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Abstract: Skp1(S-phase kinase-associated protein 1 -  Homo sapiens  ) is an adapter protein of
the SCF complex, which links the constant components (Cul-1-RBX) and the variable
receptor (F-box proteins) in Ubiquitin E3 ligase. It is intriguing how Skp1 can recognise
and bind to a variety of structurally different F-Box proteins. For practical reasons,
previous efforts have used truncated Skp1, and thus it has not been possible to track
the crucial aspects of the substrate recognition process. In this background, we report
the solution structure of the full-length Skp1 protein determined by NMR spectroscopy
for the first time and investigate the sequence-dependent dynamics in the protein. The
solution structure reveals that Skp1 has an architecture: β1-β2-H1-H2-L1–H3-L2-H4-
H5-H6-H7(partially formed) and a long tail-like disordered C-terminus. Structural
analysis using DALI reveals conserved domain structure across species for Skp1.
Backbone dynamics investigated using NMR relaxation suggest substantial variation in
the motional timescales along the length of the protein. The loops and the C-terminal
residues are highly flexible, and the (R  2  /R  1  ) data suggests ms-μs timescale
motions in the helices as well. Further, curved temperature dependence reveals that
for several residues across the length of the protein, there exist a native-like low-lying
excited states, particularly for several C-terminal residues. Our results provide a
rationale for how the protein can adapt itself, bind, and get functionally associated with
other proteins in SCF complex utilising its flexibility and conformational sub-states.
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To, 

The Editor, 

Journal of Molecular Biology, 

 

Dear Prof. Wright 

We, along with our co-authors, present our response to the reviewers along with the modified 

manuscript titled “Disorder in human Skp1 structure is the key to its adaptability to bind many 

different proteins in the SCF complex assembly” for publication as an original article in Journal of 

Molecular Biology.  

We sincerely thank the editor and the reviewers for giving us the opportunity to improve the quality of 

our manuscript. All the changes suggested by our reviewers have been duly incorporated, and all the 

questions have been addressed. We added a new analysis and explanation in response to reviewer no 1 

queries and used a variety of biophysical techniques to demonstrate that Human Skp1 is a monomeric 

protein in response to the question from reviewer no 3. We hope that the manuscript is in significantly 

better shape and hope that all the queries are resolved now. In our response letter, the reviewer’s 

comments are in black while our responses are in blue. 

Now that the concerns of the reviewers are adequately addressed, I hope the present form of our 

manuscript is suitable for publication. Looking forward to having a favourable response from you. 

 

 

 

Best wishes, 

Prof. Ashutosh Kumar 

 

 

 

Cover Letter



Reviewers' comments: 
 
 
Reviewer #1: The authors have provided clear responses to the majority of points raised 
previously. However, I remain concerned by the validity of interpreting R2/R1 ratios solely in 
terms of chemical exchange. I have included a further comment below that I hope more clearly 
expresses my doubts. If the authors can address this point, then I am happy to recommend 
the manuscript for publication in JMB. 
 
The authors state that R2/R1 ratios represent exchange contributions (p. 11 l. 23-25), but this 
is not correct: as originally derived (Kay, Torchia and Bax, Biochemistry (1989), 28, 8972-
8979) the ratio is highly sensitive to the rotational correlation time. In the absence of further 
evidence (e.g., multi-field relaxation measurements and spectral density mapping or model 
free analysis, or relaxation dispersion measurements) claims to identify chemical exchange in 
helical regions on the us-ms timescale cannot be justified and should be removed (p. 11 l. 20-
32). 

 
 
Response: We thank the reviewer for suggesting a reference to compare our data. However, 
in the discussion paragraph, Kay et al1 clearly state: "In the interpretation of the relaxation data 
presented herein, we have assumed that the relaxation properties of the 15N spins are 
governed solely by the 1H-15N dipolar interaction and the CSA interaction. These two 
interactions are, however, not the only ones that can affect 15N relaxation rates. For example, 
chemical exchange processes can influence T2 rates considerably.2,3” 

"These processes include an exchange between several conformers occurring in specific 
regions of the protein." Thus, it is suggested the susceptibility of T2 to chemical exchange 
processes, which can affect relaxation. Therefore, we have extrapolated our results on this 
basis. However, as the reviewer pointed out, and we agree, this is not a conclusive measure 
of exchange processes and is merely indicative that such contributions may exist. 

As suggested by the reviewer, we have made appropriate changes: "There is a substantial 
variation in the ms-μs time scale along the length of the chain, and the helices may exhibit 
conformational exchange as high R2 is observed in the helices compared to the surrounding 
residues.1,2,3 Higher R2/R1 ratios may be indicative of the presence of chemical exchange 
contributions to R2 along the protein sequence. A slow timescale chemical exchange process 
is more likely to exist in the helical region, and it would display relatively high values at the 
helical regions and low values in the loop regions and at the termini. Conclusively, it emerges 
from the dynamics data that the protein is highly geared up to adapt structurally, depending 
upon the needs of the binding partner." 

 
I completely agree that R2 rates are sensitive to chemical exchange, as noted by Kay et al. 
in the 1989 reference. This contrasts with R1 rates and the heteronuclear NOE, which do not 
depend on J(0) terms and thus are only sensitive to sub-tc dynamics and tumbling. To a 
crude approximation, in the macromolecular regime the dependence of R1 and R2 rates on 
tumbling and chemical exchange can be expressed: 
R2 ~ tau_c + Rex 
R1 ~ 1/tau_c 
The ratio R2/R1 therefore varies approximately as (tau_c^2 + tau_c*Rex). Thus, while there 
is sensitivity to chemical exchange, there is also very strong dependence on mobility. Of 
course, a full analysis including internal motion (order parameters) complicates this picture, 
but the interpretation is also borne out by the authors' own measurements: secondary 
structure elements have low R1s, high R2s, and high NOEs, while loops have high R1s, low 
R2s and low NOEs. This trend is acknowledged in the manuscript, but its implications are 
not, and the effect is merely exaggerated by plotting the ratio R2/R1. Indeed, the Pielak 

Revision Notes



group have argued for the analysis of the product R1R2 as an alternative to detect chemical 
exchange in the presence of anisotropic motion (Kneller et al, JACS 124 1852-1853 (2002)). 
 
Ultimately, I may be incorrect in my interpretation, but in the absence of a rigorous analysis 
of relaxation data, e.g. via model-free analysis, I do not see that the authors can prove this 
and unambiguously attribute variations in relaxation rates to conformational (chemical) 
exchange processes rather than local dynamics or anisotropic mobility. 

 

Response: We thank the reviewer for the insightful scientific discussion and concur that the 

Rex component of R2 cannot be quantified in the absence of more concrete experimental 

measurements.  

We completely agree with the reviewer that Kneller et.al4 have quoted that “A commonly used 

approach for the analysis of heteronuclear relaxation data examines the ratio between 

transverse and longitudinal rates, R2/R1, for identification of residues undergoing chemical 

exchange and estimation of global correlation times. The R2/R1 approach does not distinguish 

between the effects of motional anisotropy and chemical exchange.”   

From the R2/R1 measurement alone, we cannot rule out that the higher values are due to local 

dynamics. We have modified the section appropriately and hope that there is no more 

ambiguity in our discussion of the R2/R1 data interpretation.  Additionally, we performed a 

reduced spectral density analysis as appended below.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig S11: Spectral density analysis of Skp1: The figure shows the residue versus J(ωH), J(0) 

and J(ωN) values of Skp1 from the backbone dynamics data at two different magnetic fields 

750 MHz and 600MHz. 
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The values of spectral density functions J(ωH) are contributed mostly by the 1H–15N NOE. On 

the other hand, R1 and R2 largely contribute to the values of J(ωN) and J(0) functions, 

respectively. Higher J(0) values may correspond to the slow rotational motion of the N-H bond 

vector in the millisecond or even nanosecond time scale. The J(ωN) and J(0) follow an inverse 

correlation in the spectral density values in both fields. Also, the spectral density values mirror 

the secondary structure of the protein with distinctly patterned spectral density values in the 

ordered and disordered regions of the protein. This secondary structure pattern agrees with 

the NMR structure of Skp1 protein, which has a flexible C-terminus and two distinct loop 

regions. 

We have further added the following section to discuss the relaxation data to our main text 

and modified Fig 4: 

“From such data, different strategies have been used to get insights into slow conformational 

exchange contributions along the sequence of a given protein molecule. These include Model 

Free analysis, Spectral Density analysis, R2*R1 vs. sequence plots, and R2/R1 vs. sequence 

plots. Among these, Model Free analysis is typically used for well-folded proteins and is not 

suitable for intrinsically disordered regions in the proteins, as in the present case. In an 

approximate sense, R2 is linearly dependent on correlation time (c) and Rex, R1 is inversely 

dependent on c, and therefore, the product R2*R1 should be roughly independent of c in the 

absence of Rex. Thus, any variation in this product is indicative of sequence-wise variation in 

Rex contributions. Among the spectral densities, J(ωH) is contributed mostly by the 1H–15N 

NOE and reflects on high-frequency motions; J(ωN) and J(0) functions have contributions from 

R2 and R1, and among these, only J(0) has contributions from slow motions, which includes 

chemical exchange. We have used all three approaches, namely, R2/R1 vs. sequence, R2*R1 

vs. sequence, and spectral densities vs. sequence to characterise motions in the Skp1 protein 

Fig4 (B).” 

“Our data shows that the R2*R1 product displays substantial sequence-wise variations 

indicating significant contributions from Rex. The same is true in the R2/R1 vs sequence plots, 

and J(0) vs sequence plot (J(0) is more sensitive to slow motions. Interestingly, the helices 

seem to exhibit conformational exchange from all three data sets; however, from such data, it 

is not possible to quantitatively estimate the contributions. We further report that the c of Skp1 

in Fig 4 (B) is more or less in agreement with the correlation time of a ~20kDa protein. The 

overall c of Skp1 is around 10.8 ns. The c value is close to those of other standard globular 

proteins but shows some deviation as shown in Fig S12, which results from the different R2/R1 

values of loops and disordered c-term.” 

 



Reviewer #2: The authors have addressed all of my concerns.  I support this manuscript 
being accepted for publication in JMB. 
 
 

Response: We are thankful to the reviewer for the recommendation.  

 
Reviewer #3: The revised manuscript is improved in several ways. The BMRB deposition 
updating has been done. Data on R1, R2, hNOE, and temperature dependence of chemical 
shifts are a bit more clearly explained. 

 

Response: We thank the reviewer and are happy to have satisfied their questions and 
suggestions. 
 
1. The solution structure of free Skp1 is interesting except for the awkward existence of 
helix-7 out by itself. The comparison with Skp1 complexed with other proteins is useful, but 
one figure will suffice. The many examples are unconvincingly presented and it is likely that 
if the relevant parts of Skp1 are overlaid they will be nearly identical. 

Response: Our point in displaying the comparison with X-ray, Cryo-EM, and Solution-state 

dimer structures was to make it clear to the readers that the core domain of the protein remains 

unchanged; however, none of the structures presented earlier are able to capture the dynamic 

loops, and the C-terminal H8 region of Skp1. 

 

2. There continue to be major deficiencies. The authors did not satisfactorily address the 

monomer/dimer status of the molecule, despite strong published evidence that the human 

Skp1 sequence is a homodimer (kd = ~1 µM), which was confirmed by the recently published 

solution structure of a similar ortholog. There is a real possibility that they have this wrong but, 

if they are right, there are simple ways to confirm that. 

Response: We understand the concern of the reviewer, and hence we present the following 

data and explanations to support the monomeric nature of full-length hSkp1. The hSkp1 was 

reported to be primarily monomeric by Raymond W.M. Ng et al.5 We used a combination of 

biophysical techniques to demonstrate that the hSkp1 exists primarily as a monomer. We have 

added a section to our main text on Page no. 6 with all our biophysical characterization for 

monomeric Skp1, and the section is as follows: 

 “The pioneering studies on hSkp1 describe its role in the context of binding to Skp2 and Cul1.5 

In this study, Skp1 was reported to exist as a monomer, although a small amount of dimer 

population was detected in the biophysical characterization studies. However, Dictyostelium 

Skp1 and its orthologs like OCP2 are known to exist in the dimeric form, and they share 

considerable sequence similarity to hSkp1.7-9 To address this, we characterized the protein 

samples used in our study using various orthogonal biophysical techniques. The purified Skp1 

from bacterial culture shows a band around 46 kDa for GST-Skp1 and at 19 kDa after protease 



treatment for pure Skp1 on the SDS-PAGE gel. Further, the MALDI-TOF analysis shows a 

major peak at 19 kDa, indicating the size of the hSkp1 in our studies is 19 kDa which 

corresponds to monomeric hSkp1, and a small peak corresponding to [2M+H]+ at 38kDa in 

the MALDI. Next, to investigate the presence of any dimeric Skp1 species, we performed the 

SV-AUC experiment at three different concentrations to check the concentration-dependent 

dimerization. Upon increasing the protein concentration in AUC experiments, we observe that 

the sedimentation coefficient of hSkp1 does not shift, and the sedimentation coefficient is in 

range of ~2.4 S.  The AUC results clearly indicate that no higher molecular weight species are 

present even with an increase in concentration Fig 1(C). We further recorded 1H-15N HSQC 

spectra of Skp1 starting from higher (1mM) to lower (50µM) concentrations by diluting the 

same sample (Fig S1). We observe no concentration-dependent shift in peaks or appearance 

of peak doublets Fig1(C). Thus, we conclude that Skp1 does not shift from monomer to dimer 

with the increase in concentration. Hence, we infer that the hSkp1 remains largely in the 

monomeric state.” 

For the reference of the reviewer, we add the Fig 1 below: 

 

 

 

 

 

 

 

 

 

 



 

Fig 1: Characterization of Skp1 as a monomer. (A)15% SDS-PAGE Analysis of Skp1 

Purification. Lane 1: Protein Marker Lane 2: Eluted Protein. Skp1 Band corresponding to 

~19kDa Lane 3: GST-Skp1 protein (band corresponding to ~46 kDa) bound to GSH agarose 

beads. (B) MALDI-TOF analysis of Skp1. The major peak corresponding to 19068.86 belongs 

to monomer having z=1 while peak corresponding to 9534.78 is because of z=2. (C) 

Concentration dependent sedimentation velocity analysis of Skp1. (D) Overlay of 1H-15N 

HSQC spectra of Skp1 at two different concentrations (250 µM spectra in red and 1 mM 

spectra in blue). 

We have further calculated correlation time c from our backbone dynamics data and it 

matches closely with the correlation time of a protein of 19kDa. We have also added the 

following section to the main text on Page no. 11: 

 

“We report that the overall c of Skp1 and it is more or less in agreement with the correlation 

time of a ~20kDa protein. The overall c of Skp1 is around 10.8 ns which agrees with protein 

of 19-20 kDa size, which further suggests that Skp1 is monomeric in solution.” 

 



We have added the plot here for the reference of the reviewer: 

 

 

S13: The figure below represents the plot of experimentally determined average rotational 

correlation times C (as reported in Table 1 of Ryabov et al. (2006)6 versus molecular weight 

(determined from the entries of the respective PDB files). 

(A) The cross sign shows the position of a 19 kDa globular protein on the standard curve, 

while the red dots represent the position of proteins reported by Raybov et al. 

(B) The grey dots are of the same curve as red dots in (A). The cross sign shows the position 

of a Skp1 based on C derived from the R2/R1 values. The red dot represents the position of 

Skp1 based C derived from the R2/R1 values of the ordered helical regions of Skp1. 

 

We concur with Henzl et al.7,9 and the work by Kim et al.8 group on Dictyostelium Skp1 dimer 

that given the very high concentration of Skp1/OCP2 in the human ear, it may tend to dimerize 

and the dimeric form may have cellular functions. However, we obtained the monomeric form 

in our studies and have reported our structural and dynamics observations on the monomeric 

form of Skp1. In this study, our focus is to characterize the IDR regions of Skp1 in the unbound 

form, unlike the bound X-ray structures. 

 

3.The authors continue to largely ignore published precedent for many of their findings, 

including the organization of the core structure in solution, and the dynamic nature of the 

loops and the C-terminal region. They instead state irrelevant details that incorrectly dismiss 



the relevance of the previous publications. This violates established norms in scientific 

publishing. 

Ans: We thank the reviewer for pointing out this important point. We are sorry that we missed 

these important contributions, as indicated by the reviewer. In the revised version, we added 

all previous work on Skp1, which pioneered the studies to the best of our knowledge. We have 

included the following changes in our discussion section and hope that credit to previous 

studies is more conclusive in the current version of the manuscript. 

We understand the main concern is regarding the structural features of Skp1, which have 

been discussed in previous works. Thus, we include the following changes to our text: 

 

The following text has been added to the discussion section on Page no. 16: “The dynamic 

nature of unstructured regions of Skp1 was initially suggested for OCP2 from CD spectra and 

HSQC of OCP2.”7,9 

We have further added a section in our main text: Page no 6 on monomeric hSkp1. There is 

a previous study first characterized the monomeric Skp1 using biophysical and biochemical 

experiments.5 

Our full-length NMR solution structure and backbone dynamics studies substantiate these 

findings and add residue-level details to the Skp1 understanding. 

 

4. The comparison of BTB structures adds no evident insights to Skp1 function, as 

previously complained. This was like showing images of all the members of the TPR or Ig 

family. No useful conclusions were drawn from this. 

 

Response: We elaborated on the importance of the BTB domain and its existence in proteins 

unrelated to Skp1, as per the suggestions of the other reviewers. The main point we are trying 

to make here is that it is a versatile conserved domain involved in proteins involved in different 

pathways across various cellular functions. 

 

5. The extensive discussions of the poorly conserved loop 2 are still unconvincing as there is 

nothing new presented, since it did not render even in the cryoEM structure cited. 

 

Response:  

The IDR regions of free monomeric Skp1 are structural features that have not been captured 

by any other studies (including cryo-EM). Since this is the first experimental study to elucidate 



the poorly conserved loop 2 of Skp1, we focus on the conformation of this loop, as seen in the 

solution-state structure. Previous studies on Skp1 have presented the folded core of Skp1, 

including the X-ray structures, Cryo-EM structure, and Skp1 dimer NMR structure .8 

The pioneering study on human Skp1 by Raymond W.M.Ng et al.5 for Skp1 interacting with 

Skp2 defined that the N-terminal regions are also important for binding to Skp2 and deleting 

only the C-terminal 36 residues did not completely inhibit the Skp1-Skp2 binding. Their 

construct N114, which had N-terminal residues up to res114(including loop2), showed weak 

binding to Skp2 as compared to the N67, which had the first 67 N-terminal residues deleted 

(along with the loop2). Thus, it has been demonstrated that multiple regions in Skp1 participate 

in F-box binding, and the region (67-114), including loop2, may have an important role to play 

in the F-Box recognition.  

Our discussion on loop2 explores its position in context to other structural elements. The mode 

by which it is held by the two flanking helices that are part of the folded core (N-terminal region 

implicated in binding as stated earlier). 

With this new structural insight, we propose that loop2 might be held in a particular way by the 

two helices as seen in the structure. We further corroborated our previously published MD 

simulation studies where loop2 was shown to be contributing toward Skp2 binding. This 

inference was in agreement with the proposition of Raymond W.M.Ng et.al.5 

 

6.Writing continues to be redundant, unfocussed, and incorrect in places. 

 

Response: We have tried our best to rectify our writing as suggested by the reviewer and hope 

that we address the majority of issues that existed in the previous version of the manuscript. 
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Research Highlights: 

 Solution structure of free Skp1 reveals the helices, particularly H8 is disordered in 

its unbound form. 

 

 Structural conservation allows Cul-1 binding at the NTD of Skp1, whereas 

structural plasticity allows F-box recognition at the CTD of Skp1. Similar 

mechanisms may be adopted by other adapter proteins, for substrate recognition. 

 

 Conformational sampling of excited sub states by Skp1 residues, which are involved 

in F-box interactions indicated the excited state may be responsible for recruiting 

F-box proteins 
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Abstract:   

Skp1(S-phase kinase-associated protein 1 - Homo sapiens) is an adapter protein of the 

SCF(Skp1-Cullin1-Fbox) complex, which links the constant components (Cul1-RBX) and the 

variable receptor (F-box proteins) in Ubiquitin E3 ligase. It is intriguing how Skp1 can 

recognise and bind to a variety of structurally different F-box proteins. For practical reasons, 

previous efforts have used truncated Skp1, and thus it has not been possible to track the 

crucial aspects of the substrate recognition process. In this background, we report the solution 

structure of the full-length Skp1 protein determined by NMR spectroscopy for the first time and 

investigate the sequence-dependent dynamics in the protein. The solution structure reveals 

that Skp1 has an architecture: 1-2-H1-H2-L1–H3-L2-H4-H5-H6-H7(partially formed) and a 

long tail-like disordered C-terminus. Structural analysis using DALI (Distance Matrix 

Alignment) reveals conserved domain structure across species for Skp1. Backbone dynamics 

investigated using NMR relaxation suggest substantial variation in the motional timescales 

along the length of the protein. The loops and the C-terminal residues are highly flexible, and 

the (R2/R1) data suggests s-ms timescale motions in the helices as well. Further, the 

dependence of amide proton chemical shift on temperature and curved profiles of their 

residuals indicate that the residues undergo transitions between native state and excited state. 

The curved profiles for several residues across the length of the protein suggest that there 

are native-like low-lying excited states, particularly for several C-terminal residues. Our results 

provide a rationale for how the protein can adapt itself, bind, and get functionally associated 

with other proteins in the SCF complex by utilising its flexibility and conformational sub-states. 

Keywords: Skp1, SCF complex, Protein Structure, NMR Dynamics, Structural adaptability 
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Research Highlights: 

 The solution structure of free Skp1 reveals that the helices, particularly H8, are 

disordered in the unbound form. 

 Structural conservation allows Cul-1 binding at the NTD (N-terminal domain) of Skp1, 

whereas structural plasticity allows different F-box recognition at the C-terminal helices 

of Skp1. Other adapter proteins may adopt similar mechanisms for substrate 

recognition. 

 Conformational sampling of excited sub-states by Skp1 residues, which are involved 

in F-box interactions, indicates that the excited state may be responsible for recruiting 

F-box proteins. 
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List of Abbreviations: 

DALI Distance Matrix Alignment 

UPS Ubiquitin Proteasome System 

SCF Skp1-Cullin1-F-box 

Skp1 S-phase Kinase associated Protein-1 

RING Really Interesting New Gene 

HECT Homology to E6AP C-Terminus 

VHL Von Hippal-Lindau 

FBP F-Box Proteins 

NMR Nuclear Magnetic Resonance 

CSV Chemical Shift Variance 

IDR Intrinsically Disordered Region 

PDB Protein Data Bank 

NOE Nuclear Overhauser Effect 

RBR RING-Between RING 

Cul-1 Cullin-1 
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Introduction: 

The Ubiquitin proteasome system (UPS) is responsible for tagging proteins with ubiquitin and 

targeting them for degradation. Multiple enzymes in this pathway carry out the sequential 

modification, processing, and degradation of proteins via UPS.1 The degradation process is 

tightly regulated and ensures quality control.2,3 Any dysregulation in the process can be 

deleterious leading to pathological conditions including neurodegenerative diseases4, cell 

cycle dysregulation5, inflammatory diseases6,7, cancer 8,9 etc.  

A sequential three-step cascade of enzymes facilitates the process of ubiquitylation. E3 

ligases catalyse the final step of the ubiquitin conjugation process, i.e., covalent attachment 

of ubiquitin to the substrate.10,11 This penultimate step is the most important step in terms of 

rendering substrate specificity, and there exists a large class of E3 ligases to efficiently 

catalyse this final step of Ubiquitin conjugation.12 E3 ligases have been classified into three 

major families; namely Really Interesting New Gene (RING) family, Homology to E6AP C-

terminus (HECT) and (Ring Between Ring) RBR family.13,14
 

Among the RING E3 ligases, Skp1-Cullin1-F-box (SCF) RING E3 ligases are the largest RING 

E3 ligases, and their target substrates are actively involved in many key cellular processes 

like cell cycle regulation, signal transduction, and DNA replication.15 Alterations in the 

ubiquitylation by the SCF ligases or their F-box proteins have resulted in genomic instability 

therefore these complexes are being actively pursued as anti-cancer targets.16,17 SCF ligases 

consist of the following components: A central scaffold protein, Cullin; an adapter protein Skp1; 

Ring box protein (Rbx1); and substrate binding FBPs. The C-terminus of Cullin is the 

attachment site for Rbx1 which eventually binds to the E2-Ubiquitin-conjugating enzyme. The 

N-terminus of the Cullin is the binding site for Skp1 which binds with the substrate-binding 

proteins.18,19,20 Skp1 acts as an adapter in the SCF complex connecting the constant parts of 

the ligase to its variable substrate receptors, the F-box proteins. The human Skp1 is unique 

as it recognises 69 different F-box proteins and plays a critical role in ensuring fidelity in cell 

quality control.21,22 Recent reports have suggested that reduced Skp1 expression is directly 

associated with the DNA double-strand break and chromosome instability leading to cancer 

23,24,25,26. A functional homologue of Skp1, Elongin C is another adapter protein that has been 

implicated in tumour suppressor activity and cell cycle regulation via VHL(Von Hippal-Lindau) 

complex.27,28,29 

Previous structural studies have presented X-ray structures of the SCF complex, where Skp1 

has been crystallized or complexed as part of the multiprotein E3-ligase complex.30,31 These 
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studies often used truncated or partially mutated protein constructs for structure determination 

by crystallography approaches.32,33,34 However, since the loops are structurally conserved 

across species, their functional aspects cannot be ignored.35 To date, no standalone structure 

of Skp1 is available, which can be compared with the X-ray structures to determine the 

changes occurring in Skp1 upon F-box binding. 

In this background, we report the structural and dynamic features of the human Skp1 

investigated by solution-state NMR spectroscopy. Our results reveal a complex dynamic 

nature of the protein, displaying motions at different time scales in different portions of the 

chain. The dynamic nature of C-terminal helices could be a key feature of adapter proteins 

among the E3 ligase, which dictate the recognition and modulation of the conformational 

dynamics in order to bind F-box proteins and subsequent ubiquitylation. Comparison of the 

solution structure of the free protein with the structures of the protein in the different complexes 

reported earlier by different methods reveals residue-specific structural changes of C-terminal 

helices H6, H7, and H8 to account for adaptation upon substrate binding.  

The NMR structure of Skp1 provides the three-dimensional structure of the native state of 

human origin Skp1. We have further explored the native state conformational ensemble by 

monitoring the amide proton chemical shift as a function of temperature. Small perturbations 

in temperature are often used to populate lowly-populated excited alternative conformational 

states in a protein. Since we noticed that Skp1 could alter its structure in different functional 

conformations from our structure, we explored the existence of alternative conformations in 

the native-state ensemble. These alternate states provide a glimpse into the functional states 

that protein might adopt during substrate binding. 

 

Results  

1. Characterization of Skp1 as a monomer  

The pioneering studies on Human Skp1 (hSkp1) describe its role in the context of binding to 

Skp2 and Cul1.36 In this study, Skp1 was reported to exist as a monomer, although a small 

amount of dimer population was detected in the biophysical characterization studies. 

However, Dictyostelium Skp1 and its orthologs like OCP2 are known to exist in the dimeric 

form and share a considerable sequence similarity to hSkp1.37-44 To address this, we 

characterized the protein samples used in our study using various orthogonal biophysical 

techniques. The purified Skp1 from bacterial culture shows a band around 46 kDa for GST-

Skp1 and at 19 kDa after protease treatment for pure Skp1 on the SDS-PAGE gel. Further, 
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the MALDI-TOF analysis shows a major peak at 19 kDa, indicating the size of the hSkp1 in 

our studies is 19 kDa which corresponds to monomeric hSkp1, and a small peak 

corresponding to [2M+H]+ at 38kDa in the MALDI. Next, to investigate the presence of any 

dimeric Skp1 species, we performed the SV-AUC experiment at three different concentrations. 

Upon increasing the protein concentration, we found that the sedimentation coefficients of 

hSkp1 do not shift, and it is in the range of ~2.4 S.  The AUC results clearly indicate that no 

higher molecular weight species are forming with an increase in concentration Fig 1(C). We 

further recorded 1H-15N HSQC spectra of Skp1 from higher (1mM) to lower (50µM) 

concentrations by diluting the same sample (Fig S1). We observe no concentration-dependent 

shift in peaks or appearance of peak doublets Fig1(C). From the above observations, we 

conclude that Skp1 does not shift from monomer to dimer with the increase in concentration 

and the hSkp1 remains largely in the monomeric state. 

 

2. Solution Structure of human Skp1 (Skp1) 

The structure of human Skp1 (hereafter referred as Skp1) in solution has been determined by 

NMR spectroscopy using standard experiments that collected NOE-based restraints and used 

energy minimization to obtain an ensemble of lowest energy structures. The structures have 

been deposited in the PDB under accession number (5XYL), and the details of resonance 

assignments have been deposited in BMRB under accession no. (26765)45. The experimental 

details for protein sample preparation and NMR data acquisition have been s7ummarized in 

the previous report45, and structure calculation has been elaborated in the Methods section. 

The final structure shown in Fig 2 illustrates an architecture of Skp1 with defined secondary 

structural elements arrangement as 1-2-H1-H2-loop1-H3-loop2-H4-H5-H6-H7(partial)- and 

a long-disordered C-terminal tail. The helix H7 is relatively shorter as compared to the bound 

form of Skp1 and is absent in some members of the ensemble. Skp1 has two distinct loops: 

loop1 (residue 35-49), loop2 (residue 67-84). It is worth mentioning that both the loops, 

especially loop2, are deleted or mutated in all X-ray structures Fig S2(A). Our first high-

resolution solution-state structure provides an appropriate module for evaluating the roles of 

loops and other flexible regions in the recognition mechanism of Skp1 with different partners 

in the SCF complex assembly. The Skp1 full-length structure shows there are parts of Skp1 

that are globular, and loops intersperse these domains, along with a long C-terminal 

unstructured region. This arrangement distorts the structure from a classical globular state to 

a unique extended shape. Subsequently, the Skp1 solution structure was explored based on 

the variability of chemical shifts of the structural ensemble to explore the structural 

heterogeneity. The C chemical shifts are highly sensitive to secondary structure changes and 
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are often used as an observable measure for structural features. Chemical shift variance 

(CSV) indicates the change in the chemical shift values predicted from the ten energy 

minimised structures of Skp1 5XYL. The chemical shift values were predicted for C and 

backbone HN using ShiftX2. The CSV analysis reveals loop2 is particularly highly variable, and 

its CSV - C is comparable to the IDR-like C-terminal. The function of the deleted loop2 was 

elaborated in previous work from our group, where molecular dynamic simulation of full-length 

Skp1 bound to Skp2 indicated that loop2 is critical in optimizing the distance needed for 

ubiquitin transfer to the substrates.46 The C-terminal region contains helices H7 and H8 as 

defined in the crystal structures of Skp1 present in different complexes (Fig S3). 

3. Structural analysis using DALI (Distance Matrix Alignment) 

DALI, an automated method developed by Lisa Holm’s group, allows for comparing and 

clustering all known structures of a particular protein, and selective comparison can also be 

performed between PDB structures. Different folds and domains are often a common feature 

between protein families, and DALI also allows for pairwise alignment for structure 

comparison.47 The self-comparison score will be maximal in any case due to zero deviations. 

Larger structures often get a higher score than small structures when compared themselves. 

If a structure has multiple domains, then the DALI score often allows for better matches for 

small domains than a partial match to larger domains. DALI also provides a platform that 

integrates structure comparison with sequence alignment.48 

Fig 3(A) shows an overlaying NMR structure (5XYL) with one of the X-ray structures.  For 

simplicity, only one X-ray structure and one structure from the NMR ensemble have been 

shown. We used 5XY as the query structure for the DALI search. In the DALI correlation plot, 

structural domains of the proteins are expected to show a strong positive correlation within 

domains and a negative correlation in-between domain. As can be noticed in Fig 3(B), a 

positive correlation is evident in the N-terminal of Skp1. This indicates that there is a major 

motif present at the N-terminal region of Skp1, and this corresponds to the BTB-POZ fold 

domain.49 To date, only Cullin-1is known to bind at the N-terminus, which indicates that this 

structural fold is essential to form a conserved interaction interface between Skp1 and Cul1, 

and the comparison of the conserved residues is shown in Fig 3(C). Interestingly, most of the 

helical core of Skp1 is highly conserved in terms of hydrophobicity and these hydrophobic 

residues are replaced in other species by similar amino acids to retain the globular domain of 

Skp1. The gap in the middle region of the correlation curve is from residues 60-80, which 

indicates the lack of domain organization in loop2. As expected, there is a relatively low 

correlation at the C-terminal end, which is indicative of the variable structures at this end. The 

C-terminus of Skp1 lacks a defined domain organisation due to structural flexibility which might 
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contribute in recognising the different F-box proteins. Towards the C-terminus, the polar 

residues increase in number, as shown in blue in Fig 3(C), which probably contributes to the 

flexible helices and more solvent accessibility of Skp1. The C-terminus does not pack with the 

globular core and remains bouncing in the surrounding cellular environment, where it can bind 

and recruit the F-box proteins. Overall, the structural and biological role of Skp1 can be 

attributed due to this charge conservation. Hence, the interaction of H8 with F-box and the 

subsequent conformational changes could be facilitated by the highly charged residues 

present at the C-terminus of Skp1. 

Within an RMSD of 2-3 Å and a residue alignment of residues 90-100, several interesting BTB, 

Kelch family proteins show a high structural similarity with Skp1. This includes proteins like 

COP9 signalosome complex subunit 1, suppressor of kinetochore protein 1, transcription 

regulator protein BACH1, Myoneurin, and many adapter proteins like Elongin C. Thus, adapter 

proteins and several transcription factors show structural similarity to Skp1. Details into 

structural comparison reveal similarities not only in the conserved helical core of Skp1 but also 

in the loop regions indicating the importance of flexible regions in the structures of these 

proteins (Additional Supplementary Files Dali_1). The BTB fold forms the structural core of 

many proteins, which are not orthologs of Skp1 and are often are not functionally related. The 

fold has a typical helical conformation that may confirm structural stability and is found in 

diverse protein structures. The structural and further dynamic studies on Skp1 could shed light 

on other biologically relevant events like cell cycle, cell signalling, and protein recruitment to 

multiunit enzyme complexes like SCF.  

 

 

4. Backbone dynamics of Skp1 shows differential motion across the length 

We performed longitudinal relaxation rates (R1), transverse relaxation rates (R2), and steady-

state heteronuclear NOEs ({1H}-15N NOE) to evaluate the backbone dynamics of Skp1. R1 

relaxation rates report fast ns-ps motions, whereas R2 measurements capture the 

contributions from both ns as well as the slower µs-ms exchange motions, while {1H}-15N NOE 

are sensitive to the fast ps motions.50 Low NOE values indicate high amplitude ps time scale 

motions, high R1 values indicate significant ns time scale motions, and high R2 values suggest 

possibilities of conformational exchange contributions at the s-ms time scale.51,52
 From such 

data, different strategies have been used to get insights into slow conformational exchange 

contributions along the sequence of a given protein molecule.53,54These include Model Free 

analysis, Spectral Density analysis, R2*R1 vs. sequence plots, and R2/R1 vs. sequence plots. 

Among these, Model Free analysis is typically used for well-folded proteins and is not suitable 

for intrinsically disordered regions in the proteins, as in the present case.55,56 In an approximate 
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sense, R2 is linearly dependent on correlation time (c) and Rex, R1 is inversely dependent on 

c, and therefore, the product R2*R1 should be roughly independent of c in the absence of Rex. 

Thus, any variation in this product is indicative of sequence-wise variation in Rex contributions. 

Among the spectral densities, J(ωH) is contributed mostly by the 1H–15N NOE and reflects on 

high-frequency motions; J(ωN) and J(0) functions have contributions from R2 and R1, and 

among these, only J(0) has contributions from slow motions, which includes chemical 

exchange. We have used all three approaches, namely, R2/R1 vs. sequence, R2*R1 vs. 

sequence, and spectral densities vs. sequence to characterise motions in the Skp1 Fig 4(B). 

We performed calculations for for R1, R2, and {1H}-15N NOE in a residue-specific manner, 

excluding the residues with overlapping NMR signals and ten prolines Fig. 4(A). Interestingly, 

all the relaxation parameters display significant sequence-dependent variations, indicating 

substantial variations in the internal dynamics along the length of the protein. The 

heteronuclear NOE displays typical bell-shaped profiles with the dips occurring at the loop 

regions and the termini. These low NOE values indicate fast motions in the ps time scale.56,57 

The dips at the termini (1-3, 145-163) are quite common, and at the loops (34-45, 73-85) are 

significant suggesting high amplitude motions in these loops. Wherever the NOEs are low, the 

R1 values are high, suggesting significant ns time scale motions in those regions. The bell-

shaped pattern is seen in the R2 values, with the maxima occurring at the helical regions.  This 

pattern almost coincides with the NOE data.  

Our data shows that the R2*R1 product displays substantial sequence-wise variations 

indicating possible contributions from Rex. The same is true for the R2/R1 vs. sequence plots 

and the J(0) vs sequence plot, where J(0) is more sensitive to slow motions Fig 4(B). 

Interestingly, the helices exhibit conformational exchange from all three data sets; however, it 

is not possible to quantitatively estimate the contributions from such data. Interestingly this is 

also can be indicated by the curved temperature dependence of amide proton chemical shifts.  

We report the overall c of Skp1 is around 10.8 ns which is in agreement with protein of 19-20 

kDa and Skp1 is monomeric in solution. The c value is close to those of other standard 

globular proteins58 but shows some deviation as shown in Fig S13, which results from the 

different R2/R1 values of loops and disordered C-terminal. 

In conclusion, it emerges from the dynamics data that Skp1 is geared up to adapt structurally. 

The C-terminal appears to be particularly adaptable as it is disordered and flexible in solution. 

Earlier studies proposed a role for the flexible loop1 residues 37- 42 in displacing Cand1 from 

the Cullin for binding of Skp1.59 MD simulation studies have also proposed that D82 and D83 

residues are involved in interaction with C-terminal tail residues of FBP Skp2.46 These 

residues are part of the highly dynamic loop2 which shows motion in the ps-ns timescale Fig 

4(A).  
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5. Curved Temperature dependence of amide proton chemical shifts of Skp1 

The chemical shift change of amide proton generally exhibits a linear dependence as a 

function of temperature.60 Any non-linearity is attributed to the possibility of sampling 

conformations of higher energy states.61 Non-linearity in temperature dependent changes in 

chemical shift is because a residue makes an excursion between a native state and a higher 

energy state.60 The high energy state could be either due to local conformational change along 

the backbone or due to changes in the surrounding side-chain packing which can influence 

each other.  

The assumption is made that each of the two states can have a linear chemical shift 

temperature dependence as δ1 = δο
1+g1T and δ2 = δο

2+g2T, where g1 and g2 are the gradients 

of temperature dependence, δ1 and δ2 are the chemical shifts of the native and excited states, 

respectively, and T is the temperature. If P1 and P2 are the corresponding populations of the 

native and the excited states, the observed chemical shift, δobs, of the amide proton will be 

given by: 

 

   δobs=δ1P1+δ2P2      (1) 

 

These populations depend on the free energy difference between the two states. If more states 

contribute, the observed shift will be a weighted average over all accessible states. Thus, the 

complex dependence of chemical shifts on multiple thermodynamic parameters leads to the 

non-linear behaviour of the chemical shifts with temperature change.  

To understand the influence of these factors, Kumar et al. have performed simulations of 

HN chemical shift variation with temperature in the range 288 K–309 K, using a two-state 

model following the procedure described:61 

 

 δobs={(δ1
0+g1T) +[(δ2

0+g2T) e−(ΔG/RT)]}/[1+e−(ΔG/RT)]      (2) 

 

where, ΔG is the free-energy difference between the two states, and in ΔG = ΔH–TΔS, 

ΔH and ΔS are the enthalpy and entropy differences between the two states, respectively. 

The δobs obtained using the above equation were best fitted to a linear equation, and the 

residuals were plotted against temperature to generate a profile of the deviations. The results 

show that the curves for ΔG variation, range from 1–4 kcal/mol, with δ1, δ2, g1, and g2 being 

kept constant. 61 It is interesting to note that the curvature almost disappears for ΔG ≥ 3 

kcal/mol in the given temperature range. From the models based on the above simulations by 
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Kumar et al.61 the energetics of the lowly populated states depicting curved temperature 

dependence were obtained and following observations were made. 

The energy difference between conformational sub-states relative to the native conformer can 

be estimated from the temperature dependence of amide proton chemical shift if the 

alternative states are separated by an energy barrier of 2-3 kcal/mol. Most proteins access 

low-lying sub-states for < 1% of the time, and such excited states are often believed to be 

crucial for biological function. We have used the above observations and assumptions in our 

studies of the temperature dependence of amide proton chemical shifts of Skp1 to gain 

insights into alternate conformational states.   

Any structural heterogeneity in the protein conformers would result in curved temperature 

dependence. In the case of Skp1, structural insights indicate that H8 undergoes a structural 

transition from helix to random coil in the absence of a binding partner. It does not pack with 

the helical core of the protein and hence shows greater flexibility in free Skp1. If the structure 

of the protein is globular and temperature stable, then the temperature dependence will be 

expected to be perfectly linear. However, if the protein structure is more breathable or 

dynamic, as in the case of Skp1 or many other proteins, then the temperature dependence 

deviates from linearity. The increase in the temperature of a solution leads to an increase in 

the average distance between atoms. This leads to an increase in the interatomic distance 

between the atoms of the H-bond, consequently weakening the H-bond. Both inter and intra-

molecular H-bond influence magnetic bond anisotropy (ani), which is directly proportional to 

the amide chemical shift. If the H-bond is solvent-accessible, then the interaction with the 

solvent molecule may also influence the amide bond. The chemical environment of the amide 

bond also influences the H-bond; in particular, the aromatic residues surrounding an H-bond 

influence chemical shift.  

We probed the temperature dependence of the amide proton chemical shift of residues of the 

Skp1 in the native conditions to gain insight into alternate possible excited state conformations. 

A small cluster of C-terminal residues (150-160) shows curved temperature dependence in 

Skp1. These could indicate an alternative conformation similar to the folded state of H8 at the 

C-terminal. Apart from this, some other residues of Skp1 also show curved temperature 

dependence, shown in Fig. 5 and Fig. S11. The plots summarise the most prominent residues 

with curved temperature dependence and some residues lacking such a profile. Based on 

theoretical simulations of temperature dependence 60,61, which showed the relationship of G 

between the ground and excited conformers of a protein with the degree of curvature, we 

estimated the approximate G between the native and excited states of Skp1. If the ground 

state chemical shift is upfield compared to the excited state, then the shape of the curve is 
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concave.  Conversely, if the ground state chemical shift is downfield of the excited state, then 

the shape of the curve is convex. The larger the curvature in temperature dependence, the 

smaller the value of G between the ground and excited states of Skp1.60 

Comparing the simulations and experimental curved temperature dependence profiles of Skp1 

in the same temperature range, we infer that the alternative conformations are within 2kcal/mol 

from the ground state. For many residues shown in Fig 5A, residue like R154 shows a distinct 

convex profile. In cases the curvature profile is very steep, like residue R154, the energy 

difference lies between 1-2kcal/mol 60,61 (Fig 5). It is interesting to note from Fig 5 that the 

residues exist in tandem in the H8 region and have convexly curved temperature profiles. In 

Fig 5B, we notice that the residues in tandem have convex as well as concave profiles. When 

residues are upfield shifted from their random coil values in the native state, they often show 

a positive temperature gradient, resulting in concave shapes. Overall, from Fig 5 and Fig S11, 

we see that Skp1 has several residues or regions which show curved temperature 

dependence. Thus, alternative conformations are indicated even in the native state ensemble 

of Skp1. 

 

Discussion 

The structure and dynamics at different time scales described above for Skp1 in conjunction 

with the reported structural studies by X-ray crystallography and Cryo-EM present a 

comprehensive insight into different complexes formed by Skp1 with other F-Box proteins. In 

the following paragraphs, we attempt to provide insights into details of the adaptability of Skp1 

for binding to a variety of proteins in the SCF complex assembly. 

(a) Human Skp1 structure has a shallow energy landscape 

The curved temperature dependence of amide proton chemical shifts suggests that many 

residues in the C-terminal, some in helices, and the loops access low-lying excited states 

(within 2 kcal /mole). The energy barriers between lowly populated excited states and the 

ground-state for these residues are not too high and hence can interconvert very rapidly. The 

R2 which captures the s-ms dynamics also substantiates this observation. The shallow 

energy landscape has a significant implication for the protein as it can rapidly change its 

structure to facilitate binding to varieties of proteins.  

Previously, X-ray crystallography was used to solve structures of Skp1 in complex with various 

F-Box proteins via its C-terminus, and the comparison of the C-terminal from various available 

X-ray structures is shown in Fig S432-34,62 The C-terminal tail in these X-ray structures are well 
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folded, comprising of helices H6, H7, and H8 however the length and helicity of H7 and H8 

were distinct in various structures. NMR structural details (Table1) indicate that H6 and H7 are 

partially formed, and the H8 region is completely disordered in the solution structure. 

Comparative structural analysis suggested a coil-helix transition in the C-terminus of Skp1 

upon binding to F-box. The nature of the binding partner or conditions dictates the structure of 

the C-terminal tail of Skp1 (Fig S4). Evidently, this is facilitated by the dynamics in that region 

and the shallowness of the native state landscape, as revealed by the curved temperature 

dependences of amide proton chemical shifts. Next, we performed an RMSD comparison for 

the well-defined regions of the solution structure with an X-rays structure. An excellent 

correlation was observed for all well-folded structural regions, listed in Table 2. Many 

commonalities in the orientation and position of the ordered regions can be seen there in 

supplementary Fig S6 and S7. 

Similarly, the SCF-RBR complex structure was solved using Cryo-EM at a resolution of 3.91Å 

(Fig S5).63 Skp1 was bound to Cul1 via its N-terminal and Skp2-Cks1(F-box-substrate protein 

complex) at the C-terminal (PDB ID: 7B5M).63 RMSD comparison between solution-state and 

cryo-EM structures showed many resemblances in the well-structured parts apart from the 

structural details of loop1 and loop2, probably due to the lack of conclusive electron density 

maps. Skp1 with Skp2-Cks1 exhibits a similar H8 conformation at the C-terminus as seen in 

the Skp2-Skp1 complex (PDB ID: 1FQV) (Fig S6).62,63 Thus, compared to 5XYL, the Cryo-EM 

structure appeared very similar to the other X-ray structures, except for the information on 

loop orientations. Although the loops of Skp1 were retained in this structure, they remained 

largely un-modelled due to their dynamic nature. Nonetheless, as the Cryo-EM structure (PDB 

ID: 7B5M) offers the structure of Skp1 in the complex with other components of SCF, it offers 

an insight into the role of loop1 in binding to Cul1. As shown in Fig 7(C), Cul1 binds to the N-

terminal end of Skp1, where loop1 participates in stabilizing the complex. Though the electron 

density of the loop region was undetermined, the modelled portion of this interaction supported 

the idea of Cul1 interacting with the N-terminal of Skp1, including loop1 and H1. On the other 

hand, Skp1 helices H5-H7 interact with the subsite-1 and H8 contributes to substite-2 of 

Skp2.62 Further, it is interesting to note that in spite of the low electron density for loop2, its 

structural orientation was placed in the direction of Skp2. Consequently, certain residues 

showed close proximity with Skp2 advocating a possible interaction between these two 

proteins. Thus, in a fully intact form, it can be expected that loop2 engaging with Skp2 works 

as an interaction enhancer. Previous studies on Skp1 with Molecular Dynamics simulations 

also proposed the functional interaction of loop2 with Skp2 in properly orienting individual 

proteins at an optimum orientation to facilitate ubiquitin transfer.46 All these observations 
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reflect upon the shallowness of the energy landscape of Skp1, which enables rapid adaptation 

of the structure to bind to different protein partners.  

There are three tryptophan residues along the sequence of Skp1. These three residues are 

essential for the structural features, and the functional aspects of Skp1.62 Trp 61 and Trp 88 

are parts of Helix-3 (H3) and Helix-4(H4), respectively, and these two helices hold the loop2. 

The orientation of these two helices seems to help in the motion of loop2. Loop2 is not flattened 

out but behaves like a skipping rope held by H3 and H4, and this is visually evident from our 

structural ensemble of Skp1(Supplementary Fig S8). The two tryptophan residues have 

hydrophobic interactions and may play a role in holding loop2 in shape. (Supplementary Figure 

S9). W159 is known to be a key player in F-box recruitment and interlocks at the hydrophobic 

F-box domain of Skp2, acting as a “linchpin”.62  

(b) Comparison with solution structure of Skp1 homodimer 

The other available NMR structure of Skp1 is from the Dictyostelium double truncated Skp1 

homodimer (6V88)37 (Figure S9). The study claims that Skp1 dimer formation obscures the F-

box binding subsite1 of Skp1. Authors proposed that the dimer Skp1 is not the biochemically 

active conformer; rather, it loses its ability to bind to the F-box domain. The biochemical activity 

is restored upon reversing the dimer formation with the F97E mutation.37 Human Skp1 has 

about 66% identity with the Dictyostelium Skp1 in full-length proteins (Fig S14). However, 

identity increases to more than 90% if we compare the C-terminal helices H6, H7, and H8. 

The dimer NMR structure lacks all the flexible loops and the C-terminal helices H7 and H8. 

Studies on Dictyostelium Skp1 have previously indicated that the C-terminal H8 may be 

disordered, and a C-terminal proline residue P143 gets glycosylated. P143 glycosylation is 

known to play oxygen sensing roles in protists.38,39 Studies have shown that glycosylation 

increases the helical propensity and may enhance F-box binding. This P143 residue is absent 

in human Skp1; thus, the above interesting observations may be unique to Dictyostelium 

Skp1.39,40  

While our study presents the NMR solution structure of complete Skp1(5XYL), depicting the 

critical disordered C-terminal region as an IDR in human Skp1.The dimerization of Skp1 

ortholog OCP2(Organ of Corti Protein 2) has been previously shown. OCP2 is a protein that 

is highly abundant in the Organ of Corti of the inner ear. 41,42 OCP2 exists as a dimer before 

being replaced by OCP1(similar to Skp2), and this could be a possible scenario for Skp1 as 

well in certain physiological conditions.43,44 The dynamic nature of unstructured regions of 

Skp1 was also initially suggested for OCP2 from their CD spectra and HSQC spectra of 

OCP2.60,61 Our structure and backbone dynamics studies on full-length NMR solution 

substantiate these findings on the orthologous protein OCP2.  
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(c) Disorder is the key to recognition in other proteins homologous to Skp1 

It is relevant to point out that the functional implications of flexible IDRs seen in this work are 

not unique to Skp1 alone. Elongin C is an adapter protein in the cullin ring ligase family which 

is homologous in function to Skp1.64,65 In terms of structure, Elongin C is shorter than Skp1 as 

it lacks the H4 helix, H6 helix, and the two-helix C-terminal extension H7, and H8 of Skp1 It 

also lacks parts of loop2. Skp1 recognizes F-box protein via the c-terminal helices; similarly, 

the Elongin B and Elongin C complexes recruit the SOCS box proteins.66,67,68 Fig S10 shows 

the loops and the disordered termini of Elongin B, Elongin C as a complex, and the interaction 

of the IDR termini of Elongin with SOCS1. 66,67,68 The problem of structural details of the loops 

remaining absent in X-ray structures persists in this structure as well (PDB ID:6C5X).66 

However, from the highlighted regions, it is clear that the interacting interfaces consist of loops 

and IDRs.  

 

6. Conclusion 

We have presented a detailed solution-state structural analysis of the full-length human Skp1in 

free form. Skp1 is the key adapter protein poised to recruit the receptor F-box protein in the 

SCF complex. The ability to recruit a large variety of F-box proteins is imparted by the intrinsic 

structural flexibility of Skp1. This flexibility is ensured by the dynamic loops and the C-terminal 

helices, which undergo a structural adaptation from an IDR to helices. The helicity of the C-

terminal helices, especially the H8 helix, is completely lost in the absence of SCF complex 

formation. This partially disordered C-term of Skp1 is the key to the formation of SCF 

complexes and a few key residues regulate the process of H8 formation during F-box 

recognition. Based on our relaxation studies and recent cryo-EM structures, we speculate 

secondary interactions of Skp1 with F-box proteins may be via loop2 of Skp1.  

We have further attempted to obtain a residue-level view of the energy landscape of the native 

state structural ensemble of Skp1 using the temperature dependence of amide proton. The 

study provides insights into the alternative conformational states by residues in tandem, 

indicating structural features forming transiently in alternative conformations. Since we already 

concluded from the structural analysis that H8 exists in helical and random coil conformers, 

these two states could be the alternate sub-states being sampled. The ends of helices, such 

as residues 108-113, show curved temperature profiles that could be due to the structural 

flexibility of these regions. We observe a close correlation between F-box contact points and 

the curved temperature dependence of residues. Therefore, we conclude that shallowness in 
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the energy landscape is vital in rendering structural adaptability to Skp1 in facilitating its 

binding to a variety of F-Box proteins.   

Materials and Methods: 

Skp1 expression and Purification 

Human Skp1 (Uniprot ID: P63208) is a 163 aa protein of 19 kDa molecular weight. Skp1 gene 

construct has been inserted into the pGEX-6p-1 vector between BamH1 and Xho1 sites.45 

Skp1 is purified as a Glutathione S-transferase (GST) fusion protein, and post purification, the 

GST tag is cleaved using PreScission protease. The Skp1-pGEX-6p-1 plasmid construct was 

transformed in E. coli BL21 DE3 cells and was grown in M9 minimal media supplemented 

with 13C-glucose and/or 15N–NH4Cl (Cambridge Isotope Laboratories, Andover, MA and 

Eurisotop, France) for up to 0.6-0.8 O.D. (A600) at 37 °C temperature. The Skp1 fusion protein 

expression was induced overnight by adding 200 µM isopropyl β-D-1-thiogalactopyranoside 

(IPTG) at 25oC, and the induced culture was harvested. The cells were suspended in sodium 

phosphate buffer (20 mM, pH 6.0), 1 mM EDTA, 100 mM NaCl, 1mM-ME, 1mg ml-1 

lysozyme, 0.1% Triton X-100 followed by sonication for cell lysis. The cell lysate was bound 

to GSH-sepharose beads, and the beads were washed with a sodium phosphate buffer with 

an increasing NaCl gradient. The GST tag was removed by incubating with PreScission 

protease at 4°C overnight. The protein was eluted down, and the fractions were analyzed by 

15% SDS-PAGE.  The yield of the purified protein was 30 mg/L of culture medium (as 

described previously in Biomolecular NMR Assignments, 2016)45  

Mass spectroscopy analysis 

The mass spectra of purified Skp1 were recorded on UltrafleXtreme (MALDI-TOF/TOF mass 

spectrometer, Bruker Daltonics Co.). Briefly, 2 μL of 20 μM protein solution was mixed with 

2 μL of matrix solution (sinapinic acid). External calibration was performed with a mixture of 

protein standards (5–50 kDa). 

Analytical Ultracentrifugation 

The sedimentation Velocity ultracentrifugation experiment was done on a Beckmann Coulter 

Optima Ultracentrifuge. Briefly, AUC cells were assembled with 12 mm double-sector Epon 

charcoal-filled centrepieces and Quartz windows as per the manufacturer’s cell assembly 

instructions. Appropriate amount of samples were loaded in cells, and the whole assembly 

was equilibrated at 200C for 2 hr in An60- Ti rotor prior to the run.  Data was recorded at 45,000 

rpm using absorbance optics at 280 nm wavelength. SEDNTERP69 was used to estimate the 
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specific protein volume and the density and viscosity of the buffer. Data were analysed using 

continuous c(s) distribution model of the SEDFIT program.70 Frictional ratio, baseline, Fit RI 

Noise, and Fit Time Independent Noise parameters were floated as variables during fitting. 

GUSSI program was used to plot data, fit and c(s) distribution plot.71 

 

NMR spectroscopic Measurements 

15N/13C or 15N labelled Skp1 protein samples were prepared for NMR in 20 mM sodium 

phosphate, 100 mM NaCl, 1 mM β-ME (pH 6.0). Concentration dependent 1H-15N HSQC of 

labelled Skp1 were recorded by mixing the protein and buffer in the ratio of 1:1 to make the 

concentrations as 1mM, 500 μM, 250 μM, 100 μM and 50 μM in same preparations. D2O was 

mixed in 90:10 (H2O/D2O) ratio before recording spectra. The proton chemical shifts were 

referenced using 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) as an external calibration 

agent at 0.0 ppm, and the sample temperature was maintained at 298K. NMR experiments 

were recorded on a Bruker AVANCE III 750-MHz spectrometer with a 5-mm triple-resonance 

inverse (TXI) probe with a Z-gradient.  

For 13C-NOESY experiments, lyophilized Skp1 sample was dissolved in 100% D2O, and 

spectra were recorded at 298K on Bruker Avance 800 MHz spectrometers equipped with cryo-

probe. Spectra were processed by using  software Topspin 3.2(Bruker) and NMRPipe72, and 

analyzed by CARA-1.8.4.73 and  CcpNmr.74.  

NMR structure calculations 

Distance restraints were obtained from 3D 15N-edited NOESY-HSQC spectra (τmix-150 ms), 

13C-edited NOESY-HSQC (τmix-120 ms), and 13C (aromatic)-edited NOESY-HSQC spectra 

(τmix-120 ms) recorded on a Bruker 800MHz NMR spectrometer. All NOE were assigned 

manually using CARA-1.8.4,73 and integrated NOE peaks were calibrated and converted to 

distance restraints with the program CALIBA.75 The upper distance limits for structure 

calculations were derived from cross-peak volumes that were calibrated using the CALIBA 

peak calibration routine in CYANA-3.0. The torsion angle constraints were obtained from 

assigned backbone chemical shifts using the program TALOS+.76 

For the structures of Skp1, 200 randomized conformers were generated, out of which 10 

conformers with lowest target function and the lowest energy, with no distance violation > 

0.5 Å and no angle violations, were selected. These 10 structures with lowest target functions 

were further refined using the CNS 1.21 program with explicit water as the solvent which 

improved the Ramachandran Plot statistics and the Z-score for the Procheck (phi-psi) and 
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Procheck (all) for the ordered residues. The program PSVS v1.4 was used to analyze the 

quality of the structures, and PYMOL77 was used for generating figures for structures. 

Chemical Shift Variance Calculation 

Using the published structure, we performed the variance analysis. For this, the chemical shift 

of the 10 ensemble members in 5XYL was calculated using ShiftX2. Variance is defined as 

the squared sum of distances of each term (the chemical shift of each ensemble member) 

from the mean value, divided by the total number of terms in the distribution (N=10, as there 

are 10 lowest energy ensemble members). Chemical shift (CS) has been widely used to 

characterize the structural features of a protein, and this approach takes the predicted CS 

from the structural ensemble.79-82 

Covariance is a modified version of the variance which measures the total variation of two 

variables from their expected values (mean). The covariance values tell us whether the 

variable being compared tends to be similar or distant from the mean value.82 Then the 

covariance was calculated considering the formula: 

 Cov(res)= ∑(S1-Si)/N, where S1 is the first ensemble member of 5XYL and in Si (i=1 to 10) 

is the ith, and N=10. 

 

NMR Experiments for Backbone Dynamics of Skp1 

The backbone dynamics of Skp1 at ps-ms timescale were performed using R1, R2, and 

Heteronuclear nuclear Overhauser effect ({1H}-15N NOE), relaxation experiments. Longitudinal 

relaxation rates (R1) were measured using following delay times: 20 ms, 25 ms, 50 ms, 80 ms, 

100 ms, 250 ms, 375 ms, 500 ms, 650 ms, and 800 ms, whereas transverse relaxation rates 

(R2) were measured at following delay times:10 ms, 25 ms, 50 ms, 75 ms, 100 ms, 125 ms, 

150 ms, 200 ms. Here, 25 ms and 125 ms time points were repeated for the error estimation 

in R2, and 100 ms and 650 ms time points were repeated for error estimation in R1. {1H}-15N 

NOE measurements were performed where proton saturation delay was for 5s. Protein 

stability was checked at the end of R1, R2, and {1H}-15N NOE experiments by recording 2D 

HSQC spectra. All the NMR experiments were performed using Bruker 750MHz Avance III 

spectrometer equipped with TXI Wide bore 5mm probe at 298K. All the spectra were 

processed using TopSpin 3.2. Data was analysed using CcpNmr 2.4.1.  R1 and R2 rates were 

obtained by single exponential fitting, and errors in R1, R2, and {1H}-15N NOE were calculated 

from the fit error. 
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The reduced spectral density was calculated by using only three 15N relaxation parameters to 

obtain information about the protein motion by assuming that at high frequencies, the spectral 

density functions: J(ω H ) ≈ J(ω H  − ω N ) ≈ J(ω H  + ω N ) as described by (Peng and Wagner83 ; 

Farrow et al.84; Lefevre et al.85 ; Vis et al. 86). The values and errors were computed as 

described by Malik et. al.87 

An estimation of rotational correlation time of a globular protein was obtained through the ratio 

of collective backbone 15N R2 and R1 relaxation rates.53   c ∝ R2/R1. The value of 15N R1 and 

R2 are often used to estimate c and it was calculated using the formula: 

c =1/4N((6*R2/R1)-7)1/2 

Where R1 and R2 are the backbone relaxation rates of the protein and N is the frequency of 
15N at 750 MHz. 

 

Temperature Dependence of Amide Proton 

Temperature dependence of amide proton chemical shift for the Skp1 was performed by 

recording a series of HSQC spectra at seven different temperatures 286 K, 289 K, 292 K, 295 

K, 298 K, 301, 304, 307, 310, 313, and 315 K. The amide proton chemical shift of each residue 

was plotted in a straight line, and the residuals were plotted to observe the curved temperature 

profiles.  

 

Accession Numbers: PDB 5XYL 
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Table 1. Experimental restraints and structural statistics for final ensemble of 10 structures of 

Skp1  

Completeness of resonance assignments (%) 

Backbone 94% 

Side chain 68% 

Aromatic 15% 
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Conformationally restricting restraints 

Distance Restraint List 

Total 2290 

Intraresidue (i = j) 963 

Sequential (ji _ jj = 1) 517 

medium-range 486 

long-range 324 

Hydrogen bonds 24 

Dihedral angle restrains ( and ) 207 

Disulfide restraints 0 

No. of restraints per residue 14.04 

No. of long-range restraints per residue 1.99 

Residual restraint violations 

Average no. of distance violations per 

structure 

 

0.1–0.2 Å 0 

0.2–0.5 Å 0 

>0.5 Å 0 

Average no. of dihedral angle violations per 

structure 

 

1–10o 0 

>10 o 0 

Model quality 

Rmsd backbone atoms (Å) 0.7 Å 

Rmsd heavy atoms (Å) 1.2 Å 

Rmsd bond lengths (Å) 0.004 Å 

Rmsd bond angles (o) 0.7° 

MolProbity Ramachandran statisticsa 

Most favoured region (%) 97.4% 

Allowed region (%) 2.6% 

Additionally allowed region (%) 0.0% 

Disallowed region (%)                               0.0% 

Global quality scores (raw/Z score)   

Verify3D  0.26 /-3.21 

PROCHECK (-)  0.07 /0.59 
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PROCHECK (all) -0.18/-1.06 

MolProbity clash score  37.07/-4.84 

Model contents 

Ordered residue ranges 3-34,38-40,43-72,87-

126,134-139 

Total no. of residues 163 

BMRB accession number 26765 

PDB ID code 5XYL 
 

a region, Skp1: 3-8,11-17,18-33,52-65,87-93,97-110,113-127 

 

 

 

 



30 
 

 

Table 2 

RMSD comparison of the Skp1 solution structure ensemble (10 members) with the Skp1 from 

different complexes for the selected ordered region (helical core). 

PDB ID Information on 

type of Protein 

Complex 

Method Used 

to solve 

Structure 

RMSD Range 

(for comparison 

with 10 

ensemble 

members) 

Average 

RMSD Å 

Error 

Å 

6v88 Skp1A (truncated 

dimer) 

Solution NMR 1.970-2.594 2.30 0.20 

6o60 Skp1-FBXL2-

GGTase 

X-RAY 

2.503 Å 

2.549-4.059 3.09 0.56 

7B5M 
SCF-RBR E3-E3 

super-assembly: 

CUL1-RBX1-

SKP1-SKP2-

CKSHS1-

p27~Ub~ARIH1. 

Transition State 2 

 

Electron 

Microscopy 

3.91 Å 

2.522-4.391 3.11 0.68 
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Figures and Artwork 

 

 

Fig 1: Characterization of Skp1 as a monomer. (A)15% SDS-PAGE Analysis of Skp1 

Purification. Lane 1: Protein Marker Lane 2: Eluted Protein. Skp1 Band corresponding to 

~19kDa Lane 3: GST-Skp1 protein (band corresponding to ~46 kDa) bound to GSH agarose 

beads. (B) MALDI-TOF Analysis of Skp1. The major peak corresponding to 19068.86 belongs 

to monomer having z=1 while peak corresponding to 9534.78 is because of z=2. (C) 

Concentration dependent sedimentation velocity Analysis of Skp1. As the sedimentation 

coefficient is almost same at three different concentrations (5M, 10M, 30 M) implying 

single monomer conformation of Skp1. (D) Overlay of 1H-15N HSQC spectra of Skp1 at two 

different concentrations (250 M spectra in red and 1 mM spectra in blue). 
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Fig 2: Solution Structure of Skp1 monomer. (A) Ensemble of 10 lowest energy structures 

of Skp1 derived using solution state NMR restraints; (B) The different structural features of 

Skp1 in 5XYL; (C) Skp1 full length protein in solution state has a helical core interspersed by 

two loops and has a disordered C-terminal end; (D) A schematic representation of the 

secondary structure of Skp1 as obtained from the solution NMR structure 5XYL. 
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Fig 3: Integrated structure and sequence analysis of Skp1 on the DALI webserver.  (A) 

Structural alignment of 5XYL with X-ray structures. (B) This plot shows the correlation of 

matched structures along with positions of the query structure. Correlation is undefined if a 

residue position is empty; in these cases, correlation is set to one or zero (otherwise). X-axis 

labels are PDB residue numbers, and Y-axis labels are sequential residue numbers (C). These 

sequences are of the Skp1 C term. The colour indicates the hydrophobicity of residues, with 

red being hydrophobic and blue indicating blue polar residues. The representations are for 94-

162 residues and show that the residues are highly charged conserved. The Pfam analysis of 

the DALI structural matrix reveals domains that show maximum structural match from different 

protein families are the BTB, BTB_2, POZ, BACK, and MATH domains to Skp1. Skp1 is a 

known BTB family protein; however, there are interesting new results from the DALI Pfam, 

e.g., likeness to ion channels and signalling proteins, for example, the BTB_2 and Ion trans 

domains in voltage-gated potassium channel beta2-subunit (Additional Supplementary File 

Pfam_Dali_2). 
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Fig 4: The backbone dynamics of Skp1: The cartoon above each set of plots is indicated 

as follows: helices as cylinders, beta-sheets as arrows. The loops and IDR C-term are 

indicated in orange. (A) The backbone relaxation experiments were recorded at 750MHz. The 

first bar graph indicates the R1 values(blue) with error. The second bar graph indicates the R2 

values (in green) with error. The third bar graph represents R2/R1 values (in pink) along with 

error. (B) The R2/R1 plot is shown in blue and the R2*R1 plot is shown in red. The third plot in 

cyan is of reduced spectral density J(0), while the last plot in dark cyan is of rotational 

correlation time of Skp1 from R2/R1.  
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Fig 5.  Curved Temperature Dependence of Skp1. (A) The residues of the H8 region in 

the C-term show curved temperature dependence. Some of the distinct residues with 

concave, convex, and straight-line profiles are highlighted. (B) Across the Skp1 structural 

landscape (helix and beta-sheet indicated in cylinder and arrow, respectively), the residues 

which show concave (red dots) and convex (black dots) profiles are highlighted with dots. C) 

on the Skp1 NMR structure, the residues in tandem of more than three are indicated in pink 

dot clusters. 

 

 

 

Fig 6: Comparison of X-ray and NMR structures of Skp1 (A) Comparison of Skp1 from 

1FQV(Green) vs 5XYL (Dark Pink). (B) Comparison of Skp1 from 6o60(Green) vs 5XYL(Red). 
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Fig 7: Comparison of the Cryo-Em and NMR Structures of Skp1(A) Skp1(Grey) in the SCF 

complex assembly as solved by cryo-EM 7B5M. (B) Skp1 from cryo-EM(Grey) vs Skp1 

5XYL(Red). (C) Skp1 in interaction with Cul1 and Skp2 as part of SCF complex. 

 

 

 

 

 

 

 

 



Table 1. Experimental restraints and structural statistics for final ensemble of 10 structures of Skp1  

Completeness of resonance assignments (%) 

Backbone 94% 

Side chain 68% 

Aromatic 15% 

Conformationally restricting restraints 

Distance Restraint List 

Total 2290 

Intraresidue (i = j) 963 

Sequential (ji _ jj = 1) 517 

medium-range 486 

long-range 324 

Hydrogen bonds 24 

Dihedral angle restrains ( and ) 207 

Disulfide restraints 0 

No. of restraints per residue 14.04 

No. of long-range restraints per residue 1.99 

Residual restraint violations 

Average no. of distance violations per structure  

0.1–0.2 Å 0 

0.2–0.5 Å 0 

>0.5 Å 0 

Average no. of dihedral angle violations per 

structure 

 

1–10o 0 

>10 o 0 

Model quality 

Rmsd backbone atoms (Å) 0.7 Å 

Rmsd heavy atoms (Å) 1.2 Å 

Rmsd bond lengths (Å) 0.004 Å 

Rmsd bond angles (o) 0.7° 

MolProbity Ramachandran statisticsa 

Most favored region (%) 97.4% 

Allowed region (%) 2.6% 

Additionally allowed region (%) 0.0% 

Disallowed region (%)                                 0.0% 

Global quality scores (raw/Z score)   

Verify3D  0.26 /-3.21 

Table 1 Click here to access/download;Table;Table 1.docx

https://www.editorialmanager.com/jmb/download.aspx?id=1156129&guid=13084bc4-b32e-4565-bf37-16ea4425385d&scheme=1
https://www.editorialmanager.com/jmb/download.aspx?id=1156129&guid=13084bc4-b32e-4565-bf37-16ea4425385d&scheme=1


PROCHECK (-)  0.07 /0.59 

PROCHECK (all) -0.18/-1.06 

MolProbity clash score  37.07/-4.84 

Model contents 

Ordered residue ranges 3-34,38-40,43-72,87-

126,134-139 

Total no. of residues 163 

BMRB accession number 26765 

PDB ID code 5XYL 
 

a region, Skp1: 3-8,11-17,18-33,52-65,87-93,97-110,113-127 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 



Table 2 

RMSD comparison of the Skp1 solution structure ensemble (10 members) with the Skp1 from different 

complexes for the selected ordered region (helical core). 

PDB ID Information on type 

of Protein Complex 

Method Used 

to solve 

Structure 

RMSD Range (for 

comparison with 

10 ensemble 

members) 

Average 

RMSD Å 

Error 

Å 

6v88 Skp1A (truncated 

dimer) 

Solution NMR 1.97-2.59 2.29 0.203 

6o60 Skp1-FBXL2-

GGTase 

X-RAY 

2.50 Å 

2.55-4.06 3.09 0.569 

7B5M 
SCF-RBR E3-E3 

super-assembly: 

CUL1-RBX1-SKP1-

SKP2-CKSHS1-

p27~Ub~ARIH1. 

Transition State 2 

 

Electron 

Microscopy 

3.91 Å 

2.52-4.39 3.11 0.68 
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