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Abstract Zinc ﬁngers are small structured protein domains that need the coordination of zinc for a stable tertiary fold. Together with FYVE and PHD, the RING domain forms a distinct class of zinc-binding domains, where two zinc ions are ligated in a cross-braced manner, with the ﬁrst and third pairs of ligands coordinating one zinc ion, while the second and fourth pairs ligate the other zinc ion. We studied the dynamics and metal exchange of the RING domains of CNOT4 and the p44 subunit of TFIIH. We found that Zn2+-Cd2+ exchange is different between the two metal-binding sites in the C4C4 RING domains and also differs signiﬁcantly between the two proteins. In order to understand the origins of these distinct exchange rates, we have studied the backbone dynamics by NMR spectroscopy of both domains in the presence of zinc and of cadmium. The higher metal exchange rate in the p44 RING domain correlates with an increased backbone ﬂexibility. The differential stability, as reﬂected by the metal exchange of the two metal-binding sites of the RING domain, can be explained by a combination of accessibility and an electrostatic ion interaction model.
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Introduction Zinc-binding proteins are among the most abundant groups of metalloproteins in eukaryotic cells (Vallee and Falchuk, 1993). The role of zinc in such proteins can either be catalytic or structural (Schwabe and Klug, 1994). A well-known zinc-binding motif is the zinc ﬁnger, in which the metal ion is bound tetrahedrally by a combination of cysteine and histidine ligands (Kaptein, 1991; Schwabe and Rhodes, 1991). In these small domains, the zinc ion plays a purely structural role and is indispensable for a stable fold (Berg and Shi, 1996). In a large number of transcription factors multiple repeats of such small and independently folded zinc ﬁnger domains can be found, that together deﬁne the DNA speciﬁcity of the transcription factor. There is also a large group of zinc ﬁnger proteins where the adjacent motifs form an integral domain (Folkers et al., 2001). Such tandem zinc-binding motifs can be found in the LIM domains (Perez-Alvarado et al., 1994) and the nuclear hormone receptors (NHR) (Hard et al., 1990; Schwabe et al., 1990), where the ﬁrst two pairs of ligands bind one metal ion and the second metal ion is coordinated by the last two ligand pairs. A more complex binding motif is found in the C6 binuclear zinc-binding cluster of the GAL4 transcription factor (Baleja et al., 1992), where two zinc ions are coordinated by six cysteines, and in the crossbraced zinc-binding motifs, where the ﬁrst and third ligand pairs bind one zinc ion, while the second and fourth ligand pairs bind the other zinc ion. Such cross-braced zinc-binding motifs can be found in the RING domain (Freemont et al., 1991; Freemont, 1993; Lovering et al., 1993), as well as in the PHD (Aasland et al., 1995) and FYVE domains (Misra and Hurley, 1999). The RING motif forms one of the most common zinc-binding sequence motifs in the human genome with more than 400 identiﬁed sequences. The initial consensus sequence for the RING motif was C3HC4, where the ﬁrst metal is coordinated by four cysteines, and the second by three cysteines and one histidine. Later motifs expanded the RING motif to C3HHC3 (RING-H2) (Borden and Freemont, 1996) and C4C4 (Hanzawa et al., 2001). Metal binding of several zinc-binding proteins or domains has been studied extensively, exploiting the fact that zinc ions can be substituted by other divalent metal ions such as Co2+ or Cd2+. In two NHR zinc ﬁnger DNA-binding domains it was found that the binding afﬁnities of the two C4 metal-binding sites are equivalent (Payne et al., 2003). A difference in afﬁnity of the two metal-binding sites was observed in the C6 binuclear cluster of the transcription factor GAL4, despite the absence of any difference in coordination chemistry of the two sites (Gardner et al., 1991). For two LIM domains preferential occupancy of the C4 metal-binding site over the C3H site was observed (Kosa et al., 1994). A number of studies focused on metal binding of C3HC4 RING domains. The C3HC4 RING domain of COP1 was shown to contain two metal-binding sites with distinct afﬁnities for zinc (von Arnim and Deng, 1993) and studies of two other C3HC4 RING domain proteins, BRCA1 (Roehm and Berg, 1997) and hdm2 (Lai et al., 1998), revealed anti-cooperative sequential metal binding, with one site nearly fully occupied before metal binding to the second site. The higher afﬁnity in these C3HC4 RING domains was ascribed to the site formed by four cysteine ligands. The difference in afﬁnity of the two unequal sites may thus originate from the distinct chemical nature of the two sites, as well as from structural differences between the two sites. 46
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To gain further insight into the folding stability of the cross-braced zinc-binding motifs, we have studied the metal exchange process in C4C4 RING domains from CNOT4 and the p44 subunit of TFIIH. The structure of the N-terminal domain of CNOT4, a component of the human CCR4-NOT complex, has a canonical RING fold (Hanzawa et al., 2001) and it was demonstrated that CNOT4 interacts with the E2 enzyme UbcH5B and functions as an E3 ligase in the ubiquitination pathway (Albert et al., 2002). Protein p44 is one of nine subunits of the eukaryotic transcription/DNA repair factor TFIIH (Humbert et al., 1994). The C-terminus of p44 contains a cysteine-rich motif that binds three zinc atoms through two independent domains. While the ﬁrst domain was identiﬁed as a C4 zinc ﬁnger motif, the second domain was shown to be a new variant C4C4 RING domain (Kellenberger in prep.) and to adopt a βββα fold (Fribourg et al., 2000). Here, we have analyzed Zn2+-Cd2+ metal exchange in the RING domains from both CNOT4 and p44 by NMR spectroscopy. Since the chemical shifts of amide protons that are in close proximity to the metal-binding sites are sensitive to the replacement of zinc by cadmium, NMR spectroscopy allows the exchange process to be followed for each individual site. In order to understand the origins of the noted differences in metal exchange rates between sites and between proteins, we have studied the backbone dynamics of both proteins in the presence of Zn2+ or of Cd2+ using 15N relaxation measurements. We show that the difference in metal-binding afﬁnity of the two binding sites can be related to backbone ﬂexibility, solvent accessibility and the electrostatic surface potential of the metal-binding sites.



Results Metal exchange kinetics The exchange of coordinated Zn2+ ions for Cd2+ ions was monitored by recording a series of 15 N-1H HSQC spectra after addition of an excess of Cd2+-EDTA to the protein sample. Over time, signals of amide groups in close proximity to the metal-binding sites disappeared and reappeared at new positions (Figures 1A & 2A). The metal exchange from a coordination site can be described by the following chemical equilibrium: C4 – Zn2+ + EDTA – Cd2+ ⇔ C4 – Cd2+ + EDTA – Zn2+ Since the afﬁnities of Zn2+ and Cd2+ for EDTA are almost identical (Martell and Smith, 1974; Nowack et al., 2001; Patton et al., 2004) the exchange of Zn2+ by Cd2+ must be ascribed to an intrinsically higher afﬁnity of the protein for Cd2+. This agrees with the fact that thiolate metal ligands have an intrinsically higher afﬁnity for Cd2+ than Zn2+. The 1H-15N HSQC spectra of the RING domains of CNOT4 (CNOT4(1-63)) and p44 (p44(321-395)) showed small chemical shift changes for most amide groups upon replacement of Zn2+ by Cd2+ (Figures 1A & 2A), due to a different chemical environment of the nuclei in presence of Cd2+. The largest chemical shift changes (Δδcomp ≥ 0.2 ppm) were observed for amide groups in close proximity (≤ 3 Å) to at least one of the sulphur atoms that ligate the metal ions (Figures 1B & 2B), potentially forming N-H•••S hydrogen bonds (Hanzawa et al., 2001). For amide groups 47
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in such hydrogen bonds (Allen et al., 1997), chemical shift changes presumably result from small changes in the hydrogen bond lengths caused by the increase in metal-sulphur bond length (Ayhan et al., 1996; Goodfellow et al., 1998b). Smaller chemical shift changes may reﬂect minor structural rearrangements. The difference in chemical shifts allows the effects of metal exchange on different residues to be followed and metal exchange kinetics for the two metal-binding sites to be extracted (Figures 1C, 1D, 2C, 2D and Table 1). For CNOT4(1-63), the Zn2+ ion in site 1 is exchanged
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Figure 1. Zn2+-Cd2+ exchange in CNOT4(1-63). (A) Composite 1H and 15N chemical shift changes in ppm upon Zn2+-Cd2+ exchange in the two metal-binding sites that are schematically represented in (B). The composite shift is calculated as described in Mulder et al. (1999): Δδcomp = (Δδ HN ) 2 + (ΔδN /Rscale ) 2 , where Rscale is equal to 6.52. Disappearance of 15N-1H HSQC cross-peaks from Zn2+-CNOT4(1-63) (open circles) and the appearance of Cd2+-CNOT4(1-63) cross-peaks (ﬁlled circles) over time are shown for site 1 (C) and site 2 (D).
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two times faster (8.7 ± 0.8 · 10-5 s-1) than that in site 2 (4.1 ± 0.4 · 10-5 s-1). For p44(321-395) we found that site 1 exchanges 1.7 times slower (2.1 ± 0.2 · 10-4 s-1) than site 2 (3.5 ± 0.2 · 10-4 s-1). Thus Zn2+ from site 1 exchanges only two times faster in p44(321-395) as compared to CNOT4(1-63) while that from site 2 exchanges more than eight times faster. Since the differences in exchange rates for each protein and between the two proteins may be related to differences in the dynamic properties of the metal-binding sites, we have measured 15N relaxation rates for the two proteins in the presence of Zn2+ and of Cd2+.
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Figure 2. Zn2+-Cd2+ exchange in p44(321-395). (A) Composite 1H and 15N chemical shift changes in ppm upon Zn2+-Cd2+ exchange in the two metal-binding sites that are schematically represented in (B). The composite shift is calculated as described for Figure 1. Disappearance of 15N-1H HSQC cross-peaks from Zn2+-p44(321395) and the appearance of Cd2+-p44(321-395) cross-peaks over time are shown for site 1 (C) and site 2 (D).
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Chapter 3 Table 1. Metal exchange rates for CNOT4(1-63) and p44(321-395) derived from increasing and decreasing amide cross-peaks in the NMR spectrum upon exchange of Zn2+ by Cd2+. a



Pk



b



Zn



Arg39 Phe40



Cd Zn



Rate [⋅10 s ]



Rate [⋅10 s ]



Rate [⋅10 s ]



Rate [⋅10-5 s-1]



9.6 ± 0.9



Cys31



10.1 ± 0.5 9.0 ± 0.7



Trp42



8.6 ± 0.7



Cys33



8.8 ± 1.2



Zn



Gly25



4.0 ± 0.6



Gly31



4.1 ± 0.6



Tyr35



4.2 ± 0.4



Phe51



8.6 ± 2.0



3.9 ± 0.5 3.5 ± 0.5 4.1 ± 0.4



Tyr60



Val46



19.3 ± 1.1



Cys47



20.1 ± 0.9



Cys52



25.3 ± 1.0



Cys55



20.6 ± 1.2



Gln48



24.1 ± 1.1 20.9 ± 1.2



35.7 ± 0.5 32.7 ± 0.6 34.2 ± 0.6



Cys66



39.1 ± 0.8 40.5 ± 1.1



Gly68



20.4 ± 0.9 Asp56



35.0 ± 0.7 32.9 ± 0.8 32.9 ± 0.7



19.8 ± 1.0



4.1 ± 0.4 Lys58



17.6 ± 1.4 18.7 ± 1.3



20.5 ± 1.0



4.0 ± 0.5 Gln36



-1



20.3 ± 0.9



4.0 ± 0.6



Cd Cd



3.9 ± 0.6



-5



4.3 ± 0.6 Gly34



8.4 ± 0.8 His43



-1



3.9 ± 0.8



8.3 ± 0.6



Cd Zn



p44 Site 2f



-5



8.2 ± 0.5 Cys41



Cd Zn



p44 Site 1e



-1



7.4 ± 0.8



Cd Zn



CNOT4 Site 2d



-5



Cd Zn



CNOT4 Site 1c



33.9 ± 1.0 35.3 ± 0.9



Cys69



34.4 ± 0.9 34.5 ± 0.7



5.1 ± 0.4 3.6 ± 0.4



Residues listed are affected by Zn2+-Cd2+ exchange, have an isolated cross-peak in both Zn2+ and Cd2+ spectra and are in close proximity to the metal ion in the NMR structure. b For each residue the exchange rate is derived from both the disappearing cross-peak (Zn2+-protein) and the appearing (Cd2+-protein) cross-peak. c Site 1 in CNOT4(1-63) is formed by Cys14, Cys17, Cys38 and Cys41; the exchange rate is 8.7 ± 0.8 ⋅10-5 s-1. d Site 2 in CNOT4(1-63) is formed by Cys31, Cys33, Cys53 and Cys56; the exchange rate is 4.1 ± 0.4 ⋅10-5 s-1. e Site 1 in p44(321-395) is formed by Cys29, Cys32, Cys52 and Cys55; the exchange rate is 20.6 ± 2.1 ⋅10-5 s-1. f Site 2 in p44(321-395) is formed by Cys44, Cys47, Cys66 and Cys69; the exchange rate is 35.1 ± 2.4 ⋅10-5 s-1. a



Backbone dynamics of Zn2+-CNOT4(1-63) and Zn2+-p44(321-395) In order to study the backbone dynamics of the two RING domains in more detail, we have analyzed the relaxation rates using the reduced spectral density mapping approach (Peng and Wagner, 1992; Lefèvre et al., 1996). For Zn2+-CNOT4(1-63), the average relaxation rates over 20 residues that do not exhibit extensive internal motion (Figure 3) are 2.2 ± 0.1 s-1 (R1), 7.4 ± 0.5 s-1 (R2) and 0.69 ± 0.04 (NOE), giving an apparent correlation time of 5.7 ± 0.4 ns. The calculated spectral densities are plotted against each other in Figure 4, where the solid curves represent theoretical values of the spectral density functions, assuming isotropic rigid body rotational diffusion. In the case of Zn2+-CNOT4(1-63), the data points can be divided into three groups, mainly based on the values of J(0) and J(ωN). Most residues in the core of the protein fall into groups I and II (Figure 4A), indicating that Zn2+-CNOT4(1-63) diffuses anisotropically in solution. Indeed the relative lengths of the principle axes of the CNOT4 RING domain structure (Hanzawa et al., 2001) are 1.7:1.2:1.0 (discarding the ﬂexible N- and C-terminal tails), and the helix, residues of which belong to group II, is located along the 50
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Figure 3. Backbone RMSD and 15N relaxation rates for CNOT4(1-63). (A) Per-residue backbone RMSD for the ensemble of 30 structures (PDB 1E4U). (B) 15N relaxation rates for Zn2+-CNOT4(1-63). (C) Differences between the 15N relaxation rates for Zn2+- and Cd2+-CNOT4(1-63).
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longest principal axis. Linear ﬁts of the J(0) versus J(ωN) data points from groups I and II (Figure 4A, black and grey dashed lines, respectively), including the ﬂexible residues from the N- and C-termini in group III, result in two distinct overall rotational correlation times: 5.5 ns for group I and 6.5 ns for group II, represented by the x symbols on the solid theoretical curve. The intercept of the linear ﬁts with the theoretical curve at low J(0) values represents the effective correlation time for internal motion and has a value of approximately 500 ps. Data points in groups I and II that appear at the lower end of the ﬁtted lines, i.e. where both J(0) and J(ωN) are lower, correspond to residues with lower order parameters (S2) when using the Lipari-Szabo model for the spectral density functions (Lipari and Szabo, 1982). These residues are part of the helical turn (residues 23-25), and the loop following the helix (Glu49, Asn50). This observed ﬂexibility on the ps-ns time-scale correlates well with the higher
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Figure 4. Reduced spectral density plots of J(0) versus J(ωN+ωH) (lower panel) and J(ωN) (upper panel) for (A) Zn2+-CNOT4(1-63) and (B) Cd2+-CNOT4(1-63). (A) Most residues of Zn2+-CNOT4(1-63) may be divided into three groups. While group III contains residues only from the N- and C-terminal tails, the core residues fall in groups I: 13-18, 21, 23-29, 33, 34, 37, 38, 49, 51-53, 56, 57, 60 and II: 19, 22, 31, 35, 36, 39-48 (helix), 50, 58. (B) For Cd2+-CNOT4(1-63), most residues from the core of the protein again fall into groups I: 13-18, 21, 23-29, 33, 37, 38, 49, 51-53, 55-57, 60 and II: 19, 22, 31, 34, 35, 39-48 (helix), 58.
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backbone RMSD values for these two regions in the ensemble of solution structures (Figure 3A). Group III contains residues from the N- (residues 1-11) and C-terminal (residues 61-63) regions, which exhibit extensive motion on the ps-ns time-scale and this is again reﬂected in high backbone RMSD values. One residue, Thr32, does not belong to any of the three groups. This residue has a low intensity peak in the HSQC spectrum, indicative of a high 1HN R2 rate due to conformational exchange, which causes its measured 15N relaxation rates to be less precise. Nevertheless, the relative high value of J(0) of Thr32 also reveals the contribution of conformational exchange to the 15N R2 rate. The 15N relaxation data also indicate the presence of conformational exchange for the adjacent residue Cys31, since the 15N R2 relaxation rate derived from CPMG experiments (8.0 ± 0.1 s-1) is higher than the corresponding rate extracted from 15N R1ρ experiments (7.3 ± 0.2 s-1). Thr32 constitutes the single-residue spacing between metal-ligating cysteines 31 and 33 of site 2, while all other ligating pairs are separated by at least two residues. In C3HC4 RING domains, one-residue spacing between sequential metalchelating residues is found between a cysteine and histidine metal-coordinating pair. It was proposed that the backbone ‘strain’ that would result from such a short spacing is relieved by the use of the histidine Nδ atom, rather than its Nε atom, to ligate the metal ion (Barlow et al., 1994). In the CNOT4 C4C4 RING domain, this strain persists and may be reﬂected in the observed backbone dynamics for both Cys31 and Thr32. Relaxation data for Zn2+-p44(321-395) are in sharp contrast with those described for Zn2+-CNOT4(1-63). This difference is most striking when comparing the proﬁle of R2 values (Figure 5) which display considerable variation along the p44(321-395) sequence. This behavior indicates extensive exchange broadening throughout the peptide chain and hinders the straightforward estimation of an overall correlation time from the R2/R1 ratio. Results of the reduced spectral density mapping approach are shown in Figure 6A. Most residues of Zn2+-p44(321-395) fall into three distinct groups, but in rather a different manner to Zn2+CNOT4(1-63). Data points in groups I and II (Figure 6A) are residues for which there is no indication of a chemical exchange contribution. Clearly Zn2+-p44(321-395) does not display the same distinct anisotropic rotational diffusion as Zn2+-CNOT4(1-63), although data for residues belonging to the helix are found in group III where it is difﬁcult to distinguish between anisotropic and exchange contributions to elevated values of J(0). A linear ﬁt of the data points in group I and II (black dashed line) gives an overall rotational correlation time of 7.2 ns (upper right, open circle) with a internal correlation time of 200 ps (lower left, open circle). This higher value of the overall correlation time for Zn2+-p44(321-395) is consistent with the lower temperature (293K) at which measurements were made. Correcting for viscosity and temperature gives an overall correlation time at 300K of 6.0 ns, comparable with that obtained for Zn2+-CNOT4(1-63). Some residues in groups I and II (Ala14, Tyr23, Gln39, Leu63, Ile73 and Ala75) display higher J(ωN) values. Fitting the relaxation data for these residues using the Lipari-Szabo model (Lipari and Szabo, 1982) would require a second effective correlation time to describe the internal motions. A common effective internal correlation time of 700 ps is found using the linear correlation between J(0) and J(ωN) values (grey dashed line and cross). Two residues (Arg27, Lys37) in group I appear at lower J(0) and J(ωN) values, indicating more extensive ps-ns time-scale motions than for the 53
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Figure 5. Backbone RMSD and 15N relaxation rates of p44(321-395). (A) Per-residue backbone RMSD for the ensemble of 10 structures (PDB 1E53). (B) 15N relaxation rates for Zn2+-p44(321-395). (C) Differences between the 15N relaxation rates for Zn2+- and Cd2+- p44(321-395).
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core of the protein. Residues in group II show even higher amplitude motions on this timescale. In addition to the C-terminal tail (residues 75-79), Gly25, Leu63 and His64 belong to this group. A few residues (Phe10, Asn24, Phe58 and His71) from group III display low J(ωN) values, indicating both ps-ns and μs-ms time-scale motions. Whereas Phe10 and His71 belong to the N- and C-terminal tails of the domain, Phe58 is located in the C-terminal end of the helix while Asn24, together with Gly25, is located in the loop (residues 20-27) connecting the ﬁrst β-strand with the ﬁrst cysteine pair of site 1. This loop has a high RMSD in the ensemble of structures (Figure 5A). Other residues in this loop (residues 18, 20-22) are part of group III (Figure 6A). Residues in this group show evidence of μs-ms time-scale conformational exchange and are distributed throughout the protein. Most extreme values are found for Asp13 in the N-terminus and Val59 in the loop connecting the helix to the last pair of zinc-binding cysteines (Cys66, Cys69).
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Figure 6. Reduced spectral density plots of J(0) versus J(ωN+ωH) (lower panel) and J(ωN) (upper panel) for (A) Zn2+-p44(321-395) and (B) Cd2+-p44(321-395). (A) Most residues in Zn2+-p44(321-395) are part of three distinct groups. The residues belonging to group I are: 12, 14, 16, 26-39, 43-48, 51, 52, 62, 66, 68-70, the residues belonging to group II are indicated and the residues of group III are: 10, 13, 15, 17, 18, 20-22, 24, 33, 40-42, 49, 50, 53, 55-57-60, 71, 72. (B) In Cd2+-p44(321-395) the following residues belong to groups I: 10, 12, 14, 16, 23, 26-29, 31, 33-39, 43-49, 51, 52, 54, 68, 70, 71 and III: 6, 13, 15, 17, 18, 20-22, 24, 30, 32, 40-42, 50, 53, 55-60, 62-64, 66.
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In summary, analysis of the 15N relaxation rates of the two RING domains shows that although both adopt a RING domain fold, huge differences in their backbone dynamics are observed. Slow exchange processes for numerous residues in Zn2+-p44(321-395) are in strong contrast with Zn2+-CNOT4(1-63), where only one residue shows clear evidence of conformational exchange. The presence of more extensive conformational exchange in Zn2+p44(321-395) correlates with the four-fold faster exchange of zinc ions by cadmium ions compared to Zn2+-CNOT4(1-63). In addition, p44(321-395) contains two loops (residues 25-27 and 63-64) that are ﬂexible on the ps-ns time-scale, which are not present in CNOT4(1-63). Finally, whereas residues in the helix of Zn2+-CNOT4(1-63) show no evidence of internal motions, the helix of Zn2+-p44(321-395) is characterized by both ps-ns time-scale motions and μs-ms time-scale exchange processes. In order to further relate the observed differences to the differences in metal exchange kinetics observed in the two proteins, we have also analyzed the relaxation rates in the presence of Cd2+. Comparison of the backbone dynamics of Zn2+- and Cd2+-CNOT4(1-63) The average relaxation rates (Figure 3C) observed for 21 essentially rigid residues in Cd2+CNOT4(1-63) are very similar to those obtained for Zn2+-CNOT4(1-63): 2.3 ± 0.1 s-1 (R1), 7.4 ± 0.6 s-1 (R2) and 0.69 ± 0.05 (NOE), giving an apparent correlation time of 5.5 ± 0.5 ns. Spectral density plots for Cd2+-CNOT4(1-63) show a similar distribution of data points over the three groups (Figure 4B), as described above for Zn2+-CNOT4(1-63). The spread of spectral density values in group I and II is however larger, in part due to lower precision of the data points but which may also reﬂect small structural or dynamical changes. Fitting of the data points in group I and III or II and III gives two overall correlation times of 5.5 and 6.6 ns, respectively, with an effective time-scale for internal motion of the order of 500 ps, matching the values found for Zn2+-CNOT4(1-63). The number of residues with spectral density values distinct from those in the three groups is increased to four (Met1, Ser2, Thr32 and Gln36), representing the most signiﬁcant differences in relaxation rates between Zn2+and Cd2+-CNOT4(1-63). Met1 and Ser2 are part of the ﬂexible unstructured N-terminus. Gln36 is located in the four-residue stretch between sites 1 and 2 that connects the second and third metal-ligating pairs. In the presence of Zn2+, this residue has a high J(0) value, which is drastically increased in the presence of Cd2+, reﬂecting a more pronounced conformational exchange contribution. This effect is surprising, since the amide is far in space from both metal ions in the ensemble of structures; > 9 Å from Zn2+ in site 1 and > 7 Å from the Zn2+ in site 2. As discussed above, Thr32 is located in site 2 and its signal in the HSQC spectrum is again broad. Its chemical shifts are affected by the replacement of Zn2+ by Cd2+ (Figure 1A) and the amide proton is close enough to form a hydrogen bond to the sulphur atom of Cys31 (2.82 ± 0.32 Å). The increased J(0) value for Thr32 reﬂects an increased 15N R2 relaxation rate, caused by an increased contribution of conformational exchange. Differences in backbone dynamics are also observed for the neighboring residue Cys31, where J(ωN) is reduced and J(ωH+ωN) is increased, indicative of increased ps-ns time-scale motions. The enhanced dynamics for both Cys31 and Thr32 in the presence of Cd2+ may result from the strain in the protein backbone that is increased further due to the larger atomic radius of Cd2+ 56
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(0.99 Å) as compared to Zn2+ (0.74 Å). Accordingly, despite the higher afﬁnity of cysteine ligands for Cd2+ as compared to Zn2+, site 2 cannot apparently accommodate the larger ion properly, which correlates well with the slower Zn2+-Cd2+ exchange observed for this site. Comparison between the backbone dynamics of Zn2+- and Cd2+-p44(321-395) The changes in 15N relaxation rates after Zn2+-Cd2+ exchange for p44(321-395) are presented in Figure 5C. The values measured for Cd2+-p44(321-395) are similar to those obtained for Zn2+-p44(321-395) for most residues, indicating that, as for CNOT4(1-63), cadmium substitution did not induce a change in the global dynamics of p44(321-395). The largest changes are in the 15N R2 relaxation rates of residues 59-63, which show increased exchange contributions. In fact this signiﬁcant broadening even prohibited the accurate measurement of relaxation data for Asp61. As for Zn2+-p44(321-395), the data points can be divided into three groups (Figure 6B): groups I and II may be used to determine a correlation time for rotational diffusion (7.2 ns) while group III contains residues that display conformational exchange as reﬂected in the high J(0) values. Again, two effective correlation times for internal motions could be distinguished: residues Ser77-Val79 together with Gly25 give a value of 200 ps (lower open circle) whereas higher values of J(ωN) measured for another group of residues (Tyr23, Arg27, Lys72, and Ile73) suggest a value of 700 ps (grey cross). Changes in fast internal dynamics are observed for a number of residues in the loop (20-27), indicating a slight rigidiﬁcation of this region upon Zn2+-Cd2+ exchange. In particular, higher values of J(ωN) and J(0) measured for Tyr23 are indicative of a higher order parameter (i.e., lower amplitude of ps-ns time-scale motions). In contrast, the opposite behavior is observed for Cys69, a ligating residue of site 2, which displays lower values of J(ωN) and J(0) in Cd2+-p44(321-395), suggests increased psns time-scale dynamics. Interestingly, Cys69 is characterized by one of the largest chemical shift changes when Zn2+ is replaced by Cd2+ (Figure 2A). Zn2+-Cd2+ exchange increases contributions from exchange broadening to the J(0) value over a continuous stretch of residues (Val59-His64) encompassing the two conserved histidines, His60 and His64.



Discussion We have shown that, in two C4C4 RING domain proteins, the two metal-binding sites have different Zn2+-Cd2+ exchange rates. In the RING domain of the p44 subunit of TFIIH, site 2 exchanges more rapidly than site 1 with a rate of 3.5 ± 0.2 ⋅10-4 s-1, while for that of CNOT4, site 1 exchanges faster than site 2 with a rate of 8.7 ± 0.2 ⋅10-5 s-1. NMR spectroscopy provides a very sensitive method to detect metal exchange at two sites, and small differences can be detected reliably. More than an order of magnitude difference in exchange rates between the two RING metal-binding sites was observed previously for the C3HC4 RING domain (Roehm and Berg, 1997; Lai et al., 1998). This could largely be explained by the differences in the chemical composition of the two coordinating sites of the C3HC4 RING domain. For the C4C4 RING domains the chemical nature of the metal-binding sites is identical and we 57
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have found much more similar metal exchange rates. Within each protein the rates between the sites differ approximately by a factor of 2, reﬂecting the close chemical identity of the two sites. Much more pronounced are the differences between the sites 2 of p44 and CNOT4, where exchange rates differ by a factor of more than eight, demonstrating that also the protein stability contributes signiﬁcantly to the metal exchange rates. A possible contribution to these distinct exchange rates can be the electrostatic surface potential. Both RING domains are highly charged (Figure 7): in the case of p44, both metal-binding sites are located in a negatively charged patch, which may promote binding or exchange of positively charged ions such as Zn2+ and Cd2+. Whereas in the RING domain of CNOT4, site 1 is also located in a negatively charged groove, site 2 has a more positively charged environment, which
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Figure 7. Surface potential and ribbon representation of the RING domains of (A) the p44 subunit of TFIIH (PDB 1E53) and (B) CNOT4 (PDB 1E4U). The picture was created in MOLMOL (Koradi et al., 1996), using only the well-structured parts of the proteins (residues 12-63 of CNOT4(1-63) and residues 13-71 of p44(321395). Histidine residues are considered neutral. Positive charges are colored black and negative charges are colored white.
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correlates well with the slower metal exchange observed for this site 2 in CNOT4. Large differences are observed between the dynamical properties of the two proteins. Analysis of the backbone 15N NMR relaxation rates of both proteins revealed that, in contrast to CNOT4, a number of residues of p44 display slow conformational exchange. This could be related to an intrinsic lower stability of p44 versus CNOT4, in agreement with the faster metal exchange for p44. The dynamics especially differ between the sites 2 of both proteins. Only in p44 the last pair of cysteines of site 2 is ﬂanked by a very ﬂexible loop and a highly ﬂexible C-terminal tail and an overall increase of exchange contributions is observed in that loop in presence of cadmium. It could well be that the observed ﬂexibility around site 2 makes this site in p44 more accessible than site 1. We therefore calculated the solvent accessibility of the metal-binding sites in both RING domains from the NMR ensemble of structures (Table 2). In p44, the sulphur atoms are more accessible to solvent than in the RING domain of CNOT4 which correlates well with the faster Zn2+-Cd2+ exchange for p44. The relatively high solvent accessibility for Cys66 and Cys69 in site 2 of p44, in combination with their position in the C-terminal part of the protein, between a ﬂexible loop and the unstructured C-terminal tail, may account for the faster exchange at this metal-binding site. Table 2. Solvent accessibility of sulphur in the metal-binding sites of the RING domains of CNOT4 and p44. Atom



Solvent Accessibilitya



CNOT4 site 1



Atom



Solvent Accessibilitya



p44 site 1



Cys14 Sγ



0.00 ± 0.02



Cys29 Sγ



0.21 ± 0.44



Cys17 Sγ



3.8 ± 2.7



Cys32 Sγ



18.0 ± 5.4



Cys38 Sγ



0.28 ± 0.51



Cys52 Sγ



6.2 ± 2.6



Cys41 Sγ



13.3 ± 4.4



Cys55 Sγ



8.9 ± 5.1



CNOT4 site 2



p44 site 2



Cys31 Sγ



0.99 ± 0.98



Cys44 Sγ



2.1 ± 2.4



Cys33 Sγ



4.8 ± 1.3



Cys47 Sγ



8.8 ± 7.7



Cys53 Sγ



0.25 ± 0.30



Cys66 Sγ



12.4 ± 13.8



Cys56 Sγ



2.9 ± 2.7



Cys69 Sγ



11.3 ± 13.0



Solvent accessibility in % as determined with NACCESS (Hubbard and Thornton, 1993) and averaged over the ensemble of structures. For the RING domain of CNOT4 the ensemble of 30 structures was used, taking only structured residues 12-63 into account. For the RING domain of p44 the ensemble of 10 structures was used, taking structured residues 13-71 into account.



a



In the case of the RING domain of CNOT4, most sulphur atoms of the chelating cysteine ligands have a low solvent accessibility. Only the sulphur of Cys41 from site 1 shows more solvent accessibility, which may relate to faster Zn2+-Cd2+ exchange for this site. No large differences, as was found for p44, were observed for the backbone dynamics in the two metal-binding sites of CNOT4. Upon replacement of Zn2+ ions by Cd2+ ions an enhanced contribution of conformational exchange is observed for Thr32. This may be explained by the fact that the short spacing between Cys31 and Cys33 causes tension in the backbone at this location, which is possibly enhanced when the Zn2+ ion is replaced by the larger Cd2+ ion. 59
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Cd chemical shifts in proteins range from –110 to +750 ppm, depending on the type and geometry of the ligands bound to the metal ion (Summers, 1988), with the highest shielding in the presence of octahedrally arranged oxygen ligands and the lowest in the presence of tetrahedrally arranged sulphur ligands. Goodfellow et al. (1998a) established a correlation between the 113Cd chemical shift in C4 metal clusters and the degree of distortion at the metal centre, as reﬂected in the deviation of the six S-Cd-S angles from the average tetrahedral value of 109.5°. In the RING domains of both CNOT4 and p44 (Hanzawa et al., 2001), the 113 Cd chemical shifts of the two sites are typical of tetrahedral coordination by sulphur atoms (Table 3). For both proteins, there is a difference of about 20 ppm between the chemical shifts of the 113Cd2+ ions in the two sites, and the 113Cd chemical shifts in the sites 2 of each protein differ even by almost 40 ppm. Thus the difference in 113Cd chemical shifts appears to correlate with the difference in metal exchange rates of the coordination sites in the two RING domains. The higher chemical shift for 113Cd2+ in site 2 of CNOT4 may be the result of a geometric distortion, caused by the close spacing between cysteines 31 and 33, and the lower Zn2+-Cd2+ exchange rate that is observed for this site could also be related to a lower preference of Cd2+ for a distorted coordination. 113



Table 3. 113Cd chemical shifts in CNOT4 and p44. 113



a b



Cd chemical shift



Metal-binding site



CNOT4a



p44b



Site 1



688 ppm



695 ppm



Site 2



714 ppm



676 ppm



From Hanzawa et al. (2001). From Kellenberger et al., in prep.



Material and Methods Sample preparation Recombinant protein expression and puriﬁcation of the 15N-labelled N-terminal 63 amino acids of CNOT4 with a N-terminal His6-tag (CNOT4(1-63)) was performed as described previously for a longer N-terminal construct (Hanzawa et al., 2001). The ﬁnal NMR sample was ~0.6 mM CNOT4(1-63) in 20 mM potassium phosphate buffer (pH 7.0) containing 150 mM KCl and 10 μM ZnCl2. The C381S mutant of p44(321-395) was cloned into a modiﬁed version of pGEX-4T2 (Amersham Pharmacia, Biotech) as described for other p44 mutants (Kellenberger in prep.). Expression and puriﬁcation of the recombinant 15N-labelled protein was performed as for the wild type protein (Fribourg et al., 2000). The ﬁnal NMR sample was 1 mM p44(321-395) in a 20 mM deuterated TrisHCl buffer (pH 7.0) containing 20 mM NaCl and 0.5 mM DTT. 60
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NMR experiments For the CNOT4(1-63) sample, all spectra were acquired at 300K on a Bruker AVANCE 500 MHz spectrometer (1H frequency of 500.28 MHz) equipped with a QXI probe with z-gradients. For the p44(321-395) sample, all spectra were recorded at 293K on a Bruker AVANCE 500 MHz spectrometer (1H frequency of 500.13 MHz) equipped with a cryoprobe with z-gradients. Replacement of Zn2+ by Cd2+ For CNOT4(1-63), 25 μl of a 40 mM Cd-EDTA solution was added to Zn2+-CNOT4(1-63), resulting in a more than 6-fold excess of Cd2+ with respect to the protein. After a dead-time of approximately 8 minutes for proper mixing and adjustment of NMR parameters, a series of 62 15N-1H HSQC spectra was recorded to follow the replacement of zinc ions by cadmium ions over time. Each spectrum was recorded in 11.35 minutes, using 2 scans per increment, 512 x 150 complex points and spectral widths of 13 x 33 ppm in the 1H and 15N dimensions, respectively. For p44(321-395), 25 μl of a 40 mM Cd-EDTA solution was added to Zn2+-p44(321-395), resulting in a 3-fold excess of Cd2+ with respect to the protein. The exchange was followed by recording 13 15N-1H HSQC spectra after a dead-time of 14 minutes. Each spectrum was recorded in 14 minutes using 4 scans per increment, 512 x 64 complex points and spectral widths of 13 x 31 ppm in the 1H and 15N dimensions, respectively. The last experiment was recorded 16 hours after the addition of Cd-EDTA. N relaxation measurements For CNOT4(1-63), 15N R1 relaxation rates and heteronuclear {1H}-NOE values were determined using the experiments described by Farrow et al. (1994). 15N R1 rates were extracted from nine spectra with different values for the relaxation delay: 0, 100, 200, 300, 400, 500, 600, 800 and 1000 ms, with 180° proton pulses every 5 ms to suppress crosscorrelated relaxation (Kay et al., 1992). For error estimation, the spectra with relaxation delays of 500 ms (Zn2+-CNOT4(1-63)) and 400 ms (Cd2+-CNOT4(1-63)) were recorded twice. The heteronuclear {1H}-NOE experiment was recorded in an interleaved fashion, saturating the protons using 120° pulses (19.7 kHz and 13.0 kHz for Zn2+-CNOT4(1-63) and Cd2+CNOT4(1-63), respectively). 15N R2 relaxation rates were extracted from both CPMG (Carr and Purcell, 1954; Meiboom and Gill, 1958) and 15N R1ρ (Peng et al., 1991) experiments. CPMG experiments for Zn2+-CNOT4(1-63) were recorded using nine different values for the relaxation delay: 0, 24.0, 48.0, 72.0, 96.0, 120.0, 144.0, 192.0 and 240.0 ms, with slightly longer delays for Cd2+-CNOT4(1-63) due to longer pulse lengths: 0, 25.0, 49.9, 74.9, 99.8, 124.8, 174.7, 224.6 and 274.6 ms. The experiments with relaxation delays of 96.0 ms (Zn2+CNOT4(1-63)) and 74.9 ms (Cd2+-CNOT4(1-63)) were repeated for error estimation. During the relaxation delay, 15N 180° pulses with ﬁeld strengths of 5.0 kHz (Zn2+-CNOT4(1-63)) or 3.1 kHz (Cd2+-CNOT4(1-63)) were applied every 1.5 ms (νCPMG = 0.65 kHz) and 1H 180° pulses were applied every 12 ms, to suppress cross-correlated relaxation pathways (Kay et al., 1992). The 15N R1ρ experiments were recorded with varying lengths of the spin-lock pulse: 2, 15
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4, 6, 10, 20, 30, 50 (2x), 70, 100, 150 and 200 ms. An adiabatic spin-lock pulse (Mulder et al., 1998), was used to align the magnetization of the individual amides along the effective ﬁeld. The pulse was applied on-resonance with ﬁeld-strengths of 1.8 kHz (Zn2+-CNOT4(1-63)) or 1.3 kHz (Cd2+-CNOT4(1-63)). The number of 1H 180° pulses during the relaxation period was adapted to the length of the applied spin-lock pulse (Korzhnev et al., 2002): no 1H 180° pulses were applied for relaxation delays up to 30ms, one central 1H 180° pulse was applied for relaxation delays of 50 and 70 ms, two pulses were applied for a relaxation delay of 100 ms and three pulses were applied for relaxation delays of 150 ms and 200 ms. For p44(321-395), 15N R1 and 15N R2 relaxation rates and heteronuclear {1H}-NOE values were measured as described by Kay et al. (1989) and Farrow et al. (1994) for Zn2+-p44(321395) and Cd2+-p44(321-395), respectively. 15N R1 rates were extracted from eleven (Zn2+p44(321-395)) or ten (Cd2+-p44(321-395)) experiments with relaxation delays of 8, 41, 97, 154, 300, 406, 503, 763, 1014, 1517, and 2028 ms (Zn2+-p44(321-395)) or 8, 42, 104, 158, 312, 416, 520, 783, 1041 and 1561 ms (Cd2+-p44(321-395)). For error estimation, the spectra with relaxation delays of 154 ms (Zn2+-p44(321-395)) and 158 ms (Cd2+-p44(321-395)) were recorded twice. In 15N R1 and heteronuclear {1H}-NOE experiments, the protons were saturated using a train of 180° pulses separated by 4 ms (Zn2+-p44(321-395)) or 2 ms (Cd2+p44(321-395)). In the heteronuclear {1H}-NOE experiment, the proton magnetization was saturated during 4 seconds to achieve the steady state. 15N R2 relaxation rates were extracted from CPMG experiments with relaxation delays of 14, 27, 41, 54, 82, 95, 122, 149, 177, 204, 231, 245, 272 ms (Zn2+-p44(321-395)) or 16, 32, 47, 79, 110, 126, 142, 173, 205, 220, 252 ms (Cd2+-p44(321-395)). For error estimation, the spectra with relaxation delays of 82 ms (Zn2+-p44(321-395)) and 79 ms (Cd2+-p44(321-395)) were recorded twice. During the relaxation delay, 15N 180° pulses with a ﬁeld strength of 2.0 kHz (Zn2+-p44(321-395)) or 2.2 kHz (Cd2+-p44(321-395)) were applied every 1.2 ms (νCPMG = 0.83 kHz) and 1H 180° pulses were applied every 7.2 ms. Spectra analysis Spectra were processed with either NMRPipe (Delaglio et al., 1995) or Felix 2.10 (Accelrys, Inc.) for CNOT4(1-63) and p44(321-395), respectively. Analysis of CNOT4(1-63) spectra was performed in NMRView (Johnson and Blevins, 1994), using assignments reported previously (Hanzawa et al., 2001) (BMRB-4621). For CNOT4(1-63), Zn2+-Cd2+ exchange data were analyzed with the NLLS (non-linear leastsquare) Levenberg-Marquardt routine in Gnuplot 3.7 (http://www.gnuplot.info), using a three-parameter ﬁt. Fitting of relaxation curves was performed with Curveﬁt (Palmer et al., 1991b) (http://cpmcnet.columbia.edu/dept/gsas/biochem/labs/palmer/software/curveﬁt. html), using a two-parameter ﬁt. For p44(321-395), peak intensities were measured using Felix 2.10 and exponential decay rates were obtained from a non-linear least-square ﬁt using the Levenberg-Marquardt algorithm implemented in matlab (The MathWorks, Inc.). Zn2+-Cd2+ exchange kinetics were interpreted using a three-parameter ﬁt while relaxation decay curves were interpreted using two-parameter ﬁts, except for the 15N R1 rates of a small number of residues (Figure 5) where 62
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a two exponential ﬁt (four parameters) was required to reproduce the decay curves. For both CNOT4(1-63) and p44(321-395), Monte Carlo simulations were used to estimate the statistical error on the parameters. Reduced Spectral Density Mapping 15 N relaxation data were analyzed using the reduced spectral density mapping approach (Peng and Wagner, 1992; Lefèvre et al., 1996), where it is assumed that the spectral densities at high frequency are equal, i.e. J(ωH–ωN) = J(ωH) = J(ωH+ωN). The values of the spectral densities at different frequencies can then be derived from the 15N R1 and 15N R2 relaxation rates and the 1H-15N cross-relaxation rate σ (for review see Atkinson and Kieffer, 2004). Theoretical curves for the spectral densities are calculated using a simple Lorentzian, assuming isotropic diffusion of a rigid molecule: J(ω ) =



τc 2 5 1+ (ωτ c ) 2



(3.1)



where τc is the associated rotational correlation time.
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Page 1 Y O C L O e C T LL e D C re ca I LL C C l C L 2 H 5. I- C e c e C 

tailleur, poche, manches longues et ourlet piquÃ©. Pantalon de pyjama C: ourlet piquÃ©. MERCERIE: Chemise de nuit (Enfant/Fillette): 3 Boutons. (15mm), Ruban biase simple (13mm), 0.5m d'Ã©lastique (6mm). Garniture VolantÃ©e (20mm): 3.9m Tailles 2 a 6
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A B C D E E F F C B C B A D A D 

Verifique con llave en mano y el pulgar para una correcta ... Perforaciones Centro A, B, C, D y E. ... Seleccione la orientaciÃ³n plantilla correcta con el borde de la.
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Metris C 15404xx1 E 04355xx0 

than 120°F (49°C) or that permitted by local plumbing code. • The temperature of the incoming hot or cold water supply changes seasonally, or if changes.
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C H A R T S & R E F E R E N C E U.S. TO METRIC CONVERSION 

.4218â€�. 10,716mm. 7/16â€� .4375â€�. 11,113mm. 29/64â€� .4531â€�. 11,509mm. 15/32â€� .4687â€�. 11,906mm. 31/64â€� .4843â€�. 12,303mm. 1/2â€� .50â€�. 12,700mm. INCH. INCH.
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france dans la c e c a une dbid o7m 
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Page 1 o 92 C l C 9. 3. 2 O - S 7. e O 8 C SN d ( ) S L 3. e E C 5 2 -- 9 ... 

U.A. Para MÃ©xico Importado por Grupo Parasina, S.A. DE C.W.AW20DE NOWiembre #42. Col. Centro Mexico, D.F. 08060 R.F.C. GPA - 9301 01-Q17-
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L E F R A N C E 

risation des films, ce chiffre a Ã©tÃ© portÃ© Ã  24 images par seconde pour avoir une audition parfaite. Donc notons comme base Ã  laquelle il faudra toujours se ...
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S 04447xx0 E 04448xx0 C 04449xx0 E 04491xx0 EN Installation ... 

Lubrifiez la joint torique sur la cartouche avec une petite quantitÃ© de graisse de plomberie blanche. Installez les gaines. Installez l'Ã©cusson. Lubrifiez l'extrÃ©mitÃ© ...
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e-motion c o d e 

balance. 3) Make sure the E-MOTION is resting on a flat surface. 4) The E-MOTION has 3 ... you keep balance on the rollers, thanks to the gyro-. 12. 13. 14. 15 ...
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S I L E N C E [ S ] 

20 mars 2017 - salle alain-recoing. La Vie silencieuse. â€¢ de 10 h Ã  ..... Dans le cadre de la Nuit blanche. .... toujours plus impressionnante que dans une salle.
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c pour de butants guide e tape par e tape a la programmation c de 

PDF File: C Pour De Butants Guide E Tape Par E Tape A La Programmation C ... En Francais C French Book Version - -PDF-CPDBGETPETALPCDBAANLEFCFBV-25-2 ... document to speak what you really are trying to achieve in yourreader. ... manual will curently 
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le label e+c - Carbone 4 

1 juil. 2017 - contraintes par deux seuils : construction et empreinte globale. Cette expÃ©rimentation s'inscrit dans des ambitions plus larges portÃ©es par l'Etat ...
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P o U l E N c 

afield through its regular world-wide tours ..... auto-ongeluk waarbij hij onthoofd werd. Diep onder de indruk van deze ..... aux dépens des couleurs et personnalités individuelles. ... prayer. Who sittest at the right hand of the Father, have mercy 










 


[image: alt]





C ATALO G U E 2014 

25 mars 2014 - Au fil du temps, cette jeune compagnie a .... ·Transformable avec des rallonges en bois ou en métal. Convertible with ...... 4 morceaux/4 pieces.
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C B A D E F G 

29 juin 2017 - EXPOSANTS. NÂ° STAND. AD'MISSIONS. 9. AKKA. 25. ALTEN. 3. ALTRAN TECHNOLOGIES. 8. AMEG Group. 22. AMETRA. 13. ARMOR SAS.
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