured in this study
boxB constructs to further test thermodynamic and structural are summarized in Table 1, and are also correlated there with
features of the formation of the NooxB complex. We in vitro and in vivo determinations of antitermination activity
found that a guanosine to adenosine substitution (G1A) atof the various boxB constructs tested (Franklin & Doelling,
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Ficure 3: Structure of the free N protein. (A) Amide region of
[BoxB]  (uM)

total

the HSMQC of uniformly!*N-labeled free N protein at 400M

and 20°C. Each cross-peak results from a proton directly bonded
to al5N. The x-axis represents the proton chemical shift and the
y-axis the amide chemical shift. (B) CD spectrum of 1 N
protein at 20°C in N/B buffer.

Ficure 4: Structure of the N protein bound to the boxB hairpin.
(A) CD titration of 1.0uM N protein with boxB RNA at 2C°C in
N/B buffer. The dashed spectrum is that of the N protein alone,

and the spectra that follow represent the subsequent additions of
0.35,0.7, 1.0, and 1,8M boxB RNA. The spectra of the N protein
1989; Chattopadhyay et al., 1995a). These results show thatvere calculated by subtracting the spectrum of the RNA alone from
relatively minor modifications of either the sequence or the those of the complex. The resulting difference spectra represent
stucture of te boxB RNA hairin destroy the speifc (12 et N preie anany el hanges e e A
afflnl_ty of N for thls_co_nstruct. Th'_s consequence 1S 2)2/2 nm,%t is assumed that the ellipticity gt 222 nm Ps so)qely
manifested by the binding of N with a much lower representative of N protein. Also, since N protein has no signal at
(nonspecific) affinity to most RNA sequences, as well as to 280 nm, it is assumed the signal at 280 nm is due solely to changes
DNA, even if the latter is constructed with the same icnorzggnfr{z’a\lt@n(so?eb(i)r;ISBG%Nf)sth)l\?vts ct);a?”tiﬁgcgt);uggurzazlzchnarg \ésof
nucleotlde sequence as boxB. Table 1 ShO.WS that bmdmgl.o uM N protein is saturated by the addition of 1.0 bong
in the nonspecific mode also correlates with the loss of gya
N-dependent antitermination activity. We have observed that
N also binds to other single- and double-stranded DNA gecondary or tertiary structure interactions. These observa-
sequences in its nonspecific mode (data not shown). tions are consistent with the existence of N in solution as an
Structure of the Uncomplexed N ProteinA two- essentially unstructured molecule containing some (fluctuat-
dimensional HSMQC NMR analysis was performed on the ing and transient) secondary structure (Psitsyn, 1987; Kim
uncomplexed>N-labeled N protein at 20C (Figure 3A). & Baldwin, 1990).
Peaks corresponding to 100 of the 107 residues of N can be Structures of both N and RNA Change on Specific Complex
resolved, but the amide resonances are sharp and clustereBormation We have shown above that N protein exists in
in the center where they have chemical shifts consistent with solution as an unfolded (essentially random coil) molecule.
those of a random coil structure. This suggests that N existsYet this protein is able to recognize and specifically interact
in solution as an unfolded protein. This conclusion is also with boxB RNA and to discriminate the wild-type boxB
supported by circular dichroism (CD) measurements of the hairpin from closely related variants. This apparent paradox
uncomplexed N protein. Figure 3B shows that free N protein led us to use CD measurements to look for structural changes
at 20 °C manifests only a weak CD signal at 223 nm, that may occur in either the protein or the RNA as a
corresponding to a calculated (from C®helix content of consequence of specific complex formation. Figure 4A
approximately 18%. However, further CD measurements shows that the CD spectrum of N protein does indeed change
showed that this level of apparent secondary structure is notsignificantly in the presence of boxB RNA, with the changes
significantly altered by changing the temperature, and CD suggesting the formation of considerable additiawdielix
melting curves showed that no cooperative melting occurs within the protein on binding to boxB RNA. We estimate
between 20 and 95C (M.R.V.G., unpublished results). from these spectra that N becomes approximately 35%
Furthermore, on the NMR time-scale we find no significant o-helical when bound specifically to boxB RNA. This
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corresponds to the formation of about-1B3 amino acids A
of a-helical structure. Furthermore, in contrast to the free
protein, this secondary structure is sensitive to temperature 5000 ¢
and undergoes a cooperative melting transition characterized :
by a Ty of 53 °C (M.R.V.G., unpublished results). Thus,
the N protein of phagé becomes significantly structured
on binding to its cognate RNA target. CD titration experi-
ments (Figure 4B) show that this formation @fhelix also
saturates at a 1:1 stoichiometry of N to boxB RNA.

The ellipticity of the N-boxB RNA complex in the i
vicinity of 280 nm is also increased, relative to the total 25000 L L)
ellipticities of the separate components, as a consequence B e
of complex formation (Figure 4A, insert). Such changes in ®
ellipticity at 280 nm in other proteinRNA interactions have B
been attributed to base stacking changes within the RNA :
structures [e.g., see Tan and Frankel (1992)]. These CD 5000 £
results argue that the essentially unfolded N protein becomest, s
at least partially structured on binding to the wild-type boxB .
hairpin, and that the RNA hairpin also undergoes a confor- % .00 .
mational rearrangement as a consequence of this specific & i
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binding. It should be noted that boxB maintains a stem § 10000
structure upon N binding since the&m of the stem in the S swol
N—boxB complex is accessible to cleavage by double-strand- i
specific ribonucleases (Chattopadhyay et al., 1995a). -20000 ¢

Binding of Nonspecific RNA Does Not InduzeHelical P S S R R
Structure in N Protein In principle, the change in secondary 200 20 40 260 280 300 320
structure that occurs when N binds to boxB RNA could be Wavelength (nm)

a requirement for (or the result of) specific binding. Ficure 5: Structure of N protein bound to nonspecific RNA and
However, it could also be a trivial consequence of the binding to boxB mutant constructs. (A) CD spectra of (i) 1l N protein

; : alone (solid curve) and with (i) 3.@M single-stranded RNA
of N to any RNA or DNA oligonucleotide. To test the latter (dotted) o (i) 3.0uM boxB G1 (heavy dashed). The CD spectrum

hypothesis, we measured the CD spectrum of N protein of N protein with 3.0«M boxB G1A is indistinguishable from boxB
bound to the nonspecific (scrambled) single-stranded RNA G11 and therefore is not shown. At these concentrations of protein,
oligomer used in the binding studies (above). Based on the~70% of N should be complexed with the RNAs used. (B) CD
measured nonspecifs of ~1 x 106 M for this oligomer spectra of 1.eM N protein alone (dashed curve) and with L)
(Figure 2C and Table 1), the RNA oligomer concentration POXB A5U RNA (solid curve).
that was used in this experiment should have formed aloop they are less critical in inducing the specific structure
complex with~70% of the total N protein present. Figure of the complex. We note that the divalent cation #gs
5A shows no observable change in ellipticity for either the known to have significant effects on RNA structure; we have
N protein or the RNA component on nonspecific complex not found any qualitative or significant quantitative differ-
formation. We conclude that the N protein binds nonspecific ences in specificity or structural changes as a result of the
RNA in essentially its unstructured solution form. presence of Mg

Site-specific alterations in the loop sequence of the boxB  Binding of N to the Nascent Transcript in cis Can Control
hairpin have been shown to have variable effects on N the Local Concentration of N at Terminators as a Conse-
binding and function (Chattopadhyay et al., 1995a). Our quence of RNA LoopingWe have shown that the boxB
work to this point has shown that the binding of N with high  RNA constructs we have tested can be placed into two
affinity is correlated with the folding of at least a portion of binding groups or modes. One group consists of those
the protein into a significantlg-helical structure. We next  constructs that bind tightlyy = 107° M) to N and induce
used the CD assay to determine whether binding of N to the specific (folded) binding conformation of both the protein
boxB hairpins carrying the specific changes in the loop and the RNA. The other group contains nonspecific RNA
sequence that were studied above can induaekelix (and DNA) constructs that bind N much more weaki§ (
formation. Figure 5A shows that N does not undergo a = 10°® M) and do not induce a structural change in either
structural change on binding to either the G1A or the G1I binding partner. Here we use a calculation approach to ask
boxB RNA variant. However, when N interacts with the to what extent N, bound to the nascent transcript either
A5U variant (to which it binds only~10-fold more weakly specifically (at the boxB RNA hairpin) or nonspecifically
than it does to wild-type boxB), the protein does undergo a (at other sites on the RNA), can use RNA looping to increase
structural change similar to that seen in complex formation the local concentration of this protein at transcription
with wild-type boxB (Figure 5B). These results demonstrate complexes located at terminator sites along the transcript.
that N protein undergoes a major structural change on bindingThe connection between this RNA looping-dependent in-
specifically to boxB RNA, and that the formation of this crease in the local N concentration at the terminator and the
ordered structure depends on key functional groups on thelevel of N-dependent antitermination observed will be
essential guanosine residue at tHeeBd of the loop. In considered in the Discussion.
contrast, the above experiments with the A5U construct Specific Binding to the BoxB RNA Hairpin on the Nascent
suggest that if N makes any contacts at theei®d of the RNA Recently Rippe et al. (1995) have used calculations
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0.01 e x transcripts carrying one N molecule bound nonspecifically
o001 t_ ] and at random, the local concentration of N due to looping
2 i . can become larger at the terminator than the concentration
& 00001 ¢ T~ 3 of N bound at a boxB hairpin looping to the terminator over
.§ 10° L T the same total transcript length. Thus, if N-dependent
£ P ] antitermination depends primarily on the local concentration
g W0r 3 of N at transcription complexes located at downstream
g 107 L 3 terminators, nomut-dependent antitermination should over-
8 ol 1 shadow that due to N specifically bound at boxB at these

e ! transcript lengths and at significant nonspecific N binding
10° : ' ' densities.
1 10 100 1000 10*

nt This finding can be tested by comparison with the
FIGURE 6: RNA looping regulates the concentration of boxB-bound €xperimental transcription measurements of Rees et al.
N at the transcription complex. Theoretical plots. The solid line (1996). Extrapolations of our nonspecific binding curves
represents the effective local concentration [jM] of boxB-bound N suggest that at low to moderate binding densities the N
at the transcription complex as a function of RNA length from boxB rotein binds as a monomer to a nonspecific RNA seqguence
to the 3 end of the nascent transcript. The dashed line representsp X . . . P d
the effective local concentration, at the terminator, of N bound thatis 15 nucleotide residues in length. Let us assume that
nonspecifically and at random to the nascent RNA at a binding this oligomer length represents approximately one binding
density of one N per transcript (see text). Tkaxis for the site size for N along a nonspecific RNA sequence. In the
nonspecific binding plot corresponds to the overall transcript length. Rees et al. (1996) experiments, the length (from promoter

- . to terminator) of theAnuttranscript used was approximately

of the flexibility and looping of double-stranded DNA to 159 pycleotide residues. At low N binding densities, this
calculate the local concentrations, at the promoterisf length of RNA will carry about 145 [159- 15 + 1; see
actm_g. eukaryotic transcnp'qon activation factor; bound t0 peGhee and von Hippel (1974)] overlapping potential sites
specific DNA upstream activator or enhancer sites. Thesey, the nonspecific binding of N. The concentration of
approaches can also be employed to calculate the locakyanscription complexes (and thus of nascent RNA chains)
concentration of boxB-bound N protein at any specific i, these experiments was25 nM; thus, the maximum
template site (e.g., a downstream terminator) as a consetoncentration of potential nonspecific N binding sites was
quence of theis looping of anutcontaining RNA transcript. - apout 4 M. The dissociation constant for nonspecific
Using the equations and calculation methodology describedpinging of N to RNA measured here wasl uM in the
elsewhere (Rippe et al., 1995), an average internucleotidebinding buffer used¢120 mM K*). Under physiological
distance of 6.5 A for single-stranded RNA, and a persistence ggjt concentrations~150 mM Kf, ~5 mM Mg?"), the
length of 40 A [measured by Inners and Felsenfeld (1970) nonspecific binding affinity might be 510-fold less
for poly(rU)], we have calculated the local (molar) concen- (M.R.V.G., unpublished results). Thus, at the very low
tration of the boxB RNA hairpin (and thus of N, assuming concentrations of N and physiological salt concentrations
that the boxB site is fully complexed) at the terminator as a ysed in the specifimtsite containing) in vitro transcription
consequence afis looping. This concentration is plotted  experiments of Rees et al. (1996), one would expect little or
as a function of the RNA contour length (in nucleotide no nonspecific binding of N to the nascent transcript.
residues) between box8 (tmi site) and the 3end of the On the other hand, at moderate salt concentrations and

Eascené tr?_?fcrlpt, andh IS retphr etstehntec]icf byt_the solid ctur\;_e "Mthe concentration of N~250 nM) used by these workers in
igure . IS curve shows that the etfective concentration 4, ., N-dependent antitermation experiments with\aut

of N at the transcription complex as a consequence of RNA o hjate (in which the nascent transcript did not contain a

looping IS 1N the 16-1004M range when thautsite on the boxB hairpin), a nonspecific binding occupancy of at least
template is located about 100 bp upstream of the terminator. o N per nascent transcript might be expected, and under

It is important to point out explicitly that the curves of the assumptions we have made the antitermination effect
Figure 6 have been calculated using poly(rU) as a model should indeed be dominated by nonspecific binding of N to
for the RNA chain; i.e., the single-stranded RNA chain the nascent transcript. Thus, under these conditions, and
between thenut site and the terminator is assumed to be assuming an equilibrium binding model for N-dependent
completely unstructured and unstacked. The occurrence ofantitermination (see Discussion), we would expect nonspe-
secondary structure in this region of the chain could both cific N-dependent antitermination to overshadowtsite-
shorten and stiffen the RNA, and thus change the RNA length specific antitermination, as suggested theoretically in Figure
dependence of the calculated concentration of N at the6 and demonstrated experimentally by Rees et al. (1996).
terminator [see Rippe et al. (1995) for insight into how such

han might modify th li rve of Figurel6].
changes might modify the solid curve o gure’6] 1We note that the effective concentration of boxB-bound N at a

Nonspecific Binding of N to a Nascent Transcripthe transcription complex located at the terminator will increase significantly
dashed curve of Figure 6 suggests on theoretical grounds2s the contour length of the RNA loop between the terminator and the

PR, - - . boxB hairpin decreases from 100 nt toward 25 nt or less (Figure 6).
that the binding of N to the nascent RNA in the nonspecific This effect may not manifest itself as a further increase in antitermi-

mode could also increase the local concentration of N at the nation since the concentration of N at the terminator is already likely
terminator. This curve was calculated assuming an averageto be saturating at RNA contour lengths in the vicinity of 100 nt. Also,

indi ; ; any such further increase might be counteracted by steric effects at
(random) binding density of one N protein per nascent RNA, these short RNA looping distances. However, such an effect might be

with thex'aXis_CorreSpondingv in this case, to the total length seen and investigated experimentally with mutant forms of N protein
of the transcript. The dashed curve shows that for longer that are partially defective in antitermination.
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DISCUSSION A

In this paper, we have shown that the N protein of phage
A: (i) binds specifically to a wild-type boxB RNA hairpin
construct as a 1:1 complex with a dissociation constagt (
of ~1 nM; (ii) has the solution structure of a fluctuating
random coil; (iii) assumes a partially folded structure (at least
16—18 amino acids of ordered-helix) within the specific
complex while perturbing the conformation of the bound B
RNA from its free solution structure as well; (iv) binds
nonspecifically and promiscuously to other RNA (or DNA)
sequences that range from unstructured RNA oligomers to
boxB hairpins differing from the wild-type by only one
amino group at the'send of the hairpin loop; (v) remains
fully unfolded in the nonspecific binding mode in which it
also binds much more weakli({ = 1—2 uM); and (vi) binds
in its specific binding conformation to a boxB RNA hairpin
that has been modified at theehd of the hairpin loop with
only a slightly increased value &;.

These results, combined with earlier findings (Chatto-
padhyay et al.,, 1995a; Rees et al., 1996), show that N
complexed with RNA can exist either in a specific binding
mode, in which it binds with high affinity and specificity to
the boxB hairpin and operates as a processive antitermination
factor, or in a nonspecific binding mode, in which it binds Ficure 7: Three models of N-dependent antitermination. (A)
promiscuously (but with 1000-fold lower affinity) to non-  Nonprocessive and nonspecific antitermination induced by phage

cognate RNA sites. In the nonspecific mode, N protein is 4 N protein a:jone ir!f,theN gbse”%e Otfm”:,tSite-, (Bt)' Mi”imta”y "
. : : S . . processive and specific N-dependent antitermination system, wi
also !neffectlve as an antitermination factor unless it is N binding tightly to the boxB RNA hairpin coded by tirait site
supplied at elevated protein concentrations and under somezng interacting with the polymerase and NusA by RNA looping to
what reduced salt concentration conditions. The character-form an antitermination complex that is stable over several hundred
ization of these two binding modes of N to RNA allows us nucleotide residues of RNA chain elongation. (C) Fully processive

to approach the mechanism of N-mediated antitermination @nd specific N-dependent antitermination system, with N binding
Withpr? ew understanding tightly to the boxB RNA hairpin and NusA and the other Nus factors

- . o binding to the boxA sequence of theut RNA to make an
Processiity of N-Dependent Antitermination Controls Its  antitermination complex that is stable over thousands of nucleotide

Antitermination Specificity The biological importance of  residues of RNA chain elongation.
N-dependent antitermination in the development of phage
depends not only on the fact that it occurs, but also on the elongation complex (Rees, Weitzel, Das, and von Hippel,
fact that it can be focused on specific terminators. Clearly manuscript in preparation). However, in this type of
this antitermination specificity is accomplished by the antitermination, N binds very weakly to the transcription
involvement of thenut site, which (through its manifestion ~complex Kq = 2 x 1077 M) and (assuming a standard
as the boxB hairpin in the nascent transcript) provides the association rate constant of about*3Q®® M~* s7%) dis-
regulatory signal that controls the processivity of N-depend- sociates with a half-time of $6100 ms. Since the elongation
ent antitermination and thus limits its effect to terminators rate of the transcript is also estimated to be of this order of
located within a fixed distance downstream rit The magnitude, especially in the presence of-NLO—30 ms/nt
specific and nonspecific binding interactions of N with the added), this nonspecific mode of N-dependent antitermination
nascent transcript that are described here and in Rees et ais likely to be effectively nonprocessive (and thus also non-
(1996) permit us to provide some quantitation and mecha- terminator-specific) and to depend on the continuous pres-
nistic underpinnings to the development of this processivity €nce of high concentrations of N protein in the solution.
and thus specificity. Figure 7B shows the minimal processive (and thus
Figure 7A shows schematically how nonspecific N- terminator-specific) N-dependent antitermination system.
dependent antitermination can be achieved by N alone (inHere, under physiological salt concentrations at which
the absence of thaut specificity signal) under conditions  nonspecific binding of N to the nascent transcript is
of lowered salt concentration at which the nonspecific insignificant, N binds tightly to the boxB RNA on the nascent
binding density of N to the nascent transcript becomes transcript, and RNA looping (see Figure 6) will raise its local
significant. As suggested by the experiments of Rees et al.concentration at terminators located (D0 bp downstream
(1996), and justified mechanistically in Figure 6, RNA of thenutsite to~10"°M. As a consequence, this minimal
looping of the nascent transcript can raise the local concen-antitermination subassembly (including NusA) will bind to
tration of N at the transcription complex sufficiently to induce the transcription complex with a stability that is 200000-
the antitermination phenotype. This somewhat nonphysi- fold greater than that characteristic of the nonspecific system
ological system has permitted us to isolate the functional of Figure 7A, leading to a calculated half-time for the
effects of N and to show that it works as an antitermination dissociation of N from this complex of 10 s or more. As
factor both by increasing the rate of transcript elongation shown in Figure 7B, N-dependent transcription is then
by the polymerase and by increasing the stability of the expected to become processive (and thus terminator-specific)
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over some hundreds of base pairs downstream ointlte Examination of the specificity of the NooxB interactions
site? of the related lambdoid phages allows us to separate these
Finally, as shown schematically in Figure 7C, the addition two layers, since the stabilization of the—gdolymerase
of the other components of the full N-dependent antitermi- interaction by the Nus factors, as well as the activation of
nation system (the other Nus factors together with the boxA RNAP, appears to be the same for the different lambdoid
sequence of the transcript) adds an additional measure ofohages. This argument is supported by the results of domain
stability to the antitermination complex, making antitermi- swapping experiments (Lazinski et al., 1989), which have
nation processive and specific to terminators up to thousandsshown that the activation domains of the different lambdoid
of base pairs downstream of thatsite (Mason et al., 1991, phages are capable of bringing about antitermination only
1992; DeVito & Das, 1994). within the phages from which the specific RNA binding
Specific and Nonspecific Interactions with the Nascent domain was derived. Thus, in lambdoid phage-specific
RNA Transcript Since the direct affinity of the N protein ~ antitermination, it is beneficial for N to show significantly
for RNA polymerase appears to be weéathe increase in  reduced affinity for nonrelated boxB hairpins, since this
the local concentration of N at the transcription complex as permits nonspecific binding to “out-compete” tiet site
a consequence dfis binding to the nascent transcript is and thus avoid the inappropriate localization of additional
essential to efficient N-dependent antitermination. We have Nus factors. On the basis of these results, we propose that
shown that binding to the nascent transcript can increase theN binds to the noncognate boxB hairpins in the nonspecific
local concentration of the N protein at the transcription binding mode, or possibly in a specific binding mode that
complex located at downstream terminators, and that this has been sufficiently destabilized to be out-competed by the
interaction can be further improved by the presence of a high- nonspecific binding sites.
affinity binding site (boxB hairpin) within the RNA tran- Critical Guanosine Residue at thé End of the BoxB
script. In support of these conclusions, we have measuredLoop. We show here that both the binding specificity and
the affinities of N both to nonspecific RNA and to the boxB the structural change induced in N are totally dependent on
RNA hairpin of phagel. We have shown that N binds with  the amino group at the C2 position on the guanosine ring at
high affinity and specificity to its cognate boxB RNA hairpin, the 5 end of the boxB loop. It is possible that this amino
and also that it binds nonspecifically and indiscriminately group makes a direct interaction with the N protein. Another
to other RNA sites, albeit with 1000-fold lower affinity. The possibility is that this amino group is involved in forming
experiments of Rees et al. (1996) have shown that both typesthe proper loop structure. This C2 position amino group is
of interaction of N with the nascent RNA chain can support directly involved in making a G-A base pair in the GNRA
N-mediated antitermination, but to different degrees. As tetraloop RNA hairpins (Heus & Pardi, 1991). Perhaps the
pointed out above, the consequence of the difference betweernosine substitution in boxB prohibits a similar G-A pairing
these two binding modes is that N-mediated antitermination in the boxB loop, suggesting that the boxB RNA hairpin
by specific interaction with the boxB hairpin (presumably may form a similar structure to the GNRA tetraloop.
also stabilized by the Nus factors) dominates in vivo. Interaction of N with RNA Polymeraselo this point we
However, the balance is delicate, as suggested by thehave assumed implicitly that it is only the local concentration
observation that the overexpression of N can induce non-of N delivered to the transcription complex lmys RNA
phage-specific antitermination in vivo (Franklin & Doelling, looping that is important, and have not considered whether
1989), perhaps as a consequence of nonspecific binding ofor not this N is present in its specific (partially folded) or
N to the nascent transcript under these conditions. nonspecific (unfolded) binding form. Thus, although we
Evolution of the Specific Binding SiteThe capacity of N have established that a structural change in N is induced upon
to function nonspecifically shows the importance of the ~ specific binding to the boxB RNA hairpin, we must now
site in specific antitermination. Since many potential ask explicitly whether it is also required or helpful for the
nonspecific RNA binding sites are likely to be present in actual antitermination activity of N, which obviously must
the nascent RNA, including some that differ only slightly depend on the interaction of this factor with the RNA
from the cognate boxB target site, N must exhibit a high polymerase located within the transcription complex.
specificity for its exact cognate site. This is indeed the case, The observation that N is capable of functioning/omut
as shown here and elsewhere (Chattopadhyay et al., 1995)templates that do not code for boxB, to which we now know
It appears, however, that the additional stabilization gained that N binds in its unfolded form, suggests that the structural
by the cognate complex is enhanced even further by thechange in N induced by its cognate boxB is not necessary
interaction of this complex with NusA (and perhaps the other for antitermination. In antitermination experiments per-
Nus factors), which may operate to add yet another layer of formed at moderate salt concentrations, it was shown that
specificity to the antitermination system. comparable elevated concentrations of N were required to
manifest antitermination withutand Anut templates (Rees
2These calculations are in good agreement with experimental dataet al., 1996), thus also argu_mg that t.he actual modification
obtained with the minimal N-dependent antitermination system at the Of RNAP that leads to antitermination may not even be
tR terminator for a variety of templates into which thet site had assisted by the structural change in N observed here. Finally
been engineered at various distances from the terminator (W. Whalenthis conclusion is also in accord with the observation of Rees
and A. Das, unpublished results). These data show that strong . . L
antitermination is obtained with the minimal (N, NusA, amat site) etal. (1996) that boxB added toiNtranseffectively inhibits
system withnut sites located 108300 bp from the terminator, but ~ N-dependent antitermination, rather than strengthening it as
that the N-antitermination effect is severely compromised when the might be expected if the formation of the specific boxB RNA

template distance between thet site and théR terminator is increased binding conformation were required for more effective
to 600 bp.

3The results of Rees et al. (1996) with N complexed with boxg Polymerase binding. All these arguments suggest that the
RNA in trans suggest &y > 10°® M for this interaction. binding of N to boxB, and the structural changes induced
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by this binding, do not contribute to the interaction of N that the other lambdoid N proteins also exist in an unfolded
with RNA polymerase that induces the N-dependent anti- state; for example, it has been reported that the Nun protein
termination phenotype. These results and others (Tan & of HK022, which is a transcriptional termination factor that
Frankel, 1995; Das and co-workers, unpublished observa-binds to the boxB sequence, is also unfolded in solution
tions) suggest that perhaps N can be treated formally as a(Chattopadhyay et al., 1995b). Since this structural property
two-domain protein, with one domain primarily responsible may represent a common motif for these transcription factors,
for the processivity (and thus the terminator-specificity) of we suggest that other RNA binding transcriptional antiter-
the antitermination process, and the other primarily respon- minators may also contain an initially unfolded region that
sible for inducing RNA polymerase into the antitermination interacts with RNA polymerase, both in prokaryotes and in
mode. eukaryotes. Further investigations of these proteins should
We estimate that at least £68 amino acids of the N  focus on the extent of the structural change induced by RNA
protein form a-helix when N binds specifically to boxB  binding and on the protein sequences necessary for RNAP
RNA. Our efforts to investigate this structural change by activation.
NMR have bgen hampered by the |nsplub|l|ty qf thelbdoxB ACKNOWLEDGMENT
complex at high concentrations. It is tempting to assume
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