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Abstract

Eukaryotic elongation factor 2 kinase (eEF-2K), an atypical calmodulin-activated protein kinase, 

regulates translational elongation by phosphorylating its substrate, eukaryotic elongation factor 2 

(eEF-2), thereby reducing its affinity for the ribosome. The activation and activity of eEF-2K are 

critical for survival under energy-deprived conditions and is implicated in a variety of essential 

physiological processes. Previous biochemical experiments have indicated that the binding site for 

the substrate eEF-2 is located in the C-terminal domain of eEF-2K, a region predicted to harbor 

several α-helical repeats. Here, using NMR methodology we have determined the solution 

structure of a C-terminal fragment of eEF-2K, eEF-2K562–725 that encodes two α-helical repeats. 

The structure of eEF-2K562–725 shows signatures characteristic of TPR domains and of their 

SEL1-like sub-family. Further, using the analyses of NMR spectral perturbations and ITC 

measurements, we have localized the eEF-2 binding site on eEF-2K562–725. We find that 

eEF-2K562–725 engages eEF-2 with an affinity comparable to that of the full-length enzyme. 

Further, eEF-2K562–725 is able to inhibit the phosphorylation of eEF-2 by full-length eEF-2K in 
trans. Our present studies establish that eEF-2K562–725 encodes the major elements necessary to 

enable the eEF-2K/eEF-2 interactions.
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INTRODUCTION

Eukaryotic elongation factor 2 kinase (eEF-2K), a key regulator of translational elongation, 

phosphorylates the GTPase, elongation factor 2 (eEF-2) on Thr-561. This post-translational 

modification reduces the affinity of eEF-2 towards the ribosome2–4, hinders the translocation 

of the nascent chain from the ribosomal A-site to the P-site, and leads to a reduction of 

global protein synthesis rates5. Given that protein synthesis constitutes one of the most 

energy consumptive processes in a eukaryotic cell6, the activity of eEF-2K is critical for 

cytoprotection under a variety of energy-deprived conditions e.g. nutrient starvation7, 

hypoxia8 and genotoxic stress9. Since eEF-2K plays a central role in regulating a 

fundamental cellular process, its dysregulation has been linked to a variety of disease states, 

including several cancers7;10;11, cardiovascular disease12;13 and various neurological 

disorders, including Alzheimer’s disease14 and depression15;16.

eEF-2K is activated by calmodulin (CaM) in a manner that diverges from other calmodulin-

dependent kinases in that it does not entail a “release of inhibition” mechanism17, but 

instead involves a two-step process initiated by the binding of calmodulin and subsequent 

autophosphorylation on a key Thr residue (T348)18. In addition to the primary activating 

phosphorylation on T348, eEF-2K is further regulated by a host of other phosphorylation 

events19 that are mediated by several kinases, including PKA20;21 and mTOR14;22. The 

activity of eEF-2K is also modulated by pH23 and Ca2+ levels24, making it a key integrator 

of diverse signal inputs, all working together to regulate translation.

A variety of mutational and deletion studies have helped define the organization of the 

functional “domains” (these are not necessarily structural domains, hence the quotes) of 

eEF-2K25–27 shown schematically in Figure 1. These include a non-canonical calmodulin-

binding domain (CBD) located at the N-terminus, followed by an α-kinase domain and a 

long regulatory loop (R-loop) that links to the C-terminal domain (CTD). The R-loop 

contains multiple phosphorylation sites including T348, whose phosphorylation is critical 

for fully activating the kinase, as mentioned above. The CTD is predicted to contain three 

helical repeats originally thought to be SEL1-like28, and has been suggested to encode the 

binding-site for the substrate eEF-227. However, an atomic resolution structure of full-length 

eEF-2K remains elusive, precluding further insight into its activation, activity and regulation 

in atomic detail. The significant sequence similarity of the eEF-2K catalytic domain with 

other members of the α-kinase sub-family, such as the ion-channel kinase, TRPM7 (28%)29, 

and myosin heavy chain kinase A (MHCK A, 34%)30 from Dictyostelium discoideum, 

makes homology modeling of this region feasible. Homology models of the catalytic domain 

have indeed been useful in a variety of biophysical31 and biochemical studies18;32. However, 

this approach is somewhat difficult to extend to the rest of the protein, including the CTD, 

meaning that the overall protein architecture and the regulatory interactions among its 

various parts remains obscure. In parallel with our continuing efforts to obtain an atomic-

resolution structure of intact eEF-2K, we have pursued a divide-and-conquer approach in 

obtaining high-resolution structures of its individual functional domains to assemble a model 

of the full-length enzyme using a hybrid approach31. To this end, we previously determined 

the solution structure of the eEF-2K CBD in complex with Ca2+-calmodulin to define their 

primary interaction mode in atomic detail33. We had also solved the structure of the last C-
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terminal helical repeat that comprises the CTD34. In these continuing efforts, we present 

here the high-resolution structure of a larger C-terminal fragment encompassing residues 

G562-E725 (eEF-2K562–725). We had previously utilized the structure of eEF-2K562–725, 

without any description or analysis of its features, in an integrative approach employing 

mass-spectrometric techniques and small angle X-ray scattering aided by computational 

methodology, to define the overall orientation of various domains of eEF-2K with respect to 

each other and Ca2+-CaM in their complex31. We had stated in that manuscript that the 

structural features of the eEF-2K562–725, that present a significant degree of uniqueness, 

would be presented elsewhere. Here, we describe the structure of eEF-2K562–725 in detail. 

Further, utilizing this structure, and through the analyses of backbone amide and Ile, Leu, 

Met, Thr and Val methyl chemical shift perturbations, supported by amide cross-saturation 

measurements, we localize the site used by eEF-2K to engage its substrate, eEF-2. We show 

that eEF-2K562–725 binds eEF-2 with an apparent affinity that is comparable to that of full-

length eEF-2K. We further demonstrate that exogenous eEF-2K562–725 efficiently inhibits 

the phosphorylation of eEF-2 by full-length eEF-2K in vitro. Taken together, these 

observations suggest that the most significant contributions to the recognition of eEF-2 by 

eEF-2K are encoded within the eEF-2K562–725 fragment.

RESULTS AND DISCUSSION

Solution structure of eEF-2K562–725

As described in detail in the Supplementary Materials, all constructs containing the first 

predicted35 helical repeat of the eEF-2K CTD were found not to be amenable to detailed 

biophysical studies in isolation (Figures S1, S2). Therefore, eEF-2K562–725, that encodes the 

final two predicted helical repeats of eEF-2K, was chosen for structure determination by 

NMR methods. As described in the Supplementary Materials, near complete assignment of 

backbone and sidechain resonances of eEF-2K562–725 could be obtained (see Figure S3 for 

representative spectra). Before undertaking the laborious process of structure determination, 

in order to define the ordered regions of eEF-2K562–725, we analyzed its steady-state {1H}

−15N NOE values (800 MHz; not shown). The region G562-G597 was found to be 

disordered with an average {1H}−15N NOE value of 0.35 ± 0.08. Increased NOE values 

(0.78 ± 0.12) for the region encompassing residues F598-Q722 suggested that this segment 

was, on average, ordered and folded. The resulting NMR structural ensemble (Figure 2A; 

see Table 1 for experimental constraints and structure statistics) revealed the presence of six 

α-helical regions that were arranged in an approximatively anti-parallel fashion (Figure 2A), 

with angles between consecutive helices in the 129–164º range (see Table S2), resulting in 

an elongated structure. These helical regions (Figure 2B) encompass residues F598-A607 (B

−3), R610-D621 (A−2), W634-M647 (B−2), R664-T677 (A−1), P686-A703 (B−1) and G706-

Q722, with the last sequence forming a C-terminal capping helix (Cp). The individual 

structures in the NMR ensemble form a tight cluster with backbone RMSD values 

(calculated for the helical regions with respect to an average conformation) of 0.43 (Figure 

2A). Some of the loops that connect the individual helices retain this higher degree of order 

(Figure S4A), especially the short Cp-B−1 loop (M704-K705; average backbone RMSD 0.44 

Å), the B−1-A−1 loop (G678-D685; 0.87 Å), the A−2-B−2 loop (S622-D633; 1.14 Å) and the 

short B−3-A−2 loop (G608-D609; 0.62 Å). However, the long B−2-A−1 loop (T648-P663) 

Piserchio et al. Page 3

J Mol Biol. Author manuscript; available in PMC 2020 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



exhibits the highest level of flexibility with an average backbone RMSD of 3.6 Å. As noted 

above, the extreme N-terminus remains largely unstructured with the exception of the region 

between P578 and I581, which consistently assumes turn-like configurations, and the region 

between E591 and T595, which populates either α-helical or turn-like conformations in the 

NMR ensemble (steady-state NOE values for both these regions are in the ~0.35 range).

Dynamic features of eEF-2K562–725

To further validate the regions of order/disorder identified in the NMR-determined structural 

ensemble of eEF-2K562–725, we performed a reduced spectral density analysis36 using 

measured R1, R2 rates and steady-state {1H}−15N NOE values. In line with the local RMSD 

values discussed above, J(0) values were found to be lowest (indicating the highest degree of 

flexibility) at the N-terminus, approximately up to residue N593 (1.5 ± 0.4 ns/rad; Figure 

S4B). In contrast, higher J(0) values (5.2 ± 0.8 ns/rad), indicative of a higher degree of 

rigidity (in the absence of exchange contributions), were seen for the helical regions. 

Interestingly, the magnitude of the J(0) values for the loop regions that include the longer 

12-residue A−2-B−2 loop were found to be only marginally smaller than those seen for the 

helical regions. The long 16-residue B−2-A−1 loop showed significantly lower J(0) values 

(average 2.0 ± 0.7 ns/rad), with the lowest values being comparable to the unstructured N-

terminal tail. These trends were mirrored by increased high frequency spectral density 

values (J(0.87ωH); Figure S4C) at the N-terminus and the B−2-A−1 loop, and reduced values 

in the helical regions and shorter loops. The plot of J(ωN), the spectral density function at 
15N frequency, against J(0) (Figure S5) also indicates an overall clustering of values for the 

N-terminus, the extreme C-terminus and the B−2–A−1 loop on the J(0)-J(ωN) plane, 

suggesting that these regions share similar dynamic features. The corresponding values for 

the helical regions and the Cp-B−1, B−1-A−1, A−2-B−2 and B−3-A−2 loops all cluster in close 

proximity to a Lorentzian curve expected for a rigid sphere, indicating that these regions 

approximate a single structural unit.

Comparison of the structures of eEF-2K562–725 and eEF-2K627–725

We had previously solved the structure of the final C-terminal helical repeat of eEF-2K in 

the context of a shorter eEF-2K627–725 fragment34. The overall architecture of the 

eEF-2K562–725 fragment is quite similar to that of eEF-2K627–725 when comparing the A−1, 

B−1 and Cp helices only (backbone RMSD = 0.85 Å, Figure S6). However, there are 

significant differences between the common regions of the two structures beyond this 

segment. In the structure of eEF-2K627–725, the W634-A637 segment forms a disordered 

helix that does not make any specific contacts with the other helices. In the structure of 

eEF-2K562–725, this segment is part of a stable B−2 helix (W634-M647) that packs against A

−1 (and A−2, a region that is absent in the eEF-2K627–725 construct) to create the now well-

defined second helical repeat. The stable packing of B−2 against the flanking helices 

generates a radically different conformation of the still long, though significantly shortened, 

B−2-A−1 loop compared to the corresponding region in eEF-2K627–725 (see Figure S6). The 

drastically altered structure in this region has significant consequences for the recognition of 

the substrate, eEF-2, as described below.
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Similarities between eEF-2K562–725 and other helical repeat domains

A search for structural homologs using the DALI server37 reveals similarities between the 

folded helical region of eEF-2K562–725 and several structures containing tetratricopeptide 

repeats (TPR; Table S3). For some, like Sec17 (Figure 3, PDB: 1QQE) that has the highest 

Z-score (11.3), the best matching segments are part of a much larger TPR domain; in other 

cases, like the human type II collagen prolyl 4-hydroxylase, the TPR-domain is of a size (Z-

score 10.5, PDB: 6EVP, Figure 3) comparable to the ordered part of eEF-2K562–725. A 

distinguishing feature of the overall structure of eEF-2K562–725 is the fact that the loops that 

connect the helical regions are significantly longer than those seen in conventional TPR 

domains, in which loops that connect the intra-repeat (Ai-Bi) and the inter-repeat (Bi-Ai+1) 

helical regions are relatively short (~2 residues). The alternation of long intra-repeat loops, 

seen here for the A−1-B−1 and A−2-B−2 subunits, and of shorter inter-repeat loops, as 

observed for the B−1-Cp and B−3-A−2 subunits (Figure 2B), resemble a pattern that is 

characteristic of the structurally related SEL1-like repeat28. However, the B−2-A−1 loop is 

anomalous, being far longer than the loop regions seen in other TPR or SEL-1 structures.

Alignment with an idealized TPR structure (PDB ID: 1NA0, DALI Z score = 9.0) reveals 

that most of the residues indicative of the TPR38 signature occur at their expected positions 

in the structure of eEF-2K562–725. Cumulatively, the agreement with the aligned SMART 

consensus motifs for both TPR and SEL1-like28 repeats is satisfied in approximately 80% of 

cases (Figure 4). There are, however, two key exceptions: E671 on helix A−1, and G597 on 

helix B−3. While S689 also deviates from Ala expected at this position, these two residue 

types share comparable steric profiles and helical propensities. The divergence of position 

671 from the consensus (charged vs hydrophobic), was also noted in the structure of 

eEF-2K627–725, and it was found to not adversely impact the packing of helix B−1 with the A

−1 and Cp helices34. However, due to the disorder in the nascent B−2 helix in the structure of 

eEF-2K627–725, this residue was found to be mostly solvent exposed. In contrast, for a 

significant subset of structures in the NMR ensemble of eEF-2K562–725, this residue appears 

to engage in a favorable anion-π interaction39 with residue Y641 from the now fully-formed 

and appropriately packed helix B−2. The consensus residue at position 597 is an Ala, a small 

residue with a relatively high helical propensity. The Gly residue found at this position in the 

structure of eEF-2K562–725 is also small but is a helix breaker. As expected, we observe that 

both K596 and G597 do not assume a helical configuration creating a rupture in helix B−3. 

Surprisingly, this helix despite not having its partner in the eEF-2K627–725 construct (the 

putative A−3), docks stably against A−2. However, compared to conventional TPR motifs, 

helix B−3 has a somewhat aberrant orientation that diverges significantly from that seen in 

the structural homologs of eEF-2K562–725 (Figure 3). This is reflected in an A−2-B−3 inter-

helical angle (128.7 ± 3.0º) that is significantly smaller in magnitude than those seen in the 

other cases (Table S2). In order to test whether the anomalous orientation of helix B−3 is due 

to the absence of its partner, a predicted A−3 helix, we generated a longer construct, 

eEF-2K541–725, that encompasses a region that is predicted to generate A−3. Analysis of the 

chemical shifts using TALOS-N40 suggested that the N-terminal extension did not alter the 

core structure of eEF-2K562–725. This was also evident from the minimal perturbations in the 

backbone amide chemical shifts in the regions common to the two constructs (Figure S7A) 

and the chemical shift based order parameter values (RCI S2)41 (compare Figures S7B and 

Piserchio et al. Page 5

J Mol Biol. Author manuscript; available in PMC 2020 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



C). The only significant difference between the two constructs was the presence of a single 

helical turn centered around E565 (compare Figures S7D and E). Cumulatively the data 

indicated the absence of the predicted A−3 helix or an expansion of the tertiary fold beyond 

that found in eEF-2K562–725.

Utilizing the structure of eEF-2K562–725 described here, we had developed a model for a 

near-complete CTD, encompassing residues L496-E72531 (Figure S8). In that model, the 

Q548–E576 region was composed of two antiparallel helices, both containing TPR-like 

sequence signatures. Given that an N-terminal extension of the eEF-2K562–725 did not lead 

to an extension of the fold, we expect that the presence of a helix-breaking G597 instead of a 

consensus Ala and the resulting reduction in the helical surface may explain the inability of 

the preceding E541–S575 region in eEF-2K541–725 to spontaneously form a A−3 helix and 

further extend the structural fold as expected. It is however possible that additional 

structured regions could form and be stabilized by long-range interactions in full-length 

eEF-2K, possibly with its α-kinase domain. It is notable, however, that our computational 

data do not suggest a TPR-like organization for the predicted helices preceding B−3
31. It is 

therefore possible that the TPR-like arrangement may be restricted to the region contained 

within the structure of eEF-2K562–725.

NMR analyses of the interaction between eEF-2K562–725 and eEF-2

The C-terminal region of eEF-2K has been predicted to contain the binding site for the 

substrate eEF-227. In our earlier studies we had found that eEF-2K627–725 was unable to 

inhibit the phosphorylation of eEF-2 by eEF-2K under our experimental conditions, leading 

us to conclude that the binding site of eEF-2 was not wholly contained within this region of 

eEF-2K34. We tested if the longer eEF-2K562–725 construct was able to bind eEF-2 using a 

combination of NMR methods. Several amide resonances were broadened out to beyond the 

threshold of detection, in addition to others that showed significant chemical shift 

perturbations (Figures 5A, S9), in a 15N, 1H TROSY spectrum of U-[15N,2H,13C]-labeled 

eEF-2K562–725 upon addition of an equimolar amount of yeast eEF-2. These spectral 

changes were widespread throughout the sequence, with the largest perturbations localized 

on the A−1, B−1 and Cp helices. Some significant perturbations were also seen on the B−2 

helix, on the B−2-A−1 loop and on the B−1-Cp loop (Figure 5A). Additional perturbations 

were also found on the flexible N-terminus, primarily in the Q576-L582 region. 

Perturbations for Ile (δ1), Leu (δ), Thr (γ2) and Val (γ) methyl groups were monitored 

using an ILVT-[15N,2H]-labeled eEF-2K562–725 sample in the presence of a two-fold excess 

of eEF-2 and methyl 13C, 1H HMQC experiments (Figures 5B, S9). All of the expected 

methyl resonances were detectable, except for one of the two methyl groups of V568, which 

was not identifiable after eEF-2 binding. The largest methyl chemical shift changes were 

detected for I581 in the N-terminal region, and L708, located at the start of Cp. Significant 

shifts were also found for I567, the second methyl group of V568 (the other being 

broadened out in the presence of eEF-2), and L587, all located on the flexible N-terminal 

tail. Additional shifts were noted on I614 (A−2), L626 (A−2-B−2 loop), L645 (B−2) and T694 

(B−1). The perturbations for the Met-ε positions were assessed using constant-time 13C, 1H 

HSQC experiments on U-[15N,13C]-labeled eEF-2K562–725 in the presence of an equimolar 

amount of eEF-2. The largest shifts (Figure 5C) were seen for M701 (C-terminal part of B
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−1) and M704 (B−1-Cp loop). A smaller, but significant, perturbation was also observed for 

M573 on the N-terminal region of the protein. Thus, in the presence of eEF-2, the largest 

perturbations of backbone amide and Ile, Leu, Met, Thr and Val methyl resonances were 

distributed over almost the entire Cp helix, the N-terminal region of the A−1 helix, the C-

terminal regions of the B−1 and B−2 helices, and parts of the disordered regions of the 

protein including the N-terminus and the B−2-A−1 loop.

In order to obtain additional confirmation of the surface utilized by eEF-2K562–725 to engage 

eEF-2, we performed an amide-based cross-saturation experiment42;43 on a sample of U-

[15N,2H,13C]-labeled eEF-2K562–725 containing an equimolar amount of eEF-2. These 

experiments are typically performed in buffers containing a significant amount of D2O in 

order to decrease the overall proton density and restrict spin diffusion to the molecular 

interface. However, the use of a large quantity of D2O in the buffer would result in 

sensitivity losses in an already concentration-limited sample (80 µM in a 3 mm Shigemi 

tube). Therefore, we utilized a sample prepared in standard 95% H2O-based buffer reasoning 

that, given the observed µM binding affinity (see below; compared with interactions in the 

nM range in the report by Shimada and coworkers43) and the resulting short lifetime of the 

bound state would limit the efficiency of the spin-diffusion within perdeuterated 

eEF-2K562–725. Indeed, when discounting the largest outliers, the cross-saturation ratio (Isat/

Iref) appeared to be rather homogeneous along the sequence (0.95±0.04; Figure S10), 

suggesting a limited spread of saturation effects beyond the immediate interaction site. The 

most significant attenuations (>2σ beyond the mean; σ=standard deviation) were observed at 

the start of helix A−1 (Y665), at the end of helix B−1 (A703) and on several residues located 

in the first half of Cp (A709, N710, Y713, K715). As pointed out earlier, the largest spectral 

perturbations were also localized in this region. However, despite the presence of obvious 

spectral perturbations (discussed above), no detectable attenuations were found in the N-

terminal tail, or on the B−2-A−1 loop. We attribute this to the fact that the large R1 rates 

associated with these highly dynamic regions make saturation transfer less efficient 

compared to the more structured parts of eEF-2K562–725. It is notable, however, that there is 

a systematic dip in Isat/Iref values for the B−2-A−1 loop region, though these attenuations do 

not meet our highest >2σ threshold of significance (Figure S10).

eEF-2K562–725 binds eEF-2 with micromolar affinity

Given that the NMR studies suggest that eEF-2K562–725 interacts with eEF-2, we relied on 

isothermal titration calorimetry (ITC) measurements in order to characterize the binding 

affinity of the interaction. It has been reported that phosphorylation of eEF-2 on S595 by 

cyclin-A-cyclin-dependent kinase 2 enhances its interaction with eEF-2K44. However, we 

could not detect evidence of phosphorylation on S595 in our preparations of eEF-2 from 

yeast using LC-MS/MS. Given the modest heat release and resultant low overall sensitivity, 

~2-fold variation in average KD values was observed between measurements, with values 

ranging from 4.2 ± 1.4 to 8.9 ± 2.0 µM (see Table S4; also see Figure S11A for a 

representative isotherm). The KD values determined here are comparable to KM values 

previously obtained from steady-state kinetic measurements using tag-less recombinant 

eEF-2K and wheat-germ eEF-2 (KM = 5.9 µM)45. A similar KM value of 1.2 µM was also 

obtained when using GST-tagged eEF-2K and eEF-2 obtained from rabbit reticulocytes25. 
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Thus, it is apparent that the most significant docking site(s) for eEF-2 are contained within 

the eEF-2K562–725 construct.

Our NMR studies (described above) identified two spatially distinct regions of 

eEF-2K562–725, namely the dynamic N-terminus and a C-terminal region encompassing the 

B−2-A−1-B−1-Cp segment, that appear to play a role in binding eEF-2. The latter region 

appears to play a more significant role based on the distribution and magnitudes of the 

spectral perturbations. To test the relative contributions of these distinct regions to the 

binding free-energy, we generated a construct, eEF-2K592–725 missing almost the entire the 

dynamic N-terminus, and measured its affinity for eEF-2 using ITC measurements (see 

Table S4; also see Figure S11B for a representative isotherm). The KD values obtained for 

eEF-2K592–725 were somewhat larger than those obtained for eEF-2K562–725, and ranged 

from 15.4 ± 4.9 to 19.0 ± 4.6 µM, suggesting only a very modest contribution of the N-

terminus of eEF-2K562–725 towards its affinity for eEF-2.

A docking site for eEF-2 on eEF-2K

Combining the NMR and biophysical measurements it is apparent that the C-terminal region 

of eEF-2K, including parts of the A−1, B−1, B−2 and Cp helices, the B−1-Cp loop, the 

dynamic B−2-A−1 loop, make the most substantial contributions to the recognition of eEF-2. 

All of these elements localize in spatial proximity to each other, as shown in Figure 6. It is 

interesting that these regions are all present in primary sequence in eEF-2K627–725, a 

construct that fails to inhibit the phosphorylation of eEF-2 by eEF-2K, producing a small 

(~14%) enhancement instead34. As described above, despite these regions being common to 

eEF-2K562–725 and eEF-2K627–725, several key elements show significant deviations 

between the two constructs. Most notably, the B−2 helix is only partially formed in 

eEF-2K627–725 and does not pack against the A−1 helix. This also leads to a significantly 

longer B−2-A−1 loop in the eEF-2K627–725 construct that adopts a very different 

configuration compared to that in the eEF-2K562–725 construct (Figure S6). Further, a fully 

formed B−2-A−1-B−1-Cp assembly, that appears to be necessary to bind eEF-2, is only stable 

in the presence of the preceding A−2 helix. Thus, the dual domain tandem encompassing an 

intact A−2-B−2-A−1-B−1-Cp assembly, that exists in eEF-2K562–725 (and in eEF-2K592–725) 

but not in the eEF-2K627–725, is required to create the appropriate docking elements for 

eEF-2.

Based on the biophysical studies described above we expected that, unlike eEF-2K627–725, 

eEF-2K562–725 would indeed be capable of inhibiting the phosphorylation of eEF-2 by full-

length eEF-2K. We tested this possibility by measuring the ability of full-length eEF-2K to 

phosphorylate eEF-2 in the presence of varying amounts of eEF-2K562–725 utilizing [γ
−32P]-labeled ATP and autoradiography. As shown in Figure 7, eEF-2K562–725 inhibited 

eEF-2 phosphorylation with an IC50 or 18.5 ± 1.2 µM. Assuming one-site binding, this 

results in a Ki value of about 9 µM (assuming a 5.9 µM KM) that is consistent with the KD 

values obtained from the ITC measurements discussed above.

As shown in Figure 6, the eEF-2-induced perturbations on eEF-2K562–725 appear to map 

onto a surface that is displaced toward the margins of its helical assembly, and seems to 

involve, in part, both its convex and concave faces. While employing both faces for binding 
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is not common for TPR domains, such a scenario has been observed before in the context of 

the PscE-PscF-PscG complex that regulates the formation of the type III secretion needle of 

Pseudomonas aeruginosa46 (Figure S12). In this complex, the C-terminal helix from PscF 

binds the core of the concave face of the TPR domain-containing protein PscG, while PscE 

wraps around an edge of the TPR platform and engages both the concave and convex 

surfaces of PscG. We had previously developed a model for a near-full-length functional 

construct of eEF-2K31. In this model, a majority of the concave surface of the TPR region, 

including that contained within the eEF-2K562–725 construct, was found to interact with the 

α-kinase domain of eEF-2K (Figure 8). Mapping the perturbations determined in the present 

study onto that structural model seems to suggest a mode of engagement of eEF-2 that is 

reminiscent of that seen in the PscE-PscF-PscG complex, wherein the CTD (including the 

eEF-2K562–725 construct studied here) of eEF-2K plays the role of PscG, with the α-kinase 

domain of eEF-2K and eEF-2 playing the roles of PscF and PscE, respectively (compare 

Figures 8 and S12). However, the precise structural determinants of the eEF-2/eEF-2K 

interaction await the atomic-resolution structure of their complex.

Several mutation/deletion studies were previously carried out on eEF-2K, with some shown 

to abrogate eEF-2 phosphorylation27. As was noted in our previous work34, the deleterious 

effects of these specific mutations/deletions on eEF-2 phosphorylation could be considered 

to be indirect, and the result of destabilization of the structural fold of the C-terminal region 

of eEF-2K. For example, deletion of fifteen C-terminal residues in eEF-2K27 would 

destabilize the final helical repeat by removing the Cp helix in almost its entirety; a Y712A/

Y713A mutation would eliminate several stabilizing interactions involving the Cp helix and 

unfold the repeat. These observations remain valid in the context of the structure of 

eEF-2K562–725. However, it is also evident from work presented here that these alterations 

and the resultant structural destabilization would also disrupt the overall architecture of the 

eEF-2 recruitment site that is localized in this region, as suggested previously27.

MATERIALS AND METHODS

Expression and purification of eEF-2K constructs

eEF-2K562–725—The region encompassing residues G562-E725 of human eEF-2K was 

cloned into a pET-26b (Novagen) vector and transformed into either BL21 (DE3) cells (New 

England Biolabs), or BL21 (DE3) Star cells (Thermofisher). Typically, fresh colonies from 

an LB plate were picked to start a small-scale overnight bacterial growth at 37 °C, which 

was then used as a starter for 0.5 L of medium (LB or M9) in a 2 L baffled flask. At an 

OD600 ~0.8, protein expression was induced with 0.4 M IPTG and incubated with shaking at 

18 °C for 18 hours (24 hours when using a D2O-based medium), then bacterial cells were 

spun down and stored at −80 °C. For U-[13C,15N]-labeled samples, 3 g/L of U-13C D-

glucose and 1 g/L of 15NH4Cl (99%) were used in the M9 medium. For the U-[13C,15N,2H]-

labeled samples, the cells were pre-equilibrated using a small volume bacterial culture in M9 

medium containing increasing amounts of D2O, as previously described47. After adaptation 

for growth in 100% D2O, the cells were used to start a 250 mL (using a 1 L flask) culture in 

a D2O-based M9 medium containing 3 g/L of U-[13C,2H] D-glucose and 1 g/L 15NH4Cl. A 

similar strategy was adopted for the production of the ILVT-U-[15N,2H]-labeled sample. The 
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medium was prepared using U-2H-labeled D-glucose and 1 g/L 15NH4Cl; 50 mg/L of 

(methyl-13C; 3,3-2H2) sodium α-ketoisobutyrate and 100 mg/L of (3-methyl-13C; 

3,4,4,4-2H4) sodium α-ketoisovalerate were added to the growth 1 hour before induction; 50 

mg/L of (4-13C; 2–3 2H2) L-threonine, together with 100 mg/L of 2H-labeled glycine were 

added at the time of induction. The cells were resuspended in buffer containing 50 mM Tris 

pH 7.8, 0.5 M NaCl, 150 mM KCl, 0.1% TritonX, lysed by sonication and centrifuged at 

17000 g for 20 minutes. The supernatant was then loaded onto a metal affinity column 

(Cobalt Agarose Beads, High Density, Gold Biotechnology), washed with lysis buffer 

containing 3 mM imidazole, and eluted with 0.4 M imidazole. The solution was then 

dialyzed against 20 mM Tris pH 7.8, 100 mM KCl, 2.5 mM CaCl2, 0.1% β-

mercaptoethanol; thrombin (Enzyme Research Laboratories, 2 units/mg) was present in the 

dialysis bag. The following day the completeness of the N-terminal His-tag cleavage was 

confirmed by SDS-PAGE analysis. Then the solution was loaded onto a HiTrap Q HP 

column (GE Healthcare), washed with buffer containing 20 mM Tris pH 8.0, 200 µM EDTA, 

2 mM DTT (buffer A) and eluted with a 4.7 mM NaCl/mL gradient. eEFK-2K562–725 

(containing an N-terminal SHM cloning artifact) that eluted as a single peak at ~0.42 M 

NaCl (~33.23 mS/cm) was concentrated using spin-column and injected into a gel filtration 

column (Superdex-75, GE Healthcare) pre-equilibrated with NMR buffer (20 mM phosphate 

pH 6.5, 100 mM NaCl, 4 mM DTT, 200 µM EDTA) as a final purification step.

eEF-2K592–725—A construct encompassing residues E592-E725 of human eEF-2K was 

sub-cloned by PCR from the eEF-2K562–725 vector (see above), and re-inserted into a 

pET-26b vector by DNA ligation using the same NdeI and BamHI restriction sites. Protein 

expression and purification of the natural abundance sample was done in LB medium using 

the methodology listed above for eEF-2K562–725 for use in the ITC measurements.

eEF-2K541–725—A pET-28b vector (Thermofisher) encoding an N-terminal (His)6-tag, 

followed by a SUMO-tag and residues E541-E725 of human eEF-2K was obtained starting 

from the analogous eEF-2K490–725 construct (see Supplementary Material), where the 

middle 490–540 segment was deleted using the Q5 cloning kit (New England Biolabs). The 

vector was then transformed into BL21 (DE3) Star cells (Thermofisher), and the natural 

abundance and U-[15N,13C]-labeled samples were expressed as described above for 

eEF-2K562–725. The expressed protein was dialyzed against a buffer containing 20 mM Tris 

pH 7.5, 200 mM NaCl, 0.1% β–mercaptoethanol, 200 µM EDTA, in the presence of Ulp1. 

Spin columns were employed to exchange into buffer A (see above) and to lower the 

solution conductivity, after which the protein of interest was isolated from the cleavage 

mixture using anion exchange (elution around 0.4 M NaCl, 37.7 mS/cm) and further purified 

using size exclusion chromatography, as described above for eEF-2K562–725.

eEF-2—eEF-2 was purified from commercial yeast cake (obtained from The New York 

Bakers, interestingly based in San Diego, CA) using previously published protocols48. 

Briefly, about 100 g of the yeast cake was suspended in ~200–300 mL of ice-cold buffer 

containing 20 mM HEPES pH 7.2, 10% glycerol, 300 mM KCl, 5 mM MgCl2, 1 mM DTT 

and 1 mM PMSF, loaded on a bead beater using a 1/1 (v/v) sample/beads (0.5 mm) ratio. 

The blender was activated for 16 minutes total, with a 1 minute on and 1 minute off schedule 
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and using an ice slush/NaCl mixture for refrigeration. The sample was centrifuged first for 

20 minutes at 15000 g, and then ultra-centrifuged at 45000 rpm (158,000 g at rav) on a 45 TI 

rotor (Beckman Coulter) for 1 hour. The pH was adjusted to 7.2 by direct Tris (1 M) 

titration, and dialyzed against 20 mM HEPES pH 7.2, 10% glycerol, 5 mM MgCl2, 1 mM 

DTT, until the conductivity was below 4 mS/cm. After further centrifugation and filtering, 

the sample was loaded onto a HiPrep SP FF 16/10 (GE Healthcare), and eluted using a 6.5% 

per CV gradient of 150 mM KCl. 10% SDS-PAGE gels assessed the location of eEF-2 

(typically between 5.6 and 8.4 mS/cm). After manual adjustment of the pH and filtration, the 

protein was loaded onto a HiTrap Q HP column (GE Healthcare) pre-equilibrated with 20 

mM Tris pH 7.8, 5 mM MgCl2, 1 mM DTT, 10% glycerol, and eluted using a 1% per CV 

gradient (typically between 10 and 30%) of 1 M KCl. The elution peak (~20.4 mS/cm) was 

then concentrated and loaded onto a Superdex200 equilibrated with either NMR (see above) 

or ITC buffer (see below). The identity of the protein was confirmed by western blot 

analysis (rabbit anti-eEF-2 primary antibody #2332S, Cell Signaling Technology) and mass 

spectrometry.

NMR Spectroscopy

All NMR experiments were acquired at 25 °C on Bruker spectrometers operating at 600–900 

MHz, all equipped with cryogenic probes capable of applying pulsed-field gradients along 

the z-axis. All NMR samples were dissolved in the NMR buffer (see above) in the presence 

of 2 mM AEBSF and 5% 2H2O (for locking). For the measurement of residual dipolar 

couplings, the following buffer was used - 14 mM phosphate pH 6.5, 100 mM NaCl, 4 mM 

DTT, 200 µM EDTA, and ~14 mg/mL Pf1 phage (Asla Biotech). For samples containing 

eEF-2, NaCl in the NMR buffer was replaced by KCl and samples also contained 5% (v/v) 

of 2H6-glycerol (the 2H6-glycerol vs glycerol exchange was done using spin columns) for 

methyl-based experiments. A protease inhibitor cocktail (protease Inhibitor mini tablets, 

EDTA-free, Pierce) was added to the buffer to prevent sample degradation. All experiments 

were processed with NMRPipe49 and analyzed using NMRView50. Non-uniformly sampled 

(NUS) data were generated using the Poisson Gap Sampling method51 and processed using 

the IST algorithm52, except for the 4-dimensional 13C-HSQC-NOESY-15N-HSQC 

experiment, which was processed using SMILE53.

Resonance assignment and generation of structural constraints

The concentrations of the U-[13C,15N]-labeled eEF2K562–725 samples for the resonance 

assignment procedure ranged between 200 to 600 µM, and 4 mm or 5 mm Shigemi tubes 

were used in the experiments. Backbone assignments were obtained using the standard set of 

gradient-enhanced triple resonance experiments collected at various fields including HNCO, 

HN(CA)CO, HNCACB, HN(CA)CB, CBCA(CO)NH, HNCA, HN(CO)CA. Resonances 

corresponding to the aliphatic sidechains of eEF2K562–725 were assigned using 

H(CCCO)NH, (H)C(CCO)NH, HC(C)H, and (H)CCH experiments (see Table S1). 

Resonances for the aromatic sidechains of eEF-2K562–725 were obtained using a 3-

dimensional 13C-NOESY-HSQC optimized for aromatic resonances; the sidechain amino 

positions of Asn and Gln residues and the Arg Hε/Nε resonances were assigned using a 3-

dimensional 15N-NOESY-HSQC, and the Met-ε resonances were assigned using a 4-

dimensional 13C-HSQC-NOESY-13C-HSQC experiment. Distance restraints were derived 
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from the 3-dimensional 15N-NOESY-HSQC and 3-dimensional 13C-NOESY-HSQC 

experiments mentioned above, a 3-dimensional 13C-NOESY-HSQC (optimized for aliphatic 

resonances), a 3-dimensional 15N,15N-HSQC-NOESY-HSQC, and a 4-dimensional 13C-

HSQC-NOESY-15N-HSQC. All of the NOESY experiments used mixing times of 150 

milliseconds. Amide 15N,1H residual dipolar coupling (RDC) values were obtained from 2D 

HSQC-IPAP54 experiments (700 MHz) on a 400 µM sample of eEF-2K562–725 in the 

presence and absence of 14 mg/mL of Pf1 phage. NC’ RDCs were also obtained at 700 MHz 

on a similar sample using an IPAP-J-HNCO experiment55 and an accordion value of 3.

Structure calculations

Peak intensities derived from the NOE experiments mentioned above and backbone dihedral 

angle restraints derived from TALOS-N40 were introduced into a ARIA2.3 structure 

calculation protocol56;57 using standard options. The RDC values (HN and NC’) for regions 

of defined secondary structure were introduced using the SANI option starting from the 5th 

ARIA iteration. The required rhombicity and tensor magnitude values were derived 

independently for each set using PALES58 from a previous structure calculation run that did 

not use RDC restraints. Violation tolerance was automatically adjusted and force field 

softening59 was introduced, otherwise the protocol was identical to what previously 

employed for the structure calculations of eEF-2K627–725
34. On each iteration, 1000 

structures were generated, of which 100 retained for analysis. The final NMR ensemble 

comprised of 100 structures, of which the 20 lowest energy structures were analyzed using 

PROCHECK-NMR60, the WHATIF web-server61 and the PSVS web-server62 and deposited 

in the PDB with accession code 6NX4 (see Table 1 for constraints, statistics of the final 

NMR ensemble of 100 structures, and structural characteristics of 20 lowest energy 

structures deposited into the PDB).

Amide 15N relaxation measurements

A steady state {1H}−15N NOE experiment63 was acquired using a 7.0 second recycling 

delay without (reference) or with a 5.0 second 1H saturation period using 512 and 120 

complex points in the direct and indirect dimension (13.0 and 33.0 ppm spectral windows), 

respectively. R1 rates were measured using the following relaxation delays: 5.0, 20.0, 50.0 

(x2), 100.0, 200.0, 400.0, 800.0, 1200.0 and 1600.0 milliseconds, with 512 (13 ppm) and 

120 (33 ppm) complex points in the direct and indirect dimensions, respectively. R2 rates 

were measured using the following relaxation delays: 0.0, 14.1 (x2), 28.2, 42.3, 56.4, 70.5 

(x2) and 127.0 milliseconds, with 512 (13 ppm) and 128 (33 ppm) complex points in the 

direct and indirect dimensions, respectively. All relaxation measurements were performed at 

800 MHz.

The resonance intensities for each relaxation delay were obtained using NMRView50, and 

the corresponding rates were calculated using non-linear least squares fits to single-

exponential decay curves. Errors were estimated using jack-knife resampling. Errors in the 

{1H}−15N steady-state NOEs were calculated using:
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σNOE =
Isat
Ire f

σsat
Isat

2
+

σre f
Ire f

2
(1)

Where Isat/ref and σsat/ref represent the intensities and the noise, respectively for the 

saturated/reference experiments. A similar formula was employed to calculate errors on the 

cross-saturation transfer ratios described below. Reduced spectral density functions were 

calculated from the relaxation data using a script within the software RELAX64;65.

NMR-based titrations

All NMR-based titrations were performed at 800 MHz using 3 mm Shigemi tubes. 

Backbone amide chemical shift perturbations induced by eEF-2 were derived from a 15N, 1H 

TROSY experiment (1024 and 225 complex points, 13.4 and 31.2 ppm spectral windows in 

the direct and indirect dimension, respectively) collected on an 80 µM sample of U-[15N,2H,
13C]-labeled eEF-2K562–725 containing an equimolar amount of unlabeled eEF-2. Methyl 

chemical shift perturbations for Ile (δ1), Leu (δ), Val (γ), and Thr (γ2) positions were 

obtained from a methyl 13C, 1H SOFAST-HMQC66 experiment that utilized a 0.2 seconds 

recycle delay. 512 and 192 complex points with 13.9 and 18.5 ppm spectral windows were 

used in the direct and indirect dimensions, respectively. Data were collected on a 40 µM 

ILVT-U-[15N,2H]-labeled eEF-2K562–725 sample containing with 80 µM unlabeled eEF-2. 
13C, 1H SOFAST-HMQC experiments were also collected at intermediate concentrations of 

eEF-2 to track resonances and aid in the resonance assignment of the bound state. In all 

cases, reference spectra were collected under similar buffer conditions. Met-ε perturbations 

were obtained from a constant-time (13.3 milliseconds) 13C,1H HSQC using a 50 µM 

sample of U-[15N,2H,13C]-labeled eEF-2K562–725 containing unlabeled eEF-2 in an 

equimolar ratio. The experiment utilized 1024 and 256 complex points with 16.0 and 72.0 

ppm spectral windows in the direct and indirect dimensions, respectively. Chemical shift 

perturbation values (∆δ) were calculated using the following equation67

Δδ j = 0.5
i

δi j

σi
k

2
(2)

Where j is the residue number, i is the nucleus type (1H, 15N or 13C), and σi
k is the standard 

deviation obtained from the Biological Magnetic Resonance Databank (BMRB) for nucleus 

type i and amino acid type k.

Cross-saturation measurements

An amide 1H saturation transfer42 experiment was collected on an 80 µM U-[15N,2H,13C]-

labeled sample of eEF-2K562–725 containing an equimolar amount of eEF-2 by the 

application of a 2.0 second train of 10.5 millisecond Gaussian 1H π pulses, each sandwiched 

between two 9.0 millisecond delays and centered at 0.82 ppm, immediately followed by a 
15N, 1H TROSY experiment (1024 and 192 complex points, 13.4 and 31.2 ppm spectral 
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windows in the direct and indirect dimensions, respectively). For the reference spectrum, the 

carrier for saturation was moved to −20.00 ppm. The reference and saturated experiments 

were collected in an interleaved manner to minimize errors. Cross-saturation data were 

plotted as intensity ratios, and the experimental errors were calculated using Equation (1) as 

in the case of the steady-state {1H}−15N NOE experiments (see above).

Isothermal titration calorimetry (ITC) measurements

Both the titrant and the analyte were co-dialyzed against the ITC buffer (20 mM MES pH 

6.5, 200 mM EDTA, 5% glycerol, 100 mM KCl, 1 mM TCEP) and brought to desired 

concentrations using spin columns. Samples were degassed extensively before use in the 

ITC measurements. For titrations using eEF-2K562–725 (in the syringe) and eEF-2 (in the 

cell), the concentrations were the following: 363.1 µM in the syringe and 27.6 µM in the cell 

(two titrations), 585.9 µM in the syringe and 35.2 µM in the cell (two titrations). Isotherms 

(19 usable data-points) were collected on an iTC200 (Malvern) at 25 ºC, with a 600 rpm 

stirring speed, a reference power of 10 µCal/sec, 2 µL injection volumes over 4.0 seconds, 

with a 180 second delay between injections. For each titration, a reference isotherm was 

collected by injecting the same titrant solution into a cell filled with buffer only. After 

subtraction, the curves were analyzed using the one-site binding model using the Origin 

software provided by the vendor. For titrations using eEF-2K592–725 (in the syringe) and 

eEF-2 (in the cell), the concentrations were the following: 29 µM in the cell and 585.9 µM in 

the syringe (two titrations) (see Table S4).

Competition Assays

eEF-2K562–725 was first exchanged five times into kinase buffer containing 25 mM HEPES 

pH 7.5, 50 mM KCl, 10 mM MgCl2, 150 µM CaCl2, 0.1 mM EGTA, and 5 Mm DTT using 

a 5 kDa cutoff centrifugal concentrator. Phosphorylation of eEF-2 (6 µM) at varying 

concentrations of eEF-2K562–725 (1.55, 3.10, 6.20, 12.40, 24.81, 49.63, 99.25 and 198.5 µM) 

was measured in kinase buffer containing 2 µM CaM and 10 µg/mL BSA. Reactions were 

initiated by addition of [γ−32P]-ATP and full-length eEF-2K to final concentrations of 1.0 

mM and 0.2 nM, respectively, at 30 °C. After five minutes, a 10 µL aliquot of this reaction 

(5.6 µg of eEF-2) was removed and placed into SDS-PAGE loading buffer containing a final 

concentration of 50 mM EDTA. Reaction aliquots were boiled and loaded onto a 10% 

polyacrylamide gel for electrophoresis and separation of phosphorylated eEF-2. Gels were 

Coomassie stained and destained according to established protocols to visualize total eEF-2, 

and used to expose X-ray film to quantify relative levels of eEF-2 phosphorylation 

(autoradiography). Bands corresponding to eEF-2 were excised and placed in scintillation 

fluid in order to determine the incorporation of radioactive phosphate. Counts per minute 

(CPM) were plotted as a function of eEF-2K562–725 concentration, [eEF2K562–725], in 

GraphPad Prism and fit to the following equation to estimate the concentration giving 50% 

maximal inhibition (IC50)

CPMlog eEF2K562 − 725
= CPMmin +

CPMmax − CPMmin

1 + 10
log eEF2K562 − 725 − logIC50

(3)
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Where CPMlog eEF2K562 − 725
 is the measured CPM at a given concentration of 

eEF-2K562–725; CPMmax and CPMmin are the maximum and minimum measurements, 

respectively. All measurements were performed in duplicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• eEF-2K regulates translational elongation by phosphorylating eEF-2 resulting 

in the latter’s reduced affinity for the ribosome.

• The C-terminal region of eEF-2K has been predicted to contain the binding 

site for eEF-2.

• We have determined the structure of a C-terminal fragment (eEF-2K562–725) 

of eEF-2K that encodes its last two helical repeats.

• Using biochemical and biophysical analysis we demonstrate that 

eEF-2K562–725 contains the key elements necessary for the eEF-2K/eEF-2 

interaction.
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Figure 1. 
Schematic representation of the functional domains of eEF-2K. The N-terminal calmodulin-

binding domain (orange; targeted by Ca2+-calmodulin), the α-kinase domain (dark blue) and 

the C-terminal domain (CTD; purple), predicted to encode the binding site for the substrate, 

eEF-2 are depicted. The kinase domain and CTD are connected by the regulatory loop (R-

loop) which contains multiple phosphorylation sites (depicted as spheres)68. The site (T348) 

of primary activating auto-phosphorylation, upregulating and downregulating 

phosphorylation are shown in yellow, green and red, respectively. The N-terminal 

phosphorylation site S78 has been proposed to play both a positive69 and a negative70 

regulatory role through unique mechanisms. S500 is also a key site for regulatory auto-

phosphorylation24;71, in addition to being targeted by PKA21. Also shown schematically are 

CTD constructs that are referred to in the manuscript.
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Figure 2. 
(A) Backbone traces of 20 lowest energy conformers in the NMR-determined structural 

ensemble of eEF2K562–725. Only a portion of the unstructured N-terminus is shown for 

clarity. The helical regions are colored as follows - pink (B−3), violet (A−2, B−2), orange (A

−1, B−1), and red (Cp; capping helix). The loops that show a relatively higher degree of order 

are colored blue. The highly disordered regions, including the A−2B−1 loop are colored light 

green. (B) Ribbon representation of a representative structure from the solution ensemble of 

eEF2K562–725.
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Figure 3. 
Representative structural homologs of eEF-2K562–725. Comparison of the NMR structure of 

eEF-2K562–725 (middle panel), the crystal structure of Sec17 (left panel) and the crystal 

structure of human collagen II prolyl 4-hydroxylase (right panel). Corresponding structural 

regions are colored as in Figure 2. The structures depict the overall arrangement of the 

helical regions indicative of a tetratricopeptide repeat (TPR) domain. The structure of 

eEF-2K562–725 deviates from a conventional TPR domain given longer loops connecting the 

helical segments that are similar to those in SEL1-like repeats. The 16-residue A−2B−1 loop 

is significantly longer than those seen in TPR, SEL1-like or similar repeat structures. The 

orientation of the B−3 also diverges from that seen in conventional TPR assemblies.
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Figure 4. 
(A) Alignment of the SMART (80% confidence level) consensus sequences for SEL1-like 

(yellow) and TPR motifs (dark yellow) are shown along with the sequence of an idealized 

TPR domain (dark yellow), and the corresponding eEF-2K sequences (based on structure 

alignment using the DALI server). The sequence for B−3 is colored light red, the sequences 

for A−2 and B−2 helices are colored magenta, and the sequences for the A−1 and B−1 helices 

are colored orange. The positions of the key conserved residues for the A and B helices (as 

described by Main38) are highlighted in blue and cyan, respectively. The divergent, but 

structurally compatible A96/S689 substitution is shown in dark gray; the divergent A28/

G597 and L83/E671 substitutions are highlighted in red. (B) The interactions of the core 

helical modules of eEF-2K562–725 (left) and an idealized TPR domain containing two 

complete repeat units and the B-helix (B−3) of a third repeat are shown. Signature residues 

are shown in sticks and colored as in (A). The intervening loops are not shown for clarity, 

and the helices that are colored as above, are partially transparent. The divergent G597 and 

E671 positions of eEF-2K562–725 are circled.
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Figure 5. 
Chemical shift perturbations (∆δ) detected on eEF-2K562–725 in the presence of eEF-2 for 

backbone amide (A), for Ile–δ1, Leu–δ, Thr–γ2 and Val–γ methyl (B) and Met–ε methyl 

(C) positions. Leu/Val methyl resonances have not been stereoscopically assigned. The bars 

represent individual ∆δ values and are color coded as defined in Figure 2. Resonances that 

are broadened to beyond the threshold of detection in the presence of eEF-2 are represented 

by lighter colored bars of maximum height. The dashed lines indicate threshold values of 

one standard deviation beyond the mean.
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Figure 6. 
(A) The distribution of amide and methyl spectral perturbations shown on a ribbon 

representation of eEF2K562–725 colored as in Figure 2. The radii of the spheres are 

proportional to the magnitude of the perturbations; positions for which the corresponding 

resonances disappear have the largest radii. Chemical shift perturbations above two standard 

deviations, including disappearing resonances, are colored dark blue; perturbations within 

one and two standard deviations are colored in light blue. Yellow spheres (at Cα positions) 

indicate residues exhibiting significant cross-saturation effects (dark yellow: above two 

standard deviations; light yellow: between one and two standard deviations; the radius of the 

sphere is proportional to the magnitude of the cross-saturation effect. (B) Surface 

representation of eEF2K562–725 in the same orientation as above. All atoms for a given 

residue are colored dark blue if at least one moiety within it exhibits either a spectral 

perturbation or a cross-saturation effect two standard deviations beyond the mean; light blue 
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if the effect is between one and two standard deviations; and in light grey otherwise. 

Residues that could not be probed, due to overlapped or missing resonances in the reference 

state, are colored dark grey. The disordered extreme N-terminus that also shows spectral 

perturbations in the presence of eEF-2 is omitted from both (A) and (B) for clarity.
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Figure 7. 
(A) Phosphorylation of yeast eEF-2 by wild-type full-length eEF-2K in the presence of 

varying concentrations of eEF-2K562–725. SDS-PAGE gels displaying bands corresponding 

to phosphorylated eEF-2 detected by autoradiography (top) and Coomassie stain (bottom) 

are shown. (B) γ-[32P] incorporation measured by scintillation counting plotted as counts 

per minute (CPM) as a function of eEF-2K562–725 concentration (red circles) and the best fit 

to Equation 3 (black dashed line).
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Figure 8. 
Surface representation of the orientation of the eEF-2K C-terminal domain (L496-E725) 

with respect to its α-kinase domain (H103-P330; cyan) using chemical cross-linking mass 

spectrometry-derived constraints and computational docking31. The model incorporates the 

structure of the eEF-2K562–725 (starting from position G597). The modeled region that is not 

included in the NMR construct (L496-L561) is colored yellow. The G562-E725 region is 

colored based on the experimentally characterized perturbations induced by eEF-2 binding 

as described in Figure 6. In this model, the α-kinase domain occludes the core of the 

concave “cradle” formed by the helical repeats of the CTD. These regions are mostly 

unperturbed in the presence of eEF-2 in the eEF-2K562–725 construct. eEF-2 induced 

perturbations are in regions that are solvent exposed in the model and distributed on both the 

concave and convex surfaces of the CTD. Further, some of the perturbed residues within the 

flexible N-terminus of the eEF-2K562–725 construct (L577-L583) are also part of a loop and 

solvent exposed in the model. This latter region does not appear to contribute a significant 

amount of binding energy to the eEF-2/eEF-2K562–725 interaction. The spatial localization 

of CaM upon binding eEF-2K is also indicated schematically.
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Table 1.

Constraint, Refinement and Structure Statistics for eEF-2K562–725

Unambiguous Distance Restraints
1

All 598–725

Intra-residue 419 342

Sequential (∆=|i-j|=1) 313 279

Medium-range (5 > ∆=|i-j| ≥2) 246 242

Long-range (∆=|i-j| ≥5) 164 164

Dihedral angle restraints (ϕ, ψ) 116 106

RDC, HN (SANI) 70 70

RDC NC’ (SANI) 65 65

Cartesian RMSD (Å) from average structure (100 structures)
2

All 598–725

Global backbone heavy atoms (N, Cα, C’) 6.73 ± 12.6 0.96 ± 1.20

Global sidechain heavy atoms 7.85 ± 12.4 1.91 ± 1.48

Helices; backbone heavy atoms (N, Cα, C’) 0.42 ± 0.13

Helices; sidechain heavy atoms 1.30 ± 0.66

Energies, NOE Statistics (100 structures)

Total (KCal•mol−1) −6509.69±130.68

Electrostatic (KCal•mol−1) −6112.74± 129.947

van der Waals (KCal•mol−1) −1245.31± 12.00

Conformers NOEs RMSD (Å) 0.078 ± 0.003

PROCHECK Ramachandran statistics (20 lowest-energy structures)
3

All 598–725

Most favored regions (%) 83.6 89.3

Additionally allowed regions (%) 14.7 9.8

Generously allowed regions (%) 0.8 0.5

Disallowed regions (%) 0.9 0.4

G-factor, ϕ,ψ −0.118 −0.06

G-factor, χ1χ1/χ2 −0.14 −0.14

G-factor, all dihedrals −0.17 −0.11

Average RMS Z-scores (20 lowest energy structures)
3

All 598–725

Bond lengths 0.238 ± 0.006 0.225 ± 0.005

Bond angles 0.430 ± 0.008 0.396 ± 0.009

Omega angle restraints (°) 0.608 ± 0.03 0.640 ± 0.03

Side-chain planarity 0.47 ± 0.11 0.47 ± 0.11

Improper dihedral distribution 0.52 ± 0.11 0.51 ± 0.11
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Unambiguous Distance Restraints
1

All 598–725

Inside/Outside distribution 1.121 ± 0.015 1.059 ± 0.014

1st generation packing quality −2.35 ± 0.15 −0.91 ± 0.089

2nd generation packing quality −2.52 ± 0.29 −1.58 ± 0.23

PSVS Z-Scores (20 lowest energy structure structures)
3

All 598–725

PROCHECK G-factor ϕ,ψ 0.67 0.94

PROCHECK G-factor, all dihedrals 0.0 0.24

Verify 3D −3.5±0.015 −1.28±0.02

ProsaII (−ve) −0.25±0.05 1.12±0.05

MolProbity clashscore 0.34±1.9 0.28±2.4

1
An additional 430 ambiguous restraints were also present.

2
Average RMSD per residue with respect to an average structure.

3
20 lowest energy structures deposited into the PDB with ID: 6NX4.
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