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The textbook view that a primary 
sequence determines the unique fold 

of a given protein has been challenged 
by identification of proteins with vari-
ant structures, such as prions. Our recent 
studies revealed that the transcription 
factor RfaH simultaneously changes 
its topology and function. RfaH is a 
two-domain protein whose N-terminal 
domain binds to transcribing RNA poly-
merase, stimulating its processivity. The 
α-helical C-terminal domain masks the 
RNA polymerase-binding site of the 
N-terminal domain, preventing unwar-
ranted recruitment to genes lacking a 
specific DNA sequence. Upon binding to 
its DNA target, RfaH domains dissoci-
ate, and the C-terminal domain refolds 
into a β-barrel. This dramatic transfor-
mation allows binding to the ribosomal 
protein S10 and subsequent recruitment 
of a ribosome, coupling transcription 
and translation. We define RfaH as first 
example of “transformer proteins,” in 
which two alternative structural states 
have distinct cellular functions and 
hypothesize that transformer proteins 
may be widespread in nature.

NusG: A Processivity Clamp 
and a Nexus for Gene Regulation

RNA synthesis is the first step in gene 
expression and is elaborately controlled in 
all living cells by an astonishingly large 
number of accessory factors. Proteins that 
modulate RNA polymerase (RNAP) in 
response to cellular signals are not con-
served across the different kingdoms of 
life, reflecting very different regulatory 
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requirements and system complexity. By 
contrast, consistent with their common evo-
lutionary origin, all multi-subunit RNAPs 
share the catalytic core (composed of the 
β and β’ subunits in bacterial RNAP) and 
the basic mechanism of nucleotide addi-
tion.1-3 These enzymes also face a common 
challenge—each RNAP must complete 
synthesis of the entire RNA chain (up to 
a million nucleotides in length) in one try, 
overcoming many obstacles, such as unfa-
vorable nucleic acid signals or DNA-bound 
proteins, along the way.4 RNAP cannot 
rebind a prematurely released transcript, 
underscoring the paramount importance 
of processivity control. Indeed, regulators 
from the NusG family, which act as RNAP 
processivity clamps, constitute the only 
universally conserved family of regulators.5

The family of NusG-like proteins com-
prises NusG in Bacteria, Spt5 in Archaea 
and lower eukaryotes, and DSIF in 
humans,5 as well as gene-specific paralogs 
present in many bacterial species.6 Ubiquity 
of these proteins suggested similarities in 
their functions and structures, a view that 
has been supported by studies of bacte-
rial, archaeal, and yeast NusGs. Structural 
analyses of bacterial NusGs7,8 revealed their 
two-domain architecture (Fig. 1A), and 
subsequent studies assigned specific func-
tions to each domain. The N-terminal 
domain (NTD) exhibits a mixed α/β 
topology with a central antiparallel β-sheet 
surrounded by α-helices. It binds RNAP 
and is sufficient to reduce transcriptional 
pausing in vitro.9,10 The C-terminal domain 
(CTD), an SH3 β-barrel connected to 
the NTD by a long flexible linker, inter-
acts with the termination factor Rho9 to 
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contain an operon polarity suppressor (ops) 
element in the leader region. The crystal 
structure of RfaH revealed that the NTD 
fold was very similar to that observed 
in NusG, whereas the CTD formed an 
α-helical hairpin, in stark contrast to the 
β-barrel NusG CTD (Fig. 1B).10 In RfaH 
the two domains interact tightly whereby 
the CTD masks the RNAP-binding sur-
face of the NTD. Thus, in contrast to 
NusG in which the NTD is fully exposed, 
RfaH was captured in a silent, autoinhib-
ited state. Interaction with the ops DNA 
element presented in the elongation com-
plex would be necessary to trigger RfaH 
domain separation and to allow RfaH 
recruitment to the elongating RNAP. 
Functional analysis supported the exis-
tence and the key role of these interdomain 
contacts.10 Interestingly, homology model-
ing indicated that the primary sequence of 
the RfaH CTD could be easily integrated 
into the NusG β-barrel. Studies on RfaH 
suggested that the surprisingly broad rep-
ertoire of its CTD partners may be in part 
explained by the ability of the CTD to 
adopt two alternative folds. This let to our 
proposal that RfaH CTD refolds when 
released from the NTD.6

Using nuclear magnetic resonance 
(NMR) spectroscopy, we demonstrated 
that the RfaH structure in solution was 
essentially identical to that captured 
in the crystal.24 Furthermore, the two 
domains moved with identical correlation 
times, confirming tight domain interac-
tion. Surprisingly, the isolated, separately 
expressed RfaH CTD (Fig. 1B) did not 
contain any α-helical elements, but con-
sisted of five β-strands organized in an 
antiparallel β-sheet forming a β-barrel 
virtually identical to that of E. coli NusG 
CTD in solution (backbone root mean 
square deviation: 0.76 Å). On the one 
hand, this analysis revealed that the RfaH 
CTD exists in an all-α-helical state when 
stabilized by interactions with the NTD. 
On the other hand, these experiments sug-
gest that the CTD may completely refold 
into an all-β form when the domain inter-
face is disrupted after NTD recruitment 
to ops-paused RNAP.

To confirm that such a dramatic struc-
tural rearrangement is possible within 
full-length RfaH we used two approaches 
to weaken NTD-CTD interactions.24 

is important to note that the CTD plays 
equally important and diverse roles in the 
regulation of gene expression. Escherichia 
coli NusG CTD has two opposite func-
tions: on the one hand, it acts in synergy 
with Rho to terminate transcription of 
horizontally transferred genes;11 on the 
other hand, the CTD interaction with 
S1012 would block Rho access to the 
nascent RNA, inhibiting termination. 
Eukaryotic Spt factors mediate the assem-
bly of protein complexes with diverse reg-
ulatory functions; examples of yeast Spt5 
interaction partners include the capping 
enzyme,19 BRCA1,20 FACT,21 cleavage fac-
tor I22 and PAF1 complex.23

Unprecedented Structural  
Transitions of RfaH CTD

E. coli RfaH, a gene-specific paralog of 
NusG, is only recruited to operons that 

silence the expression of foreign DNA11 
or with ribosomal protein S1012 to couple 
transcription to translation.13 Archaeal and 
eukaryotic NusG homologs have similar 
structures (whereas several repeats of the 
CTD are present in eukaryotes) and the 
domains play analogous roles.5 The NTD 
bridges the gap between the β' clamp heli-
ces (β'CH) and the β gate loop (βGL), 
the two pincers of the crab-claw RNAP, 
to form a clamp around the nucleic acid 
chains.14-17 The closed clamp is thought to 
resist RNAP isomerization into off-path-
way states, favoring uninterrupted RNA 
synthesis. The CTD acts as a protein-inter-
action platform that links the elongating 
RNAP to other macromolecular complexes 
acting co-transcriptionally.5,18

Given its universally important role 
in maintaining high RNAP processivity, 
the NTD has justifiably been the focus of 
attention in the recent years. However, it 

Figure 1. Structures of NusG (A) and RfaH (B). All structures are shown in ribbon representation 
whereas the central β-sheet of the NTD is highlighted in dark colors. The flexible linker is depicted 
as black line. Black arrows indicate interaction partners of the respective domain. In (B) the 
transformation of RfaH from an autoinhibited into an active state is shown as its CTD refolds from 
an all-α into an all-β state. The figure was created using PyMOL.36 PDB IDs: 2K06, NusG NTD; 2JVV, 
NusG CTD; 2OUG, RfaH; 2LCL, RfaH CTD.
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between the hydrophobic surface of the 
NTD and RNAP, but also leads to refold-
ing of RfaH CTD into a β-barrel. Small 
structural rearrangements of proteins are 
not uncommon, especially as all molecules 
are subject to dynamic changes. Larger 
conformational changes have also been 
described, but they often involve transi-
tions between structured and unstruc-
tured regions.25-28 However, the complete 
conformational switch from one state with 
stable secondary structure elements (all-
α-helical fold) to another state with com-
pletely different stable secondary structure 
elements (all-β structure) surpasses the 
extent of all structural transitions that 
have been described so far, singling RfaH 
out as a thus far unique system.

NTD that breaks the salt bridge to Arg138 
in the CTD, without altering the CTD 
itself. Remarkably, this full-length RfaH 
variant existed in two roughly equally 
populated states, one with the CTD in the 
α-helical form and one with the CTD in 
the β-barrel conformation, as shown by 
NMR spectroscopy.

Our results demonstrate that RfaH 
CTD is able to adopt two strikingly dif-
ferent structures with completely differ-
ent internal amino acid contacts. In the 
domain-closed form of RfaH, the large 
hydrophobic interdomain surface may 
foster denser packing of the α-helical 
CTD than would be possible were it in the 
β-fold.10 Domain separation thus does not 
only allow establishment of interactions 

First, we introduced a recognition site 
for TEV protease into the flexible linker 
and ensured that this insertion did not 
alter RfaH’s function or structure. Then 
[1H,15N]-heteronuclear single quantum 
coherence experiments were used to moni-
tor changes in this RfaH variant upon 
incubation with catalytic amounts of 
TEV protease. We detected the appear-
ance of signals of the β-barrel CTD while 
simultaneously signals of the α-helical 
CTD as well as those of the NTD dis-
appeared. The latter can be explained by 
NTD precipitation on domain release as 
this domain is nearly insoluble unless sta-
bilized by the α-helical CTD or RNAP.10

Second, we constructed an RfaH vari-
ant with a Glu48Ser substitution in the 

Figure 2. Lifecycle of RfaH. During transcription of RfaH-controlled operons RNAP pauses at the ops element in the leader region (I and II). RfaH, in its 
autoinhibited form, interacts with the ops DNA via its NTD; the domains then separate, allowing RfaH NTD to bind RNAP (III). Together with β’CH and 
βGL, RfaH NTD forms a clamp around the nucleic acids chains to increase the processivity of RNAP. The freed RfaH CTD completely refolds from its 
α-helical form into a β-barrel (IV). The transformed CTD binds S10, recruiting a ribosome to the mRNA, and translation commences (V). After termina-
tion of translation, the transcription elongation complex dissociates (VI). The CTD of released RfaH folds back into its α-form and RfaH is recycled into 
its autoinhibited state, ready for the next round of recruitment.
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simply deleting the SD element in front 
of a reporter luxCDABE operon makes 
luciferase expression dependent on RfaH 
(> 1,000-fold activation). RfaH CTD is 
required for this dramatic stimulation, 
and a single substitution of Ile146 at the 
interface with S10 reduces lux expression 
in the absence, but not in the presence, of 
the SD sequence. The simplest mechanism 
suggested by these observations is that 
RfaH interactions with S10 increase the 
local 30S concentration, thereby recruit-
ing a ribosome to the nascent mRNA that 
is being made by RfaH-bound RNAP. We 
hypothesize that NusG may play a similar 
role in the majority of SD-less operons.

RfaH is a Transformer Protein

Traditionally it is believed that proteins 
adopt a unique fold determined by their 
amino acid sequences under defined 
environmental conditions to accomplish 
a specific function.31 This rule had to be 
stretched when moonlighting proteins32 
(e.g., NusE/S1012,33) or metamorphic 
proteins28 (e.g., Aquifex aeolicus ribo-
somal protein L2027) were discovered. 
Moonlighting proteins have one three-
dimensional fold but are able to carry 
out two or more different functions. 
Metamorphic proteins can adopt differ-
ent folds in identical environments, but 
typically this involves transitions between 
structured and unstructured regions. 
Proteins that combine features of the 
two classes have also been described; for 
example, the chemokine lymphotactin 
has two alternative functions which are 
regulated by transition of an N-terminal 
loop into a β-strand while the C-terminal 
α-helix becomes unstructured.25 RfaH 
goes beyond the scope of these changes 
and is hence the first member of the class 
of transformer proteins,34 in which a dra-
matic and complete transition between 
two conformations underlies an equally 
dramatic change in function. Never 
before has a protein been described that 
simultaneously changes both its complete 
stable topology of conservative second-
ary structure elements and its function. 
This includes prion proteins26 and the 
β-amyloid A4 peptide,35 which both 
undergo large conformational changes but 
do not coexist in two forms in identical 

gel filtration as well as NMR spectroscopy, 
and chemical shift mapping indicated that 
RfaH CTD and NusG CTD use similar 
sets of interactions to bind S10. Targeted 
ChIP-chip analysis and mass spectroscopy 
identification of E. coli proteins interact-
ing with RfaH showed that S10 is associ-
ated with the RfaH-controlled rfb operon 
and with RfaH, respectively, lending sup-
port to physiological relevance of these 
contacts.

RfaH Substitutes for a Missing 
Translation Initiation Signal

RfaH-controlled operons have numer-
ous rare codons and, most strikingly, lack 
Shine-Dalgarno (SD) elements; strong 
polarity in the rfb operon is consistent 
with its poor translation and is nearly abol-
ished by RfaH. Activation of translation 
mediated by RfaH interactions with S10 
would explain this effect, but the underly-
ing mechanism remains to be elucidated.

Three mechanisms of translation initi-
ation exist in E. coli.30 In the first and best 
understood pathway, interactions between 
an SD element located 7–10 nucleotides 
upstream of the AUG start codon with 
an anti-SD sequence in the 16S rRNA 
recruit the 30S subunit of the ribosome 
(bound to fMet-tRNAfMet and initia-
tion factors IF1, IF2 and IF3) to mRNA. 
Following complex conformational rear-
rangements that align fMet-tRNAfMet 
with the start codon, the 50S subunit 
joins to form the 70S initiation complex, 
while IFs are released. The second path-
way comprises leaderless mRNAs. Here, 
a nearly complete 70S ribosome can ini-
tiate translation at a 5'-terminal AUG 
codon. The third type is related to genes 
that have an internal AUG or, more likely, 
GUG start codon but lack SD elements 
in their unstructured, AU-rich untrans-
lated leader region. Practically noth-
ing is known about initiation of these 
SD-lacking mRNAs. All known RfaH 
targets belong to the latter class: they have 
150+ nucleotide leader regions, with the 
ops element located within 100 nucleo-
tides of the annotated translation start 
(commonly GUG).

The available evidence indicates 
that RfaH can substitute for an SD ele-
ment during initiation. We showed that 

The Refolded CTD Interacts 
with S10

The α-helical RfaH CTD plays a key role 
in the regulatory function of the protein: 
it restricts RfaH action to only those oper-
ons that have an ops element in their leader 
region because domain dissociation, and 
consequently RNAP binding, requires 
ops DNA. This autoinhibitory mecha-
nism is critical to ensure that RfaH is not 
recruited to operons normally controlled 
by NusG, particularly because RfaH 
and NusG play opposite roles in the cell: 
RfaH enhances expression of a small set 
of horizontally-transferred genes whereas 
one of the essential functions of NusG is 
thought to silence foreign DNA.11 The in 
vivo analysis demonstrates that RfaH and 
NusG are indeed restricted to their regula-
tory niches.6

After RfaH recruitment, the NTD 
remains bound to RNAP for the dura-
tion of transcription, whereas the CTD 
becomes free and spontaneously refolds. 
One could ask whether the dramatic CTD 
refolding merely serves to hide an exposed 
hydrophobic surface or plays additional 
roles. Several lines of evidence led us to 
favor the second possibility. First, a large 
discrepancy exists between RfaH effects in 
vitro and in vivo. Second, even though the 
antipausing activity of RfaH is universally 
conserved, our in vivo analysis showed 
that this activity plays only a minor role in 
the overall activation of gene expression.17 
Third, all RfaH-controlled genes are 
horizontally transferred and have many 
properties suggesting that their transla-
tion may be rate-limiting. RfaH effects 
on translation could explain its dramatic 
effects on gene expression in the cell,17 a 
scenario supported by our recent report 
of direct contacts between NusG and S10 
that link the transcription and translation 
machineries.12 A similar activity of RfaH 
would explain its documented ability to 
block the action of Rho,17 and contacts 
with the translation apparatus have been 
suggested by an early report.29

Given that refolded RfaH CTD is 
structurally nearly identical to NusG 
CTD, the possibility of S10 binding by 
RfaH CTD suggested itself. Indeed, we 
observed direct interactions between 
RfaH CTD and S10 (bound to NusB) by 
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Summary and Future Questions

Our studies characterize RfaH as a trans-
former protein that uses two alternative 
folds to carry out two separate functions: 
autoinhibition of RNAP binding and 
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ingly, we were able to construct an RfaH 
variant with a single substitution in the 
NTD which exists as a mixture of the 
α-helical and the β-barrel CTD states 
under physiological conditions. In wild-
type RfaH, this equilibrium is shifted 
basically completely toward the α-state 
by interaction with the NTD, a situation 
which is reversed when the NTD docks 
to RNAP, releasing the CTD which then 
refolds and binds S10. The structural 
switch thus allows the transformation of 
RfaH from a transcription into a transla-
tion factor.

Our observations open a myriad of 
interesting questions, some of which we 
are currently pursuing. First, what is the 
pathway of RfaH domain dissociation and 
how fast does the CTD refold? Second, 
what is the molecular mechanism of the 
α→β transition? Third, what happens 
when RNAP runs to the end of the operon 
and releases nucleic acids and RfaH? Does 
RfaH refold back into the closed, silent 
state or is it degraded to maintain the 
observed regulatory specificity? Fourth, 
is the α↔β transition a unique feature of 
RfaH CTD, or is it widespread among the 
NusG family of regulators? Perhaps not 
all interactions of NusG family proteins 
are mediated by the β-fold, as commonly 
assumed. Finally, we propose that the gen-
uine concept of transformer proteins is not 
a unique feature of at least some NusG-
like proteins, but is a much more general 
principle of nature.
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