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SUMMARY

N-utilization substance A (NusA) is a regulatory factor with pleiotropic functions in gene expression in bac-
teria. Archaea encode two conserved small proteins, NusA1 and NusA2, with domains orthologous to the
two RNA binding K Homology (KH) domains of NusA. Here, we report the crystal structures of NusA2 from
Sulfolobus acidocaldarius and Saccharolobus solfataricus obtained at 3.1 Å and 1.68 Å, respectively.
NusA2 comprises an N-terminal zinc finger followed by two KH-like domains lacking the GXXG signature.
Despite the loss of the GXXG motif, NusA2 binds single-stranded RNA. Mutations in the zinc finger domain
compromise the structural integrity of NusA2 at high temperatures andmolecular dynamics simulations indi-
cate that zinc binding provides an energy barrier preventing the domain from reaching unfolded states. A
structure-guided phylogenetic analysis of the KH-like domains supports the notion that the NusA2 clade is
ancestral to the ribosomal protein eS7 in eukaryotes, implying a potential role of NusA2 in translation.

INTRODUCTION

Archaea are prokaryotic organisms that use a eukaryotic RNA po-

lymerase (RNAP) II-like transcription machinery to transcribe a

bacterial-like genome organized in multicistronic operons with

coupled transcription-translation.1 The promoter elements, tran-

scription initiation, elongation, and termination factors are also ho-

mologous to the RNAP II system, with B-recognition elements

(BRE), TATA-boxes, TATA-binding protein (TBP), transcription

factors TFB, TFE, TFS1 (homologous to TFIIB, TFIIE, and TFIIS),

Spt4/5, Elf1, and aCPSF1 (archaeal cleavage and polyadenylation

specificity factor 1).2 The archaeal homologs of bacterial

N-utilization substance A (NusA) factors are the ‘‘odd one out’’

as they are conserved between archaea and bacteria without

any obvious eukaryotic counterparts. Bacterial NusA is a multido-

main protein composed of an N-terminal domain (NTD) essential

for the binding to the RNAP; three RNA-binding domains, S1,

KH1, and KH2 (hnRNP K-Homology)3,4; and in some species,

such as Escherichia coli, two regulatory acidic rich domains

(AR1andAR2) (Figure 1A).E. coliNusA is essential for cell viability,

it enhances pausing of RNAP, facilitates antitermination jointly

with other Nus factors,5 and enables transcription-translation

coupling6,7 and rRNA processing.8

Archaeal genomes harbor genes annotated as nusA based on

the protein sequence homology to the two KH domains. We refer

to the proteins encoded by these genes hereafter as NusA1.

Archaeal NusA1 comprise only the two KH domains and lack

the NTD and S1 domain of bacterial NusA.9 Archaeal RNAP sub-

unit Rpo7, permanently associated with RNAP, comprises an S1

domain that is placed in a similar position as bacterial NusA S1

relative to the transcription elongation complex andmight poten-

tially be a hidden ortholog or a compelling case of parallel

evolution.10,11

Many archaea, including Sulfolobales, encode a second gene

that is distantly sequence-related to NusA1, lacking the GXXG

motifs and containing anextraNTD (Figure 1A). Both the canonical

archaeal nusA1 and this unusual nusA2 paralog are essential

genes in Sulfolobus islandicus.12 The NusA2 NTD includes four

metal-chelating amino acids (three cysteines and one aspartate)

predicted to form a short zinc finger. Zinc fingers are usually small

domains where the zinc coordination stabilizes a specific fold,

making them highly versatile as protein-protein, protein-nucleic

acid, protein-lipid, and protein-small molecule interaction do-

mains, and thus, they are highly pervasive in biology.13–16 KH do-

mains are nucleic acid-binding domains that are highly abundant

and often present in multiple copies within a same protein. They

are classified in 2-folds, KH type I that is dominant in eukaryotes,

and type II mainly present in prokaryotes; both types share a min-

imal KH module that comprises the conserved GXXG motif.17 KH

domains show a preferential binding for single-stranded DNA or
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Figure 1. NusA2 is evolutionary conserved and constitutively expressed

(A) Domain composition of bacterial NusA, the archaeal NusA1 and NusA2. NTD, N-terminal domain; ZnF, zinc finger, KH, KH domain; KH-L, KH-like domain; AR,

acidic C-terminal repeats.

(B) Schematic of NusAs gene distribution across bacteria, eukaryotes, and representative species from all archaea phyla. For the archaeal species having NusA2,

the genomic context is shown color coded according to the legend.

(legend continued on next page)
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RNA18–20; however, they can also facilitate protein-protein inter-

actions, e.g., in the E. coliRNAP-NusA complex where the KHdo-

mains interact with the RNAPu subunit,21 or in the E. coli coupled

RNAP-ribosome complexes where they interact with the ribo-

somal proteins uS2 and uS5.6 Here, we show that nusA2 gene

is ancestral in archaea with wide phylogenomic distribution in all

major taxonomic groups of archaea and a partially conserved

genomic context. We solved the crystal structures of two NusA2

representatives from Saccharolobus solfataricus (Sso) and Sulfo-

lobus acidocaldarius (Saci), which showed that the KH domains

have alternative topologies to an extent where they are strictly

speaking not KH domains any longer, but still able to bind sin-

gle-stranded RNA in vitro. Biochemical analyses and molecular

dynamics (MD) simulations elucidated how the zinc finger domain

in Sulfolobales contributes to the thermostability of NusA2. Finally,

phylogenomic analysis showed that the ancestral version of

NusA2 evolved into the ribosomal protein eS7 in eukaryotes, firmly

placing archaeal NusA factors at the intersection of transcription

and translation.

RESULTS

NusA2 is evolutionary conserved and constitutively
expressed
We identified nusA2 orthologues in all major archaeal taxonomic

groups. However, whereas nusA1 is conserved in all archaeal

species, nusA2 gene loss occurred independently multiple times

(Figure 1B). The wide phylogenetic distribution of nusA2 is

further supported by a partially conserved genomic context

across all major taxonomic groups with the exception of Ther-

moplasmatota and possibly Hydrothermarchaeota (Figure 1B).

The genes in the nusA2 neighborhood include other genes with

functions related to gene expression and RNAmetabolism, cod-

ing for an aspartatyl-tRNA synthetase (aspS), truD family tRNA

pseudouridine synthase, a tRNA peptidyl hydrolase, and a pa-

ralog of the RNA/DNA-binding protein Alba. We confirmed that

nusA2 is transcribed and translated in S. solfataricus P2. Avail-

able transcription start site mapping, RNAP chromatin-immuno-

precipitation-sequencing (ChIP-seq) and RNA sequencing

(RNA-seq) results showed that nusA2 and aspS are co-tran-

scribed as a bicistronic operon in S. solfataricus (Figure 1C)

with an estimated transcript abundance of �900 transcripts

per million.2 Western blotting comparing recombinant NusA2

and cell lysate revealed that NusA2 is abundant during both

exponential and stationary phase reaching �0.2% of total pro-

tein (Figure 1D). Having ascertained the evolutionary conserva-

tion and the constitutively expression in S. solfataricus, we

commenced a structural and functional analysis of NusA2.

The crystal structure of NusA2
To solve the structure of the NusA2, we successfully expressed

and purified both paralogues from S. solfataricus and

S. acidocaldarius recombinantly in E. coli, and we obtained crys-

tals in a range of different precipitation conditions at 20� C in vapor

diffusion, with Sso NusA2 best crystal diffracting at 1.68 Å of res-

olution, and Saci NusA2 at 3.1 Å (Figures S1A and S1B). Despite

the high resolution obtained for Sso NusA2, we could not deter-

mine the structurebymolecular replacement or ab initioprograms.

To resolve thephaseproblem, thedatasetwascollectedusing sin-

gle-wavelength anomalous diffraction (SAD) to record the anoma-

lous signal of the zinc ion. This was sufficient to determine the cor-

rect structure of the whole protein without any further modeling

approach using SHELX22 and ARP/wARP23 programs (Table 1).

The Sso NusA2 structure was subsequently used to resolve Saci

NusA2 by molecular replacement24 (Table 1; Figure S1C).

NusA2 has the expected modular composition of three do-

mains, an N-terminal zinc finger followed by two a + b plates

that we named KH-like domains as they miss key structural fea-

tures of KH domains sensu stricto (Figure 2A). The NusA2 zinc

finger is located on a loop connecting two short alpha helices

and, in both species, it is coordinated by three cysteines and

one aspartate (D8, C11, C18, and C21) (Figures 2B and S1C).

However, it does not belong to any known zinc finger fold type

as classified by Krishna and co-workers.27 The two NusA2 a +

b plates resemble the KH domains of Aeropyrum pernix (Ape)

NusA19 (Figure S1D), but a deeper analysis of the secondary

structure composition revealed that both domains have lost

the KH signatures. KH domains have a well-defined and

conserved topology, an a + b plate with three beta strands facing

three alpha helices. The basic unit of the KH domain is the baab

module carrying the GXXG motif within the loop connecting the

two central helices, where the position of the additional beta

strand and alpha helix determines the classification of KH do-

mains in type I and type II (Figure S1E).17,28 Ape NusA1 has

two type II KH domains; by contrast, in NusA2 the first KH-like

domain lacks one helix (between the b 3 and the a 4 in Figure 2A)

and the GXXG motif, while the C-terminal KH-like domain is still

intact despite lacking theGXXGmotif (Figures 1A and S1C–S1E).

The Saci NusA2 structure showed little differences compared to

Sso NusA2 except for the first two missing residues that caused

a rearrangement of the first beta strand to ensure the correct

binding of M1 into the hydrophobic pocket formed by L41,

L42, L52, and Y57, stabilized by a salt bridge with E45, as

seen also in Sso NusA2 (Figure S1C). In summary, NusA1 re-

tained the structural signatures of bacterial NusA KH domains

and its RNA-binding function, while NusA2 speciated. This

involved the deterioration of both KH domains and the acquisi-

tion of the N-terminal zinc finger domain.

NusA2 is an RNA-binding protein
One of the key features of bacterial NusA proteins is their capacity

to bind single-stranded (ss)RNA.21,29 To test the nucleic acid bind-

ing properties of NusA2 in vitro, we used recombinant Sso NusA2

and carried out electrophoretic mobility shift analyses (EMSA) us-

ing a 26-nt 32P-labeled ssRNA or ssDNA oligonucleotide probes.

NusA2 formed a single complex with ssRNA in a dose-response

(C) RNAP chromatin immuno-precipitation sequencing (RNAP ChIP-seq) and RNA-sequencing data are shown for the nusA2-aspS bicistronic operon in

S. solfataricus P2 strain. RNAP ChIP-seq data are normalized against the chromatin input (IP/input). RNA-seq signal was scaled to counts per million (CPM),

showing in red the transcripts from the DNA template strand (indicated with the red plus symbol) and the non-template strand (the blue minus symbol).

(D) Western blot against Sso NusA2 showing the NusA2 expression levels in S. solfataricus at three growth points, two in the exponential phase and one (OD of 1)

for stationary phase. The expression level is compared to the recombinantly expressed Sso NusA2 for a quantitative evaluation.
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fashion (Figure 2D). Unfortunately, the precipitation of Sso NusA2/

RNA complexes in the electrophoresis gel well at higher protein

concentrations made unfeasible to measure the affinity. NusA2

did not form any additional shifted bands in the EMSAs with

ssDNA even at 5 mM protein concentrations. In conclusion, the

archaeal NusA2 interacts with single-stranded RNA in vitro

despite its highly divergent KH domains.

To examine the conservation of KHdomain nucleic acid binding

modes, we compared all KH domain structures available in the

Protein DataBank (https://www.rcsb.org) in their free state and

bound to their DNA or RNA targets. The search led to a final set

of 33 structures from 24 different proteins including 26 type I KH

domains, of which 4 bound to DNA and 22 to RNA, and 7 type II

bound to RNA. Analyzing the structure-based sequence align-

ments, a conserved pattern of sequence similarity across all KH

domains emerged, although with low sequence identity (Fig-

ure S2A). Despite the low sequence conservation, all KH domain

structures are highly conserved, in particular around the nucleic

acid binding site, and no conformational changes were observed

upon DNA or RNA binding (Figure S2B). This makes it especially

noteworthy that the NusA2 KH-like domain differ so much from

the topologyofboth type I and IIKHdomains (Figure2E), distorting

the predicted nucleic acid binding site. In addition, both surface

shapeandelectrostatic surfacechargedistribution,which contrib-

utes to the RNA binding, differs significantly from theMycobacte-

rium tuberculosis NusA KH domains (Figure 2F). The NusA2 pa-

ralog originated either by gene duplication and speciation of the

ancestral nusA gene, or alternatively nusA2 was introduced by

lateral gene transfer. In contrast to NusA1 that preserved the KH

type II topology and canonical RNA binding mode, NusA2 has

evolved at an accelerated rate compared to NusA1.

The zinc finger ensures heat stability of NusA2
Given the extensive interface between the zinc finger and theKH-

like 1 domains, we carried out thermal denaturation experiments

to test the influence of the zinc finger on the structural integrity

and solubility of Sso NusA2. NusA2 samples were incubated at

80�C for 15 or 30 min with or without the divalent metal chelator

EDTA, and Sso NusA1, which has no zinc finger, was used as

negative control (Figure 2G). Heat-stable proteins, expected in

the soluble (Figure 2G, ‘‘S’’) fraction, were separated from the de-

naturatedproteins in the precipitated (‘‘P’’) fraction by centrifuga-

tion. As predicted, NusA1 was exclusively found in the superna-

tant even after extended incubation at 80�C and in good

agreementwith the high temperatures of theSulfolobales habitat.

Similarly, NusA2 was soluble at high temperatures, but sensitive

to EDTA, which led to increasing precipitation after 15 and 30min

at 80�C. This suggests that the zinc coordination is important for

the thermostability of NusA2. To validate this hypothesis, the

three cysteines (C11, C18, andC21) weremutated to alanine res-

idues creating the NusA2-AAA triple mutant. Already at room

temperature, NusA2-AAA was partially precipitated, indicating

that the lack of zinc binding compromised the structural integrity

of NusA2 leading to aggregation and precipitation. Heat treat-

ment of NusA2-AAA led to further precipitation but without any

synergistic effects of EDTA. We furthermore prepared an N-ter-

minal truncation variant by deleting residues 1–29 removing the

zinc finger domain entirely. The resultingNusA2DZF variant could

be expressed in E. coli but was unstable and prone to aggrega-

tion and precipitation even at ambient temperatures (data not

shown). In summary, the NusA2 mutants corroborate the role of

the zinc finger in stabilizing the NusA2 structure in Sulfolobales.

MDsimulations unravel the stabilizingmechanismof the
zinc finger domain
To shed light on the mechanism by which the NusA2 zinc finger

enables the high thermostability of the protein, we performed

enhanced samplingMD simulations and free energy calculations

Table 1. Data collection and refinement statistics

Protein name PDB code

Sso NusA2

9F9U

Saci NusA2

9FJL

Data collection

Space group P 1 21 1 P 32 2 1

Wavelength 1.2826 0.9762

Unit cell parameters

a, b, c (Å) 35.47,

72.81, 41.75

118.69,

118.69,

77.95

a, b, g (�) 90.00,

111.95, 90.00

90.00,

90.00,

120.00

Resolution (Å) 72.88–1.68

(1.74–1.68)a
62.11–3.10

(3.31–3.10)

Unique reflections 21422 (1683) 11814 (2124)

CC1/2 1.00 (0.46) 1.00 (0.82)

Rmerge 0.06 (1.086) 0.119 (0.267)

I/ d (I) 16.6 (1.3) 16.2 (1.2)

Completeness (%) 95.3 (75.3) 100 (100)

Redundancy 6.7 (5.6) 11.6 (12.0)

Refinement

Resolution (Å) 1.68 3.10

Reflections 20507 11799

Rwork/Rfree 0.2164/0.2356 0.2200/0.2445

No. atoms

Protein

(No. of residues)

170 168

Ligand/ion 1 Zn 1 Zn

Water 141 –

B-factors (Å)

Protein 33.97 94.39

Ligand/ion 25.59 98.91

Water 40.11 –

R.m.s. deviations

Bond lengths (Å) 0.008 0.011

Bond angles (�) 1.012 1.351

Ramachandran Plot

Favored (%) 96.43 98.80

Outliers (%) 0.00 0.00

Rotamer outliers (%) 0.62 0.00

C-beta outliers (%) 0.00 0.00

Clashscore 6.95 11.91
aValues in parentheses are for highest-resolution shell.
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with parallel tempering metadynamics30 starting from our Sso

NusA2 crystal structure. The NusA2 zinc finger interacts closely

with the KH-like 1 domain via polar/ionic interactions (Y9, E45,

and the peptide backbone carbonyl group of L52) and nonpolar

contacts (L41, L52, and Y57) (Figure S2C). As collective variables

for the free energy calculations, we used contact maps for the

zinc finger and KH1 domains (Figure 2H), and the distance of

two key residues, M1 and E45 (Figure S2D). We used the DES-

Amber v1.0 forcefield31 for the protein and water molecules,

and de novo parametrization using MCPB.py32 and Gaussian33

for the zinc atom. With respect to the modeling of the zinc inter-

actions, due to the atomistic force-field formulation, we are

mimicking the coordination bonds with simple atom-centered

electrostatics, thus the stabilization provided by the zinc might

be lower than that provided by the real coordination bonds. Still,

the computed free energy landscapes showed a clear difference

between the MD simulations of NusA2 in the presence and

absence of zinc, and the fully unfolded states are higher in en-

ergy. The contact map distance of zero in Figure 2H corresponds

to the starting structure and the maximum value to the fully

unfolded domain (see also Videos S1 and S2). The most impor-

tant contribution of the zinc ion is the significant barrier that

arises in the main minimum (Figure 2H, highlighted with a red

block arrow) that would prevent the domain from easily reaching

misfolded states in the presence but not in the absence of zinc.

States with the same free energy have the same probability of

occurring, meaning that in a large flat minimum like that shown

in the absence of zinc, NusA2 is likely to be unfolded as there

does not appear to be a barrier to prevent this process from

happening. Although unfolded states with favorable free energy

still exist in the presence of zinc at approximately 30 Å in contact

map distance, the barrier makes the protein unlikely to reach it

from the native structure. The combination of the observed bar-

rier and stabilization of the folded basin could justify the

observed higher thermal stability in the presence of zinc.

Computational prediction of NusA2 interaction binding
sites identifies two hotspots
The molecular structure of NusA2 allowed us to exploit compu-

tational methods to predict surface exposed regions as potential

binding sites for protein/protein interactions. We combined the

results of seven different webserver, most of which have been

developed to determine the residues exposed on the surface,

derived directly from the PDB coordinates, as well as their chem-

ical-physical properties and, using tailored algorithms or docking

approaches, provide a per-residue output with scores based on

the probability of them being part of an interface. The idea to use

more predictors relies not only on the likelihood of increasing the

precision of the prediction,34 but also taking into account that

NusA2 has low sequence identity and unique structural features

compared to NusA1. In fact, some of these programs use

sequence and structural homologies to increase the accuracy

that may bias the outcome in our specific case. All programs,

although identifying different residues as best candidates

(Table S1), predicted two patches on NusA2 interface for an

intermolecular interaction at opposite ends of the structure

with almost equal probability (Figure 3A). The first patch iden-

tifies the zinc finger domain as likely interaction site as expected,

and the second patch is located on the KH-like domain 2. The

highest scoring residues (N123, T124, V125, W126, M127, and

P128) are all located on the same most exposed beta strand.

In summary, NusA2 has two likely interaction hotspots at

different ends of the molecule, which could enable the recruit-

ment of two different proteins or stabilize a higher-order

complex.

NusA2 is ancestral to ribosomal protein eS7
The results obtained from the interfacespredictionpromptedus to

carry out a structure-based search using DALI37 to identify homol-

ogous proteins that could inform us about NusA2 evolution and

potential binding partners. From the PDB50 output, we kept the

Figure 2. The NusA2 structure reveals highly divergent KH-like domains

(A) Crystal structure of S. solfataricus NusA2 in cartoon representation. The zinc finger is shown in blue, the KH-like 1 and 2 domains in green and light orange,

respectively, the zinc ion is shown in medium purple. All alpha helices and beta strands are numbered from the N- to the C-terminus in sequential order; the 310-

helix type is indicated with the h symbol.

(B) Close up of the electron density map of the zinc finger domain with the coordinating residues shown in stick representation, color coded as in panel A. The

densitymapwas preparedwith ccp4mg in graymesh style and a contour level of 0.4090 electrons/A3, clipped with a radius of 1.5 A around the zinc finger domain

(excluding water molecules).

(C) Multiple sequence alignment of NusA factors: S. solfataricus, and S. acidocaldarius NusA2, E. coli, Mycobacterium tuberculosis NusA, S. solfataricus,

S. acidocaldarius, Methanocaldococcus jannaschiii, and A. pernix NusA1. On the top and bottom of the MSA is a schematic representation of the secondary

structure elements of Sso NusA2 and Ape NusA19 with helices shown as springs and strands as arrows, as well as the corresponding domain organization, for

NusA2 colored according to the structure in panel A.

(D) EMSAs showing the differential migration of a 26-nt radiolabeled ssRNA or ssDNA probe after incubation with increasing concentrations of Sso NusA2 (0.1,

0.25, 0.5, 0.75, 1, 2.5, and 5 mM).

(E) Superposition of three representative KH domains, one for each sub-type, with the KH-like 2 domain of NusA2, in light orange. hnRNP K KH325 is a DNA-

binding type I KH domain, PNPase KH26 is an RNA-binding type I, and NusA KH19 is an RNA-binding type II. All structures are shown in cartoon representation;

the nucleic acids are shown in black ribbon with the bases in stick. The main outliers in NusA2 KH-like 2 folding are highlighted as well as the GXXG motif in the

KH-containing proteins. The complete list of protein names, PDB codes, and species is reported in the STAR Methods.

(F) Electrostatic surface potential of the KH1 and 2 domains from M. tuberculosis NusA-RNA complex (PDB code 2atw) and structurally aligned corresponding

KH-like domains in S. solfataricus NusA2. The surface is shown with 20% transparency with its structure in cartoon representation. The range depicted is �10

to +10 kcal*mol�1*e�1.

(G) SDS-PAGE showing the heat stability of Sso NusA1, as control, Sso NusA2, and NusA2 C11A-C18A-C21A mutant (NusA2-AAA). Both precipitated (P) and

soluble (S) fractions were loaded on the gel, after incubation at 80�C for 0, 15, and 30 min, and addition of 100 mM EDTA.

(H) Comparison of the 1D free energy profiles obtained from the PT-metadynamics simulations of 20 replicas reweighted on the contact map distance from the

native state of the zinc finger and KH-like 1 domains. The red arrow indicates the position of a free energy barrier when the zinc atomwas present in the simulation.

Contact map distance of zero corresponds to the starting structure, maximum value to fully unfolded domain.
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first 20 top scoring structures (reported in Table S2) and pruned

them to remove (1) outliers with a root-mean-square deviation

(RMSD) score higher than 5 Å, (2) orthologs with lower Z score,

and (3) proteins with a sequence identity lower than 10%. The

pruning led us to 6 structures (Marked with asterisks in

Table S2), among which only three shared features with both

NusA2 KH-like domains, and no hits for the zinc finger, which ap-

pears to be a unique structural feature of archaeal NusA2. The

three proteins were the Plasmodium falciparum ribosomal protein

eS735 (top-scoringwith aZ score of 11.2 and 17%sequence iden-

tity), theM. tuberculosisNusA38 (Z score 9.4) andA.pernixNusA19

(Z score 7.0). The superimposition of NusA2 and eS7 demon-

strated an extensive degree of structural conservation between

the KH-like 2 of NusA2 and the equivalent domain in eS7 (Fig-

ure 3B). The two C-terminal beta strands, predicted as a potential

interface (Figure 3A), perfectly overlap with their counterpart in

eS7, and form a beta-addition by extending the beta sheet with

uS8 via a well conserved patch of hydrophobic residues in the

Figure 3. NusA2 evolved into ribosomal protein

eS7 in eukaryotes

(A) Protein-protein interface prediction obtained

combining seven webservers and normalized be-

tween 0, lowest probability, and 1, highest probability

of a residue being part of an interface. The prediction

output is visualized in a color gradient from blue to red.

The residues with a score higher than 0.7 are shown in

sticks on the cartoon structure. The per-residue

output is reported in Table S1.

(B) Superimposition of Sso NusA2, in blue, with eS7, in

pink, in the context of the Plasmodium falciparum 40S

subunit (PDB code 3j7a35) which is shown in surface

representation with the exception of uS8 that is dis-

played as dark pink cartoon and eS7.

(C) Model of the hypothetical Sso NusA2 binding site

on the ribosome. Themodel was obtained by using the

superposition shown in panel B and superimposing the

Sso 30S subunit (PDB code 6tmf36), as gray surface,

with uS8 of the P. falciparum 40S subunit. For clarity,

the P. falciparum 40S subunit is not shown. Note that

the eukaryote-specific rRNA stem-loop is missing in

archaea ribosomes. Subunit and proteins are shown

and color coded as in (B). Source data are available at

https://doi.org/10.5281/zenodo.13694103.

(D) Unrooted maximum-likelihood phylogenetic tree of

NusA, NusA1, NusA2 and eS7 KH/KH-like domains.

Terminal branches are colored according to the taxo-

nomic domains (green for eukaryotes, pink for archaea,

and purple for bacteria). Representative domain archi-

tectures are shown next to the major groups. The

asterisk marks the position of S. solfataricus NusA2.

context of eS7 in the 40S ribosomal subunit

(Figures S3A and S3B). Residue W126 of

NusA2, which had the highest score in the

interaction predictor analysis (Figure 3A, high-

lighted in red), is highly conserved as is the

hydrophobic patch in the eS7 interaction

partner uS8 (Figure S3B). Moreover, superim-

posing the generated NusA2/40S model into

the Sso 30S ribosomal subunit36 revealed a perfect fit without

any sterical clash (Figure 3C). Finally, in this last model, the

NusA2 zinc finger is solvent exposed available to interact with

other partners. These findings suggest that NusA2 may be tran-

siently associated with the small ribosomal subunit in archaea.

To probe for NusA2 binding partners and the incorporation of

NusA2 into larger complexes, we size-fractionated cell lysates

on a sucrose gradient and detected NusA2 by western blotting

(Figure S3C). NusA2 eluted in the low molecular weight fractions

indicating that, at least during exponential growth, NusA2 is pre-

dominantly present in its free, unbound form in the cell.

To further explore the evolutionary landscape of archaeal NusA

and NusA-like factors in all domains of life, we calculated

maximum-likelihood phylogenetic trees based on conserved res-

idues of their KH and KH-like domains. The trees revealed three

major clades with distinct taxonomic distributions as follows: (1)

bacterial NusA, (2) archaeal NusA1, (3) archaeal NusA2, with eu-

karyotic eS7 originating from the NusA2 clade (Figure 3D). The

ll
OPEN ACCESSArticle

Structure 33, 1–11, January 2, 2025 7

Please cite this article in press as: Phung et al., Archaeal NusA2 is the ancestor of ribosomal protein eS7 in eukaryotes, Structure (2024), https://
doi.org/10.1016/j.str.2024.10.019

https://doi.org/10.5281/zenodo.13694103


position of the eS7 within the larger NusA2/eS7 clade, branching

off from Asgard NusA2 (90% bootstrap confidence), is well in line

with the current understanding of eukaryotic evolution from

archaea,39 and suggests that NusA2 has evolved into a ribosomal

protein and stably incorporated in eukaryotic ribosomes.

DISCUSSION

Archaea encode a small protein, NusA2, that is distantly related

to the KH domains of the bacterial transcription elongation factor

NusA. Despite its evolutionary conservation and abundance in

the cell (Figure 1), and the essential nature of nusA2 for Sulfolo-

bus viability, the biological function of NusA2 is unknown. Here,

we break open the field with a structural, biochemical and

computational analysis of Sulfolobus NusA2.

The crystal structure revealed that NusA2 has two highly diver-

gent KH-like domains that, despite sequence related to bacterial

and archaeal NusAs, have lost key KH domain signatures (Fig-

ure 2A). However, despite the loss of the canonical RNA-binding

GXXGmotifs, NusA2 retains the ability to bind ssRNA (Figure 2D).

The KH domains of bacterial NusA interact with the nut site in the

rRNA leader regions, which plays a role in transcription antitermi-

nation and possibly also in the role of NusA as a chaperone in

rRNA processing.8,18,29 However, the nut sites are not conserved

in archaea,40 and antitermination is likely facilitated by idiosyn-

cratic factors and mechanisms. Archaeal NusA factors appear

as streamlined versions of their bacterial homologs, and reduced

to two KH domains, but NusA2 has made up for this by gaining an

additional N-terminal zinc finger domain, indicative of alternative

functions. The zinc finger contributes to the high thermostability

of NusA2, and its disruption by mutagenesis or metal chelation

compromises the structure of the protein (Figures 2G and 2H).

Enhanced samplingMDsimulations of the zinc-boundNusA2pro-

vided a plausible underlying mechanism, as metal coordination

leads to a significant energetic barrier that would prevent the

domain from easily reaching misfolded states. In the absence of

zinc, the MD simulations indicate that this barrier is absent, the

protein unfolding commences from the N-terminus and the folded

states are less stable with respect to the unfolded ensemble. Zinc

fingers are well characterized interaction domains facilitating the

binding of proteins, nucleic acids and other ligands.

Both sequence and structural analyses strongly indicate that

NusA2 and eS7 share a common ancestor. Moreover, the eS7

binding site is well conserved in archaea, opening the possibility

that NusA2 may conditionally interact with the Sulfolobus ribo-

some in a similar fashion as eS7 in eukaryotes (Figures 3C, S3A,

and S3B). The RNA components of archaeal ribosomes (16S,

23S, and 5S) are closer related to bacteria than eukaryotes by

lacking several rRNA extensions and the 5.8S rRNA entirely, but

the complement of ribosomal proteins is eukaryote-like.41–43 Sur-

prisingly, several archaeal ribosomal proteins show promiscuous

binding patterns on the 30S and 50S ribosome subunits, and

some can be lost during fractionation and enrichment.44,45 eS7

is a regulatory component of the 40S ribosomal subunit in eukary-

otes that is present in mono- or poly-ubiquitinylated states in the

cell. Ubiquitination of ribosomal proteins plays an important role in

mRNA surveillance and ribosome-associated quality control

(RQC). However, the ubiquitination of eS7 plays a specific role

in the endoplasmic reticulum stress response to protein misfold-

ing, where it has been shown to counteract protein aggregation

and increase the translation efficiency,46–49 challenges that Sulfo-

lobales certainly encounter in their hot environmental niche. Our

size fractionation analysis did not document a permanent associ-

ation of NusA2 with Sulfolobus ribosomes, but we cannot rule out

that either NusA2 was lost during purification or alternatively that

the stable binding of NusA2 is context-dependent. For example,

archaeal Mbf1, homolog to the eukaryotic ribosome collision fac-

tor EDF1, binds to the ribosome in a transientmanner such that no

stable interaction with the 30S ribosomal subunit could be de-

tected in fractionated cell lysates, but the majority of Mbf1 was

found bound to actively translating ribosomes when chemical

crosslinking was applied.50

NusA is evolutionary ancient and was present in the last univer-

sal common ancestor (LUCA). During early evolution of the

archaeal branch of life, the NusA ancestor duplicated (Figure 3D).

While NusA1 kept the sequence and structural traits of canonical

NusAKHdomains, NusA2 speciated. Due to the relaxed selection

pressure,NusA2evolvedat accelerated rates that led to the lossof

key KHdomain signatures, including theGXXGmotifs, and gain of

a zinc finger domain. Later in eukaryotes, NusA2 likely lost the zinc

finger again and became stably incorporated into ribosomes as

eS7. This eventually enhanced the co-translational protein folding

properties of the ribosome, considering the role of eS7 to counter

ERstress.Overall, this event is analogous toa ‘‘transcription factor

capture’’ during which a transiently associated regulatory factor

becomes stably incorporated into RNAP as it provides a selective

advantage for transcription becoming a bona fide RNAP subunit.

This happened for TFIIE and TFIIF in eukaryotes, which transiently

engagewithRNAPIIbuthavebecomestably integrated intoRNAPI

(as A49/A34.5, yeast RNAP subunit nomenclature) and III (as C53/

C37 and C82/C34).1,51 Only here, the transcription factor is re-

cruited to the ribosome instead. Future work will focus on probing

the association of NusA2 to ribosomes in response to a range of

growth and stress conditions and focusing on interactors with

the NusA2-specific zinc finger domain.
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sequences.html

SPPIDER Porollo et al.66 https://sppider.cchmc.org/

VORFFIP Segura et al.67 http://www.bioinsilico.org/cgi-bin/

VORFFIP/htmlVORFFI/home

Normalization equation This paper N/A

DALI Holm et al.37 http://ekhidna2.biocenter.helsinki.fi/dali/

Clustal Omega Madeira et al.68 https://www.ebi.ac.uk/jdispatcher/msa/clustalo

MMseqs2 Mirdita et al.69 https://github.com/soedinglab/MMseqs2

PROMALS3D Pei et al.70 http://prodata.swmed.edu/promals3d/

promals3d.php

PSIPRED Jones et al.71 http://bioinf.cs.ucl.ac.uk/psipred

HHblits Remmert et al.72 https://toolkit.tuebingen.mpg.de/tools/hhblits

trimAl Capella-Gutierrez et al.73 https://vicfero.github.io/trimal/

FastTree 2.1 Price et al.74 http://www.microbesonline.org/fasttree/

IQ-TREE 2 Minh et al.75 http://www.iqtree.org/

Archeopteryx Han et al.76 https://www.phylosoft.org/archaeopteryx/

Parallel tempering-Metadynamics Barducci et al.30 N/A

Gromacs package v2019.6

(DES-Amber forcefield v1.0)

Abraham et al.77; Piana et al.31 https://manual.gromacs.org/2019/

download.html

PLUMED package v2.7.0 Plumed consortium78 https://www.plumed.org/

MCPB.py Li et al.32 https://ambermd.org/AmberTools.php

Gaussian Frisch et al.33 https://gaussian.com/gaussian16/

ChIP-seq and RNA-seq data analysis Blombach et al.2 https://doi.org/10.5281/zenodo.5346581
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Sulfolobus acidocaldarius DSM639.

Saccharolobus solfataricus P2.

E. coli DH5a was used as host for plasmid production.

E. coli BL21 (DE3) pLysS was used as host for heterologous protein expression.

METHOD DETAILS

Cloning strategy, expression and purification
The genes encoding archaeal Saccharolobus solfataricus NusA1 andNusA2 (respectively Sso_0220 and Sso_0172) were cloned into

pET-21a and over-expressed in Escherichia coli BL21 (DE3) pLysS by IPTG induction. The E. coli cell pellets were resuspended in

N200 buffer (25 mM Tris-HCl pH 8.0, 200 mMNaCl, 10 mMMgCl2, 0.1 mM ZnSO4, 10% glycerol) supplemented with 1 tablet of pro-

tease inhibitor (Roche), 1mg/mL of RNase A (NEB) and DNase I (Sigma). The cell lysate was obtained by sonication and was heated

10min at 65�C and 15min at 75�Cwith clarification step at 20,000 g between each heating steps. The obtained supernatant was then

filtered through 0.2 mmfilter prior loaded on HiTrap Heparin column (Cytiva) and Superose 12 size exclusion column (Cytiva) in 25mM

Tris-HCl pH 8.0, 200 mM NaCl, 5 mM ZnSO4 buffer. Finally, the recombinants proteins were concentrated to 5 mg/ml. NusA2-AAA

mutant was obtained by amplification of the interested genewith corresponding oligos reported in the key resources table and cloned

into pET21a. Expression and purification of NusA2-AAA was proceeded as for the wild type.

RNA polymerase Chromatin immunoprecipitation sequencing and RNA-seq data analysis
Input normalised Chromatin immunopreicipitation sequencing data and RNA-seq occupancy was obtained from NCBI GEO supers-

eries GSE141290.2 The transcription start site coordinates were obtained from.79 Data were plotted as described previously2 with the

code for data plotting available at https://doi.org/10.5281/zenodo.5346581.

Heat stability test
25mL of Sso NusA1 (1mg/mL), SsoNusA2 (5mg/mL) andNusA2-AAA (1mg/mL) alone or supplementedwith 100mMEDTAwere incu-

bated at 80�C for 15 and 30 min. A control sample for each sample was prepared and kept at room temperature. Then, all samples

were centrifugated for 10 min at 20,000 g. The pellets and the supernatants were separated and both resuspended in 25 mL of SDS-

PAGE loading buffer to be resolved on a SDS-PAGE.

Western blotting
S. solfataricus cells pellets were obtained at OD600 of 0.25, 0.3 and 1. Whole-cell extracts were obtained through sonication, 10 min,

in pulse mode (10 s on, 20 s off) with 50% amplitude, followed by centrifugation at 21,000 g for 30 min. On SDS-PAGE, 10 mg of cell

extract were loaded alongside with 124, 62, 31.5, and 15.52 ng of recombinant NusA2 protein. Proteins were transferred to a nitro-

cellulosemembrane by a semi dry transblot. Themembranes were saturatedwith PBST buffer (1X PBS, 0.05%Tween-20) containing

5%non-fat drymilk for 1 hour at room temperature. Following saturation, themembranes were washed three timeswith PBST buffer.

The membranes were then incubated with in-house polyclonal rabbit antibodies against NusA2, diluted 1:1,000 in PBST buffer con-

taining 5% non-fat dry milk, for 1 hour. After the primary antibody incubation, the membranes underwent a second washing step,

followed by incubation with goat anti-rabbit secondary antibodies conjugated to Dyelight 680 (Invitrogen), diluted 1:10,000 in

PBST buffer containing 5% non-fat dry milk, for 1 hour. Following a final series of washes, the fluorescent signal was recorded on

a GE FLA 9000 Typhoon imaging system.

Electrophoretic mobility shift assay
EMSA was performed preparing 20 ml reactions with protein concentration of 0.1, 0.25, 0.5, 0.75, 1, 2.5, and 5 mM in buffer 200 mM

NaCl, 20 mMMOPS, pH 6.5, 10 mMMgCl2, 0.1 mg/ml BSA and 10% glycerol in presence of 5 nM of radiolabelled probes. Samples

were incubated for 10 min at 65�C and 15 ml were loaded onto a native 7% Native Tris-Glycine gel (1X TGOE, 7% Acry/Bis-acry, 3%

glycerol, 0.5 mM DTT) and run at 150V for 30 min in 1X TBE (100 mM Tris/100 mM boric acid/5 mM EDTA, pH 7.0). The gels were

dried, then exposed to a phosphor screen for 1h and scanned on a GE FLA 9000 Typhoon. Probe sequences are listed in the key

resources table.

Protein crystallization, data collection and processing
SsoNusA2. The sample was concentrated up to 5mg/ml in buffer 25mMTris-HCl pH 8.0, 200mMNaCl, 50 mMZnSO4. Crystals were

grown in a precipitant solution consisting of 0.1 M Bicine pH 9.0, 10% w/v PEG 20,000, 2% 1,4-dioxane (Structure Screen 1 + 2,

Molecular Dimension) in sitting drop, vapour diffusion at 20�C on a 96-well plate prepared with Mosquito LCP (SPT Labtech). A sin-

gle-wavelength anomalous diffraction (SAD) dataset on the zinc ion was collected at wavelength of 1.2826 Å using an EIGER2 CdTe

16M detector at the P14 beamline of PETRA III synchrotron (DESY, Hamburg, Germany). Data were processed using the automated

pipeline available at PETRA III. Scaling and merging were carried out in XDS.52 Structure determination and phasing were performed

in SHELXC/D/E,22 followed by ARP/wARP v8.0 model building.23 Then, the model obtained from the automated processing was
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initially refined manually in Coot v0.9.8.858 followed by refinement in Phenix v1.20.1.53 Structure validation was carried out using

MolProbity webserver http://molprobity.biochem.duke.edu/.54

Saci NusA2. Crystals were obtained in 0.1 M Hepes pH 7.0, 0.7 - 0.9 M NaH2PO4/KH2PO4 in a 24-well plate, vapour diffusion,

hanging drop, 20�C. The dataset was collected at Diamond Light Source synchrotron (Didcot, UK), beamline I03 at wavelength of

0.9762 Å using a Dectris Pilatus 6M detector. Data were processed using the ccp4 software suite v8.0.012.55 Scaling was carried

out in Xia256 and sub-sequentially data were merged in Aimless.57 Structure determination and phasing were obtained by molecular

replacement in Phaser v2.8.324 using the Sso NusA2 structure as initial model. The model was finally refined in Coot v0.9.8.8 and

Phenix v1.20.1. Structure validation was carried out using MolProbity webserver.

KH sequence- and structure-based searches
KH domain-containing proteins were searched in the UniProt https://www.uniprot.org/, Protein Data Bank https://www.rcsb.org/,

Pfam http://pfam.xfam.org/, and SCOP https://scop.berkeley.edu/ databases using KH domain as query. The output was manually

filtered to remove redundancy and the pdb files were then manually inspected in Chimera v1.1359 to confirm the presence of the KH

signature and check for conformational changes due to the different techniques used (crystallography, NMR, or cryo-EM) or induced

by ligand binding. Established that none of the proteins analysed change conformation, one representative structure for each protein

was selected with its own ligand when available. The search and pruning led to a final set of 33 structures from 24 different proteins

among which 26 KH domains type I, 4 of them bound to DNA and 22 RNA-binding proteins, and 7 KH domains type II. Then, all addi-

tional domains not belonging to the KH domain were deleted and we performed a superimposition using the Chimera’s MatchMaker

tool with default parameters. The superimposition obtained was used to carry out structure-based alignments. The alignments were

generated using a residue-residue distance cutoff of 10 Å and they were split in three sets: DNA- and RNA-binding type I KH domains

andKH type II domains, respectively. All figures were preparedwith ESPript 3.060 using the%MultAlign coloring schemewith a global

score of 0.5 as parameters. Below, the list of proteins used for the alignments in alphabetic order with their corresponding pdb codes

and chain identifiers in brackets. DNA-binding KH type I: Homo sapiens Far Upstream Element-binding protein 1 (FUBP1 or FBP1 or

FUSE binding protein 1) (1j4w-A), H. sapiens Heterogeneous nuclear ribonucleoprotein K (hnRNP K) (1j5k-A), H. sapiens Poly(rC)-

binding protein 1 (PCBP1) (1ztg-A). RNA-binding KH type I: Saccharomyces cerevisiae Branchpoint-bridging protein (BBP)

(4wal-A), Mus musculus Filia protein (3v69-A), H. sapiens Fragile X mental retardation protein 1 (FMR1) (2qnd-A), Caenorhabditis el-

egans Female germline-specific tumor suppressor gld-1 (4jvy-A), Gallus gallus Insulin-like growth factor 2 mRNA-binding protein 1

(IMP1 or IGF2BP1) (2n8m-A and 2n8l-A), H. sapiens KH domain-containing, RNA-binding, signal transduction-associated protein 3

(KHDRBS3) (5emo-A), Chaetomium thermophilum KRR1 (5oql-g), H. sapiens KH-type splicing regulatory protein (KSRP or KHSRP)

(4b8t-A, and 2opu-A), H. sapiens RNA-binding E3 ubiquitin-protein ligase MEX3C (www-A and 5wwx-A), H. sapiens Neuro-oncolog-

ical ventral antigen 1 (NOVA-1) (2anr-A), H. sapiens PNO1 (6g5i-x), Caulobacter vibrioides Polyribonucleotide nuclotidyltransferase

(PNPase) (4am3-A), H. sapiens Protein quaking (QKI) (4jvh-A), H. sapiens Splicing factor 1 (SF1-Bo isoform) (1k1g-A), M. musculus

Tudor and KH domain containing protein (TDRKH) (1we8-A), H. sapiens Vigilin (or HDL binding protein) (2cte-A, and 1vih-A). KH type

II: Pyrococcus horikoshii Cleavage and polyadenylation specificity factor subunit (CPSF or putative uncharacterized protein PH1404)

(3af5-A), Aquifex aeolicus GTPase Era (3r9w-A), Escherichia coli Nuclear substance A (NusA) (6gov-A), Aeropyrum pernix NusA1 (hy-

pothetical transcription termination factor NusA) (2cxc-A) and S. cerevisiae 40S ribosomal protein S3 (4u4r-S3).

Protein-protein interface prediction
All protein interface prediction programs were run in webserver mode with default parameters using the structure of Sso NusA2 as

input with the only exception of PSIVER which requires the protein sequence. The programs’ list is the following: InterProSurf,61

meta-PPISP,62 PIER,63 PredUs2,64 PSIVER,65 SPPIDER,66 and VORFFIP.67 The outputs of meta-PPISP, PIER, PSIVER, SPPIDER

and VORFFIPwere normalized according to Equation 1 applying a threshold of the 30%prior the normalization to exclude all negative

results and buried residues (Table S1). InterProSurf does not provide any score but only a list of 10 residues clusters in order of prob-

ability. This order was used to manually assign values to the listed residues from 0.1 to 1. All outputs were then merged with the

PredUs2 output, which provides only positive hits with normalized scores by default, by calculating the mean of all values for

each residue and normalized according to Equation 1 (last column of Table S1 and Figure 3A).

Nx =
Ni � Nmin

Nmax � Nmin

(Equation 1)

Structure-based analysis
A structure-based search in DALI server37 was performed using the Sso NusA2 structure as query. From the output, we selected only

the first top 20 entries and we discarded all entries having a rmsd score higher then 5 Å, sequence identity lower then 10%, and or-

thologs to ensure a unique set of protein. The six structures obtained from the pruning were retrieved from the Protein Data Bank and

analysed using the structural equivalences information provided on the DALI output, which were reported on Table S2.

Sequence alignments
All sequence-based alignments were carried out in Clustal Omega and rendered using Espript 3.0.68 The uniprot identifiers for the

different protein sequences shown in Figures 2C, S3A, and S3B are as follows: bacterial NusA: Escherichia coli str. K12 P0AFF6
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andMycobacterium tuberculosis str. H37Rv P9WIV3; archaeal NusA1: Aeropyrum pernix Q9YAU4,Methanocaldococcus jannaschii

Q58447, Saccharolobus solfataricusQ980R4, Sulfolobus acidocaldarius P11523; NusA2: Lokiarchaeum str. GC14_75 A0A0F8Y5E8,

Pyrococcus furiosus Q8U1J3, Saccharolobus solfataricus Q980V4, Sulfolobus acidocaldarius Q4JAN9, Ca. Nitrosotenuis cloacae

A0A3G1B2K6; eS7: Homo sapiens P62081, Saccharomyces cerevisiae eS7a P26786, Arabidopsis thaliana eS7-1 Q9C514, Plasmo-

dium falciparum 3D7 Q8IET7;uS8: Aeropyrum pernix Q9YF89.2, Arabidopsis thaliana P42798.2, Archaeoglobus fulgidus O28369.2,

Escherichia coli B1X6F8.1, Haloarcula marismortui P12742.3, Homo sapiens P62244.2, Methanocaldococcus jannaschii P54041.1,

Mycobacterium tuberculosis Q9YF89.2, Plasmodium falciparum O77395, Pyrococcus furiosus Q8U014.1, Saccharolobus solfatari-

cus Q9UX92, Saccharomyces cerevisiae P0C0W1.2, Thermotoga maritima Q9ZAE5.2, Thermus thermophilus P0DOY9.1.

Phylogenetic analysis
Sequences of NusA and eS7 homologs were collected with PSI-BLAST (five iterations, 1e-5 E-value profile inclusion threshold) for

against theUniclust90 database (i.e., UniProt clustered at 90%sequence identity withMMseqs2,69 using five selected representative

sequences of tandemKHdomains as queries (yeast andmicrosporidia eS7, E. coli NusA, A. pernix NusA1 andS. solfataricus NusA2).

Sequence hits longer than 70 aa and with E-value lower than 0.001 to at least one query were collected and extended to match the

entire length of tandem KH domains. The 9985 sequences were clustered at 40% identity with CD-HIT and resulting 281 represen-

tatives were further clustered in Cytoscape, using pairwise BLAST E-values lower than 0.001 as edge weights. False positives were

removed and remaining representatives (NusA_Uniclust40) were used to retrieve all sequences (NusA_Uniclust90) belonging to the

four major clusters (NusA, NusA1, NusA2, and eS7).

The NusA_Uniclust40 sequences were aligned with PROMALS3D70 guided by seven representative crystal structures (PDB IDs

1cxc, 4mtn, 4u4r, 5lm9, 5xyi, 6rm3 and S. solfataricus NusA2). Secondary structures were predicted with PSIPRED71 using

HHblits-generated MSAs.72 The resulting multiple sequence alignment (MSA) was manually adjusted based on the predicted sec-

ondary structures. For a phylogenetic tree reconstruction, all columns in the MSAwith at least 10% gaps were removed with trimAl73

("-gt 0.9"). The phylogenetic tree was built with FastTree 2.174 (using JTT+CAT model and Shimodaira-Hasegawa test for local sup-

port values) and IQ-TREE 275 (VT+F+G4 model and both UFBoot and SH-aLRT with 1000 replicates for estimating support values),

and visualized with Archeopteryx.76 The aligment and tree files are available at Zenodo: https://doi.org/10.5281/zenodo.13693274.

Full sequence alignments were obtained by adding respective NusA_Uniclust90 sequences to the seed MSAs with MAFFT ("mafft

–add –keeplength").

Genome context analysis
The genome context analysis for archaeal nusA2 was carried out manually by checking the neighbouring genes of nusA2 and their

respective Pfam database annotations. The analysis was initiated by a search for aspS (the neighbouring gene in the S. solfataricus

P2 genome) in the STRING database80 that indicated the conserved neighbourhood of aspS and a gene coding for a NusA-like pro-

tein in Archaea that we verified to be nusA2. NCBI genome assemblies and locus tags for the nusA2 homologues are listed in

Table S3.

Cell lysate sucrose gradient fractionation
Sulfolobus solfataricus (Sso) cells were cultivated at 76�C until reaching an optical density (OD600) of 0.5. Subsequently, the cell cul-

tures were chilled to 4�C and harvested by centrifugation at 6000 g for 20 minutes at 4�C. The resulting cell pellets underwent three

washes with 1X phosphate-buffered saline (PBS) and were then freeze-stored at �80�C. Upon resuspension, 1 L cell pellets were

treated with 6 mL of Lysis buffer (20 mMHEPES pH 7.4, 10mMMg acetate, 40 mMNH4Cl, 1 mMDTT), supplemented with a cocktail

of EDTA-free protease inhibitors (cOmpleteTM, Roche). Whole-cell extracts were obtained through sonication, 10min, in pulsemode

(10 s on, 20 s off), and 50% amplitude, followed by centrifugation at 21,000 g for 30min. 2mg of total protein fromwhole-cell extracts

was layered onto a linear 10–30% sucrose gradient prepared in lysis buffer in a 14 x 89 mm polypropylene tube (Beckman Coulter).

The gradient was then centrifuged for 4 hours at 34,000 rpm at 4�C using the Beckman-Avanti XPN-80 SW41 rotor. Monitoring of the

30S and 50S ribosomal subunit positions was achieved by measuring absorbance at 254 nm with the ISCO UA-6 gradient fraction

collector. Each gradient run resulted in 22 fractions of 500 ml each. Subsequently, 20 mL from each fraction was resolved onto SDS-

PAGE. Proteins were transferred to a nitrocellulose membrane for immunoblotting analysis with polyclonal antibodies against

Sso NusA2.

Molecular dynamics simulations
The molecular dynamics (MD) simulations were performed using the 2019.6 version of the Gromacs package,77 patched with the

2.7.0 version of the PLUMED package.78

The protein structure was based on the crystal structure. For the simulations without the Zn atom, it was simply removed. For the

simulations with the Zn atom, it was parametrised using the MCPB.py software32 and Gaussian.33 The rest of the protein and the

added water molecules and ions (0.15 M NaCl, charge neutralised) were parametrised using the DES-Amber forcefield with 1.0

scaling.31

All the simulations used the following equilibration procedure: 1 ns of NVT equilibration with restraints, 10 ns of NPT equilibration

with Berendsen thermostat and restraints, and finally 10 ns of NPT equilibration with Parinello-Rahman thermostat without restraints.
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In the well-tempered metadynamics simulations,30 the deposited hills had a pre-scaling height of 1 kJ and were deposited every

2 ps (1000 simulation steps). The widths of the Gaussians were 0.25 and 0.001 for the contact map distance from the native structure

of the zinc finger and K1 domain and the Met1 and Glu45 distance, respectively.

The simulations were coupled with parallel tempering, meaning that there were 20 replicas spanning the range from 80 to 120�C,
with exchanges between neighbouring replicas attempted every 2 ps (1000 simulations steps). The total production length of every

simulation was 1 ms.

QUANTIFICATION AND STATISTICAL ANALYSIS

X-ray crystallography data collection and refinement statistics are summarised in Table 1.
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