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Crystal structure of the human transcription elongation factor DSIF hSpt4 subunit in complex with the hSpt5 dimerization interface

Introduction

The human DRB (5, 6-dichloro-1--D-ribofuranosylbenzimidazole) sensitivity inducing factor (DSIF) is a key player in the control of eukaryotic transcriptional elongation with complex functions. It is involved in early elongation control by inducing pausing of RNA polymerase II (RNAPol II) in conjunction with the negative elongation factor (NELF). This was illustrated by promoter proximal pausing during transcription of the human immunodeficiency virus (HIV-1) proviral genome [START_REF] Yamaguchi | NELF, a multisubunit complex containing RD, cooperates with DSIF to repress RNA polymerase II elongation[END_REF][START_REF] Narita | Human transcription elongation factor NELF: Identification of novel subunits and reconstitution of the functionally active complex[END_REF]. DSIF and NELF interact directly with RNA pol II, and NELF also binds to the HIV-1 TAR RNA. Release of RNAPol II requires the viral transactivator protein Tat which recruits the cellular positive transcription elongation factor b (P-TEFb) to the TAR RNA. In turn, P-TEFb phosphorylates the C-terminal domain of the largest RNAPol II subunit, the E subunit of NELF and the hSpt5 subunit of DSIF. Only then NELF detaches from the transcription machinery and DSIF is converted into an activator, thus stimulating elongation [START_REF] Ivanov | Domains in the SPT5 protein that modulate its transcriptional regulatory properties[END_REF][START_REF] Yamaguchi | NELF, a multisubunit complex containing RD, cooperates with DSIF to repress RNA polymerase II elongation[END_REF][START_REF] Yamaguchi | Evidence that negative elongation factor represses transcription elongation through binding to a DRB sensitivityinducing factor/RNA polymerase II complex and RNA[END_REF][START_REF] Fujinaga | Dynamics of human immunodeficiency virus transcription: P-TEFb phosphorylates RD and dissociates negative effectors from the transactivation response element[END_REF][START_REF] Ping | DSIF and NELF interact with RNA polymerase II elongation complex and HIV-1 tat stimulates P-TEFb-mediated phosphorylation of RNA polymerase II and DSIF during transcription elongation[END_REF][START_REF] Yamada | P-TEFb-mediated phosphorylation of hSpt5 C-terminal repeats is critical for processive transcription elongation[END_REF].

Similar promoter proximal pausing events involving NELF and DSIF have been detected at cellular genes under control of heat shock promoters in Drosophila melanogaster. [START_REF] Lis | P-TEFb kinase recruitment and function at heat shock loci[END_REF][START_REF] Andrulis | High-resolution localization of Drosophila Spt5 and Spt6 at heat shock genes in vivo: Roles in promoter proximal pausing and transcription elongation[END_REF][START_REF] Wu | NELF and DSIF cause promoter proximal pausing on the hsp70 promoter in Drosophila[END_REF]. Furthermore, interactions of DSIF or its yeast homologue with RNA modifying enzymes, like capping enzyme and cap methyltransferase, and other cellular factors have been reported underlining the diversity of DSIF in transcriptional regulation [START_REF] Lindstrom | Dual roles for Spt5 in pre-mRNA processing and transcription elongation revealed by identification of Spt5-associated proteins[END_REF][START_REF] Mandal | Functional interactions of RNA-capping enzyme with factors that positively and negatively regulate promoter escape by RNA polymerase II[END_REF][START_REF] Sims | Elongation by RNA polymerase II: The short and long of it[END_REF][START_REF] Krogan | RNA polymerase II elongation factors of Saccharomyces cerevisiae: A targeted proteomics approach[END_REF].

DSIF is a heterodimeric protein consisting of the 14 kDa subunit hSpt4 and the 120 kDa subunit hSpt5, which are homologous to the transcription factors Spt4 and Spt5 from the yeast Saccharomyces cerevisiae (S. cerevisiae) (Figure 1) [START_REF] Wada | DSIF, a novel transcription elongation factor that regulates RNA polymerase II processivity, is composed of human Spt4 and Spt5 homologs[END_REF]. hSpt5 is well conserved in eukaryotes and shares homology with NusG proteins of bacteria and archaea.

The bacterial transcription factor NusG fulfills various, also species-specific functions. In Escherichia coli (E. coli) it enhances transcriptional elongation as well as -dependent termination [START_REF] Sullivan | Requirement for E. coli NusG protein in factordependent transcription termination[END_REF][START_REF] Cardinale | Termination factor rho and its cofactors NusA and NusG silence foreign DNA in E. coli[END_REF]. In contrast, it acts as an anti-termination factor when phage N protein and other Nus proteins (A, B and E) are present [START_REF] Devito | Control of transcription processivity in phage lambda: Nus factors strengthen the termination-resistant state of RNA polymerase induced by N antiterminator[END_REF][START_REF] Torres | In vivo effect of NusB and NusG on rRNA transcription antitermination[END_REF].

hSpt5 is comprised of an N-terminal acidic region, whose function has not yet been established, followed by the NusG N-terminal homology domain (NGN) (residues 176-270) [START_REF] Yamaguchi | Structure and function of the human transcription elongation factor DSIF[END_REF][START_REF] Ponting | Novel domains and orthologues of eukaryotic transcription elongation factors[END_REF], which exhibits homology to the N-terminal domain (NTD) of NusG proteins from bacteria and archaea. The NGN-domains of humanSpt5 and of the Spt5 proteins of S.cerevisiae and the fission yeast Schizosaccharomyces pombe have been identified to harbor the binding region for the small subunit hSpt4 [START_REF] Ivanov | Domains in the SPT5 protein that modulate its transcriptional regulatory properties[END_REF][START_REF] Wada | DSIF, a novel transcription elongation factor that regulates RNA polymerase II processivity, is composed of human Spt4 and Spt5 homologs[END_REF][START_REF] Schwer | Characterization of the Schizosaccharomyces pombe Spt5-Spt4 complex[END_REF]. Four to six KOW motifs, which directly interact with RNAPol II during transcription, have been assigned C-terminally to the NGN domain in hSpt5, [START_REF] Yamaguchi | Structure and function of the human transcription elongation factor DSIF[END_REF][START_REF] Ponting | Novel domains and orthologues of eukaryotic transcription elongation factors[END_REF][START_REF] Hartzog | Evidence that Spt4, Spt5, and Spt6 control transcription elongation by RNA polymerase II in Saccharomyces cerevisiae[END_REF]. KOW motifs have also been identified in the NusG family proteins and the proteins RL24, 26 and 27 of the large ribosomal subunit [START_REF] Kyrpides | KOW: A novel motif linking a bacterial transcription factor with ribosomal proteins[END_REF]. The C-terminus of hSpt5 contains the hepta-and octa-peptide repeats CTR1 and CTR2 [START_REF] Ivanov | Domains in the SPT5 protein that modulate its transcriptional regulatory properties[END_REF][START_REF] Yamaguchi | NELF, a multisubunit complex containing RD, cooperates with DSIF to repress RNA polymerase II elongation[END_REF]. Phosphorylation of threonine residues in the CTR1 region of hSpt5 as well as methylation of arginine residues near its KOW motifs affect DSIF activity [START_REF] Yamada | P-TEFb-mediated phosphorylation of hSpt5 C-terminal repeats is critical for processive transcription elongation[END_REF][START_REF] Kwak | Methylation of SPT5 regulates its interaction with RNA polymerase II and transcriptional elongation properties[END_REF].

hSpt4, the smaller subunit of DSIF, harbors an N-terminal 4-Cys Zn-finger, and exhibits /topology [START_REF] Chiang | Isolation and characterization of the human and mouse homologues (SUPT4H and Supt4h) of the yeast SPT4 gene[END_REF][START_REF] Wenzel | The small hSpt4 subunit of the human transcription elongation factor DSIF is a zn-finger protein with alpha/beta type topology[END_REF]. The presence of a bound Zn-ion was verified previously [START_REF] Wenzel | The small hSpt4 subunit of the human transcription elongation factor DSIF is a zn-finger protein with alpha/beta type topology[END_REF]. In contrast to hSpt5, no bacterial homologue exists for hSpt4, but it is uniformly conserved in archaea and eukaryotes. The archaeal transcription factor RpoE'', originally annotated as RNA polymerase subunit E'', is distantly related to hSpt4 and is regarded as its evolutionary ancestor [START_REF] Ponting | Novel domains and orthologues of eukaryotic transcription elongation factors[END_REF][START_REF] Werner | Structure and function of archaeal RNA polymerases[END_REF].

In our work we determined the crystal structure of the recombinant human Spt4 complexed with human Spt5(176-273) (= hSpt5-NGN), representing the binding region for hSpt4, at a resolution of 1.55 Å. The structure confirms that hSpt4 is indeed an / -type protein with a Zn-finger and forms a tight complex with the NGN-domain of hSpt5. Comparisons with the crystal structure of the homologous Spt4/Spt5(286-375) complex from S. cerevisiae [START_REF] Guo | Core structure of the yeast Spt4-Spt5 complex: A conserved module for regulation of transcription elongation[END_REF] Construction of plasmid pET-GB1-hSpt4 harboring the DNA sequences for the solubility tag GB1 as well as a TEV protease cleavage site followed by the full length hSpt4 gene was shown previously [START_REF] Wenzel | The small hSpt4 subunit of the human transcription elongation factor DSIF is a zn-finger protein with alpha/beta type topology[END_REF]. A synthetically produced gene adapted to the E. coli codon usage harboring the NGN region (aa 176-273) of the DSIF hSpt5 gene was cloned into the expression vector pET15b (Novagen) via its Nde I and BamH I restriction sites. The final plasmid pET15b-hSpt5-NGN encodes an N-terminal 6 x His-tagged fusion protein with a thrombin cleavage site.

Gene expression and protein purification.

hSpt4/hSpt5-NGN. The plasmids pET15b-hSpt5-NGN and pET-GB1-hSpt4 were co-transformed into the E. coli strain BL 21 (DE3) (Novagen). Cells were grown as described recently [START_REF] Wenzel | The small hSpt4 subunit of the human transcription elongation factor DSIF is a zn-finger protein with alpha/beta type topology[END_REF], using kanamycin (30 µg/ml) and ampicillin (100 µg/ml) as antibiotics. Purification of the complex by Ni-NTA-affinity chromatography was performed as described previously for hSpt4 [START_REF] Wenzel | The small hSpt4 subunit of the human transcription elongation factor DSIF is a zn-finger protein with alpha/beta type topology[END_REF]. Fractions containing the DSIF complex were subjected to overnight TEV cleavage at 4 °C, followed by a second Ni-ion affinity chromatography step to remove excess cleaved hSpt4 not complexed with hSpt5. The N-terminal 6 x His-tag of hSpt5 was removed by thrombin cleavage at room temperature overnight. To remove the cleaved off affinity tags GB1 and 6His the sample was applied to a Ni-NTA column. The DSIF complex was collected in the flow through and dialyzed in steps in 25 mM Tris-HCl, pH 7.4, 10 mM -mercapto-ethanol and decreasing concentrations of NaCl down to 50 mM. The sample was subjected to cation exchange chromatography (HiTrap SP XL column, GE Healthcare, Munich, Germany), dialyzed against 25 mM Tris-HCl, pH 7.0, 50 mM NaCl, 10 mMmercapto-ethanol and concentrated in Vivaspin concentrators MWCO 5000 (Sartorius, Göttingen, Germany). The genes expressing untagged NusG-NTD and NusG-NTD(Q72E) were cloned into pET11a (Novagen) and the proteins were purified from E. coli extracts via heparin affinity and size exclusion chromatography using a Superdex 75 HR 10/30 column (GE Healthcare, Munich, Germany). Samples were dialyzed and concentrated as described above for the hSpt4/hSpt5-NGN complex.

Size exclusion chromatography.

Size exclusion chromatography to determine the molecular mass of the hSpt4/hSpt5-NGN complex was performed using a Superdex 75 HR 10/30 column (GE Healthcare, Munich, Germany). As molecular weight standards, albumin (67.0 kDa, GE Healthcare, Munich, Germany) chymotrypsinogen A (25.0 kDa, GE Healthcare, Munich, Germany) and cytochrome C (12.4 kDa, Sigma-Aldrich, Munich, Germany) were used. Standard proteins were dissolved in 25 mM Tris/HCl pH 7.0, 50 mM NaCl and 10 mM ß-mercapto-ethanol, which was also used for equilibration and the column run. The sample was dialyzed against the same buffer. NMR spectroscopy. Two dimensional 15 N-1 H HSQC NMR spectra were recorded on a Bruker AV 800 MHz NMR spectrometer equipped with a cryogenic probe and pulsed field-gradient capabilities at 298 K according to the FHSQC scheme [START_REF] Mori | Improved sensitivity of HSQC spectra of exchanging protons at short interscan delays using a new fast HSQC (FHSQC) detection scheme that avoids water saturation[END_REF]. For data processing and visualization in-house software and NMRView [START_REF] Johnson | NMRview: A computer program for the visualization and analysis of NMR data[END_REF] was used, respectively. Crystallization and data collection Recombinant hSpt4/hSpt5-NGN was crystallized by the hanging-drop vapor diffusion method at 290 K by mixing 2 µl of protein solution (1. dimensions of approximately 300 x 150 x 50 m 3 . Crystals were harvested in 17 l precipitant plus 3 l of 2R,3R-butandiol (Sigma-Aldrich, Munich, Germany) before flash cooling in liquid nitrogen. Zinc-MAD (multi-wavelength anomalous dispersion) diffraction data were collected at 100 K at the synchrotron beam line 14.2 of BESSY (Berlin, Germany) with a single crystal belonging to the orthorhombic system (space group P2 1 2 1 2 1 with cell constants of a = 41.096 Å, b = 52.091 Å and c = 97.099 Å). The crystal diffracted to a resolution of 1.55 Å at the zinc-MAD remote wavelength (0.91841 Å).There is one heterodimer per asymmetric unit with a solvent content of 40 %. Data were processed and scaled with XDS [START_REF] Kabsch | Automatic processing of rotation diffraction data from crystals of initially unknown symmetry and cell constants[END_REF]. Data statistics are reported in Table 1.

Structure Determination and Refinement

Initial phases were obtained with SHELX [START_REF] Sheldrick | A short history of SHELX[END_REF] by SAD (single-wavelength anomalous dispersion) phasing using the wavelength 1.28308 Å corresponding to the peak of the Zn-MAD experiment. Automatic model building with ARP/wARP [START_REF] Morris | ARP/wARP and automatic interpretation of protein electron density maps[END_REF] resulted in a largely complete polypeptide model. Manual model building and positioning of the Zn 2+ atom associated with hSpt4 were done with the program COOT [START_REF] Emsley | Coot: Model-building tools for molecular graphics[END_REF]. Positional and temperature factor refinements were carried out with Refmac5 [START_REF] Murshudov | Refinement of macromolecular structures by the maximum-likelihood method[END_REF]. In the final refinement cycles the B factors of the Zn ion and the S atoms of the four coordinating cysteine residues were refined anisotropically and alternative conformations of side chains were included. Several side chains located at the surface of the molecules (16 from hSpt4 and 11 from hSpt5-NGN) were only partially visible in the electron density maps and therefore modeled using one of the rotamers.

ARP/wARP and Refmac5 programs were used as implemented in the CPP4 suite [START_REF]The CCP4 suite: Programs for protein crystallography[END_REF]. The refined model contains one hSpt4 subunit (Gly-1 to Thr-117) and one hSpt5-NGN subunit (Asp-176 to Glu-269), one Zn 2+ ion and 196 solvent molecules. The N-terminal residue Met of hSpt4 (numbered zero in the PDB file 3H7H) and the N-terminal residue Met of hSpt5-NGN (numbered 175 in the PDB file 3H7H) are cloning artifacts. The last four C-terminal residues of hSpt5-NGN (Val-Ala-Asn-Leu), and the next four residues (Gly-Ser-Gly-Cys; derived from the cloning strategy) were not visible in the electron density maps and therefore not included in the refined model. The final refinement statistics are shown in Table 1.

Figures were generated by PyMOL v0.99 [START_REF] Delano | The PyMOL molecular graphics system[END_REF] and electrostatic surface potential calculations for hSpt5-NGN, Spt5-NGN and E. coli NusG-NTD were performed using the APBS (adaptive Poisson-Boltzmann solver) tool [START_REF] Baker | Electrostatics of nanosystems: Application to microtubules and the ribosome[END_REF] for the PyMOL program written by Michael Lerner.

All secondary structures shown were determined by PROCHECK [START_REF] Laskowski | PROCHECK: A program to check the stereochemical quality of protein structures[END_REF]. ClustalW2 [START_REF] Larkin | Clustal W and clustal X version 2.0[END_REF] was used for sequence alignments. The program LIGPLOT [START_REF] Wallace | LIGPLOT: A program to generate schematic diagrams of protein-ligand interactions[END_REF] was used to identify the amino acid residues involved in dimerization.

Accession code

The coordinates and structure factors were deposited in the Protein Data Bank with accession code 3H7H. 

Results and Discussion

To facilitate formation of the correctly folded heterodimeric hSpt4/hSpt5-NGN complex, we chose co-expression of the two genes encoded on separate plasmids in E. coli. The hSpt5 construct used (aa 176-273) encloses the NGN-domain [START_REF] Devito | Control of transcription processivity in phage lambda: Nus factors strengthen the termination-resistant state of RNA polymerase induced by N antiterminator[END_REF][START_REF] Torres | In vivo effect of NusB and NusG on rRNA transcription antitermination[END_REF]. Previous attempts to express the two genes, hSpt4 and hSpt5-NGN, in separate strains and then combine the proteins failed, due to insolubility of hSpt5-NGN. Only hSpt4 could be purified successfully [START_REF] Wenzel | The small hSpt4 subunit of the human transcription elongation factor DSIF is a zn-finger protein with alpha/beta type topology[END_REF].

The integrity of the purified hSpt4/hSpt5-NGN complex was verified by size exclusion chromatography (Figure 2A). Only one peak was detected which eluted at 12.4 ml corresponding to an apparent molecular mass of 23.0 kDa. This in good agreement with the calculated molecular mass of the complex of 25.3 kDa. Peak fractions analyzed by SDS-PAGE revealed two bands, corresponding to hSpt4 and hSpt5-NGN (Figure 2B). The identity of the proteins was verified by mass spectrometry. These analyses confirm that the heterodimer observed in the crystal structure most probably reflects the physiological complex and is not an artifact from crystal packing.

Structure of the hSpt4/hSpt5-NGN complex

The crystal structure of hSpt4/hSpt5-NGN was determined to a resolution of 1.55 Å by Zn-SAD phasing. Crystal parameters, data collection and refinement statistics are summarized in Table 1. The crystal structure of the hSpt4/hSpt5-NGN complex shows a compact heterodimer with an overall surface area of 11547 Å 2 and an overall buried surface of 3159 Å 2 [START_REF] Krissinel | Inference of macromolecular assemblies from crystalline state[END_REF].

The hSpt5-NGN domain of the DSIF heterodimer is an / type protein with -strand andhelical contents of 17.3 % and 34.7 %, respectively. It exhibits a 1 1 2 3 2 3 4 4 5 5 folding topology (Figure 3) with a central four stranded antiparallel -sheet which is sandwiched between three helices ( 1, 2 and 3) and two short single helices ( 4 and 5). Helices 2 and 3 span across the -sheet thereby shielding parts of the sheet from the solvent. Furthermore, the largest helix ( 1) of hSpt5-NGN is aligned along 2 and both are part of the dimerization interface.

The secondary structure distribution of hSpt4 is similar to hSpt5, with approximately 32.2 %helical and 19.4 % -strand content (Figure 1). A secondary structure prediction, based on circular dichroism data for separately purified monomeric hSpt4 [START_REF] Wenzel | The small hSpt4 subunit of the human transcription elongation factor DSIF is a zn-finger protein with alpha/beta type topology[END_REF] yielded a similar structural distribution as observed in the heterodimer. It consists of two -sheets of three and two antiparallel -strands ( 1'-3', 4'-5'), respectively. Both -sheets are packed orthogonally against each other and face towards the dimer interface where 4' is directly involved in interaction with hSpt5-NGN. The solvent exposed side of hSpt4 is exclusively -helical with three short helices ( 2'-4') and 7' (Figure 3A,B). Additionally, in the hSpt4 centre a Zn 2+ ion is tetrahedrally coordinated by four cysteine residues (C16, C19, C33 and C36) forming a Zn-finger (Figure 3C). Cysteine residues involved in Zn 2+-coordination are located in the loop regions between 1' and 2' (C16, C19) and 2' and 3' (C33, C36), and presumably fulfill a major structural function by arranging the large helix-loop region from aa 23 to aa 54 in close proximity to the -sheet with 1' and 2'.

Furthermore, a short 3 10 -helix ( 1') is located at the N-terminus and a second one ( 2') between 4' and 5'. In the -strands 4' and 5', a -bulge interruption resides on equivalent spatial positions forcing both strands to bend away from the interface region. At the C-terminus of hSpt4 the short -strand 6' is involved in a two-stranded parallel -sheet with the second strand, 5, derived from hSpt5-NGN.

Dimerization interface

In the heterodimer, -strand 4' of hSpt4 aligns antiparallel with -strand 2 of hSpt5-NGN, leading to a large six-stranded -sheet that stabilizes the dimer (Figure 3B). Helix 1 of hSpt5-NGN packs against 2 of hSpt5-NGN and 4' of hSpt4. Non-polar residues point towards the interface, thereby stabilizing the interaction by hydrophobic contacts with hSpt4 (Figure 3D). Thus, the central interface comprises predominantly hydrophobic residues. Only a few polar side chains (e.g. Q204 and E219 of hSpt5-NGN) at the border of the interface also contribute to dimerization.

For the S. cerevisiae homologues Spt4 and Spt5, it was reported that the salt bridge between the conserved E338 in Spt5 and S58 of Spt4 is crucial for binding and yeast mutant screens showed that mutation of E338 resulted in loss of dimerization [START_REF] Guo | Core structure of the yeast Spt4-Spt5 complex: A conserved module for regulation of transcription elongation[END_REF]. In hSpt5 the corresponding conserved residue E228 is located at the C-terminus of 3 and faces towards the N-terminus of -helix 5' of hSpt4. It forms interactions at hydrogen bond distance with backbone amide protons of residues V72 and W71 and with the hydroxyl group of S69 of hSpt4 (Figure 3D). To analyze whether the conserved E228 in hSpt5 (E338 in Spt5 from S. cerevisiae) is also essential for dimerization with hSpt4 we exchanged E228 for a glutamine and co-expressed wild type hSpt4 with mutated hSpt5-NGN-E228Q. However, the E228Q mutation obviously destroyed the structural integrity of the complex. In contrast to the wild type protein, hSpt5-NGN-E228Q was found to be insoluble and could not be co-purified with hSpt4 (data not shown), indicating an important structural role for this residue.

hSpt4/hSpt5-NGN shares an identity with Spt4/Spt5-NGN from S. cerevisiae (PDB: 2EXU) of 37,5 % (ClustalW2). The structures of the two complexes are remarkably conserved and superposition of the complexes clearly show identical folding topologies (RMSD: 1.36 Å over 860 backbone atoms) (see Supplementary Figure S1). The two Spt4 proteins reveal a slightly less conserved tertiary structure as compared to the Spt5 proteins, although the Spt4 proteins share a higher sequence identity (Spt4 proteins: 46%; Spt5 proteins: 28 %; ClustalW2). Especially, helices 2' and 4' of hSpt4 do not superimpose perfectly with yeast Spt4 and hSpt4 harbors 10 additional N-terminal residues. Except for the short 3 10 -helix 1', these residues show no significant secondary structural elements (see Supplementary Figure S1). However, residues L3 and V6 of the N-terminal region of hSpt4 are involved in hydrophobic interactions with hSpt5-NGN, which is not the case in the S. cerevisiae complex. These interactions probably stabilize the human DSIF complex.

Moreover, in S. cerevisiae Spt5-NGN helix 3 of hSpt5-NGN is replaced by a long -strand which superimposes at its C-terminus with 4 of the human Spt5-NGN. The 3 10 helices 4 and 5 in hSpt5-NGN are substituted by a single long helix enclosing both hSpt5-NGN helices in yeast Spt5-NGN (see Supplementary Figure S1). In addition, the small 5-strand at the C-terminus of hSpt5-NGN is missing in Spt5-NGN of S. cerevisiae.

Comparison of hSpt5-NGN with E. coli NusG-NTD

The physiological function of the NGN-domain of DSIF has not yet been identified. In addition to the NGN domain, NusG proteins from bacteria and archaea also contain KOW motifs, supporting the hypothesis of hSpt5 as the eukaryotic counterpart of NusG.

Comparison of hSpt5-NGN with E. coli NusG-NTD (PDB: 2K06) [START_REF] Mooney | Two structurally independent domains of E. coli NusG create regulatory plasticity via distinct interactions with RNA polymerase and regulators[END_REF] indeed reveals structural homology (RMSD: 3.1 Å over 386 backbone atoms, sequence identity: 16% (ClustalW2)) (Figure 4A). The two proteins exhibit identical folding topologies, but also possess unique characteristics such as the 3 10 helices 4 and 5 in hSpt5-NGN, which are replaced by a single long C-terminal helix in E. coli NusG-NTD. The small -strand 5 of hSpt5 is lacking in E. coli NusG-NTD and the major -sheet of hSpt5-NGN does also not superimpose perfectly with its E. coli counterpart. Additionally, discrepancies in secondary structure elements can be seen for helix 3 of hSpt5-NGN, which is substituted by a strand in E. coli NusG-NTD. In contrast, the small -strand ( 4) in hSpt5-NGN is missing in E. coli NusG-NTD. Similar structural differences can be detected between human and yeast Spt5-NGN, indicating that the structures of NTD-and NGN-domains are more conserved between procaryotes and S. cerevisiae than between S. cerevisieae and humans.

Moreover, the loop between 2 and 3 is truncated in hSpt5-NGN (Figure 4A). Structural comparisons showed that in archaeal NusG proteins E338 of Spt5 is also conserved [START_REF] Guo | Core structure of the yeast Spt4-Spt5 complex: A conserved module for regulation of transcription elongation[END_REF] However, sequence comparisons with the DSIF complex from S. cerevisiae suggested that the conserved Glu might play a role in the interaction of archaeal NusG with RpoE'' [START_REF] Guo | Core structure of the yeast Spt4-Spt5 complex: A conserved module for regulation of transcription elongation[END_REF].

Since we can show here that the bacterial NusG is structurally homologous to hSpt5, we analyzed whether the NTD domain of E. coli NusG interacts with hSpt4. However, co-expression experiments and NMR titrations (see Supplementary Figure S2A) we performed with hSpt4 and E. coli NusG-NTD did not suggest any interactions.

Since E. coli NusG possesses a glutamine residue (Q72) at the position corresponding to the conserved E228 of hSpt5, we mutated Q72 of NusG-NTD to a glutamate to make it more similar to its eukaryotic and archaeal homologues. We then tested if this amino acid exchange is sufficient for interaction with hSpt4. NMR titration experiments with 15 N-labeled hSpt4 and unlabeled E. coli NusG-NTD-Q72E showed no significant chemical shift changes in the HSQC spectrum of hSpt4 (see Supplementary Figure S2B), implying that even with the mutated protein no interaction occurs. This result indicates that the conserved glutamate in eukaryotes and archaea cannot by itself account for the interaction, even in the context of high overall structural homology.

Comparison of the electrostatic surfaces of hSpt5-NGN and E. coli wildtype NusG-NTD revealed (Figure 4B) that in E. coli NusG-NTD negative charges predominate in the region corresponding to the dimerization interface, whereas in hSpt5 positive and negative charges appear to be more evenly distributed. These differences could also influence the ability to interact.

It has been suggested that a hydrophobic surface on NusG mediates binding to E. coli RNA Pol [START_REF] Mooney | Two structurally independent domains of E. coli NusG create regulatory plasticity via distinct interactions with RNA polymerase and regulators[END_REF][START_REF] Belogurov | Structural basis for converting a general transcription factor into an operon-specific virulence regulator[END_REF][START_REF] Nickels | Genetic assays to define and characterize protein-protein interactions involved in gene regulation[END_REF]. The region on Nus G is located opposite to the surface which corresponds to the Spt4 binding interface of the yeast Spt5-NGN domain. A hydrophobic surface region is also present in hSpt5 at a similar position, although it is smaller and interrupted by hydrophilic residues (see Supplementary Figure S3) hSpt4 and RpoE'' share core elements hSpt4 shows distant structural homology to the archaeal RpoE'' from Pyrococcus furiosus (PDB: 1RYQ) (Figure 4C) [START_REF] Werner | Structure and function of archaeal RNA polymerases[END_REF][START_REF] Guo | Core structure of the yeast Spt4-Spt5 complex: A conserved module for regulation of transcription elongation[END_REF]. Albeit much smaller, structure alignment with hSpt4 reveals topological similarities for the Zn-finger and the corresponding hSpt5 interaction region (RMSD: 1.6 Å, over 341 backbone atoms; sequence identity 23% (ClustalW2)). The three helical elements 2', 3' and 4' of hSpt4 are exchanged for unstructured loop regions, which are stabilized by the Zn-finger formed by the four cysteine residues C6, C9, C18 and C21 of RpoE''. Apart from C18, these cysteines are arranged in the same relative orientation as the corresponding cysteine residues of hSpt4. Both proteins share the -sheet ensemble, with one two stranded antiparallel sheet and a second small three stranded sheet arranged perpendicularly to each other.

Consequently, RpoE'' contains all basic and important elements for stability and interaction with NGN-domains. Potential binding of the two proteins was suggested by docking experiments of RpoE'' with the crystal structure of NusG from Methanocaldococcus jannaschii [START_REF] Zhou | Crystal structure of NusG N-terminal (NGN) domain from Methanocaldococcus jannaschii and its interaction with rpoE[END_REF] and GST pull down experiments detected interaction of RpoE'' with NusG from Methanocaldococcus jannaschii [START_REF] Guo | Core structure of the yeast Spt4-Spt5 complex: A conserved module for regulation of transcription elongation[END_REF]. The role of RpoE'' or Spt4 proteins is still not fully understood. However, despite the structural homology between hSpt4 and RpoE'', this may not necessarily translate in similar functional roles or even a similar localization or interface with the RNA polymerase. So far, all interactions of DSIF with other transcription factors or RNA polymerases appear to be mediated via Spt5 proteins. ) 1 a R s = h i | I i (h) -<I(h)>| / h i I i (h); where i are the independent observations of reflection h. b The R free -factor was calculated from a 5 % subset of reflections (1523), which were removed at random before the refinement was carried out. c Estimated overall coordinate error (ESU) based on maximum likelihood. Values in parentheses are given for the highest resolution shell (1.59 -1.55 Å).
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Figure legends Figure 1

 1 Figure legendsFigure 1 Schematic representation of the domain structures of hSpt4 and hSpt5. (A) Domain structure of hSpt4 and secondary structure distribution of hSpt4 in the hSpt4/hSpt5-NGN heterodimer. The amino acid sequences of hSpt4 (PDB: 3H7H), Spt4 from S. cerevisiae (PDB: 2EXU) and archaeal RpoE'' from Pyrococcus furiosus (PDB: 1RYQ) were aligned. Conserved amino acids are highlighted by a black frame, conserved substitutions are represented by white letters on grey boxes and semi-conserved substitutions are highlighted by black letters on grey boxes. Secondary structure elements of complexed hSpt4 (PDB: 3H7H) are indicated on top of the alignment. Numbers underneath the alignment refer to amino acid positions of hSpt4. (B) Domain architecture of hSpt5 [21,22]. The amino acid sequences of hSpt5-NGN (residues: 176-273) (PDB: 3H7H), Spt5-NGN from S. cerevisiae (residues: 286-375) (PDB: 2EXU) and E. coli NusG-NTD (PDB: 2K06) are aligned. Labeling of amino acids see (A). The secondary structure composition of complexed hSpt5-NGN is displayed on top of the alignment. Abbreviations: C, cysteine residues involved in zinc-coordination; KOW, KOW domain after Kyrpides, Ouzounis and Woese [26]; CTR 1 and 2, C-terminal repeat 1 or 2, respectively; acidic, N-terminal acidic region.Numbers underneath the alignment refer to amino acid positions of hSpt5.

Figure 2

 2 Figure 2 Analysis of purified hSpt4/hSpt5-NGN. (A) Size exclusion chromatography. Chromatogram using a Superdex 75 HR 10/30 column (GE Healthcare, Munich, Germany). The positions of the standard proteins used for column calibration are indicated. The numbers 1-3 correspond to the lanes of Figure 2B. (B) 19 % SDS-PAGE. The gel shows eluted fractions from (A) of hSpt4/hSpt5-NGN. The bands corresponding to hSpt4 and hSpt5-NGN are indicated. Numbers on the left indicate the molecular masses of standard proteins (lane M).

Figure 3

 3 Figure 3 Structure of the hSpt4/hSpt5-NGN heterodimer. (A) Ribbon diagram of the hSpt4/hSpt5-NGN heterodimer. hSpt5-NGN is presented in green, hSpt4 in blue; the four cysteine residues (C16, C19 C33, C36) coordinating the zinc ion (grey sphere) are shown in yellow; secondary structure elements are indicated; (B) Topology of the secondary structure elements in the hSpt4/hSpt5-NGN complex. Green: hSpt5-NGN; blue: hSpt4. -strands are represented by arrows, -helices by cylinders. (C) Electron density map. 2F obs -F cal electron density map (blue) contoured at 1.0 sigma of the zinc finger region of hSpt4. (D) Dimerization interface of the complex. hSpt5-NGN is depicted in green, the surface of hSpt4 is represented semi-transparently. The secondary structure elements of hSpt4 are shown in blue, unstructured regions in grey. Residues of hSpt4 interacting with hSpt5-NGN are shown in red (polar) or grey (hydrophobic). Hydrophobic residues of hSpt5-NGN involved in dimerization are colored in black, polar residues are colored in red. The interacting residues of hSpt5-NGN are labeled. The conserved E228 of hSpt5 and its interaction partner S69 (labeled in italics) of hSpt4 are highlighted in orange.

Figure 4

 4 Figure 4 Comparison of hSpt4/hSpt5-NGN with E. coli NusG-NTD and archaeal RpoE''(A) Superposition of hSpt5-NGN with E. coli NusG-NTD. hSpt5-NGN is shown in green, E. coli NusG-NTD (PDB: 2K06) in brown; secondary structure elements mentioned in the text are indicated. (B) Electrostatic surface potential of hSpt5-NGN domain of with the E. coli NusG-NTD. Structures are displayed in identical orientations. The conserved E228 in hSpt5-NGN and the corresponding Q72

  

  

  

  

Table 1 . Data collection and refinement statistics Data collection

 1 

	Wavelength (Å)	0.91841 (remote)	1.2831 (Zn-peak)
	d min (Å)	19.11 -1.55	19.11 -1.60
	Space group	P2 1 2 1 2 1	
	Cell dimensions	41.096	
	a,b,c (Å)	52.091	
			97.099	
	Total / unique reflections	115753 / 30454	105462 / 51330
	Completeness (%)	98.1 (86.9)	97.1 ( 94.7)
	R s	a	3.4 (23.6)	2.4 (10.8)
	I/		22.7 (4.7)	22.1 (7.3)
			Model refinement	
	d min (Å)	19.11 -1.55	
	Reflections	28930	
	R-factor / R free -factor b	0.186 / 0.222 (0.222 / 0.256)
	RMSD-bond length (Å)	0.01	
	RMSD-bond angles (°)	1.277	
	Average B-factor (Å 2 )	14.36	
	ESU c (Å)	0.054	
	Protein atoms	1746	
	Solvent atoms	196	
	Metal ions (Zn +2		
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