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Magic angle spinning (MAS) NMR is an important technique in the structural 

and dynamics characterization of biomacromolecules and bioinorganic complexes, 

especially those which lack solubility or resist crystallization.  The knowledge of 

structure and dynamics of biological systems is crucial to understanding their 

functions.  As systems of interest become increasingly challenging regarding the 

molecular size and complexity, novel MAS NMR strategies for characterization of 

proteins and bioinorganic solids are developing rapidly.  This thesis discusses the 

application of MAS NMR spectroscopy to study structure, dynamics, and 

chemical/biological functions in two classes of systems.  The first is microtubules 

(MTs) and microtubule-associated proteins (MAPs); the second is vanadium(V)- 

containing bioinorganic solids.   

The MAP Tau plays critical roles in regulating multiple MT activities in 

neurons through binding with MTs.  The loss of Tau binding to microtubules is 

pathologically relevant to many neurodegenerative diseases including Alzheimer’s 

disease (AD).  I present an investigation into the conformation and dynamics of Tau 

assembled with polymerized MTs by MAS NMR spectroscopy.  Our studies of TauF4, 

a functional fragment of Tau, demonstrate that, surprisingly, TauF4 remains 

disordered upon binding with MTs and is highly dynamic on a wide of range of 

timescales (nano- to milliseconds).  To my knowledge, such remarkable mobility of a 

protein when bound to its partner is unique to TauF4 and is consistent with its function 

in regulation of MT polymerization dynamics.  

ABSTRACT 
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The Microtubule-associated motor protein Kif5b is essential to intracellular 

transport and cell division.  Determining Kif5b motor domain structure assembled 

with polymeric microtubules is crucial for understanding the mechanism of Kif5b 

translocation along MTs.  The protocol for preparing Kif5b/MT assemblies as 

presented in the thesis is the first for MAS NMR studies.  Our preliminary NMR 

studies of Kif5b/MTs demonstrate that Kif5b bound to microtubules is well-structured, 

and lay the methodological foundation for its 3D structure determination.    

Vanadium bioinorganic solids have found diverse applications as catalysts and 

demonstrated potential utility as pharmaceuticals.  Vanadium in its +5 oxidation state 

is diamagnetic and not amenable to conventional EPR and UV-vis characterizations 

but is well suited for solid-state NMR studies.  In deriving the structures of vanadium 

(V)-containing bioinorganic compounds, we combine multinuclear NMR spectroscopy 

with density functional theory (DFT) calculations.  This approach, termed NMR 

crystallography, is first validated in a structurally known compound (15N-

salicylideneglycinate)-(benzhydroxamate)oxovanadium(V) (VO(15NGlySal)bz) and 

subsequently employed in the determination of the three-dimensional structure of 

(methoxo)(15N-salicylidene-glycinanto)oxovanadium(V) (abbreviated as 

VO(15NGlySal)OCH3(CH3OH)) including the correct solvation state, which has not 

been reported previously.  This work has expanded the application of NMR 

crystallography in the context of vanadium(V)-containing compounds.  
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MICROTUBULES AND MICROTUBULE-ASSOCIATED PROTEINS 

Microtubules (MTs) are a major type of cytoskeletal filaments extending 

throughout the cytoplasm in eukaryotic cells.  They are broadly involved in a variety 

of essential cellular activities including cell structure maintenance, intracellular 

transport, cell migration and cell division.1,2  MTs are recognized as “molecular 

machines” that drive cell movement, such as the motility of chromosomes during cell 

mitosis.3  They also provide platforms for intracellular cargo transport, such as 

transport of vesicles, organelles, mRNA, and other macromolecular assemblies.4  All 

of these MT functions are assisted by interactions with a class of microtubule-

associated proteins (MAPs), which regulate MT assembly and dynamic instability.5  A 

broad class of proteins involved in intracellular transport through movement along MT 

is motor proteins, which includes the kinesin and dynein superfamilies.4  Due to their 

important biological functions, the malfunction of MTs and their related proteins is 

associated with many neurodegenerative disorders, such as Alzheimer’s disease, 

frontotemporal dementia, and Perry syndrome.6-9 

Insights into structural and dynamics aspects of MT and MAPs at atomic 

resolution are crucial for understanding the regulatory mechanism of MAPs and their 

interactions with MTs, thus providing a basis for the therapeutic treatment of MT-

related diseases.  As in vitro MTs lack long-range order and are insoluble, many 

conventional biophysical techniques for structural characterization, such as X-ray 

crystallography, electron microscopy, and solution nuclear magnetic resonance (NMR) 

Chapter 1 
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spectroscopy are not well suited for the study of MAPs in complex with polymeric 

microtubules, particularly at atomic resolution.  Moreover, proteins undergo dynamic 

processes on multiple timescales while fulfilling their functions, and dynamic 

information on timescales of nano- to milliseconds cannot be obtained by X-ray 

crystallography or cryo-electron microscopy (cryo-EM). 

We have applied magic angle spinning (MAS) NMR to the study of MAPs 

assembled on microtubules.  MAS NMR provides atomic level structural information 

and yields rich protein dynamics data.  Over the past decade, our laboratory has 

developed novel MAS NMR strategies in combination with other biophysical 

techniques for the structural and dynamics characterization of MTs and MAPs.  The 

first structure of a MAP, the CAP-Gly domain of dynactin, bound to polymeric 

microtubules, was successfully solved by MAS NMR with atomic resolution by our 

laboratory (PDB ID Code 2MPX).10  The dynamics of free CAP-Gly and upon binding 

to microtubules were also investigated by MAS NMR over multiple timescales and the 

observed dynamics were demonstrated to play an important role in the biological 

function of CAP-Gly.11  

We are interested in expanding our structural and dynamic studies to broader 

classes of microtubule-associated proteins and microtubule-based motor proteins in 

complex with microtubules.  Our long-term goals are to understand the protein-protein 

interactions of MAPs and microtubules and the mechanisms underlying the transport 

of microtubule-based molecular motors along microtubules.  Demonstrated throughout 

this thesis is the successful application of MAS NMR methods to the study of two 

classes of MAPs with distinct structural properties when bound to MTs: Tau, an 

intrinsically disordered protein, and the motor protein Kif5b, which is well ordered.  
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This chapter is a brief introduction to MTs, Tau, and kinesin in the context of their 

structure, dynamics, and functions.  

1.1 Microtubules  

1.1.1 Structure of Microtubules   

Microtubules are hollow, filamentous polymers formed by the polymerization 

of tubulin heterodimers, comprised of α-tubulin and β-tubulin subunits.12  These αβ- 

tubulin heterodimers associate from head to tail to generate linear microtubule 

protofilaments.  The lateral association of thirteen protofilaments yields a cylindrical 

microtubule with a diameter of 25 nm.  Thus the microtubule is a polar structure with 

α-tubulin at one end, named the “minus-end,” and β-tubulin at the other end, called the 

“plus-end”.13  The schematic diagram in Figure 1.1 demonstrates the formation of 

microtubules from αβ-tubulin heterodimers.  In mammalian cells, MTs are nucleated 

and organized in the centrosome.  After nucleation, the MT minus-end is anchored in 

the centrosome with the plus-end growing out in cytoplasm and leading to cell cortex.3  

The polarity of microtubules is essential for their biological functions.  The plus end of 

microtubules attaches to chromosomes or the nucleus and drives their movement 

during cell division.3  The intracellular anterograde and retrograde transport is also 

determined by the polarity of the microtubule.  

The polymerization of microtubules is powered by the hydrolysis of guanosine 

triphosphate (GTP), and each tubulin subunit contains one GTP binding site.  The α-

tubulin GTP-binding site, termed the N-site, is located at the intermolecular interface 

within a tubulin heterodimer, and is non-exchangeable.14  One magnesium ion binds 

tightly at the N-site and is responsible for stabilizing the αβ-tubulin heterodimer 
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structure.15  The GTP bound on the surface of β-tubulin is partially exposed and 

hydrolysable, thus the β-tubulin GTP binding site is named the E-site (exchangeable 

site).  The E-site GTP at the surface of unpolymerized tubulin heterodimers is 

hydrolyzed to GDP when the α-tubulin from an incoming tubulin heterodimer is added 

to complete the GTP hydrolyzing pocket.  

 

Figure 1.1: The structure and dynamic instability of microtubules.  a) αβ tubulin 
heterodimer and microtubule protofilament.  b) Thirteen protofilaments 
associate laterally to form the hollow microtubule wall.  c) A microtubule 
switches from the growing state to the shrinking state by polymerization 
and depolymerization.  This is accompanied by the hydrolysis of GTP.  
The figure was originally published in reference13.  Permission for reuse 
in this dissertation is granted by Nature Publishing Group, copyright 
2008.  
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Each α-tubulin and β-tubulin subunit has a molecular weight of ~55 kDa.  

Despite the fact that only 40% of the amino acid sequence is conserved, the globular 

structures of α- and β- tubulin subunits are very similar, with each monomer being 

formed of a core of ten β strands flanked by twelve α helixes.14  The tubulin structure 

is divided into three subdomains based on different functions: the nucleotide-binding 

domain at the N-terminus, an intermediate domain in the middle, and the C-terminal 

domain.  The C-terminal domain tail is very acidic and highly flexible, and is 

responsible for interactions, through electrostatic forces, with MAPs, such as Tau.16  

The anti-cancer drug taxol, which inhibits the depolymerization of microtubules both 

in vitro and in vivo, binds to β-tubulin in the intermediate domain, close to the lateral 

contacts between protofilaments.14,17  

Great progress has been made in the study of the tubulin heterodimer structure 

relevant to different functional states of microtubules.  The monomeric αβ tubulin 

heterodimer structure in a straight conformation was first solved by electron 

crystallography (PDB ID code 1TUB), and represents the heterodimer structure in the 

stabilized microtubule.14  The corresponding αβ tubulin structure with GTP bound at 

the N-site, GDP bound at the E-site and taxol bound to the intermediate domain is 

plotted in Figure 1.2.  The dimeric αβ tubulin structure in complex with a stathmin 

family protein (referred to as T2R) determined by X-ray crystallography, represents 

the curved, destabilized form of microtubules.18  High-resolution cryo-EM structures 

of microtubules in different nucleotide-binding states including GMPCPP-bound, 

GDP-, and taxol- stabilized GDP states have provided insight into the key structural 

conversions underlying microtubule shrinkage and growth.19  
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Figure 1.2: The structure of an αβ tubulin heterodimer obtained by electron 
crystallography14 generated with Pymol. (PDB ID code: 1TUB)  The 
GDP in the exchangeable site (E-site) on α tubulin is shown in orange, 
and the GTP in the non-exchangeable site (N-site) on β tubulin is shown 
in yellow.  The anticancer drug taxol is localized on β tubulin near the 
lateral tubulin contact site and is shown in green.   

1.1.2 Dynamic Instability of Microtubules 

The length, stability, and organization of microtubules change frequently to 

fulfill their functions in cells.  Therefore, MTs are highly dynamic, and switch rapidly 

between growth and shrinkage both in vitro and in vivo.  This non-equilibrium 

behavior exhibited by MTs is referred to as dynamic instability.20  (illustrated in 

Figure 1.1)  The dynamic switch from microtubule growth to shrinkage is called the 

“catastrophe,” and the opposite process is termed the “rescue”.  Dynamic instability is 

coupled to the nucleotide state of tubulin at the plus end of the microtubule lattice.  In 

a prevailing “GTP cap model”,21 the microtubule is stabilized and tends to grow as 
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long as GTP-tubulin is at the plus end of microtubules, whereas the microtubule is 

unstable and tends to depolymerize when GDP-tubulin caps the end.  Dynamic 

instability is very important for microtubules to fulfill their cellular functions.  During 

metaphase and anaphase stages in cellular mitosis, the migration of chromosomes is 

induced by microtubule dynamics, and the segregation of chromosomes is directed by 

microtubule depolymerization.22  MTs’ vital role in cell division makes them an 

important candidate for anti-cancer therapies.  For example, the anticancer drug taxol 

(paclitaxel) is used to prevent depolymerization of MT filaments, consequently 

inhibiting mitosis.23  Other compounds that are promising in cancer treatment include 

the eleutherobin, epothilones, and their derivatives.24  

In cells, the dynamic instability of MTs is highly regulated by interactions with 

MAPs, some of which stabilize and promote MT assembly while others destabilize 

and induce MT disassembly.5,25  A class of structural MAPs, Tau, MAP2, and MAP4, 

are common “microtubule stabilizers” which bind with MT and promote MT 

polymerization.26  Such processes are regulated by phosphorylation, and dysfunction 

of these proteins leads to a high frequency of microtubule dynamic instability.27  In 

neurons, doublecortin counteracts MT depolymerization through stabilizing lateral 

contacts of MT protofilaments and preventing their outward bending.28  The 

destabilization of microtubules is regulated by three classes of proteins via distinct 

mechanisms.24  Katanin severs microtubules, generating a new end with GDP-tubulins 

exposed and causing microtubules to disassemble.29  Stathmin enhances the frequency 

of GTP hydrolysis and increases the microtubule catastrophe rate.30  Three members of 

the non-motile kinesin-13 family, Kif2a, Kif2b, and Kif2c, weaken the interaction 

between tubulin subunits and induce MT catastrophes.25  Chapter 3 of this thesis 
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discusses our study of Tau, a microtubule assembly factor, and its interaction with 

microtubules.   

1.2 Microtubule-Associated Protein Tau 

1.2.1 Biological Functions of Tau 

Tau predominantly functions as a MAP that facilitates the assembly of 

microtubules.  The malfunction of Tau and formation of Tau aggregates have been 

implicated in many neurodegenerative diseases.31  Recent studies have shown that Tau 

also plays important roles in cell signaling and regulation of enzymatic activities by 

interacting with its various binding partners, such as signaling molecules, kinases, and 

cytoskeletal proteins.32  In this section, we highlight the microtubule-associated 

functions and intrinsic properties of Tau, and briefly describe its pathological role in 

Alzheimer’s disease.  

Tau is abundantly expressed in neurons, and it regulates diverse functions of 

neuronal microtubules.33  One of Tau’s primary functions is binding to microtubules 

and promoting microtubule growth, which is important for the maintenance of axon 

morphology and the longitudinal elongation of axons and dendrites.34,35  In addition, 

Tau can promote the lateral association of microtubules during the formation of 

microtubule bundles, which is a crucial aspect of axonal growth.36  Moreover, Tau 

stabilizes microtubules and regulates the dynamic instability of microtubules through 

suppression of the rapid switch between microtubule assembly and disassembly.37  

Specifically, in axons, Tau suppresses microtubule “treadmilling,” a dynamic 

instability behavior only present in MTs wherein the growth rate of a MT at the plus 

end is equal to the shrinking rate at the minus end such that no net growth of MT is 



  

 9 

observed.38  By interfering with the binding of motor proteins to MTs, Tau governs 

microtubule-associated activities indirectly to regulate axonal transport.39  The 

disruption of Tau’s interaction with microtubules can cause neurodegenerative 

diseases referred as Tauopathies, including Alzheimer’s disease, Pick’s disease, some 

prion diseases, chronic traumatic encephalopathy, and several genetic forms of 

Parkinson’s disease, to name a few.31,32  

1.2.2 Tau and Alzheimer’s Disease 

In its hyperphosphorylated and insoluble form, Tau is recognized as a major 

component of neurofibrillary tangles (NFTs), one of the pathological hallmarks of 

Alzheimer’s disease.40  The human brain contains six Tau isoforms, all of which have 

been identified in the NFTs of diseased patients’ brains.41  Under normal physiological 

conditions, Tau binds to and stabilizes microtubules via phosphorylation regulation.42  

In the longest Tau isoform, there are 85 sites (45 serines, 35 threonines, 5 tyrosines) 

where phosphorylation can potentially occur.43  Every mole of Tau in a normal adult 

brain contains 2 to 3 moles of phosphate.44  However, abnormal phosphorylation 

compromises Tau function and causes Tau to dissociate from microtubules.  

Consequently, microtubule disassembly is triggered, and Tau accumulates in the form 

of paired helical filaments (PHFs), the primary component of NFTs.  About twenty-

five aberrant phosphorylation sites linked to Tau aggregation have been identified.45  

In the diseased brain of a patient with Alzheimer’s, Tau is about three- to four-fold 

more hyperphosphorylated than that of normal brain.44  The exact pathological 

relevance of the hyperphosphorylation of Tau in Alzheimer’s disease is still unclear.46  

The prevailing assumption is that the accumulation of Tau aggregates induced by 

hyperphosphorylation is responsible for the increase of cytotoxicity.47  Other 
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pathological outcomes induced by hyperphosphorylation may include 1) synaptic 

malfunction due to the missorting of Tau in axons; 2) hampered degradation and 

cleavage of Tau; and 3) altered interaction of Tau with its interaction partners.46  

Therefore, the inhibition of Tau hyperphosphorylation has been a promising 

therapeutic strategy for the treatment of Alzheimer’s disease.  To date, three particular 

kinases (GSK3β, CDK5, and ERK2) have been specifically linked to Tau 

hyperphosphorylation and are the current targets for hyperphosphorylation inhibitors.48 

1.2.3 Domain Organization of Tau 

Up to six different Tau isoforms are expressed at different stages of brain 

development.49  In the adult human brain all six isoforms of Tau are expressed with 

molecular weight ranging from 37 to 45 kDa.50  Signatures of Tau structure include 

three or four imperfect repeats near the C-terminus and zero, one or two N-terminal 

inserts near the N-terminus.46  The domain organization of these six Tau isoforms is 

shown in Figure 1.3a.  The isoforms are named by the number of N-terminal inserts 

and binding repeats they contain.  For example, the longest Tau isoform 2N4R 

contains two N-terminal inserts and four binding repeats.  The 2N4R isoform 

possesses two main functional domains: a microtubule assembly domain on the C-

terminus and a projection domain on the N-terminus.  The microtubule assembly 

domain is composed of the imperfect repeat regions annotated R1-R4 and a flanking 

region.  As the name indicates, the main function of this domain includes binding with 

microtubule and promotion of microtubule assembly.51  Each repeat motif contains 31 

to 32 amino acids, with a highly conserved 18-amino-acid repeat region and a less 

homologous inter-repeat region of 13 or 14 amino acids.  The proline-rich region 

upstream of the repeat region is also thought to promote microtubule assembly.51  
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Rather than forming proximal contact with the microtubule, the amino-terminal 

domain projects opposite to the microtubule surface, and thus is called the “projection 

domain”.52  The projection domain has been shown to interact with adjacent 

microtubules and regulates the spacing between microtubules in axons and dendrites.53  

 

Figure 1.3: a) Six Tau isoforms expressed in the adult brain are distinguished by the 
presence of zero, one, or two near N-terminus inserts N1 and N2, and 
repeat R2 from the microtubule assembly domain.  This figure is adapted 
from reference46.  b) Conformation of the longest of Tau isoform 2N4R 
determined by solution NMR.  The overall Tau structure in solution is 
unfolded, with a few transient secondary structure elements, including α 
helical propensity shown as a red cylinder, β strands shown as yellow 
arrows, and helices formed by poly-Proline sequences, shown as green 
boxes.  An ensemble of 20 conformations is displayed in the background.  
Color-coding indicates the domain organization.  The figure is reprinted 
with permission from reference54.  



  

 12 

1.2.4 Tau as an Intrinsically Disordered Protein 

Given the prevalence of charged residues, Tau is overall hydrophilic and does 

not fold into stable secondary or tertiary structural elements.33,54,55  Therefore, Tau 

belongs to a family of intrinsically disordered proteins (IDPs).  The disordered 

property was first noticed by its high resistance to denaturation by heat or acid and its 

high solubility in water.56  In addition, Tau is highly dynamic and occupies a much 

larger volume in solution compared to well-folded proteins of similar size.57  There is 

no existing X-ray structure of Tau, as its intrinsically disordered nature precludes 

crystallization.  The conformation of Tau at the residue-specific level has been 

characterized by solution NMR.  More than 70% of full-length Tau is disordered, and 

the transiently ordered secondary structural elements exist in several small, 

discontinuous regions.54  For example, two hexapeptides, 275VQIINK280 and 
306VQIVYK311, being the potential nuclei in forming Tau fibrous aggregates, have a 

strong β sheet propensity.58  The transient elements of secondary structure are shown 

in Figure 1.3b.  Paramagnetic relaxation enhancements (PRE) recorded by solution 

NMR suggest the presence of multiple conformations of Tau in solution.54  An 

ensemble of 20 conformers calculated from PRE distance restraints is shown in Figure 

1.3b.  Despite a lack of compact structure, the amino-terminus tends to fold toward the 

carboxyl-terminus and forms a general turn structure in a “paperclip” shape.54,59 

1.3 Microtubule-Associated Motor Protein Kinesin 

1.3.1 Kinesin Superfamily and Conventional Kinesin 

Kinesins, a superfamily of microtubule-associated motor proteins, play 

essential roles in intracellular transport60-62 and cell division63 powered by the 

hydrolysis of ATP.  In cells, motile kinesins transport numerous cargos including 
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organelles, vesicles, proteins, and mRNA to various destinations. They are crucial for 

cell functions, cell growth, and morphogenesis.62  Kinesin motors are also involved in 

the motility of mitotic spindles and segregation of chromosomes at different stages of 

cell division.63  Due to their important functions in mitosis, kinesins have become an 

emerging drug target for cancer therapeutic development.64  

Since the initial discovery of conventional kinesin (kinesin-1), forty-five 

members of the kinesin superfamily (also known as Kifs) have been identified.  

Kinesins are classified into 15 subfamilies, termed Kinesin 1 to 14B, based upon 

phylogenetic analyses.60,61  Members of the kinesin superfamily share a highly 

conserved motor domain.  The 15 subfamilies are further subdivided into three classes 

based on the position of the motor domain: N-kinesins, C-kinesins and M-kinesins.62  

For these three classes, the motor domain is located at the amino terminus, at the 

carboxyl terminus, or in the middle of the protein respectively.  The domain 

organization of the major Kifs is depicted in Figure. 1.4 

Kifc2 and Kifc3, which drive microtubule minus-end-directed motility, belong 

to the C-kinesins subfamily.  Kifc2 is ubiquitously expressed in dendrites.65  Kif2a, 

belonging to the M-kinesin class, is non-motile and acts as a microtubule-destabilizing 

protein.62,66  N-kinesins are primarily responsible for powering the microtubule plus 

end-directed motility.  Kif5, the conventional kinesin, belongs to this family and 

includes three subtypes: Kif5a, Kif5b and Kif5c.67,68  Kif5b is expressed ubiquitously 

in all cell types, whereas Kif5a and Kif5c are exclusively expressed in neurons.  The 

Kif5 motors play essential roles in cargo transport on axons, including transport of 

synaptic vesicles, membrane organelles and mitochondria.69,70 
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Figure 1.4: (a) Fifteen subfamilies of the kinesin superfamily based upon 
phylogenetic analysis.  (b) Domain organization of the kinesin 
superfamily.  The motor domain is highly conserved among kinesin 
superfamily members.  Based on the position of the motor domain, 
kinesins are categorized into three subfamilies: N-kinesin, M-kinesin, and 
C-kinesin.  The figure was originally published in reference62.  
Permission for reuse in this dissertation is granted by Nature Publishing 
Group, copyright 2009.  
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The kinesin superfamily can also be categorized into monomeric, homo- and 

heterodimeric motors.  For instance, Kif1a, Kif1bα and Kif1bβ are monomeric motors 

due to their short-coiled coil regions.61  Kif5 is one of the major dimeric motors, 

composed of two kinesin heavy chains (KHC) and two kinesin light chains (KLC).  

The KHC includes a motor domain at the NH2-terminus, which binds to a microtubule 

and harbors ATPase activity.  Kif5 dimerizes through a coiled-coil stalk, which 

connects to a tail domain.  The C-terminal region of the stalk and the tail domain both 

induce binding of KLC.71,72  Kif5 can bind cargos through the tail domain and the 

carboxyl-terminal domains of the KLC.73 

1.3.2 Kinesin Motor Domain Structure  

Since its discovery 30 years ago, conventional kinesin has been the most 

widely studied member of the kinesin superfamily.67  This kinesin is the focus of 

studies described in chapter 4.  Conventional kinesin is a homodimer of 960 amino 

acids per polypeptide chain.  Each chain consists of a highly conserved motor domain 

on the N-terminus, which is the core for both ATPase activity and microtubule 

binding.  Two motor domains dimerize through a coiled-coil stalk, which is linked to 

the tail domain.  The binding and hydrolysis of ATP generates movement of the 

kinesin motor domain along microtubules accompanied by local structural changes.  

The key structural element that generates the movement is a ~14 - 18 amino acid neck 

linker at the C-terminal end of the motor domain.  The structure of the motor domain 

has been extensively characterized by X-ray crystallography in both its isolated state74-

76 and bound to a tubulin heterodimer.77,78  The structure of kinesin bound to polymeric 

microtubules has also been determined by cryo-EM.79,80  These studies have greatly 
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advanced our understanding of the structural changes underlying the mechanism of 

mechanical movement.  

The kinesin motor domain (1-349) forms an arrowhead-shaped structure, 

comprised of a core of eight parallel β strands surrounded by six α helixes.75  The 

nucleotide-binding cleft, located near α6 and β2 is open, as determined by the co-

crystallization with MgADP.  The kinesin motor domain structure is shown in Figure 

1.5.  A highly conserved phosphate-binding loop (P-loop) is found at the beginning of 

α2.  Despite the fact that kinesin is only half the size of myosin, an actin-based motor, 

great structural similarity exists between the structural cores of these two proteins.  

Seven β strands (the strand β5 being the exception) and six α helices align very well 

with myosin despite differences in amino acid sequence.  This structural similarity 

suggests a similar mechanism for generating movement by motors from different 

families.75  The neck linker, which drives the movement of kinesin, converts between 

mobile and docked states mediated by nucleotide exchange.81  In free kinesin, the neck 

linker in its docked state is stabilized by a high concentration of lithium sulfate.74  This 

structure, determined by X-ray crystallography (PDB ID code 1MKJ) also reveals the 

reorientation of α4, which forms the binding interface with microtubules.46  
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Figure 1.5: The X-ray structure of Kif5b (PDB ID code: 1BG2).  The α helices are 
shown in green-cyan, β strands in blue, and loop regions in yellow.  The 
ADP molecule is displayed as red sticks.  The numbering is adapted from 
reference75.  

Recently, high resolution structures of kinesin bound to a tubulin heterodimer 

in ATP-like77 and nucleotide-free states78 were determined by X-ray crystallography 

(with resolution of 3.7 and 2.2 Å respectively). Three kinesin subdomains are 

identified subsequently, namely the Switch 1&II subdomain, the tubulin-binding 

domain, and the P-loop subdomain, shown in Figure 1.6a.78  As reported by Cao et al, 

helices α4 and α5, together with the L12 loop and strands β5a, and β5b form the 

tubulin-binding domain.  The Switch I&II and P-loop subdomains constitute the 

nucleotide-binding motif.  On the basis of this structural information, the following 
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neck linker docking mechanism was proposed.  The binding of ATP in the nucleotide-

binding motif induces the reorientation of three subdomains shown in Figure 1.6b.  It 

brings the P-loop and the Switch I&II subdomains together, and subsequently the first 

residue of the neck linker becomes buried, resulting in neck linker docking.78  The 

coordinated movement of the three subdomains is thus required with neck linker being 

the key contributor to kinesin’s movement.   

 

Figure 1.6: The subdomain structure of nucleotide free Kif5b and the coordinated 
movement of subdomains in each step of the nucleotide cycle.  a) The 
three subdomains of Kif5b are colored as follows: the Switch I&II 
subdomain is shown in cyan, the microtubule binding domain in green, 
and the P-loop subdomain in beige.  b) The reorientation of subdomains 
along each step of nucleotide cycle.  Upon binding with microtubules, the 
neck linker (in red) is docked in the ATP binding state, while the linker is 
undocked in the free and ADP-bound states.  Figure is adapted from 
reference82.  Permission for reuse in this dissertation is granted by John 
Wiley and Sons, copyright 2015.  
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In parallel, the structures of the microtubule-bound kinesin motor domain in 

ATP-like and nucleotide-free states were determined by cryo-EM at resolutions of ~6-

7 Å and 5-6 Å, respectively.78,79  Comparison of the structure of the nucleotide-free 

kinesin motor domain bound to αβ tubulin (determined by X-ray crystallography) with 

the structure bound to polymeric microtubules (determined by cryo-EM), reveals that 

the protein backbones align to within an RMSD of 0.8 Å for α helices and β sheets 

despite the differing resolution and state of tubulin oligomerization.82  This further 

proves that the kinesin structure is similar when bound to tubulin heterodimer or 

polymeric microtubules.82  The mechanism of movement induced by microtubule and 

nucleotide binding is inferred by comparison of the cryo-EM structures (free and ATP 

states) with that of ADP-bound state determined by X-ray crystallography.  The 

binding of ATP causes the nucleotide-binding cleft to close and induces neck linker 

docking.  Attachment to microtubules reopens the nucleotide-binding cleft and allows 

ADP to be released.80 

1.3.3 Kinesin Processivity 

The conventional dimeric kinesin is a highly processive motor that can migrate 

on the surface of a microtubule for over 100 steps before detaching itself from the 

microtubule.83  Kinesin hydrolyzes one ATP molecule per 8.2-nm step, which 

corresponds to the length of a tubulin heterodimer.84,85  In the prevailing “hand-over-

hand” stepping model, as shown in Figure 1.7,86,87 the two heads of the kinesin dimer 

alternate between leading and trailing roles after each step.  To start the walking cycle, 

the two kinesin heads in their waiting states are bound to the microtubule separated by 

8.2 nm with ADP bound to the rear tethered head.  Upon binding of ATP to the front 

head, the neck linker is immobilized onto the motor domain (docking), causing the 
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rear head to move toward the microtubule plus-end by 16 nm and attach to the next 

tubulin heterodimer and release the ADP.  Subsequently, with ATP hydrolysis and 

detachment of the trailing head from MT, dimeric kinesin returns to its initial awaiting 

state and is ready to continue a new cycle.  In contrast to the prevailing model, a more 

recent proposed model argues against the completion of tethered head movement and 

binding prior to ATP hydrolysis and suggests that the binding occurs subsequent to the 

hydrolysis, as described in reference88. 

 

Figure 1.7: The “hand over hand” walking mechanism of dimeric kinesin along a 
microtubule.  The two kinesin motor domains are dimerized through the 
coiled coil region.  In one step, the kinesin motor domain cycles through 
different nucleotide states as indicated.  The figure was originally 
published in reference82.  Permission for resue in this dissertation is 
granted by John Wiley & Sons, copyright 2015.  
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It is crucial that at least one kinesin head stays attached to the microtubule 

during the cycle so that it can accomplish multiple successive steps before detaching.  

Therefore, the precise coordination of movement and the nucleotide binding between 

the two heads is indispensable for kinesin processivity.89  This mechanism is referred 

to as “alternating head catalysis”.90  Both the ATP-bound and the free kinesin bind to 

microtubules more tightly than the ADP-bound kinesin,91 thus the movement of the 

ADP-bound tethered head with subsequent ADP release and MT attachment should 

occur before ATP hydrolysis at the other head, which makes it tend to dissociate from 

the MT.  The dwell time of kinesin binding to microtubules is slower than the forward 

stepping frequency to ensure that the dimeric motor remains associated to the 

microtubule.82,92  The motor domain cycles through conformations during the 

nucleotide cycle (ATP-bound, nucleotide-free, and ADP-bound states).   

1.4 Summary 

Due to the biological importance of MAPs and their increasing prominence as 

drug targets for neurodegenerative disorders and cancers, we are interested in studying 

Tau and kinesin bound to microtubules to understand their structure and dynamics in 

the physiologically relevant states.  Such studies provide the basis for the development 

of therapeutic strategies against the MAP-associated diseases.  Although high-

resolution investigations of conventional kinesin assembled with polymeric 

microtubules have become possible due to the recent revolutionary progress in cryo-

EM enabling near low nanometer resolution,78,79 there is still debate regarding the 

relevance of the structure under cryogenic conditions to the physiological states.  More 

importantly, internal site-specific dynamics information cannot be gained by such 

studies; dynamics are crucial for function of these proteins, i.e. motions along the 
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microtubules.  The intrinsically disordered and highly flexible nature of Tau has 

limited its structural characterization by X-ray crystallography or cryo-EM.  Solution 

NMR is a popular tool for probing the conformation of Tau and its interaction with 

MTs; however, such studies are hampered by the disappearance of NMR signals due 

to the large size of the complex.  In the next chapter we introduce MAS NMR methods 

for the study of structure and dynamics of MT and MAPs.  Application of these 

methods to studies of Tau and kinesin are covered in chapters 3 and 4, respectively.  
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OVERVIEW OF MAS NMR METHODS RELEVANT TO THE STRUCTURAL 
AND DYNAMICS STUDIES OF MICROTUBULE-ASSOCIATED PROTEINS 

AND MICROTUBULE ASSEMBLIES 

Proteins and protein assemblies perform many physiological roles in living 

cells, including maintaining cell structure, catalysis, cell signaling, and intracellular 

transport.  Determining protein structure is fundamental to understanding their 

functions in various cellular processes.  In addition to structure, protein dynamics have 

been recognized to be essential for different protein functions.1,2  Magic angle spinning 

(MAS) NMR spectroscopy has become an important technique for structure 

determination and studies of dynamics of proteins and protein complexes that lack 

long-range order or do not crystallize.  MAS NMR is well suited for the study of many 

biological systems, including large filamentous assemblies, such as bacteriophages,3-8 

the HIV capsid,9-12 and the secretion system needles13,14.  Non-crystalline amyloid 

fibrils15 and membrane proteins embedded in lipids16-18 have also been successfully 

characterized by MAS NMR techniques. 

Microtubules (MTs) represent an important class of filamentous structures, and 

they are broadly involved in many physiological processes together with microtubule-

associated proteins (MAPs), as described in chapter 1.  MAPs regulate various 

functions of MTs through their binding and interactions with MTs, forming protein 

assemblies that are very large in size and insoluble.  Knowledge of MAPs’ structure 

and conformational dynamics is important to understanding their biological functions 

Chapter 2 
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and interactions with MTs.  An overview of relevant MAS NMR methods that we 

apply for studies of MAP/MT assemblies is included in this chapter.  

2.1 Isotopic Labeling 

Isotopic labeling with magnetically active nuclei is required for NMR 

characterization of any biological systems.  For proteins, uniform 15N, 13C labeling is 

most commonly used, as it provides the most spectroscopic information in one sample.  

Protein expression is performed in minimal media containing 13C-glucose and 15NH4Cl 

as carbon and nitrogen sources.  The spectra of uniformly 15N, 13C-labeled large 

proteins are often crowded and other labeling schemes are sometimes necessary to 

improve spectral resolution and reduce signal crowding.  Alternative strategies include 
13C sparse labeling,19-23 amino acid-specific labeling,10,24 and methyl group labeling.25-

28  

Protein deuteration is another labeling strategy for improving spectral 

resolution and has been widely applied in proton-detected MAS NMR spectroscopy.29-

32  The strong 1H-1H dipolar couplings in protein samples usually result in broadening 

of proton linewidths; therefore, protein deuteration with subsequent back-exchange of 

amide protons (proton dilution) is commonly used to suppress the strong 1H-1H dipolar 

couplings, thus reducing linewidths and as a result spectral overlap.  Deuteration can 

be achieved by protein expression in D2O minimal media using [2H, 13C]-glucose as 

the sole carbon source.33  The expressed protein incorporates deuterons into the 

exchangeable sites in backbone and sidechain positions.  The back-exchange of amide 

and hydroxyl protons is then done by protein purification and subsequent dialysis in 

H2O media.  The percentage of amide protonation can be adjusted and controlled with 

appropriate H2O/D2O ratios (10% -40%) in dialysis buffer, which can further improve 
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the spectral resolution.29,34,35  Visualization of different levels of protonation in a 

model protein SH3 is shown in Figure 2.1.  In the case of a large, rigid protein, back-

exchange of deuterons to protons in the hydrophobic core may be insufficient, 

rendering these positions undetectable.  A protein unfolding and refolding process can 

improve the protonation level of the buried amide sites.33  

 

Figure 2.1: Protonation levels in a model protein α-spectrin SH3 upon deuteration 
(PDB code ID: 1U06).36  (a) Fully protonated protein. (b) Deuterated 
protein crystallized from 100% H2O with all exchangeable amide protons 
and protons of hydrated water molecules determined and refined in X-ray 
crystallography structure exhibited.  (c) Deuterated protein crystallized 
from 10% H2O/90% D2O sample buffer.  The protonation level is greatly 
reduced.  On average, 21 protons contained in each protein molecule are 
displayed.  (d) 1H-1H dipolar couplings are strongly attenuated upon the 
incorporation of deuterons.  The figure was originally published in 
reference31.  Permission for reuse in this dissertation is granted by 
Elsevier, copyright 2012.  
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2.2 MAS NMR Multidimensional Correlation Spectroscopy  

For MAS NMR studies of protein structure and dynamics, partial or full site-

specific resonance assignments are the first step.  These include spin system 

identification and sequential assignments.  Spin system identification refers to the 

assignment of chemical shifts of backbone and sidechain carbons, nitrogens and 

protons belonging to a single residue, established through intraresidue correlations.  

The isotropic chemical shifts of each residue are likened to their “fingerprints” which 

include rich information on the secondary structure, torsion angle, dynamics, etc.37-39  

Sequential assignment refers to the link of different spin systems along the protein 

backbone by interresidue correlations.  Both homo- and heteronuclear correlation 

experiments mediated by through-space (dipolar) and through-bond (scalar) couplings 

are generally acquired to establish these connections.  

2.2.1 Through-Space Correlation Spectra 

Magnetization can be transferred among atoms in close proximity by dipolar 

interactions.  Dipolar-based homonuclear correlation experiments can establish both 

intra- and interresidue correlations, and are important for resonance assignment and 

determination of distance restraints.  The conventional experiments for establishing 

homonuclear 13C-13C correlations include PDSD (proton-driven spin diffusion),40 

DARR (dipolar-assisted rotational resonance),41 RAD (RF-assisted diffusion),42 RFDR 

(radio-frequency driven recoupling),43 PAR (proton assisted recoupling),44 2Q-

HORROR (double-quantum homonuclear rotary resonance),45 and DREAM (dipolar 

recoupling enhanced by amplitude modulation),46 etc.  Among these homonuclear 

correlation techniques, the spin-diffusion-based experiments, such as PDSD and 

DARR, have been the most widely employed, not only for resonance assignments, but 
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also for long-range distance determination.8,47,48  However, the transfer efficiency and 

excitation band in PDSD/DARR experiments are usually limited, especially at MAS 

rates of 30 kHz and above.  

In the last decade, several research groups including our laboratory have 

proposed a series of modified spin-diffusion-based pulse sequences specifically 

suitable for fast MAS frequencies, such as mixed rotational and rotary resonance 

(MIRROR),49 phase-alternated recoupling irradiation (PARIS) and its variants,49,50 and 

R2n
v-symmetry driven spin diffusion (RDSD).51  Recently, our laboratory developed 

another spin-diffusion-type pulse scheme, dubbed CORD (combined R2n
v driven) for 

obtaining homonuclear correlations of spin pairs in spatial proximity, where spin 

diffusion is assisted by combined R2n
v recoupling sequences in the mixing period, as 

shown in Figure 2.2.52  CORD recoupling gives rise to broadband magnetization 

transfer across the spectral width, resulting in uniformly distributed peaks under both 

moderate and fast MAS (greater than 40 kHz) conditions.  In addition, it allows for the 

detection of long-range distance correlations, due to its reduced sensitivity to dipolar 

truncation.  Even at moderate MAS frequencies (10-30 kHz), CORD has proven to be 

advantageous to other methods as it enables detection of aromatic correlations, which 

are not available from other spin-diffusion-based experiments.12,53,54 
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Figure 2.2: (a) The general pulse diagram for 2D 13C-13C Combined R2n
v Driven 

(CORD) correlation experiments.  A series of composite RF pulses 
comprised of R2n

v blocks are applied on the proton channel during the 
CORD mixing time.  The RF pulse sequences correspond to: (b) Basic 
CORD building block spanning 6Tr (rotor period); (c) CORDxix spanning 
12Tr; (d) CORDxy4 spanning 24Tr.  Rotor-synchronized R2n

v-type 
symmetry sequences as the building blocks: R21

1 (ν1
H = νr), R21

2 (ν1
H = 

νr), R22
2 (ν1

H = νr/2).  The figure was originally published in reference52.  
Permission for reuse in this dissertation is granted by Elsevier, copyright 
2013.  (e) Pulse sequence for HETCOR with heteronuclear detection (e), 
and proton detection (f).  Original figure courtesy of Dr. Xingyu Lu in 
Prof. Tatyana Polenova’s group.  

a)

c)

d)

π/2

π

CP

CP

CP

CP

water suppression

π/2 π/2

π/2

π
CP

CP

1H

15N/13C

Decoupling

b)

e)

15N/13C

13C/15N

1H
Decoupling

f )

Decoupling

Decoupling

t1 t2

t1

t2



  

 35 

Heteronuclear correlations established through dipolar coupling are 

fundamental to MAS NMR studies of proteins.  The combination of cross polarization 

(CP) and MAS has become the standard technique for obtaining solid state NMR 

spectra of low-gamma and/or dilute spins through heteronuclear polarization 

transfer.55  The CP-based heteronuclear correlation (CP-HETCOR) experiment is 

commonly applied to correlate 1H with 15N/13C through space in proteins.  RF 

irradiation applied on both spins must meet the Hartmann-Hahn condition for efficient 

magnetization transfer,56 and this will be described in more detail later.  In the 

heteronuclear-detected CP-HETCOR experiment (Figure 2.2e), the chemical shift first 

evolves in the 1H dimension and the signal is detected on 15N/13C spins.  The proton-

detected CP-HETCOR includes two CP transfer steps (Figure 2.2f), the chemical shift 

dimension of 15N/13C evolves after the first CP step, and the magnetization is 

transferred to 1H for detection.  The spectra in CP-HETCOR experiments are very 

sensitive to the sample homogeneity and quality.  The dispersion of 1H and 13C/15N 

chemical shifts also reflects the sample state (structured or unfolded or aggregated).  

Therefore, 1H-15N/13C HETCOR spectra can be used to evaluate sample.  

The dipolar-based heteronuclear correlation experiments (NCA, NCO, 

NCACX, and NCOCX) are used for protein sequential assignments in MAS NMR 

spectroscopy.  Correlations including amide nitrogens are useful for establishing 

interresidue connectivities, as amide nitrogen(i) is connected to Cα(i) of the same 

residue and C’(i-1) belonging to the previous residue.  The one bond N-Cα or N-C’ 

magnetization transfer is selectively performed by 15N-13C SPECIFIC CP experiments 

(spectrally induced filtering in combination with cross polarization).57  15N-13CX 

multiple-bond contacts in NCACX and NCOCX are obtained by a homonuclear 13C-
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13C spin-diffusion period (DARR or PDSD) following the SPECIFIC-CP step.  The 

polarization-transfer schemes for heteronuclear correlation experiments (NCA, NCO, 

NCACX, NCOCX, and CONCACX) are shown in Figure 2.3.   

 

Figure 2.3: The magnetization transfer pathways in heteronuclear correlation 
experiments: NCA, NCO, NCACX, NCOCX, and CONCACX.  Original 
figure courtesy of Ryan Russell in Prof. Tatyana Polenova’s research 
group.  
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The two-dimensional NCA experiment can be used to evaluate the 

nitrogen/alpha carbon linewidth and sample quality before proceeding with higher- 

dimensional studies.  The NCACX experiment establishes correlation between CA(i) 

and CX(i) and their respective backbone N(i), and the interresidue connectivity 

leading to sequential assignment can be obtained from NCOCX experiments as the 

same N(i) is correlated to CO(i-1) and CX(i-1) from the previous residue.  Two-

dimensional heteronuclear correlation NCACX and NCOCX experiments are often 

sufficient for the resonance assignment of backbone and sidechain signals of small 

proteins of approximate 60 residues.58  Site-specific resonance assignments of several 

proteins with molecular weights ranging from 8 to 26 kDa were obtained using 3D 

versions of the NCACX and NCOCX experiments in combination with homonuclear 

correlation experiments in our laboratory.53,59-61 The CONCACX experiment provides 

quasi-through-space transfer between two adjacent residues CO(i-1)-N(i)-CA(i)-CX(i).  

The N(i) or CA(i) evolution period can be eliminated to obtain 3D versions of such 

experiments.  The 4D version of CONCACX further removes signal degeneracies, and 

is suitable for resonance assignment of large proteins. 

2.2.2 Through-Bond Correlation Spectra 

In addition to through-space (dipolar coupling driven) correlation spectroscopy, 

through-bond, scalar coupling-driven correlation spectroscopy is another tool for 

structural investigations in solid-state NMR.  Both homo- and heteronuclear through- 

bond correlation experiments are commonly utilized in solution NMR spectroscopy 

for establishing inter- and intra-residue correlations,62 including COSY (correlation 

spectroscopy), TOCSY (total correlation spectroscopy), HSQC (heteronuclear single 

quantum correlation), and a suite of HNCO, HN(CA)CO, HNCA, HNCACB and 
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CBCA(CO)NH triple-resonance experiments.  In solid-state MAS NMR experiments, 

correlation experiments based on J coupling transfers were initially considered 

impractical due to the relatively small magnitude of the J coupling compared to the 

strong dipolar interactions.48  However, the performance of J coupling-based 

experiments has dramatically improved with the development of more effective 

decoupling strategies and increased MAS frequencies that lead to longer sample 

coherence times.63  Through-bond correlation experiments are complementary to 

through-space correlation experiments in solid-state NMR spectroscopy and can 

provide unique structural information.  Through-bond experiments are less sensitive to 

protein dynamics relative to dipolar-based experiments and, therefore, can be used for 

the detection of mobile residues.64  Several solid-state J coupling-based sequences 

adapted from solution NMR experiments include INADEQUATE (incredible natural 

abundance double quantum transfer experiment),65,66 COSY,67,68 and TOBSY (total 

through-bond correlation spectroscopy)69 experiments which are commonly applied 

for establishing homonuclear correlations.   

For uniformly isotopically enriched protein samples, the presence of 13C-13C 

homonuclear J couplings often introduces line broadening and decreases spectral 

resolution.  In the CTUC-COSY (constant time, uniform sign correlation 

spectroscopy) experiment, the magnetization transfer and the indirect evolution are 

combined into a single constant time period, thus the J-coupling broadening is greatly 

attenuated, leading to increased resolution without the loss of sensitivity for 13C-13C 

correlation spectra.70  The CTUC-COSY experiment can be used to resolve congested 

peak regions for large protein and protein assemblies.  By irradiating aliphatic residues 

with selective, shaped π pulses, aliphatic correlations can be established.  Aliphatic-
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carbonyl CTUC-COSY correlation spectra can be selectively acquired by applying 

hard π pulses instead.70 

The refocused INEPT experiment (insensitive nuclei enhanced polarization 

transfer) adapted from solution NMR is commonly used for heteronuclear through-

bond coherence transfer in rigid organic solids and proteins.68,71,72  1H-13C correlation 

experiments based on INEPT transfer demonstrate excellent selectivity for one-bond 

transfers, in addition to much more even intensity distribution compared to cross 

polarization, as shown for U-13C-isoleucine in Figure 2.4.71  By utilizing INEPT and 

CTUC-COSY sequence units as building blocks, a suite of three-dimensional J 

coupling-based NCACO, NCOCA, and CANCO heteronuclear correlation 

experiments have been developed.68  Strong sequential correlations are established 

even for heteronuclear correlations of 15N-13CA/13CO with small J coupling constants.  

The spectral sensitivity of these experiments is comparable to their dipolar-driven 

counterparts.68  
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Figure  2.4: Comparison of 1D 13C CP-MAS spectra in (a) and (b) with INEPT 
spectrum in (c) of U-13C-isoleucine.  In (a), CP-MAS with long mixing 
time (1.2 ms) yields the best sensitivity which also invokes long-range 
magnetization transfer.  One bond transfer is obtained in CP-MAS with 
short contact time (12 µs) in (b) and INEPT in (c), evidenced by the 
absence of non-protonated CO signal.  INEPT shows more uniform one-
bond transfer than CP-MAS.  Reprinted with permission from 
reference71.  Copyright (2005) American Chemical Society. 

2.2.3 Proton-Detected and Fast MAS NMR 

Sensitivity enhancement in solid state NMR spectroscopy has been a vibrant 

field of research since the inception of the field, and especially with an increasing 

interest in the characterization of biomacromolecules and their assemblies.  Due to the 

high gyromagnetic ratio (γ) and nearly 100% natural abundance of 1H, the proton is 

the nucleus of choice for signal detection compared to heteronuclear detection of low γ 

nuclei (13C and 15N) in protein systems.73  NMR sensitivity is proportional to γ2, and 

therefore is greatly enhanced with proton-detection.  However, direct detection of 



  

 41 

protons in highly protonated biological samples is impractical under MAS frequencies 

slower than 60 kHz, due to the presence of strong 1H-1H dipolar couplings, which lead 

to severe 1H line broadening.74  Over the past decade, advancements in the design of 

probes capable of delivering fast MAS frequencies (40-110 kHz, the regime in which 
1H dipolar interactions start to be effectively attenuated by MAS) have greatly reduced 

the achievable 1H linewidth, which is inversely proportional to the spinning frequency 

as shown in Figure 2.5.29  In combination with suitable proton dilution strategies 

during sample preparation, the 1H-1H homonuclear dipolar coupling can be averaged 

out efficiently in experiments carried out under MAS at frequencies higher than 40 

kHz, which allows for proton detection with outstanding resolution and results in 

three-to-five-fold sensitivity enhancement compared to 13C-detected experiments.  

Thus far, 1H-detected studies that enable resonance assignment and structural 

determination have been carried out in several laboratories including ours, either in 

perdeuterated or fully protonated proteins.  
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Figure 2.5: Linear correlation of proton linewidth with rotor period (the inverse of 
MAS frequency) for selected residues in a model protein SH3 (deuterated 
with 10% back-exchanged amide proton).  Rotor period is the inverse of 
the MAS frequency in kHz.  The figure was originally published in 
reference29.  Permission for reuse in this dissertation is granted by John 
Wiley and Sons, copyright 2006. 

High-resolution proton-detected experiments at moderate MAS (10-25 kHz) 

frequencies have been successfully presented on fully deuterated proteins with 100% 

or partial back-exchange of amide protons due to the high level of proton 

dilution.29,73,75  The 1H resolution in experiments at moderate spinning is remarkably 

improved for a deuterated protein with 10% back-exchange of amide protons, even 

without application of homonuclear decoupling.29  Long-lived coherences in protein 

samples prepared with such extensive degrees of deuteration allow successful 

implementation of scalar coupling-based experiments, and the resultant resolution is 

comparable to that of solution experiments.75  At an MAS frequency of 60 kHz, 

proton-detected spectra with high resolution and high sensitivity can be achieved for 

deuterated proteins with fully protonated amides at high magnetic fields (23.5 GHz) 

and this permits fast data acquisition for resonance assignment and structure 



  

 43 

determination.76,77  With fast MAS, proton-detected studies are also feasible on fully 

protonated proteins, and this was first successfully demonstrated on a small model 

protein GB1 (MW of 6 kDa) in an experiment carried out while spinning the sample at 

40 kHz.74  In an experiment carried out using an MAS frequency of 60 kHz, high-

resolution proton-detected spectra of a fully protonated protein of ~20 kDa were 

acquired, permitting backbone assignments.78   

2.3 Studies of Dynamics of Protein Assemblies by MAS NMR Spectroscopy 

Proteins are by no means static while fulfilling their biological functions, and 

structural components often undergo simultaneous dynamic processes, including 

backbone motions, subdomain reorientations, sidechain rotations, etc.  These various 

motions have been correlated to multiple biological processes, such as protein folding, 

protein-protein and ligand-protein interactions, molecular recognition, allosteric 

regulation, and catalysis.79,80  Understanding such dynamic behaviors in conjunction 

with static structure gives a comprehensive view of biological functions.   

MAS NMR spectroscopy is a unique technique for probing protein dynamics, 

due to the broad range of timescales it can access, ranging from picoseconds to 

seconds and even days.79-81 Multidimensional MAS NMR experiments provide 

insights into both the large-scale and site-specific dynamics of a protein molecule.  

Another advantage of MAS NMR is that it can capture protein dynamics over a wide 

range of temperatures from physiological to cryogenic conditions.  Various MAS 

NMR methodologies allow the detection of protein dynamics over a continuous 

frequency range shown in Figure 2.6.  Anisotropic interactions, including chemical 

shift anisotropy, electric field gradient, and heteronuclear H-X dipolar coupling are 

sensitive reporters of protein dynamics on broad timescales ranging from to pico- to 
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microseconds.80  Several commonly applied measurements include 13C and 15N T1 

relaxation time measurements, which probe protein dynamics on the pico- to 

microsecond timescales.82-85  Heteronuclear HX dipolar coupling is a sensitive probe 

of dynamics on timescales of nano- to microseconds.12,86,87  The spin-lattice relaxation 

time constant in the rotating frame T1ρ is a common tool for measuring molecular 

motions on the micro- to millisecond timescales.85,88  To detect slower molecular 

dynamics over milliseconds to seconds, exchange experiments such as CODEX 

(centerband-only detection of exchange) can be applied.89-91  In our studies, we 

specifically focus on the use of heteronuclear dipolar couplings to probe protein 

dynamics.  

   

Figure 2.6:  Solid state NMR methods for probing dynamic processes associated with 
proteins over a full and continuous range.  The figure is adapted from  
reference80.  Permission for reuse in this dissertation is granted by 
Elsevier, copyright 2005. 
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2.3.1 Studies of Dynamics on the Nanosecond to Microsecond Timescale by 
Dipolar Coupling Measurement 

The dipolar coupling interaction of two nuclei depends on the internuclear 

distance and their relative motility.  Typical dipolar coupling constants of 1H-13C and 
1H-15N in the absence of motion are 22.7 kHz and 11.3 kHz, respectively.92,93  The 

presence of motion on the timescale of the dipolar coupling results in dynamically 

reduced dipolar coupling strength, normally quantified by an order parameter SD 

(which is the ratio of measured dipolar coupling to that in the limit of a static system 

(the so-called “rigid limit”)), which can be equal to or less than 1, depending on 

whether the corresponding bond vector is rigid or dynamic.12,92-94  The accurate 

measurement of dipolar couplings is essential for the characterization of protein 

motions on nanosecond to microsecond timescales, the time range up to the inverse of 

the dipolar coupling constant.  MAS averages anisotropic interactions including 

heteronuclear dipolar coupling, resulting in resolution enhancement with the loss of 

valuable dynamic information.  Therefore many recoupling sequences have been 

developed for MAS conditions, including Lee-Goldburg cross polarization (LG-CP),95 

transverse-MREV (T-MREV),96 and rotational-echo double resonance (REDOR)-

based schemes97,98.  Generally, these measurements are very sensitive to RF 

mismatches, or incompletely averaged heteronuclear interactions.48 

RN-symmetry based recoupling sequences, originally developed by Levitt and 

coworkers, have been shown to reintroduce the desired anisotropic interactions, while 

suppressing others.99,100  In our laboratory, we apply RN-symmetry based DIPSHIFT 

(dipolar chemical shift correlation) recoupling experiments for the measurement of 1H-
13C/1H-15N dipolar couplings.86,98,101,102  A train of rotor synchronized RNn

v RF pulses 

is applied on the proton channel to reintroduce 1H-13C/1H-15N dipolar couplings, while 
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suppressing homonuclear dipolar coupling.  N, n, and v denote the symmetry numbers 

of the pulse sequence.  RNn
v is comprised of N/2 pairs of π pulses with alternating 

phase shifts of πv/N and -πv/N radians, and the pulse length is nτR/N with RF field 

strength of NτR/2n.  To obtain site-specific heteronuclear dipolar coupling 

information, a 3D version of RNn
v-based DIPSHIFT is established by the 

incorporation of an NCO or NCA SPECIFIC CP sequence to obtain chemical shift 

correlations.  The 2D and 3D RNn
v-based DIPSHIFT sequences are shown in Figure 

2.7.  RNn
v DIPSHIFT experiments are suited for the heteronuclear dipolar recoupling 

under fast MAS and have been successfully applied to fully protonated samples.12,86  

For example, the dynamic behavior of microtubule-associated protein CAP-Gly 

domain of dynactin captured by 1H-13C dipolar couplings shows a strong secondary 

structural dependence, and the corresponding residue-specific order parameters are 

mapped onto the tertiary structure, shown in Figure 2.7.   
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Figure 2.7: (a) Two-dimensional RNn
V DIPSHIFT sequences for 1H-13C/15N 

heteronuclear dipolar recoupling.  An RF irradiation comprised of RNn
V 

symmetry pulses is applied on proton spins during the t1 evolution to 
reintroduce 1H-15N and 1H-13C dipolar coupling respectively.  (b, c) 
Three-dimensional RNn

V DIPSHIFT sequences for reside-specific 1H-15N 
and 1H-13C dipolar coupling measurements. (d) Backbone dynamics of 
CAP-Gly domain of dynactin captured by residue-specific 1H-13C dipolar 
order parameter, measured with the R163

2 sequence.  Reprinted with 
permission from reference86.  Copyright (2011) American Chemical 
Society. 

2.3.2 Study of Dynamics on the Nanosecond to Microsecond Timescale by Cross 
Polarization in MAS NMR 

Cross polarization (CP)103 describes the magnetization transfer from abundant 

spins I (typically 1H) to dilute spins X (typically 13C or 15N in proteins) in close 

proximity through heteronuclear dipolar interactions, as discussed earlier in this 

chapter.  CP is an essential technique in MAS NMR spectroscopy for the signal 

detection of signals generated by the nuclei of low gyromagnetic ratios.  The presence 

of strong 1H-1H dipolar interactions stimulates relaxation, rendering the spin-lattice 

relaxation time T1 of 1H shorter than that of dilute spins, thus the application of CP is 

advantageous for reducing experimental recycle delay.  One-dimensional 1H-13C and 
1H-15N spectra are generally recorded to evaluate the sample resolution and sensitivity 
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before proceeding with 2D and 3D experiments.  Moreover, CP is the basis for 

establishing multi- dimensional correlation experiments. 

The RF irradiation of proton (1H) and heteronuclei (X) in CP experiments on 

static sample must be carefully set to meet the Hartmann-Hahn matching condition.56 

 !"#$ % = 	!(#$(*) [2.1] 

B1 is the spin-lock field applied on the proton and X channels.  Their nutation 

frequencies (ω1 = !"#$) are set to equal to achieve the Hartmann-Hahn condition 

under static conditions. 

For samples spinning under MAS conditions, the Hartmann-Hahn condition 

depends on rotation frequency.  RF irradiation on respective nuclei has to fulfill the 

following equation: 

 !"#$ % 	= !"#$ * ± -./ [2.2] 

where n = 1, 2.  The difference in RF irradiation power should equal an integer 

multiple of the spinning frequency.   

Theoretically, utilizing CP can give rise to sensitivity enhancement of up to 

γH/γX.  However, the experimental signal intensity depends on proton relaxation time 

T1p and the length of the spin lock (CP contact time).  During the contact time, 

typically in the range of 0.02 ~ 3 ms, CP is mediated by the dipolar couplings between 
1H and X, therefore the processes that disrupt dipolar interactions also interfere with 

CP transfer, for instance molecular motions.  The inherent molecular motions partially 

average the dipolar coupling and reduce the rate of the CP transfer; thus in dynamic 

systems longer CP mixing times are generally necessary for maximum signal intensity.  

A variety of applications of CP for monitoring the dynamic behavior of polymers and 

proteins exist.94,104,105 
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The CP magnetization as a function of variable contact times can be used to 

determine the time constants TCH and T1p.  The magnetization build-up is governed by 

the CP time constant TCH, and the decay of magnetization is determined by 1H T1p.  

The magnetization is described by the equation106:  

in which M0 represents the inherent total magnetization in the absence of spin-spin or 

spin-lattice relaxation effects.  The time constant THH describes the relaxation of the 

spin-locked 1H nuclei in the rotating frame and is sensitive to molecular motion on the 

millsecond timescale.  TCH is a time constant of the magnetization transfer from the 

abundant 1H spins to the dilute spins.  Fast motions interfere with the magnetization 

transfer and the corresponding TCH is long, whereas in the presence of slow motions, 

the magnetization transfer is more efficient, therefore resulting in a shorter TCH.  

2.4 Summary 

With the development of MAS NMR methodologies, MAS NMR can be used 

for the studies of challenging biological systems to answer complex biological 

questions.  Such improvements include sample preparation protocols, probes capable 

of fast MAS, and new pulse sequences.  In this chapter, the major MAS methods 

applied in the studies of MAPs assembled on MTs have been reviewed.  Through-

bond and through-space correlation experiments have been combined for the 

conformational study of the MAP TauF4 assembled with MT in chapter 3.  In 

addition, dynamics of TauF4 on multiple timescales have been characterized to 

understand its interactions with MTs.  Both heteronuclear-detected and proton-

 0 1 = 	02 345 677 − 349 6:7 ;$<
;$< − ;="

 [2.3] 
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detected experiments for homo- and heteronuclear correlations have been applied for 

the structural studies of the MAP kinesin assembled with MT in chapter 4.  
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INVESTIGATIONS OF CONFORMATIONAL AND DYNAMICS OF TAUF4 
BINDING WITH MICROTUBUES1 

3.1 Introduction 

The microtubule-associated protein (MAP) Tau, expressed abundantly in 

neurons, regulates diverse and essential aspects of MTs, including their assembly, 

dynamics, and polarity.1  Tau regulates axonal transport through its role in MT 

assembly, and it equally interferes with the transport of motor proteins along MTs.2  

The loss of Tau binding leads to microtubule instability, and the misfolded aggregated 

Tau is a characteristic pathological agent of Alzheimer’s disease (AD).3  

Tau belongs to a family of intrinsically disordered proteins (IDP) and lacks a 

rigid secondary and tertiary structure in solution.4  Studies of Tau protein fragments 

have identified its different functional regions, as described in Chapter 1.  Recently, a 

fragment of Tau, Tau[208-324] or TauF4, spanning part of the proline-rich region 

PRR and the first three microtubule binding regions (MTBRs), was identified as 

binding tightly to MTs and assembling tubulin heterodimers into microtubules 

efficiently.5  The primary sequence is shown in Figure 3.1a. 

Several models for Tau binding to microtubules have been proposed in the 

past.6-9  More recently, the molecular mechanism of Tau’s role in MT assembly and 

                                                
 
1 The study presented in this chapter was conducted in collaboration with Professor 
Guy Lippens from CNRS-INSA Toulouse, France. 

Chapter 3 
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the resulting conformation of Tau at the microtubule surface have been a subject of 

intense interest.  TauF4 binds to a single tubulin heterodimer (in the TR complex10) as 

a U-turn with an overhanging peptide in the first repeat; the latter peptide contributes 

to the binding when a second tubulin heterodimer is added.10  Nevertheless, in the T2R 

complex of two tubulin heterodimers stabilized to a curvature conformation by the 

stathmin-derived helix, large parts of TauF4 remain highly mobile.  The absence of 
13C chemical shift variations between the unbound and bound TauF4 argues against 

the fragment adopting any stable secondary structure at the surface of the curved 

tubulin constructs.10  In contrast, a study by a combination of fluorescence correlation 

spectroscopy and acrylodan fluorescence screening suggested that Tau binds to similar 

soluble tubulin constructs with an apparent helical structure.11  Another recent study 

proposed on the basis of solution NMR and mass spectrometry is that Tau binds to 

taxol-stabilized straight microtubule filaments through discontinuous and small groups 

of microtubule-binding residues.12  Residues in between the microtubule binding sites 

are highly flexible, and full-length Tau would not fold into a unique well-defined 

structure upon binding to microtubules according to the study by Kadavath et al.12  

However, a distinct stretch of residues (Tau267-312) within the microtubule binding 

repeats was proposed to be stabilized a defined conformation upon binding to MTs 

(PDB code: 2MZ7).13  So far, there has been no agreement on the conformation of Tau 

bound to microtubules, and often these studies are complicated by the large size of 

Tau/microtubule complexes and the highly dynamic nature of the interaction. 

To probe the intriguing questions regarding the conformation of Tau assembled 

with polymerized microtubules and how its dynamic properties are regulated by 

microtubules, we have employed MAS NMR spectroscopy.  This approach is not 
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limited to assemblies of small molecular weight and provides atomic level information 

regarding protein conformation.  Moreover, MAS NMR investigations provide atomic-

level resolution of the internal dynamics of Tau/MT complexes occurring over many 

decades of motional timescales.  

3.2 Materials and Methods 

3.2.1 Materials   

Common chemicals were purchased from Fisher Scientific or Sigma-Aldrich.  

Lyophilized bovine brain tubulin was purchased from Cytoskeleton, Inc.  Paclitaxel 

(taxol) was purchased from Alexis.  Guanosine triphosphate (GTP) was purchased 

from MP Biomedicals.  400 mesh, formvar-coated copper grids, stabilized with 

evaporated carbon films, were purchased from Electron Microscopy Science.   

U-13C,15N-enriched TauF4 was prepared by our collaborator Prof. Guy Lippens 

at CNRS-INSA in Toulouse, France.  Expression of U-13C,15N-enriched TauF4 was 

carried out as described previously,14 and the purification of TauF4 was performed as 

described before.15  

3.2.2 Cosedimentation Assay of TauF4 with Microtubules   

Two approaches for preparation of TauF4/MT complexes were tested by co-

sedimentation assay.  In the first, the microtubules were polymerized from lyophilized 

tubulin and stabilized with paclitaxel.  Tubulin was dissolved in BRB15 (Borisy 

resuspension buffer) buffer containing 15 mM PIPES (piperazine-N, N’-bis), 1 mM 

MgCl2, 1 mM EGTA (ethylene glycol-bis(beta-aminoethyl ether)-N, N, N’, N’-

tetraacetic acid), pH 6.8.  The resulting solution was then clarified by 

ultracentrifugation at 100,000 rpm (435,400 g) for 10 minutes, in a Beckman Coulter 
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Optima MAX-XP ultracentrifuge with a TLA 120.2 rotor.  The supernatant was 

polymerized with an equal volume of polymerization buffer (2 mM GTP, 15 mM 

PIPES, 20% DMSO).  Paclitaxel was added to the mixture to a final concentration of 

20 µM.  The mixture was incubated at 37 oC for 30 minutes.  After incubation, the 

paclitaxel-stabilized microtubules were pelleted down at 40,000 rpm (108,900 g) to 

remove the unpolymerized tubulin in the supernatant.  Then the microtubules were 

incubated with molar ratios of TauF4 to tubulin dimers 1:1 and 1:2 for 30 minutes.  

The supernatant and pellet were separated by ultracentrifugation at 45.000 rpm for 10 

minutes.  In the second approach, tubulin and TauF4 stock solution were prepared both 

in BRB15 buffer.  Molar ratios of 1:1 and 1:2 were mixed, followed by adding of 

equal volume of polymerization buffer.  After incubation at 37 oC for 30 minutes, the 

pellet was separated from the supernatant by ultracentrifugation at 45.000 rpm for 10 

minutes.  Aliquots of supernatant and pellet were loaded on SDS-gel for 

electrophoresis analysis.  The pellets were saved for TEM characterization.  

3.2.3 Transmission Electron Microscopy.   

The morphology of the MTs and TauF4/MT assemblies prepared by the above 

protocols was verified by transmission electron microscopy (TEM).  Samples of 30 

µM microtubules or complexes were first stained with uranyl acetate (5% w/v), 

through deposition onto 400 mesh, formvar/carbon-coated copper grids and allowed to 

air dry for 40 – 60 minutes.  TEM analysis was performed with a Zeiss Libra 120 

transmission electron microscope operating at 120 kV.   
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3.2.4 MAS NMR Sample Preparation   

Ten milligrams of lyophilized bovine tubulin were dissolved in BRB15 buffer 

(15 mM PIPES, 1 mM EGTA, 1 mM MgCl2, pH 6.8) and clarified with 

ultracentrifugation at 100,000 rpm (435,400 g)) for 15 min at 4 oC in a Beckman 

Coulter Optima MAX-XP ultracentrifuge with a TLA 120.2 rotor.  The resulting 

tubulin supernatant was polymerized by addition of an equal volume of polymerization 

buffer (15 mM PIPES, 2 mM GTP, 20% DMSO) in the presence of 20 µM paclitaxel.  

After incubation at 36 oC for 30 min, the supernatant and the pellet were separated by 

centrifugation at 45,000 rpm (88,200 g) for 15 min.  The pellet containing paclitaxel-

stabilized microtubules was saved and resuspended gently with 600 µL of BRB15 

buffer.  Twenty µM paclitaxel was usually used for stabilizing microtubules in 

solution.  TauF4 stock (407 µM in BRB15 buffer) was added to the suspension of MTs 

to reach a final Tau/MT ratio of 1:2 with TauF4 and MTs concentrations of 64 µmol 

and 128 µmol, respectively.  After incubation at room temperature for 2 hours, the 

pellet containing Tau/MT complex was separated from the supernatant by 

centrifugation at 60,000 rpm (156.800 g) for 10 min.  The surface of the pellet was 

rinsed with BRB15 buffer to preclude non-specific binding.  Approximately 12 mg of 

the pellet containing the sample, of which ca. 0.6 mg was U-13C, 15N-TauF4 were 

transferred into a 1.9 mm Bruker rotor for subsequent MAS NMR experiments. 

3.2.5 MAS NMR Spectroscopy   

MAS NMR spectra were collected on a 19.96 T Bruker AVANCE III 

instrument.  All experiments were acquired using a 1.9 mm triple-channel HCN probe.  

The Larmor frequencies were operated at 850.5 MHz (1H), 213.8 MHz (13C) and 86.2 
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MHz (15N), respectively.  The MAS frequency was controlled to within ± 10 Hz by a 

Bruker MAS controller.  The temperature was calibrated using KBr.16 

The 2D 13C-13C CORD correlation spectra were acquired at an MAS frequency 

of 14 kHz, and sample temperature of -5 oC and -8 oC.  The 1H 90o pulse was 2.2 µs 

long.  The 1H-13C cross polarization employed a tangent-ramped pulse of 90-110% on 

the 13C resonance, the 1H RF field was 83 kHz, and the center of the ramp on the 13C 

resonance was 86 kHz.  The cross polarization (CP) mixing time of 1 ms was utilized.  

During the CORD mixing time (50 ms), RF fields of 14 kHz and 7 kHz on the proton 

channel were used.  The 1H decoupling field strength was 102 kHz during the t2 

acquisition and t1 evolution periods.  

The 2D 13C-13C CTUC-COSY Cα-Cβ correlation spectra were acquired at -5 oC 

and MAS frequency of 18 kHz.  1H 90o pulse was 2.2 µs long.  The 1H-13C CP 

employed a tangent amplitude ramp of 90-110%, the 1H RF field was 71 kHz, and the 

center of the ramp on the 13C resonance was 86 kHz.  Eighty-six kHz 13C hard pulses 

were used throughout the experiment for 13C-13C J coupling transfer, and the CW13 

field for 1H decoupling during transfer was 102 kHz.  The 1H decoupling power of 102 

kHz was used during acquisition.  

In 1H-13C CP dynamics study, 1D 1H-13C cross-polarization spectra with 

contact time varying from 0.05 to 5.0 ms were acquired for temperatures of 10, 2, -3, -

5, -8, and -18 oC.  The 1H 90o pulse length was 1.8 - 2.3 µs as optimized at different 

temperatures.  A tangent amplitude ramp of 90-110% was used for 1H-13C CP.  The 1H 

RF field was 80 - 100 kHz, and the center of the ramp on the 13C resonance was 60 - 

70 kHz with the Hartmann-Hahn condition attained.  1H decoupling power of 110 - 

120 kHz was applied during the acquisition.  The magnetization was calculated as the 
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integral of area encompassing the Cα region (65.0 - 45.0 ppm).  The error bar of each 

data point was determined by the signal-to-noise ratio (SNR).  

The 2D DIPSHIFT experiments were used for the 1H-13C dipolar coupling 

measurements at the MAS frequency of 14 kHz and at various temperatures: 2.0, -3.0, 

-8.0, -18.0, and -28.0 oC respectively.  The R121
4 DIPSHIFT dipolar recoupling period 

applied on the proton channel was incorporated in a basic 1H-13C CP sequence after 

the spin lock.  During the R121
4 block, the 1H RF field strength was 84 kHz.  The 

parameters related to CP and 1H decoupling were set in the same fashion as described 

in the previous paragraph.  Sixteen points in the indirect dimension were acquired.  

In 13C single-pulse-excitation and 1H-13C INEPT experiments, 13C 90o pulses 

of 2.6 - 2.8 µs were used, and 1H decoupling power of 110 - 120 kHz was applied 

during acquisition.  A recycle delay of 5 s was used in 13C single-pulse-excitation 

experiments, and a recycle delay of 2 s was employed in 1H-13C INEPT and the 1H-13C 

CP based experiments.  
1H-15N CP spectra were recorded with tangent-ramped pulse of 80-100% on 

15N resonance; the 1H RF field was 70 kHz, and the center of the pulse on the 15N 

resonance was 84 kHz.  The magnetization transfer in 15N-13C double CP experiments, 

from 15N to 13C was realized using SPECIFIC-CP with a tangent amplitude ramp 

(90%-110%), and the RF field strengths were 49 kHz, 35 kHz and 100 kHz for 15N, 
13C and 1H channels, respectively.  

3.2.6 Data Analysis   

Two-dimensional CTUC-COSY data were processed with NMRPipe.17  A 90o 

shifted sine bell function was applied in both dimensions.  In addition, a Lorentzian-to-

Gaussian transformation function was applied in the direct dimension.  2D CORD data 
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at -5 oC and -8 oC were processed with Topspin by applying a Lorentzian-to-Gaussian 

transformation function in both dimensions.  For the 2D DIPSHIFT spectra at various 

temperatures for 1H-13C dipolar coupling measurements, a 90o shifted sine bell 

function was applied in both dimensions.  One-dimensional data were processed with 

MestReNova, with a Lorentzian line broadening of 50 Hz.  The chemical shifts were 

referenced to the 13C methylene peak in solid adamantine (40.76 ppm) and 15N shift in 

solid 15NH4Cl (39.2 ppm) acquired around the same time.   

The magnetization of 1H-13Cα cross polarization vs. contact time curve was 

fitted to the following function:  

 0 1 = 	0$ 349 677 − 349 6:7> ;""
;"" − ;="$

+ 0@ 349 677 − 349 6:7A
;""

;"" − ;="A
 

[3.1] 

M1 and M2 describe the partial magnetization from each type of chemical 

environments undergoing motion.  TCH1 and TCH’ describe the transfer of polarization 

from abundant 1H spins to the dilute 13Cα spins in the chemical environments 

characterized by M1 and M2, respectively.  THH describes a drain, usually assumed to 

be the effect of spin-lattice relaxation of protons.  The fraction of each environment is 

determined by 0$ 0$ +0@ and 0@ 0$ +0@ respectively.   

At the temperatures of -8 oC, -18 oC, and -28 oC, dipolar coupling constants 

were obtained by numerical simulations of the dipolar line shapes using SIMPSON,18 

as descried previously.19  At the temperatures of -5 oC and 2 oC, the dipolar coupling 

constants were beyond the limit that can be determined accurately and therefore were 

not reported.  
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3.3 Results  

3.3.1 Biochemical Characterization of TauF4 Binding to Microtubules 

Co-sedimentation assay of TauF4-microtubule interactions has corroborated 

that TauF4 (S208-S324) binds with microtubules both in the presence and the absence 

of MT-stabilizing taxol, as illustrated in Figure 3.1b.  To prevent the non-specific 

association of TauF4,20 a TauF4/tubulin heterodimer ratio of 1:2 was used for the 

MAS NMR sample.  The TEM images indicate that the samples are homogeneous, and 

that TauF4 does not disrupt the morphology of the MT filaments, when MT is 

polymerized with taxol.  When MTs are coassembled with TauF4, they form bundles, 

in agreement with the absence of the projection domain in this TauF4 fragment.5  

Previous studies have shown that Tau binding to preassembled MTs is reversible, 

while if incorporated into the microtubule during the MT polymerization process, the 

binding becomes irreversible.8  Our current study focuses on the complex of TauF4 

bound to pre-assembled microtubules stabilized by taxol. 

3.3.2 Conformation of TauF4 in Complex with Microtubules 

J-coupling-based 13C-13C correlation spectra (CTUC-COSY)22 acquired at -5 
oC are displayed in Figure 3.2; these were used to identify the dynamic residues in 

TauF4 assembled on polymerized MTs.  It is clear that many peaks overlap, resulting 

in major intensity variations for the observed correlations.  The peak positions and the 

corresponding line widths are reported in Table 3.1.  The modest chemical shift 

dispersion for certain residues is in agreement with solution NMR observations for the 

free TauF4.15  An astonishing finding is that the synthetic spectrum generated from the 

Cα and Cβ solution chemical shifts overlays well with our experimental MAS NMR 

spectra, making it possible to assign certain cross peaks belonging to the Cα-Cβ 
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correlations tentatively; these are labeled on the spectra and summarized in Table 3.1.  

All assignment possibilities are labeled for each peak, but we do not exclude the 

possibility that some residues are missing due to conformational heterogeneity or 

dynamics.   

 

Figure 3.1: a) Domain organization and primary sequence of TauF4.  Numbering is 
based on the longest adult Tau isoformer (441 residues).  The R1, R2 and 
R3 repeat regions are defined by Lee et al.21  The regions of high 
homology are underlined, and the less homologous regions are inter-
repeats.  b) SDS-PAGE gel of co-sedimentation assay of TauF4 with 
microtubules.  The experimental TauF4 and tubulin dimer molar ratios 
are marked on the top of the gel.  Tubulin and TauF4 protein bands are 
marked to the left of the gel.  In the presence of taxol, microtubules are 
preassembled and stabilized, followed by the formation of TauF4/MT 
complexes.  In the absence of taxol, TauF4 co-assembles with tubulin 
heterodimers to form TauF4/MT co-polymer.  c) Negatively stained TEM 
images of the microtubule filament (top); TauF4/MT complexes in the 
presence of taxol (middle); TauF4-promoted TauF4/MT bundles in the 
absence of taxol (bottom).  “P” represents pellet; “S” represents 
supernatant.  
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Figure 3.2: Characteristic regions of J coupling-based 2D 13C-13C CTUC-COSY 
correlation MAS spectra of U-13C, 15N TauF4/MT complexes at -5 oC and 
19.96 T.  a) Expansion showing sidechain carbon correlations.  b) 
Expansion demonstrating Cα-Cβ and Cα-C’ correlations of residues whose 
Cβ is within the chemical shift range of 45 - 10 ppm, and chemical shift 
of Cα lies in the range of 65 - 50 ppm.  c) Cα-Cβ and Cα-C’ correlations of 
Ser and Thr residues.  All possible assignments based on solution NMR 
shifts are labeled.15  The summary of assignments is listed in Table 3.1.  
The overlapping peaks may not contain all residues expected to be 
associated with the corresponding resonances. 
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Table 3.1: Resonance Assignments of TauF4 Assembled on Polymerized 
Microtubules from J-Coupling-based 2D 13C-13C CTUC-COSY 
Correlation Spectra and Comparison with Published Solution NMR Shifts 

AA 
Type 

Chemical Shifts 
(MAS NMR) Peak Width Residue Chemical Shifts 

(Solution NMR) 
            

  Cα 
(ppm) 

Cβ 
(ppm) 

Cα 
(ppm) 

Cβ 
(ppm)   Cα  

(ppm) 
Cβ  

(ppm) 
Asn 53.1 38.7 0.80 0.36 N255 53.3 38.7 

     N265 53.4 38.6 

     N279 53.0 38.9 

     N286 53.3 38.8 

     N296 53.3 38.6 
Asp 54.4 41.3 0.99 0.26 D295 54.6 41.1 
Leu 53.5 41.9 0.67 0.38 L215 53.0 41.8 

Asp* 53.8 41.0 0.80 0.31 D252 54.0 41.0 

     D283 53.8 41.0 

     D314 53.5 40.8 
His 55.9 30.4 0.70 0.32 H268 55.9 30.6 

     H299 55.8 30.7 
Leu 55.3 41.7 0.64 0.29 L243 55.1 42.1 

     L253 55.3 41.9 

     L266 55.4 42.1 

     L282 55.1 42.4 

     L284 55.1 41.6 

     L315 55.3 41.6 
Pro 63.0 31.9 1.04 0.44 P251 63.2 32.2 

     P216 63.0 32.0 

     P247 62.8 31.8 

     P312 62.8 32.0 

     P223 62.8 32.0 

     P233 62.8 32.0 

     P219 62.8 32.0 
Pro 62.7 32.3 0.84 0.46 P249 63.0 32.2 

     P213 63.3 32.2 

     P236 63.0 32.2 

     P301 63.6 32.0 
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     P270 63.6 32.0 
Arg 55.6 30.8 0.96 0.34 R211 56.0 30.7 

     R221 55.6 30.7 

     R230 55.6 30.7 

     R242 56.1 30.5 
Ser 58.4 63.7 0.59 0.26 S214 58.2 63.8 

     S237 58.4 63.6 

     S238 58.2 63.9 

     S241 58.4 63.6 

     S258 58.4 63.9 

     S262 58.4 63.9 

     S289 58.6 63.8 

     S293 58.4 63.9 

     S305 58.3 64.0 

     S320 58.2 64.0 

     S322 58.4 63.9 
Val 62.1 32.8 0.98 0.49 V226 61.8 32.8 

     V228 62.2 32.8 

     V229 62.1 32.6 

     V256 62.7 32.6 

     V275 62.3 32.6 

     V287 63.0 32.6 

     V306 62.3 32.8 

     V309 61.8 32.8 

     V313 62.3 32.8 

     V318 62.7 32.7 
Val 59.5 32.5 0.82 0.45 V248 59.7 32.5 

     V300 59.5 32.6 
Lys 56.4 32.8 0.60 0.38 K224 56.2 32.8 

     K225 56.1 33.1 

     K234 56.1 33.1 

     K240 56.4 32.8 

     K254 56.9 32.5 

     K257 56.4 32.9 

     K259 56.4 32.8 

     K267 56.5 32.8 

     K274 56.4 33.1 
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     K280 56.4 33.1 

     K281 56.4 32.7 

     K290 56.5 32.9 

     K294 56.6 32.8 

     K298 55.9 32.8 

     K317 56.1 32.9 

     K321 56.4 33.0 
Thr 61.7 69.8 0.34 0.97 T220 61.8 69.8 

     T245 61.5 69.8 

     T263 62.2 69.6 

     T319 61.8 70.0 
Iie 61.2 38.4 0.85 0.30 I260 61.4 38.5 

     I277 61.0 38.4 

     I278 60.8 38.6 

     I297 61.3 38.4 

     I308 61.0 38.5 
Ser 59.9 64.8 1.02 0.24 S324 59.9 64.9 
Ser 60.0 63.5 0.64 0.21 S285 59.5 63.6 

     S316 59.8 63.7 
Thr 59.7 69.5 0.84 0.38 T231 59.7 69.6 

     T212 59.9 69.8 

     T217 60.0 69.8 
Ala 52.2 19.2 0.95 0.22 A227 52.2 19.1 
Ala 53.3 18.9 0.33 0.14 A239 52.7 18.8 
Ala 50.4 18.1 0.81 0.24 A246 50.4 18.1 

Gln* 55.7 29.3 0.70 0.64 Q244	 55.9	 29.4	

	     Q276	 55.6	 29.4	

	     Q288	 56.1	 29.3	
          Q307	 55.6	 29.4	

*Peaks not displayed in Figure 3.2 because they are below the display contour 
level. 
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A227 and A239, the only two alanine residues which belong to the proline-rich 

region (PRR), show up as individual peaks, and point towards a substantial mobility of 

the PRR under these conditions.  Likewise, A246, located in the beginning of R1 

exhibits similar behavior.  L215 also belongs to the PRR and appears in the spectra as 

a distinct peak, due to the presence of a proline downstream.  The latter has a 

characteristic effect on its random coil 13C chemical shift values.23  The same 

downstream-proline-induced shift is observed for the three T(P) (threonine-proline) 

motifs in the PRR, and for two valine residues, V248 in R1 and V300 in R2, with all 

of these showing up as a weak peak.  In addition, two serine residues, S285 in R2 and 

S316 in R3, have unique chemical shifts in the solution spectrum of TauF4, and on this 

basis can be tentatively assigned in the CTUC-COSY spectrum, whereas the 

remaining eleven serine residues appear as one peak.  We also see the resonance from 

S324, the last residue of the construct, as a surprisingly strong and broad peak.  The 

line broadening suggests that this residue adopts multiple conformations and/or is 

dynamic.  The presence of these individual residues highlights the dynamic nature of 

TauF4 when bound to the MT filament.  The side chains also exhibit small chemical 

shift dispersions, and are therefore assigned by amino acid types shown in Figure 3.2a.  

Worth noticing is the presence of two distinct peaks of Ile Cβ-Cγ2, which indicates 

different local environments among the Ile residues. 

The missing residues from the spectra are marked in the sequence in Figure 

3.3; the lack of these peaks in the spectra could mean that they are rigid and have short 

T2* or that they are weak beyond detection because of conformational heterogeneity.  

Such is already the case for the unique Met250, in the first MTBR.  This absence 

correlates well with the signal weakening when entering the first repeat, which was 
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observed by solution NMR in the TauF4 fragment in complex with T2R.10  Tyr310, 

another unique residue in the third MTBR of TauF4, is absent in the present CTUC-

COSY MAS NMR spectrum of TauF4 in complex with MTs.  In the TR complex, this 

signal was severely broadened, but it became visible in the TauF4:T2R spectrum, and 

was at the center of the PHF6 fragment making the large amplitude sway movement.  

K311, as the sole lysine residue with a downstream proline, is equally absent from the 

CTUC-COSY spectrum.  The absence of peaks for these residues in the CTUC-COSY 

spectra suggests that the PHF6 hexapeptide is immobilized or disordered when on a 

straight MT surface. 

 

Figure 3.3: Residues absent from J-coupling-based 13C-13C CTUC-COSY spectra, 
marked on the TauF4 domain organization.   

Dipolar-based CORD24 spectra were also acquired at the same temperature of  

-5 oC.  As with the CTUC-COSY spectrum, we could not assign the peaks site-

specifically, and have therefore assigned the residue types; these are labeled in Figure 

3.4 and summarized in Table 3.2.  Using PLUQ,25 we have predicted the secondary 

structure of these residues to be a random coil.  Some peaks are readily recognized to 

be missing or weak beyond detection compared with the J-based CTUC-COSY data 

set.  Such is the case for L215, A227 and A239 in PRR, S285 in R2, and S316 in R3.  

More surprisingly, S324, which appears to be strong in J-based spectra, is absent from 
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the CORD spectra, highlighting the dynamic nature of the TauF4 C termini.  Cross 

peaks corresponding to residue Y310 are not present in either the J-based or the 

dipolar-based CORD spectra at -5 oC, but we observed diagonal peaks corresponding 

to the aromatic carbons Cγ, Cδ1/2 and Cε1/2 in the CORD spectra.  The neighboring 

K311 is missing as well.  Proline residues present in J-based COSY and CORD spectra 

at –5 oC are in the all-trans conformation, and we do not find peaks corresponding to 

cis-Pro in this sample, contrary to a previous report.26 

 

Figure 3.4: Two-dimensional dipolar-based 13C-13C CORD correlation MAS spectra 
of U-13C, 15N TauF4/MT complexes at -5 oC and magnetic field strength 
of 19.96 T.  Peak assignments are shown on the spectra and summarized 
in Table 3.2.  The 1D 1H-13C cross polarization spectrum is displayed as a 
top trace; chemical shifts for Cα resonances corresponding to strong cross 
peaks in the 2D spectrum are labeled. 
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Table 3.2: 13C Resonance Assignments of 2D CORD Spectra Acquired at -5 oC 

Residue 
Type Cα Cβ Cγ1 Cγ2 Cδ1 Cδ2 Cε C' Conformation 

T1 59.8 69.3  21.3     Coil 
T2 61.0 69.6  21.3     Coil 
S1 58.2 63.5       Coil 
V1 62.3 32.0 20.9*     Coil 
V2 59.6 32.2       Coil 
P1 62.9 31.7 27.2  50.5    Coil 
K1 56.1 32.5 24.6  29.0  42.0  Coil 
H1 56.0 30.4 131.8 

  
119.4 137.7  Coil 

R1 56.0 30.5 27.0 
     Coil 

Q1 55.7 29.5 33.7      Coil 
I1 60.7 38.3 27.2 17.4 12.5    Coil 
D1 53.7 40.7       Coil 
N1 52.6 38.8       Coil 
L1  41.6 26.7  23.5*   Coil/Helix 
L2  43.0 26.8      Coil 
G1 44.4       174.6 Coil 
G2 44.8       173.8 Coil 
Y310     129.6   133.4* 117.5   / 

 

The CORD spectra acquired at -8 oC are shown in Figure 3.5a.  Interestingly, 

there are many more cross peaks and generally the lines are significantly broader, both 

for backbone and sidechain carbons, than in the CORD spectra at -5 oC.  This finding 

indicates that at -8 oC, TauF4 on the MT surface is less dynamic than at higher 

temperature, thereby rendering dipolar-based transfers more efficient.  By comparison 

with the synthetic spectra generated using the Cα-Cβ chemical shifts from free TauF4 

in solution, we find that within the Cα-Cβ correlation region, the chemical shift 

dispersion agrees very well with that of free TauF4.  Moreover, the sidechain carbons 

of the same residue types also tend to have similar chemical shifts and give rise to one 

broad intense peak, suggesting similar chemical environments.  The broad peaks 
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originate from conformational heterogeneity and/or intermediate timescale motions 

present at lower temperature.  Despite the peak overlap, we were able to assign the 

spin systems, and the sidechain assignments are summarized in Table 3.3.  The 

reported shifts are measured at the center of the peaks, and represent the average shifts 

of multiple residues of the same type.  Interestingly, we can assign a second proline 

group that is absent in the CORD spectra at -5 oC.  The residues in this group are likely 

P218 and/or P232 in PRR as their chemical shifts are distinct vis-à-vis other prolines 

due to the influence of a C-terminal Pro residue (vide supra).  A Glu Cβ-Cγ cross peak, 

corresponding to Glu222 in PRR and/or Glu264 in R1, is present in the spectra at -8 
oC; this resonance was not observed in the spectra at -5 oC shown in Figure 3.4.  In 

line with J-coupling-based experiment at -5 oC, the Ile Cβ-Cγ2 cross peak also shows 

multiple features, suggesting different chemical environments.  

The cross peak of Y310 located in the paired helical filament (PHF) 

hexapeptide, is still missing in the spectra at -8 oC.  When the temperature is as low as 

-28 oC, the Cα-Cβ correlation appears in the CORD spectrum (results not shown).  

Taken together, these results suggest that Y310 is disordered, albeit it is difficult to say 

unequivocally, whether the disorder is static or dynamic. 
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Figure 3.5: Two-dimensional dipolar-based 13C-13C CORD correlation MAS spectra 
of U-13C,15N TauF4/MT complex at -8 oC and magnetic field strength of 
19.96 T.  a) Aliphatic region with synthetic peaks (orange) corresponding 
to Cα-Cβ correlations are generated using solution NMR shifts.  Sidechain 
peak assignments are labeled in blue.  Ile Cγ2-Cβ cross peak with multiple 
features is highlighted with grey box.  b), c), and d) Cα-Cβ correlations of 
residues 276-312 (orange) and 260IGSTEN265 motif (green) generated 
from solution NMR shifts mapped onto 13C-13C CORD spectra of U-13C, 
15N TauF4/MT complex.  e), f), and g) Cα-Cβ correlations of residues 
276-312 (blue) generated from SHIFTX2-predicted chemical shifts from 
the reported conformation (PDB code: 2MZ7); Cα-Cβ correlations of 
260IGSTEN265 motif (red) in turn conformation generated from SHIFTX2-
predicted chemical shifts of the I280-N285 turn from X-ray structure 
(PDB code 3MSU).  Peaks that are missing or whose shifts disagree with 
the experimental MAS NMR data are labeled in blue and red.  In the 
black and blue spectra, the contour level is set to 3X and 2X the noise 
level, respectively.   
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Table 3.3: Residue Type Assignments from 13C-13C CORD Spectra Acquired at -8 
oC 

Residue Type Cα Cβ Cγ1 Cγ2 Cδ1 Cδ2 Ce 

Pro 62.5 32.0 27.4   50.3     

Pro2 61.5 30.8 27.3   50.4     

Leu 55.1 41.6 26.6 23.1*     

Ile   38.4 27.0 17.3 12.8     

Val   32.5 20.9*       

Lys   32.7 24.7       41.7 

Glu   29.8 35.9         

Gln   29.1 33.1         

Thr   69.5 21.5         
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When TauF4 binds to a single tubulin heterodimer, a turn-like conformation 

centered on peptide 260IGSTEN265 in the middle of R1 repeat was reported to be 

present.  To investigate whether TauF4 stretches along the microtubule, adopts a turn 

structure, or is in an equilibrium between both states, we compared our experimental 

chemical shifts with the predicted chemical shifts of this stretch of residues that would 

adopt either coil or turn conformation.  We used the solution shifts of the 
260IGSTEN265 stretch from the free state, similar to the coil shifts predicted by the 

ncIDP library27 based on the primary sequence.  In parallel, the Cα, Cβ shifts of this 

peptide in a turn conformation were predicted with SHIFTX228 from the I280-N285 

motif in the citrate synthase from Francisella tularensis (PDB code 3MSU).  Shifts of 

both conformations are mapped onto our experimental CORD spectra at -8 oC in 

Figure 3.5b-g.  It is clear that the experimental chemical shifts for Tau on polymerized 

straight MT are consistent with coil conformation of this stretch, while turn 
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conformation does not appear to be adopted as predicted shifts for I260, T263 and 

E264 lie outside of the cross-peak regions in the MAS NMR spectra.  We note that the 

random coil conformation in the context of ncIDP predictions may not be a single 

conformer but may represent the ensemble average over many rapidly exchanging 

conformers.  This observation is not in contradiction with prior results from solution 

NMR on TauF4 bound to a single or two curved tubulin heterodimers.10  When tubulin 

adopts a straight conformation as in the microtubules, the sway movement proposed 

for TauF4 on T2R might contribute to straightening the tubulin molecules and 

consequently result in a more extended conformation on the microtubule surface. 

We have also examined the conformation of the MT-binding motif Tau(267-

312) in the TauF4 assembled with polymerized microtubules.  We have mapped the 

solution NMR shifts15 of this strand in free TauF4 onto the CORD MAS NMR spectra 

of TauF4 assembled on MTs recorded at -8 oC.  As shown in Figure 4b-4d, the shifts 

corresponding to most of the residues of free Tau(267-312) in solution overlay very 

well onto the experimental spectra of the TauF4/MT assembly, indicating that the 

Tau(267-312) motif adopts similar conformation(s) upon binding with polymerized 

MTs.  When we predict the chemical shifts by SHIFTX2 from the recent solution 

NMR structure of Tau(267-312) interacting with MTs (PDB code: 2MZ7) and map 

those onto the CORD spectra of TauF4/MT assembly reported here (Figure 3.5e-g), to 

our surprise, there is no agreement: peaks for 12 out of 45 residues, including G273, 

I278, N279, I282, N286, D295, I297, G303, G304, V306, I308, and Y310, map onto 

empty regions of the CORD spectrum.  These residues are spread across the sequence, 

with five of them residing in α-helixes, according to the solution NMR findings.13  

G303, G304 and V306 found to form a hairpin structure show poor agreement, too.  
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This result indicates that, when TauF4 is bound to the MT surface, it is unlikely that 

the Tau(267-312) motif adopts a unique conformation.  The presence of multiple 

conformations of Tau as an alternative to a unique conformation binding with MT was 

already mentioned in the interpretation of the solution NMR study.13  

3.3.3 Dynamics of TauF4 in Complex with Microtubules on Multiple Timescales 

The results discussed above suggest that TauF4 remains dynamic on the 

microtubule surface, and the timescales of motions are temperature-dependent.  First, 

1D 1H-13C CP and 1H-15N CP spectra of TauF4/MT complex, which are sensitive to 

dynamics on nano- to low microsecond timescales, exhibit strong temperature 

dependences, as illustrated in Figure 3.6 and Figure 3.7.  In all data sets, the sensitivity 

increases as the temperature is decreased, while the resolution deteriorates with the 

highest extent of broadening occurring at -28 oC.  Second, at -5 oC, the scalar-based 

spectra exhibit a greater number of well-resolved resonances compared with the 

dipolar-based spectra shown in Figure 3.8.  Finally, we have observed that TauF4 

exhibits considerable mobility on slower, millisecond timescales at temperatures 

higher than -8 oC, as evidenced by the loss of the 15N-13Cα SPECIFIC-CP signal. (See 

Figure 3.7.)  This loss of signal associated with dynamics has also prevented us from 

acquiring 2D and 3D heteronuclear dipolar correlation spectra.  These results indicate 

that above -8 oC, TauF4 is dynamic on timescales from nano- to milliseconds and, 

upon lowering the temperature, the protein motions are slowed and multiple 

conformers are detectable, giving rise to inhomogeneous peak broadening.  

To investigate further the extent of dynamics occurring on the time scales of 
1H-13C cross polarization, we have acquired 13C direct-excitation experiments as a 

function of temperature; these are shown in Figure 3.9.  In the range of -5 oC to 10 oC, 
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the overall direct-excitation spectral envelope is similar to that in CPMAS spectra, 

with CPMAS spectra being broader.  Furthermore, the sensitivity of the CPMAS 

experiment is lower compared with that of the direct-excitation measurement.  These 

observations indicate that i) a significant fraction of the protein is mobile, giving rise 

to signal in the direct-excitation spectra; ii) a fraction of the protein is rigid on these 

timescales, resulting in the CP-based signal.  Interestingly, unlike CPMAS spectra, the 

resolution and sensitivity of direct-excitation spectra are not temperature-dependent.   
  



  

 82 

 

Figure 3.6: Temperature dependence of 1D 1H-13C cross-polarization (CCP) spectra 
of U-13C,15N-TauF4/MT complex, displayed for carbonyl, aromatic, and 
aliphatic regions.  The spectra are scaled to the same number of scans.  
Note that the signal-to-noise ratio increases as the temperatures 
decreases. 
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Figure 3.7: Temperature dependence of 1D 1H-15N cross-polarization (NCP) and 1D 

15N-13Cα SPECIFIC-CP (DCP) spectra of U-13C, 15N-TauF4/MT 
complex. 
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Figure 3.8: Comparison of 1D a) 1H-13C INEPT, b) 13C single pulse, c) 1H-13C CP 
with 13C single pulse excitation and d) 1H-13C CP spectra of U-13C, 15N-
TauF4/MT complex at -5 oC, displayed for carbonyl, aromatic, and 
aliphatic regions. 
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Figure 3.9: Temperature dependence of 1D single pulse excitation 13C NMR spectra 
of U-13C, 15N-TauF4/MT complex, displayed for carbonyl, aromatic, and 
aliphatic regions.  The spectra are scaled to the same number of scans. 

Additional information on the motional modes of TauF4 bound to polymerized 

MTs comes from the qualitative analysis of 1H-13C cross polarization dynamics.  In 

Figure 3.10, the magnetization is plotted as a function of CP contact time.  Note that 

such analysis is qualitative as it is performed assuming a greatly simplified model 

including no loss of magnetization to other processes.  The time constant TCH 

describes the buildup of magnetization and is sensitive to the protein motions.  Short 

and long TCH correspond to restricted and mobile groups, respectively.  THH, also 



  

 86 

written as 1H T1ρ, characterizes the decay of the magnetization in the latter part of the 

profile due to the decay of spin locked 1H nuclei in the rotating frame.  By fitting these 

curves, we obtain the THH and TCH values, summarized in Table 3.4.  The results 

indicate that at -18 oC and -8 oC, the CP buildup is characterized by a single TCH of 

0.05 ms, corresponding to an average dipolar coupling constant of 20 kHz.  At these 

temperatures, the TauF4 motion is restricted.  At -5 oC and above, the magnetization 

buildup times increase, and fitting the curves requires a second TCH’ around 0.5 to 0.8 

ms, which corresponds to a faster motion with an average dipolar coupling of 1 - 2 

kHz.  This temperature appears to be associated with a transition in the dynamic 

behavior.  Important to note is that the restricted motion characterized by the TCH of 

0.05 ms is also present throughout the entire temperature range of -18 oC to 10 oC 

where the experiments were conducted, albeit its population monotonically decreases 

as a function of temperature.  The observed dynamic profiles consisting of two 

pronounced environments, restricted and mobile, appear to be unique vis-à-vis other 

proteins, including microtubule-associated protein CAP-Gly as well as its complex 

with EB1 and assembly with polymerized microtubules studied by us previously.29  

We speculate that this behavior may be closely related to Tau being intrinsically 

disordered.  
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Figure 3.10: Normalized magnetization in 1H-13Cα cross-polarization experiments 
acquired for a series of temperatures as a function of variable contact 
times at -18, -8, -5, -3, 2, and 10 oC.  Experimental data are shown as 
filled circles; best-fit curves are shown as solid lines.  
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Table 3.4: Summary of Parameters of 1H-13Cα Cross Polarization Dynamics 

T/oC THH/ms TCH1/ms Percentage TCH’/ms Percentage 

10 6.7 0.06 46.2% 0.47 53.8% ±0.5 ±0.009 ±0.08 

2 8.1 0.05 58.7% 0.82 41.3% 
±1.1 ±0.004 ±0.2 

-3 5.5 0.05 61.0% 0.50 39.0% 
±0.7 ±0.009 ±0.2 

-5 
5.1 0.05 

66.3% 
0.79 

33.7% ±1.0 ±0.006 ±0.4 

-8 
3.8 0.05 

100.0% N/A 0% ±0.1 ±0.001 

-18 5.3 0.05 100.0% N/A 0% ±0.5 ±0.005 
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Another NMR parameter that reports on the nano- to microsecond timescale 

dynamics is the 1H-13Cα dipolar interaction, which can be measured site specifically 

using methods developed by us and by others.19,30-37  The presence of motions 

occurring on the timescales of dipolar coupling dynamically average the dipolar tensor 

to a reduced value.  To determine the 1H-13Cα dipolar interactions in TauF4 as a 

function of temperature, we have employed  RN symmetry sequences35,36 incorporated 

into 2D sequences (we could not conduct 3D experiments in a residue-resolved mode 

because the 15N-13C double CP experiment could not be executed, as discussed in the 

preceding sections).  There is considerable overlap in the corresponding 2D spectra.  

Despite this overlap, we have been able to extract dipolar lineshapes for four Cα peaks: 

62.9 ppm, 62.4 ppm, 56.1 ppm, and 55.7 ppm.  Each peak at the above four chemical 

shifts corresponds to strong cross peaks in the CORD spectra at -5 oC (see Figure 3.4).  

The lineshapes are shown in Figure 3.11, and the corresponding dipolar coupling 

constants are summarized in Table 3.5.  At the temperatures of -8 oC, -18 oC and -28 
oC the average dipolar couplings are very similar: 18.3 kHz, 18.3 kHz and 18.7 kHz, 

respectively.  These dipolar coupling constants translate into dipolar order parameters 

of 0.81, 0.81 and 0.83, indicating that the dynamics are restricted under these 

conditions.  If the internal mobility of the backbone is treated according to the 

diffusion-in-a-cone model,38 these order parameters translate into the diffusion cone 

angles between 19.7o and 20.9o, corresponding to small-amplitude motions.  At 

temperatures above -8 oC, the dipolar lineshapes become considerably narrower, and a 

strong central peak emerges, whereas the intensity of the broad component is greatly 

attenuated.   
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Figure 3.11: 1H-13Cα dipolar lineshapes extracted at chemical shifts corresponding to 
strong cross peaks in 13C-13C CORD spectrum of U-13C, 15N TauF4/MT 
complex, recorded at various temperatures ranging from -28 oC to 2 oC.  
The experimental and simulated lineshapes are shown as solid black and 
dashed orange lines, respectively. 

Table 3.5: 1H-13Cα Dipolar Coupling Constants for Four Sites Corresponding to 
Strong Crosspeaks Observed in 2D CORD Spectra Acquired at -5 oC. 

1H-13C Dipolar Coupling Constant (kHz) 
Freq. /ppm -28 oC -18 oC -8 oC 
62.9 18.3 18.1 18.1 
62.4 18.6 18.3 18.3 
56.1 18.8 18.0 18.3 
55.7 19.3 18.7 18.6 



  

 91 

For the temperatures of -8 oC and below, we have extracted dipolar lineshapes 

and calculated corresponding order parameters for the region containing Cα chemical 

shifts (50.0 - 64.0 ppm).  The results are summarized in Table 3.6.  Interestingly, the 

order parameters are overall very similar (the average value is 0.82±0.01) and indicate 

restricted dynamics.  The stability of the complex subjected to magic angle spinning 

and temperature cycling is checked by a 1D carbon cross-polarization acquired before 

and after experiments as shown in Figure 3.12.  The complex is surprisingly stable, as 

demonstrated by the consistent sensitivity and resolution before and after MAS.  

 

Figure 3:12: 1D 1H-13C cross polarization (CP) spectra of U-13C, 15N-TauF4/MT 
complex before and after freezing, displayed for carbonyl, aromatic, and 
aliphatic regions. 
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Table 3.6: 1H-13C Dipolar Order Parameters of Backbone Cα in TauF4/MT 
Assemblies at Different Temperatures. 

1H-13C Dipolar Order Parameter S 
Freq. /ppm -28 oC -18 oC -8 oC Freq. /ppm -28 oC -18 oC -8 oC 

63.9 0.90 0.79 0.74 57.9 0.83 0.83 0.82 
63.7 0.84 0.78 0.73 57.8 0.83 0.82 0.83 
63.6 0.81 0.74 0.74 57.6 0.82 0.81 0.82 
63.4 0.81 0.78 0.78 57.4 0.81 0.81 0.81 
63.2 0.84 0.82 0.79 57.3 0.81 0.81 0.82 
63.1 0.83 0.79 0.79 57.1 0.82 0.79 0.81 
62.9 0.81 0.80 0.80 56.9 0.82 0.79 0.80 
62.7 0.81 0.82 0.79 56.8 0.82 0.80 0.82 
62.5 0.82 0.81 0.79 56.6 0.82 0.81 0.83 
62.4 0.82 0.81 0.81 56.4 0.82 0.80 0.83 
62.2 0.81 0.81 0.82 56.2 0.83 0.79 0.82 
62.0 0.81 0.81 0.79 56.1 0.83 0.79 0.81 
61.9 0.81 0.80 0.80 55.9 0.83 0.81 0.81 
61.7 0.82 0.80 0.80 55.7 0.85 0.82 0.82 
61.5 0.82 0.81 0.81 55.6 0.84 0.82 0.81 
61.4 0.83 0.80 0.82 55.4 0.83 0.82 0.81 
61.2 0.83 0.79 0.82 55.2 0.83 0.81 0.81 
61.0 0.82 0.80 0.81 55.1 0.82 0.81 0.81 
60.8 0.82 0.82 0.81 54.9 0.82 0.82 0.82 
60.7 0.82 0.82 0.81 54.7 0.83 0.83 0.82 
60.5 0.82 0.82 0.81 54.5 0.83 0.82 0.82 
60.3 0.82 0.80 0.82 54.4 0.82 0.82 0.81 
60.2 0.81 0.79 0.83 54.2 0.82 0.81 0.82 
60.0 0.81 0.80 0.83 54.0 0.81 0.81 0.83 
59.8 0.81 0.81 0.83 53.9 0.82 0.83 0.82 
59.7 0.82 0.80 0.83 53.7 0.83 0.83 0.81 
59.5 0.82 0.78 0.83 53.5 0.83 0.81 0.82 
59.3 0.81 0.79 0.83 53.4 0.82 0.81 0.82 
59.1 0.82 0.81 0.82 53.2 0.82 0.81 0.84 
59.0 0.82 0.82 0.82 53.0 0.82 0.81 0.82 
58.8 0.82 0.82 0.83 52.8 0.82 0.82 0.81 
58.6 0.82 0.81 0.83 52.7 0.82 0.82 0.83 
58.5 0.82 0.81 0.83 52.5 0.83 0.81 0.82 
58.3 0.82 0.81 0.83 52.3 0.83 0.82 0.80 
58.1 0.83 0.82 0.82 50.5 0.82 0.78 0.82 
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3.4 Discussion  

Our results indicate that TauF4 likely does not fold into a well-defined 

structure upon binding to polymerized microtubules, and appears to retain its IDP 

character, which may be advantageous for the diffusion of Tau along the microtubule 

surface.39  Secondary structure analysis suggests TauF4 in complex with a MT adopts 

an average random coil assembly over exchanging conformations.  At temperatures 

above -8 oC, TauF4 retains flexibility upon binding with MTs, over timescales from 

nano- to milliseconds, as evidenced by a limited number of resonances in the dipolar- 

based CORD spectra, numerous strong peaks in scalar-based correlation spectra, 

reduced 1H-13C dipolar coupling constants, and cross polarization dynamics.  

Interestingly, no major structural perturbations are associated with the binding of 

TauF4 to microtubules, as the chemical shifts of the bound and the free state in 

solution are very similar.  This fact suggests an electrostatic interaction to be a main 

driving force for the binding of TauF4 to polymerized microtubules, in agreement with 

prior findings for TauF4 bound with T2R.10  

The 260IGSTEN265 motif in the R1 repeat, which adopts a characteristic U-turn 

conformation when bound to a single tubulin heterodimer,10 does not adopt this 

particular conformation when TauF4 interacts with the straight MT surface.  It is 

already the case when TauF4 interacts with T2R.10  The PHF6 peptide at the C-

terminus of TauF4, which shows increased mobility when bound with T2R, is either 

static or dynamically disordered in the complex of TauF4 with polymeric 

microtubules.  

The lack of a well-folded structure in TauF4 bound to polymerized 

microtubules is directly correlated with its unusual mobility occurring on timescales of 

nano- to milliseconds.  These dynamics are observed in multiple experiments.  From -
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28 oC to -8 oC, TauF4 motions are mainly restricted to timescales of nano- to 

microseconds.  A unique observation is the sharp protein dynamics transition between 

-8 oC to -5 oC, during which TauF4 becomes highly mobile on the surface of MTs.  

Such hierarchical protein dynamics within a wide range of temperatures (from 160 K 

and below to 250K and above) has been recently described by Lewandowski et al.40  

Our results reveal a dynamics transition occurring at -5 oC, associated with large-scale 

motions occurring on slower timescales.  We speculate that this extensive mobility is 

an essential attribute of Tau’s function of regulating the microtubule assembly 

dynamics and is necessary for the efficient sampling of microtubule surface by Tau. 

3.5 Conclusions 

In this study, we demonstrate, using MAS NMR spectroscopy, that TauF4 does 

not undergo a disorder-to-order transition upon microtubule binding, does not adopt a 

single folded structure, but remains disordered.  Moreover, TauF4 displays unusual 

dynamic behavior on timescales from nano- to milliseconds, and is strongly 

temperature-dependent.  Remarkably, due to the dynamic nature of the Tau/MT 

assembly, the binding to polymerized MTs does not induce chemical shift 

perturbations in the residues at the interface or distal residues (no allosteric effects) 

suggesting electrostatic interactions as the main driving force for the tight interaction 

between Tau and microtubules.  Our MAS NMR approach for atomic-resolution 

analysis of structure and dynamics of Tau assembled with polymeric microtubules is 

applicable to other microtubule-associated proteins possessing intrinsic disorder.  

More broadly, MAS NMR spectroscopy can be used to study assemblies of other IDPs 

with their folded partners, which are important for a variety of biological processes.  
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STRUCTURAL STUIDES OF KIF5B MOTOR DOMAIN IN COMPLEX WITH 
MICORTUBULES BY MAS NMR2 

4.1 Introduction  

 

Conventional kinesin (also referred to as kinesin), the first member of the 

kinesin superfamily to be discovered, is a microtubule-associated motor protein that 

drives microtubule plus-end transport toward the periphery of the cell.1  Due to its 

important roles in cell mitosis and intracellular transport, kinesin is an emerging target 

for the development of anti-cancer therapeutics.2  Moreover, kinesin is a highly 

processive motor protein and serves as a chemomechanical model for understanding 

molecular motor movement.  Therefore, understanding the structural and dynamic 

bases of its interaction with microtubules is critical to unraveling kinesin’s biological 

mechanism.   

The structures of kinesin in different nucleotide states at atomic resolution are 

indispensable to understanding the stepping mechanism of the protein along 

microtubules.  The structure of kinesin bound to an α/β tubulin heterodimer in free and 

ATP-binding states has recently been determined by X-ray crystallography.3,4  Cryo-

                                                
 

2  The study presented in this chapter was conducted in collaboration with 
Professor John C. Williams from the Beckman Research Institute of City of Hope and 
Dr. Antonina Roll-Mecak from National Institutes of Health. 
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electron microscopy (cryo-EM) also has been successfully applied in the structural 

determination of the kinesin motor domain in complexes with polymeric microtubules 

in all nucleotide-binding states with a resolution of 5 ~ 9 Å.5-7  Despite existing studies 

by X-ray crystallography and cryo-EM, critical dynamics information underlying 

kinesin subdomain reorientation and domain movement is lacking.  Knowledge of 

dynamics is crucial for understanding long-range transport mediated by local motions 

within the motor.  To answer these questions, we have pursued MAS NMR 

characterization of kinesin’s structure and dynamics on microtubules.  In this chapter 

we describe the foundational studies that established the feasibility of MAS NMR 

analysis of kinesin/microtubule assemblies at atomic resolution.  Specifically, we 

discuss the sample preparation protocols of kinesin//MT complexes compatible with 

MAS NMR spectroscopy.  We present preliminary structural studies of kinesin/MT 

complexes in the nucleotide-free and ADP-bound states.  This is the first atomic-level 

study of a kinesin motor protein-microtubule complex by MAS NMR.  

4.2 Materials and Methods 

The conventional kinesin Kif5b motor domain construct includes N-terminal 

residues 1-349 consisting of the highly conserved motor domain and the neck linker.  

Kif5b is a monomer, with a molecular weight of 39.3 kDa.  The primary sequence and 

secondary structure as determined by X-ray crystallography are shown in Figure 4.1.  

This work represents the first successful expression and purification of Kif5b (1-349) 

for MAS NMR characterization.  
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Figure 4.1: The primary sequence of the first 349 amino acids of human kinesin 
Kif5b containing the conserved motor domain (1-349).  The secondary 
structure, as determined by X-ray crystallography, is indicated from 
residue 3 to residue 325 (PDB ID code: 1BG2).  Yellow, dark blue, and 
light blue represent random coil, β sheet, and α helix secondary 
structures, respectively.  Residues 325 to 349 are missing in the X-ray 
structure.  

4.2.1 Materials 

Common chemicals were purchased from Fisher Scientific or Sigma-Aldrich. 
15NH4Cl, U-13C6 glucose, U-13C6, D7 glucose, and 99.8% D2O were purchased from 

Cambridge Laboratories, Inc.  EDTA-free protease inhibitor tablets were obtained 

from Roche.  Chromatographic columns were purchased from GE Healthcare.  

Lyophilized bovine brain tubulin was purchased from Cytoskeleton, Inc.  Paclitaxel 

(taxol) was purchased from Alexis.  Guanosine triphosphate (GTP) was purchased 

from MP Biomedicals.  Four hundred mesh copper grids coated with formvar and 

stabilized with evaporated carbon films were purchased from Electron Microscopy 

Science.  

The human Kif5b motor domain construct optimized for expression in E.coli 

BL21 (DE3) was prepared by our collaborator Professor John C. Williams at the 
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Beckman Institute of City of Hope.  This construct contains Kif5b motor domain (1-

349) with a His6-SMT3 Tag fused to the N-terminus (in the form of His6-SMT3-

Kif5b).  The His6-Ulp1 protease construct was provided by Dr. Christopher Lima from 

the Weill Medical College at Cornell University.  

4.2.2 Expression of Isotopically Labeled Kif5b (1-349) 

 U-13C, 15N-enriched Kif5b was prepared according to the method described by 

Marley et al.8  In brief, E. coli cells containing the recombinant protein construct were 

cultured in 2 L of fresh Luria broth (LB) medium supplemented with 0.03 mg/mL of 

kanamycin, and grown at 35 – 37 oC in an incubator shaker.  When the OD600 reached 

1.2 – 1.6, cells were pelleted down by centrifugation at 4,000 g for 25 min, followed 

by washing with M9 minimal media containing no nitrogen or carbon sources.  After 

pelleting again, cells were resuspended in 1 L of M9 minimal medium containing 2 g 

of 15NH4Cl, 4 g of U-13C6 glucose (for 15N-enriched Kif5b, natural abundance D-

glucose was used instead), basal vitamins, 0.1 mM CaCl2, and 2 mM MgSO4.  Cells 

were incubated for 1 hour at 25 oC, after which IPTG was added to a final 

concentration of 0.8 mM for induction.  Protein expression proceeded overnight at 25 
oC and cells were harvested by centrifugation at 4,000 g for 25 min at 4 oC and the cell 

pellet was resuspended in 1x PBS buffer and stored at -80 oC. 

U-2H,13C,15N-Kif5b was expressed in M9 media prepared in 99.8% D2O and 

supplemented with U-13C6, D7 glucose and 15NH4Cl.  Cells were first grown in 25 mL 

of LB media overnight at 37 oC.  Cells were then harvested and resuspended in 50 mL 

M9 minimal media (in H2O) to give a starting OD of about 1.  After growth at 37 oC to 

an OD of ~1.5, cells were pelleted down by centrifugation at 4,000 g for 20 mins, 

followed by resuspension in 75 mL of M9 media (in 70% D2O).  When the OD 
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reached ~2.9, cells were harvested at 4,000 g for 20 min and transferred into 150 mL 

M9 media (99.8% D2O).  Natural abundance D-glucose and 15NH4Cl were used as the 

carbon and nitrogen sources in all the M9 minimal media for the adaptation steps 

described above.  After growth overnight, the cells were pelleted and transferred into 

900 mL of minimal media (99.8% D2O).  The induction culture was incubated at 37 oC 

until the OD reached 1.1, at which point the temperature of the shaker was lowered to 

18 oC for expression.  When the OD reached ~1.2 expression was induced with IPTG 

at a final concentration of 0.8 mM.  Expression proceeded for 20 hrs at 18 oC and cells 

were harvested at 4,000 g for 30 min, and stored at -80 oC.  

4.2.3 Purification of Isotopically Labeled Kif5b (1-349) 

Natural abundance, U-15N-enriched, U-13C,15N-enriched and U-2H,13C,15N-

enriched Kif5b were purified according to the same protocol.  Cells were thawed on 

ice, followed by the addition of one tablet of EDTA-free protease inhibitor and DTT 

(200 mM) to a final concentration of 1 mM.  The cells were lysed by homogenization 

under the pressure of 10 psi for 14–16 cycles at 4 oC, and the cell debris was pelleted 

by centrifugation at 15,000 rpm (27,000 g) for 30 min at 4 oC.  The supernatant was 

filtered through a 0.2 mm filter and applied to a 5 mL HisTrap Ni-affinity column.  

Subsequently, the target recombinant protein was eluted with a 120 to 240 mM 

imidazole gradient (1x PBS, 1 mM DTT, pH 7.4).  Fractions containing the target 

protein were combined and incubated overnight with the His6-Ulp-1 enzyme to cleave 

the His6-SMT3-tag.  Subsequently, imidazole was diluted (to less than 10 mM) by 

diafiltration over a 30 kDa membrane in an Amicon stir unit (from EMD Millipore).  

The resulting solution was loaded onto a 5 mL HisTrap Ni-affinity column after 

clarification by centrifugation at 4,000g for 10 mins.  Kif5b was eluted with 80 mM 
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imidazole buffer.  The protein was exchanged into PIPES buffer (25 mM PIPES, 1 

mM EGTA, 1 mM MgCl2, 1 mM DTT, 200 mM KCl, pH 6.8).  The purity of the 

protein was assessed by SDS-PAGE gel, as shown in Figure 4.2.  

 

Figure 4.2: Purification of Kif5b motor domain characterized by SDS-PAGE gel. 
Lane 1: before cell induction; 2: after protein expression; 3: cell lysate; 4: 
combined fractions from the first HisTrap column; 5: cleavage of His6-
SMT3-tag by Ulp-1 protease; 6: combined fractions from the second 
HisTrap column; 7: His6-SMT3-tag; 8: molecular weight marker.  

The typical yield for natural abundance Kif5b from LB rich media is about 5 

mg/L.  For uniformly 15N-labelec and for 13C, 15N doubly labeled Kif5b, the yield is 

about 8-10 mg/L in M9 minimal media.  The yield of perdeuterated 13C, 15N-Kif5b is 

around 3-4 mg/L in D2O M9 minimal media. 
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4.2.4 Preparation of Kif5b for Solution NMR  
15N-Kif5b was expressed and purified according to the protocol described 

above.  15N-Kif5b was prepared with two different buffer conditions for solution NMR 

studies.  The Tris buffer (pH = 6.3) contained 50 mM Tris 

(Tris(hydroxymethyl)aminomethane), 100 mM NaCl, 1 mM EDTA, 1 mM DTT, and 

the PIPES buffer (pH = 6.8) contained 25 mM PIPES, 1 mM EGTA, 1 mM MgCl2, 1 

mM DTT, 200 mM KCl.  About 500 µL sample containing 2.9 mg of 15N-Kif5b with a 

final concentration of 0.15 mM and 50 µL D2O (10%) was used for solution NMR 

measurements.  

4.2.5 Preparation of Paclitaxel-Stabilized Microtubules  

Lyophilized tubulin was dissolved in BRB80 buffer (80 mM PIPES, 1 mM 

MgCl2, 1 mM EGTA, pH 6.8), and clarified with ultracentrifugation at 100,000 rpm 

(435,400 g) for 10 minutes, in a Beckman Coulter Optima MAX-XP ultracentrifuge 

with a TLA 120.2 rotor.  The resulting tubulin supernatant was polymerized in the 

presence of 25 µM paclitaxel by addition of an equal volume of 2x polymerization mix 

buffer (2 mM GTP, 160 mM PIPES, 20% (v/v) DMSO).  After incubation for 30 

minutes at 37 oC, the supernatant and pellet were separated by centrifugation at 40,000 

rpm (108,900 g) for 10 min.  The pellet containing paclitaxel-stabilized microtubules 

was saved and resuspended gently to a desired concentration for subsequent studies.  

The concentration of paclitaxel used for stabilizing microtubules in solution was 

typically 20-25 µM.  

4.2.6 Cosedimentation Assay  

MT filaments were prepared according to the protocol described above.  Kif5b 

stock solution was clarified at 100,000 rpm (435,400 g) for 10 minutes before use.  
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Generally, Kif5b and MT stocks were co-incubated for about 30 minutes to form the 

Kif5b/MT complex.  Subsequently the supernatant and pellet were separated by 

ultracentrifugation at 40,000 rpm (108,900 g).  Aliquots of the supernatant (S) and 

pellet (P) were loaded onto SDS-PAGE gel for electrophoresis analysis.   

To determine the optimum ratio of Kif5b to MTs for efficient binding, MTs 

were freshly prepared and mixed with various concentrations of Kif5b to final 

Kif5b/MTs ratio of 1:1, 2:1, and 11:1.  The final concentration of MTs was 11 µM for 

all trials, and the final Kif5b concentrations were 12.7 µM, 25.4 µM and 127 µM, 

respectively.  The optimal binding ratio was found to be 2:1, as further discussed 

below.  

To assess the effects of different nucleotides on binding, a Kif5b:MT molar 

ratio of 2:1 was used with final concentrations of MTs and Kif5b of 11 µM and 25.4 

µM, respectively.  The final concentration of nucleotide (ATP or AMP-PNP) was 2 

mM.  For the semi-quantitative analysis of Kif5b binding with MTs in the presence of 

1 mM ADP, the final concentrations of Kif5b and MTs used were 18 µM and 5 µM, 

respectively, to reach a final molar ratio of 3.6 during incubation.  The binding of 

Kif5b/MTs in the presence of 10% sucrose was also examined.  A 50% (w/v) sucrose 

stock was added to the Kif5b/MT complex suspension to reach a final concentration of 

10%.  The final concentrations of Kif5b and MTs used were 37.4 µM and 18.2 µM 

with a molar ratio close to 2:1.  

4.2.7 Morphological Characterization of Microtubules and Kif5b/MT 
Complexes  

The morphology of microtubules and Kif5b/MT complexes was characterized 

by transmission electron microscopy (TEM).  TEM analysis was performed with a 
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Zeiss Libra 120 transmission electron microscope operating at 120 kV.  Samples of 5–

10 µM microtubules or complexes were stained with uranyl acetate (5% w/v), 

deposited onto 400-mesh, formvar/carbon-coated copper grids and air-dried for 40–60 

min.  

4.2.8 Preparation of U-13C,15N-Kif5b/Microtubule Assemblies for MAS NMR 
Studies 

In total, six batches of Kif5b/MT assemblies were prepared for MAS NMR 

studies.  The NMR samples were prepared by cosedimentation following a general 

protocol.  The rotor packing procedures for NMR samples were modified for each 

sample with respect to the centrifugation speed, centrifugation time, packing method, 

and sucrose conditions.  Details for individual sample preparations are summarized in 

Table 4.1.  

Paclitaxel-stabilized microtubules were freshly prepared with 14 mg of bovine 

tubulin, according to the protocol described above.  The polymeric microtubules were 

gently resuspended with U-15N,13C kinesin stock solution with 25 µM paclitaxel for 

stabilization of MTs.  The mixture was incubated at room temperature for 30 min 

followed by ultracentrifugation at 60,000 rpm (156,800 g) for 15 min.  The 

centrifugation step was repeated in seven increments, and the supernatant was 

removed after each step, to collect the total sample into a single centrifuge tube.  The 

pellet was transferred into Bruker thin wall 3.2 mm rotor.  42 mg of hydrated U-
15N,13C Kif5b/MT complexes were packed per rotor.   
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Table 4.1: Summary of Sample Preparation Details for Kif5b/MT Complex 

Number	 Sample	
Rotor	size	
(mm)	

	Centrifugation	
Speed	for	Packing	

(RCF)	
Centrifugation	

Time	 Sucrose	 ADP	 Packing	method	
Spectra	
Quality	

Sample	
Stability	

1	 15N-Kif5b/MT	
3.2	

(regular)	 108,900	g	 10	mins*4	 N	 N	 Pipette	tips	
High	

resolution	 Stable	

2	

13C,	15N-
Kif5b/MT	

3.2	
(regular)	 108,900	g	 10	mins*4	 N	 N	 Pipette	tips	

High	
resolution	 Stable	

3	

13C,	15N-
Kif5b/MT	

3.2	(thin	
wal)	 156,800	g	 10	mins*7	 N	 N	 Pipette	tips	

High	
resolution	 Stable	

4	

13C,	15N-
Kif5b/MT	 1.3	 352,700	g	 2	hrs	 Y	 N	 Pipette	tips	

High	
resolution	

Rotor	
crashed	
overnight	

5	

2H,	13C,	15N-
Kif5b/MT	 1.9	 352,700	g	 2	hrs	 Y	 N	 Pipette	tips	

High	
resolution	

Deteriorated	
over	MAS	

6	

13C,	15N-
Kif5b/MT	 1.9	 352,700	g*	 1	hr	 Y	 N	

Rotor	packing	
tool**	

Low	
resolution	 -	

7	

13C,	15N-ADP-
Kif5b/MT	 1.9	 435,400	g	 1	hr	 Y	 Y	 Pipette	tips	

Low	
resolution	 -	

8	

13C,	15N-ADP-
Kif5b/MT	 1.9	 352,700	g	 1	hr	 Y	 Y	

Rotor	packing	
tool*	

Low	
resolution	 -	

*Done in a swing bucket ultracentrifuge (Colburn Laboratory), 4/7 indicates the number of steps/aliquots to combine the 
sample into a single centrifuge tube  
**A 1.9 mm rotor packing tool originally designed by Prof. Patrick Van der Wel from the University of Pittsburgh with 
slight modification by our lab.  
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Table 4.1: Summary of Sample Preparation Details for Kif5b/MT Complex 
(continued) 

 

Number	 Sample	

Concentration	

of	Kif5b	stock	

(mg/mL)	

Tubulin	dimer	

concentration	(mg/mL)	

Kif5b/MT	

molar	ratio	

Total	

Sample	

Mass	

(mg)	

Estimated	

Mass	

Labled	

Kif5b	

(mg)	

1	
15
N-Kif5b/MT	 2.86	 2.50	 3.20	 28.80	 1.60	

2	
13
C,

	15
N-Kif5b/MT	 3.20	 2.50	 3.58	 27.10	 1.40	

3	
13
C,

	15
N-Kif5b/MT	 2.80	 2.50	 3.13	 42.00	 2.70	

4	
13
C,

	15
N-Kif5b/MT	 3.64	 2.50	 4.08	 4.40	 0.90	

5	

2
H,	

13
C,	

15
N-

Kif5b/MT	 2.30	 3.30	 1.95	 10.00	 1.40	

6	
13
C,

	15
N-Kif5b/MT	 2.84	 4.00	 1.99	 16.00	 1.90	

7	

13
C,

	15
N-ADP-

Kif5b/MT	 3.60	 2.50	 4.03	 8.90	 1.40	

8	

13
C,

	15
N-ADP-

Kif5b/MT	 2.84	 4.00	 1.99	 16.10	 1.80	

 

4.2.9 Preparation of ADP U-13C, 15N Kif5b/MT Assemblies for MAS NMR 
Studies 

An ADP stock solution (40 mM) was added to the Kif5b stock solution (91.6 

µM) in a buffer (25 mM PIPES, 1 mM EGTA, 1 mM MgCl2, 100 mM KCl, 1mM 

DTT, pH 6.8) to reach a final concentration of 1 mM ADP, and was stored on ice at 

4oC overnight.  The ADP-Kif5b/MT complex was prepared following the protocol 

described above. 

4.2.10 Solution NMR Experiments 

Two-dimensional 1H-15N HSQC spectra of 15N-Kif5b were acquired on a 14.1 

T Bruker AVANCE spectrometer equipped with a triple-resonance inverse detection 

(TXI) probe.  The Larmor frequencies were 600.1 MHz (1H) and 60.8 MHz (15N).  The 

sample temperature was maintained at 4oC.  
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4.2.11 MAS NMR Experiments 

MAS NMR spectra of U-13C,15N-Kif5b/MT were acquired on a 19.96 T Bruker 

AVANCE III instrument with a 3.2 mm EFree HCN probe.  The Larmor frequencies 

were 850.4 MHz (1H), 213.8 MHz (13C), and 86.2 MHz (15N).  The MAS frequency of 

14 kHz was maintained within ±10 Hz by a Bruker MAS controller.  The temperature 

was calibrated for this probe with KBr9 and the sample temperature was maintained 

within ± 0.5 oC in all experiments using a Bruker temperature controller. 

The typical 90o pulse lengths were 2.9-3.0 µs for 1H, 3.0-3.2 µs for 13C, and 

4.0-4.2 for 15N.  The 1H-13C and 1H-15N cross polarization (CP) step employed a linear 

amplitude ramp of 80-100%, and a 1H RF field of 86 kHz.  The center of the ramp on 

the 13C or 15N was matched to the first spinning sideband of the Hartmann-Hahn 

condition.  1D 1H-15N CP spectra were acquired at 27 oC, 22 oC, 17 oC, 12 oC, and 7 
oC.  For CORD (combined R2n

v-driven) 13C-13C correlation experiments, RF fields of 

14 kHz and 7 kHz on the proton channel were used during the CORD mixing time (50 

ms).  In the NCA experiment, magnetization was transferred from 15N to 13Cα using a 

4.9 ms SPECIFIC-CP sequence with a tangent amplitude ramp (90%-110%), and RF 

field strengths of 48 kHz, 36 kHz and 85 kHz for 15N, 13C, and 1H channels, 

respectively.  A 1H decoupling field strength of 80-90 kHz was used during acquisition 

for all heteronuclear-detected experiments.  

Proton-detected MAS NMR spectra of the U-13C,15N-Kif5b/MT complexes 

were acquired with a 1.3 mm HCN probe on the same 19.96 T Bruker AVANCE III 

spectrometer at an MAS frequency of 60 kHz.  Sample temperature was maintained at 

17 oC (which accounted for an additional 40 oC heating from MAS).  A 90o pulse of 

1.72 µs was used on the proton channel.  In the 2D proton-detected heteronuclear 

correlation (NH-HETCOR) experiment, a tangent amplitude ramp of 90-110% was 
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employed during cross polarization.  The 1H RF field was 156 kHz and the 15N field 

was 99 kHz at the center of the ramp.  Low power saturation (5 kHz) was applied for 

water signal suppression.  A 1H decoupling power of 15 kHz was used during 

acquisition.  

Proton-detected NH-HETCOR spectra of perdeuterated U-13C,15N,2H-Kif5b in 

complex with microtubules were acquired with a 1.9 mm HCN probe at an MAS 

frequency of 40 kHz.  The sample temperature was maintained at 17 oC (which 

includes 40 oC additional heating from MAS).  A 3.3 µs 1H 90o pulse was used.  1H-
15N cross polarization employed a tangent amplitude ramp of 90-110%, the 1H RF 

field was 57 kHz and the 15N RF field was 88 kHz at the center of the ramp.  

MAS NMR spectra of ADP-U-15N,13C-Kif5b/microtubule complex were 

acquired with a 1.9 mm HCN probe at an MAS frequency of 14 kHz.  The sample 

temperature was first maintained at 17±0.3 oC and then lowered to -21±0.3 oC.  

Typical 1H, 13C, and 15N 90o pulses of 3 µs, 3 µs, and 3.6 µs were applied.  The 1H-13C 

and 1H-15N CP spectra were recorded with a linear amplitude ramp of 80-100% and 

the 1H RF field were set to 69 and 62 kHz respectively.  The center of the ramp on the 
13C or 15N was Hartmann-Hahn matched to the first spinning sideband.  Homonuclear 

CORD and heteronuclear NCA and NCO correlation spectra were acquired with the 

previously described experimental parameters.  

4.3 Results and Discussion 

4.3.1 Solution NMR Studies of U-15N-Kif5b 

Prior to MAS NMR studies of Kif5b, we have performed its solution NMR 

characterization, to corroborate that the protein is folded and assess the efficiency of 
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isotopic labeling.  Resonance assignments based on solution NMR datasets can also 

support the resonance assignments in the solid state.  1H-15N HSQC spectra of U-15N-

Kif5b with different buffer conditions are shown in Figure 4.3.  The presence of NMR 

signals in these spectra indicates that Kif5b was successfully isotopically enriched in 

minimal media.  Under both buffer conditions, the number of detected signals is much 

lower than the number of amino acids in the sequence, and (not surprisingly) the 

spectral lines are considerably broadened.  This line broadening can be explained by 

the large size of Kif5b (39.3 kDa), which results in slower tumbling rates in solution, 

and thus shorter NMR signal relaxation times.  The relatively few observed signals 

likely arise from flexible sidechains and dynamic regions of Kif5b.  
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Figure 4.3: Overlay of 14.1 T solution HSQC spectra of 15N-Kif5b prepared in 
different buffers.  Blue: 15N-Kif5b in Tris buffer (50 mM Tris, 100 mM 
NaCl, 1 mM EDTA, 1 mM DTT, pH 6.3).  Black: 15N-Kif5b in PIPES 
buffer (25 mM PIPES, 1 mM EGTA, 1 mM MgCl2, 1 mM DTT, 200 mM 
KCl, pH 6.8) 

4.3.2 Preparation of Kif5b/MT Assemblies for MAS NMR Studies 

Before one can obtain valuable MAS NMR data, sample conditions compatible 

with MAS NMR must first be established.  The Kif5b sample buffer condition (25 mM 

PIPES, 1mM EGTA, 1mM MgCl2, 200 mM KCl, 1 mM DTT, pH 6.8) was selected 

based on prior X-ray crystallography and electron microscopy studies.11  Under such 

conditions, Kif5b is stable at 4oC for two weeks, before it starts to precipitate.  In the 

formation of the Kif5b/MT complexes, the PIPES buffer concentration may affect the 

stability of microtubules as shown in our laboratory by Dr. Si Yan.12  In our studies, 
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the depolymerization of MTs is not observed under such buffer conditions, as 

confirmed by the SDS-PAGE assay. 

The formation of the Kif5b/MT complexes under different conditions is 

evaluated by a cosedimentation assay to determine the optimal molar ratio of Kif5b to 

MT for preparation of NMR samples.  The optimal binding of Kif5b to paclitaxel-

stabilized microtubules is determined by varying the Kif5b/MT ratios, as shown in 

Figure 4.4a.  The proportion of Kif5b co-sedimented into the pellet was found to 

increase as the molar ratio of Kif5b/MT is decreased from 2:1 to 1:1.  When the molar 

ratio is decreased from 2:1 to 11:1, the proportion of bound Kif5b does not increase 

dramatically.  This result indicates that the surface of the microtubules has been 

largely decorated by Kif5b at a molar ratio of Kif5b/MT around 2:1.  A similar trend is 

observed in the presence of a non-hydrolyzable ATP analog AMP-PNP, as shown in 

Figure 4.4b.  We conclude that a molar ratio of Kif5b/MT around 2:1 is optimal in the 

preparation of Kif5b/MT complexes for MAS NMR studies.  

The binding affinity of Kif5b for MTs in the presence of the nucleotides ATP, 

AMP-PNP, and ADP was estimated, and the corresponding co-sedimentation assay 

results are shown in Figure 4.4c and 4.4d.  The presence of 2 mM ATP reduces the 

binding of Kif5b to MTs.  The binding and hydrolysis of ATP may cause Kif5b to 

detach from the MT lattice.  Kif5b binds to MTs with similar affinity in both the 

nucleotide-free state and in the presence of 2 mM AMP-PNP.  A semi-quantitative 

analysis of Kif5b binding with tubulin shows that Kif5b and MTs form a complex with 

a 1:1 ratio in the presence of 1 mM ADP.  In the following, Kif5b/MT complexes in 

both their free and ADP-bound states were examined by MAS NMR spectroscopy.  
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Figure 4.4: SDS-PAGE gel of co-sedimentation assays of Kif5b with microtubules 
under different conditions.  For all experiments, the pellet is indicated by 
“P”, and supernatant is indicated by “S”.  a) Co-sedimentation assays of 
Kif5b/MTs with different Kif5b to MT ratios as indicated at the top of the 
gel.  b) Co-sedimentation assays of Kif5b/MTs with different Kif5b to 
MT ratios in the presence of 2 mM AMP-PNP.  c) Co-sedimentation 
assays of Kif5b/MTs with different nucleotide conditions including 
nucleotide free, in the presence of 2mM ATP, and in the presence of 2 
mM AMP-PNP.  Control 1 is free microtubule; control 2 is free Kif5b.  d) 
Semi-quantitative analysis of Kif5b binding with MTs in the presence of 
1 mM ADP by co-sedimentation assay.  The molar ratio of Kif5b to MTs 
is 3.6.  e) The effect of 10% sucrose on the binding of Kif5b to MTs 
characterized by co-sedimentation assay.  The control experiment is done 
in the absence of 10% sucrose.  
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Table 4.2: Sensitivity in the MAS NMR Experiments for Different Kif5b/MT Complex Samples 

Number Sample Temp Rotor MAS freq. Experiment NS S/N 

1 15N-Kif5b/MT 27 oC 3.2 mm 14 kHz NCP 2048 N 30.4   

  22 oC   NCP 2048 N 33.5   
  17 oC   NCP 2048 N 35.8   
  12 oC   NCP 2048 N 42.3   

2 13C, 15N-Kif5b/MT 17 oC 3.2 mm 14 kHz DARR 512 CO 25.4 CA 18.8 CX 26 

     NCP 256 N 10.9   
3 13C, 15N-Kif5b/MT 17 oC 3.2 mm 14 kHz NCP 128 N 15.4   
     CORD 288 CO 42.8 CA 30.2 CX 46.8 

     NCA 2048  CA 17.9  
     NCACX 2048 CO 9.6 CA 7.4 CX 4.5 

4 13C, 15N-Kif5b/MT 17 oC 1.3 mm 60 kHz NH-HETCOR 192 H 97   

5 
2H, 13C, 15N-
Kif5b/MT 17 oC 1.9 mm 40 kHz NH-HETCOR 128 H 83   

     CH-HETCOR 512 CO 16 CA 20 CX 12 

     CANH 256 H 12.2   
     CCP 128 CO 8 CA 10.9 CX 6.5 

     NCP 128 N 10.1   
6 13C, 15N-Kif5b/MT 17 oC 1.9 mm 14 kHz NCP 128 N 10.5   
     CCP 1024 CO 23.6 CA 17.5 CX 32.1 

     CORD 512 CO 34 CA 24 CX 37.9 

     NCA 2048  CA 11  
  17 oC 1.9 mm 14 kHz NCP 128 N 9.8   
     CCP 1024 CO 37 CA 62.3 CX 62.3 

     CORD 400 CO 29 CA 22.6 CX 34.5 
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     NCA 1728  CA 11.9  

7 
13C, 15N-ADP-

Kif5b/MT 17 oC 1.9 mm 14 kHz CORD 512 CO 22.6 CA 16.6 CX 23.8 

     NCO 2400 CO 18   
  -21 oC 1.9 mm 14 kHz CORD 224 CO 27.5 CA 20.9 CX 20.9 

     NCO 512 CO 16.7   
     NCA 1024 

 
CA 18.8  

     NCOCX 3072 CO 15.6 CA 11 CX 5 

8 
13C, 15N-ADP-

Kif5b/MT 17 oC 1.9 mm 14 kHz CCP 256 CO 14 CA 16.9 CX 23.1 

     NCP 128 N 8.5   
     CORD 400 CO 22.4 CA 17.6 CX 27.3 

     NCA 3072  CA 20  
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A further consideration for MAS NMR sample preparation is sample stability 

during magic angle spinning.  Because the Kif5b/MT complex has a higher density 

than the buffer, the complex could sediment on the rotor wall during MAS, which may 

cause phase separation and sample dehydration during long periods of spinning.  To 

prevent phase separation, 10% sucrose was used in the last step of sample pelleting.  

Co-sedimentation assay results shown in Figure 4e suggest that the presence of 10% 

sucrose does not affect the binding of Kif5b to MTs and can be used to prevent phase 

separation.  

The experimental details for preparation of MAS NMR samples, concerning 

the rotor size, stock solution concentration, molar ratio of Kif5b to MTs, 

centrifugation speed, centrifugation time, sucrose condition, and ADP condition are 

summarized in Table 4.1.  Assessment of sample quality based on resolution of the 

corresponding NMR spectra is also included in the table.  The sensitivity of NMR 

experiments for each sample is listed in Table 4.2.  The challenges encountered during 

sample preparation are further discussed in the section 4.3.4.  
 

4.3.3 Morphological Characterization of MTs and Kif5b/MT Assemblies by 
TEM 

Homogeneous and stable protein samples are required to obtain high-resolution 

MAS NMR spectra.  Negatively stained transmission electron micrographs were used 

for morphological characterization of samples.  TEM images of microtubules, 

Kif5b/MT complexes, ADP-Kif5b/MT complexes and Kif5b/MT complexes after 

MAS are shown in Figure 4.5.  Long, homogenous, well-defined microtubule 

filaments, without any signs of the depolymerization at their ends were consistently 
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observed under all conditions, indicating that the morphology of microtubules was 

well-preserved during the binding of Kif5b and ADP-Kif5b, as well as during MAS 

NMR experiments.  

 

Figure 4.5: Negatively stained TEM images of free MTs and Kif5b/MT assemblies.  
a) A single MT filament.  b) Microtubules.  c) Kif5b/MT complex.  d) 
ADP-Kif5b/MT complexes.  e) Kif5b/MT assemblies after MAS.  

4.3.4 MAS NMR Studies of U-15N,13C-Kif5b/MT Complexes 

The only NMR study of Kif5b reported to date only included 1D 31P-NMR 

studies of ADP-bound kinesin, from which limited information was obtained.10  As we 

demonstrate in the remainder of this chapter, with the rigorous sample preparation 

protocols in hand, we have obtained unprecedented-quality MAS NMR data on 

kinesin/microtubule assemblies, setting the stage for their atomic-resolution structure 

determination and the characterization of their dynamics. 

The first step in our studies is to establish the temperature required for the 

MAS NMR experiments.  Temperature is a critical parameter for obtaining high-

quality spectra with optimal sensitivity and resolution.  One-dimensional 1H-15N CP 

spectra of U-15N-Kif5b/MTs at temperatures ranging from 7 oC to 27 oC are shown in 

Figure 4.6.  The 1D 1H-15N CP spectra possess very high resolution and are promising 

for 2D correlation studies.  The sensitivity increases by approximately 16% when the 
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temperature is decreased from 27 oC to 7 oC, although the resolution deteriorates.  The 

optimum balance of sensitivity and resolution is achieved at an experimental 

temperature of 17 oC.  For subsequent NMR experiments, a sample temperature of 17 
oC was used.  

 

Figure 4.6: 1H-15N cross polarization spectra of U-15N-Kif5b/MT assemblies at 
different temperatures.  The sample temperatures are indicated in the 
spectra.  Spectra were acquired at 14 kHz MAS, 19.96 T.  

The 13C-13C CORD correlation spectrum of U-15N,13C-Kif5b/MTs, shown in 

Figure 4.7, exhibits remarkable resolution and broad chemical shift dispersion.  The 

Thr, Ser, Pro, Val, Ala, Leu and Ile regions of the spectrum (highlighted in color) can 

be easily identified.  This clearly indicates that Kif5b is well-structured upon binding 

with MTs.  The spin systems of Gly, Thr, Ser, Val, IIe, Ala are tentatively assigned 

and labeled in Figure 4.8.  Corresponding chemical shifts and secondary structure as 

predicted by PLUQ13 are summarized in Table 4.3.  SHIFTX2 can accurately predict 

the backbone and sidechain carbon atoms chemical shifts based on protein structure.14  

The spectrum generated from backbone carbon shifts predicted by SHIFTX2 based on 

17 oC

12 oC

7 oC 22 oC

27 oC

180 160 140 120 100 80 60 40 20 0
15N Chemical Shift (ppm)

180 160 140 120 100 80 60 40 20 0
15N Chemical Shift (ppm)
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the Kif5b/tubulin heterodimer X-ray structure (PDB ID code: 4LNU) is overlaid with 

the experimental CORD spectra and shown in Figure 4.9.  The observed peak patterns 

are consistent in the experimental and predicted spectra, and even though the predicted 

chemical shifts are not in perfect agreement with experiment, the results allow one to 

make resonance assignments of a number of peaks by inspection. Even though not 

quantitative, the agreement between experimental and computed chemical shifts is 

remarkable (to within the expected SHIFTX2 error) and that Kif5b is well-folded upon 

binding with MTs under MAS conditions, and adopts a conformation similar to that of 

the free Kif5b bound to tubulin heterodimer.   
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Figure 4.7. 13C-13C CORD correlation spectrum of U-13C, 15N-Kif5b/MT assemblies 
acquired at an MAS frequency of 14 kHz, field strength of 19.96 T, and 
sample temperature of 17 oC.  Spin systems belonging to Thr, Ser, Pro, 
Val, Ala, Leu and IIe regions are highlighted with different colors as 
indicated.  The expansions of the corresponding regions are shown below 
the full spectrum.  Note the unprecedented high spectral resolution. 
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Figure 4.8: Spin system assignments of the 13C-13C CORD correlation spectrum of 
U-13C,15N-Kif5b/MT assemblies acquired at an MAS frequency of 14 
kHz, field strength of 19.96 T, and sample temperature of 17 oC.  a) Cα-
C’ correlation region of Glycine residues.  b) Backbone Cα-Cβ correlation 
region.  
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Table 4.3: Spin System Assignments and Secondary Structure Prediction Based on 
CORD, NCA, and NH-HETCOR Spectra of U-13C,15N-Kif5b/MT 
Complex 

Spin System 
Number 

Residue 
Type N Cα C' HN   

Secondary 
Structure 

1 Gly 102.9 43.9 173.2 8.0 
 

Coil 
2 Gly 103.5 45.9 175.5 8.6 

 
Coil 

3 Gly 
 

45.9 174.4 
  

Coil 
4 Gly 110.6 45.9 171.2 8.9 

 
Coil 

5 Gly 104.1 47.0 174.1 8.2 
 

Coil 
6 Gly 104.3 47.2 175.9 

  
Helix 

7 Gly 105.2 46.7 176.1 
  

Coil 
8 Gly 105.1 44.1 173.7 7.7 

 
Coil 

9 Gly 105.3 44.9 172.4 
  

Coil 
10 Gly 105.1 45.1 174.6 8.5 

 
Coil 

11 Gly 112.4 45.4 171.7 
  

Coil 
12 Gly 111.7 44.7 172.4 

  
Coil 

13 Gly 114.1 45.0 173.7 
  

Coil 
14 Gly 110.6 43.2 172.6 

  
Coil 

15 Gly 110.1 47.4 174.0 9.0 
 

Coil 
16 Gly 112.1 44.9 171.2 

  
Coil 

17 Gly 108.4 45.2 
   

Coil 
18 Gly 108.4 44.5 

   
Coil 

19 Gly 103.7 
  

7.3 
 

NA 
20 Gly 109.7 46.3 175.1 8.1 

 
Coil 

Spin System 
Number 

Residue 
Type Cα Cβ Cγ     

Secondary 
Structure 

1 Thr 60.7 72.4 21.8 
  

sheet/coil 
2 Thr 62.3 71.2 23.9 

  
sheet/coil 

3 Thr 60.9 71.5 23.5 
  

sheet 
4 Thr 59.9 71.3 19.9 

  
sheet/coil 

5 Thr 60.5 69.6 21.5 
  

sheet 
6 Thr 61.2 69.6 20.6 

  
coil 

7 Thr 61.0 69.4 21.0 
  

coil 
8 Thr 62.3 68.8 21.4 

  
coil/sheet 

9 Thr 61.7 68.7 22.2 
  

coil 
10 Thr 63.4 68.1 21.1 

  
coil 

11 Thr 64.2 68.3 19.9 
  

coil 
12 Thr 64.9 68.2 

   
Helix 

13 Thr 65.9 67.9 
   

Helix 
14 Thr 66.2 67.5 22.1 

  
Helix 

15 Thr 64.3 67.2 21.9 
  

Helix 
Spin System 

Number 
Residue 

Type Cα Cβ       
Secondary 
Structure 

1 Ser 57.0 67.5 
   

Sheet 
2 Ser 60.9 62.9 

   
Helix/coil 

3 Ser 60.1 62.5 
   

Helix/coil 
4 Ser 59.6 61.7 

   
coil 
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5 Ser 59.5 63.1 
   

coil 
6 Ser 57.6 62.4 

   
coil 

7 Ser 57.9 62.9 
   

coil 
8 Ser 58.5 63.5 

   
coil 

9 Ser 58.0 64.0 
   

coil 
10 Ser 59.4 64.5 

   
coil 

11 Ser 59.6 64.6 
   

coil 
12 Ser 59.2 66.4 

   
coil 

13 Ser 61.4 62.9 
   

Helix 
14 Ser 57.0 64.5 

   
Coil/sheet 

15 Ser 56.6 65.4 
   

Coil/sheet 
16 Ser 56.6 66.2 

   
Sheet/coil 

17 Ser 56.2 63.4 
   

Coil 
18 Ser 55.2 63.4 

   
Coil 

19 Ser 57.6 61.1 
   

Coil 
20 Ser 53.5 67.5 

   
N/A 

Spin System 
Number 

Residue 
Type Cα Cβ Cγ1 Cγ2 Cδ1 

Secondary 
Structure 

1 Iie 64.1 34.0 28.9 15.8 12.3 Helix 
2 Iie 65.8 36.9 29.4 16.8 12.3 Helix 
3 Iie 67.8 38.3 29.8 18.3 12.3 Helix 
4 Iie 59.7 39.5 27.0 15.0 12.8 Sheet 
5 Iie 65.3 37.5 28.6 15.3 13.1 Helix 
6 Iie 61.2 37.4 30.5 16.9 13.3 Helix 
7 Iie 60.9 38.9 

 
16.7 13.5 Sheet 

8 Iie 62.0 38.4 27.0 18.0 13.7 Coil 
9 Iie 

 
38.1 29.5 16.3 14.1 Helix 

10 Iie 60.4 36.3 27.4 18.1 14.4 Sheet 
11 Iie 59.0 40.8 28.2 

 
14.3 Sheet 

12 Iie 59.9 
   

13.7 Coil 
13 Iie 

  
26.6 16.5 11.3 Coil 

14 Ile 64.4 
  

16.0 
 

Helix 

        Spin System 
Number 

Residue 
Type Cα Cδ1       

Secondary 
Structure 

1 Pro 64.3 52.4 
   

coil 
2 Pro 64.6 49.4 

   
coil 

3 Pro 62.1 49.6 
   

coil 
4 Pro 62.0 49.8 

   
coil 

5 Pro 60.5 50.0 
   

coil 
6 Pro 60.4 52.0 

   
coil 

7 Pro 59.9 51.8 
   

bridge 
Spin System 

Number 
Residue 

Type Cα Cβ       
Secondary 
Structure 

1 Ala 54.5 17.7 
   

Helix 
2 Ala 54.9 19.0 

   
Helix/coil 

3 Ala 52.8 16.0 
   

Helix 
4 Ala 52.8 18.6 

   
coil 

5 Ala 53.1 21.0 
   

coil 
6 Ala 51.6 18.6 

   
coil 
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7 Ala 50.6 19.9 
   

sheet/coil 
8 Ala 49.8 20.5 

   
sheet/coil 

9 Ala 50.1 21.3 
   

sheet/coil 
10 Ala 52.0 23.4 

   
sheet 

11 Ala 51.2 17.7 
   

coil 
Spin System 

Number 
Residue 

Type Cα Cβ       
Secondary 
Structure 

1 Val 64.7 31.6 
   

helix/coil 
2 Val 64.6 31.0 

   
helix 

3 Val 64.4 30.7 
   

coil 
4 Val 64.9 29.8 

   
helix 

5 Val 64.5 29.2 
   

helix 
6 Val 65.0 28.1 

   
helix 

7 Val 66.0 31.1 
   

helix 
8 Val 66.6 30.8 

   
helix 

9 Val 67.1 30.2 
   

helix 
10 Val 66.8 30.3 

   
helix 

11 Val 65.5 30.4       helix 
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Figure 4.9: Chemical shift predictions from SHIFTX2 based on the X-ray structure of 
Kif5b (PDB ID code: 4LNU) mapped onto the 13C-13C CORD correlation 
spectrum of the U-13C, 15N-Kif5b/MT complexes.  Note the remarkable 
overall agreement between the experimental and computed shifts.   
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Heteronuclear NCA correlation spectra of U-15N,13C-Kif5b/MTs also show 

remarkable resolution, as demonstrated in Figure 4.10.  The glycine residues around 

45 ppm are readily distinguished and well-dispersed.  Eighteen of twenty glycine spin 

systems are detected, and the corresponding chemical shifts are reported in Table 4.3.  

We are able to count 125 isolated peaks, which only account for one third of the total 

expected resonances.  There are several possible explanations for missing resonances, 

such as signal overlap and/or low sensitivity of the spectrum.  Therefore, three- or four 

dimensional correlation experiments and more sensitive data acquisition methods are 

required for full resonance assignments of Kif5b in complex with MTs.  Residues 

dynamic on the micro- to millisecond timescales would also not be visible in the 

spectra, so we will pursue scalar-based correlation experiments to detect those.  

 

Figure 4.10: Heteronuclear NCA correlation spectrum of U-13C, 15N-Kif5b/MT 
assemblies at an MAS frequency of 14 kHz, magnetic field of 19.96 T, 
and sample temperature of 17 oC.  Glycine spin systems are labeled, and 
the corresponding chemical shifts are summarized in Appendix B, Table 
4.3.  
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As discussed in Chapter 2, in MAS NMR spectroscopy, proton detection 

significantly improves the experimental sensitivity due to the high gyromagnetic ratio 

of the proton.  However, the 1H resonances are broadened by strong 1H-1H dipolar 

coupling at MAS frequencies below 20 kHz.  Resolution in the proton dimension can 

be greatly improved by spinning the sample faster than 40 kHz, which results in 

partially averaged 1H-1H dipolar couplings.  This is achieved with the fast magic angle 

spinning probes and small rotors.   

Proton-detected 15N-1H HETCOR spectra of U-13C, 15N-Kif5b/MT assemblies 

packed in a 1.3 mm rotor were acquired at 60 kHz MAS and are shown in Figure 4.11.  

The sensitivity is greatly enhanced relative to heteronuclear detection.  The signal-to-

noise ratio (SNR) for 1D 1H-15N CP is about 5 with 128 scans.  When the signal is 

transferred back to the proton for detection by a second 15N-1H CP step, the sensitivity 

is greatly enhanced, yielding an SNR of 47 with 64 scans. 
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Figure 4.11: Left: Proton-detected 15N-1H HETCOR spectrum of protonated U-
13C,15N-Kif5b/MT assemblies acquired at an MAS frequency of 60 kHz 
and field strength of 19.96 T.  Selected backbone and sidechain spin 
systems are labeled in the 2D spectrum.  Right: One-dimensional 1H 
traces for four residues extracted from the 2D HETCOR spectrum are 
shown with the corresponding spin system and linewidth indicated.  

15N-1H HETCOR spectra of Kif5b show remarkable resolution.  15N-1H 

correlations from both protein sidechains and backbone are present in the spectra.  

Peaks with nitrogen chemical shifts of about 105 ppm are typically glycine residues.  

Eight glycine spin systems are assigned with the corresponding chemical shifts 

summarized in Table 4.3.  The tentatively assigned sidechain correlations of His Nε2-
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Hε2, Trp Nε1-Hε1 and Asn Nδ2-Hδ2 are also labeled in the spectrum (Figure 4.11).  

Considerable peak overlap is observed from 115 ppm to 130 ppm in the nitrogen 

dimension.  Peak widths are evaluated by only considering isolated peaks.  The 

linewidths of resolved peaks range from 80 Hz to 260 Hz in the proton dimension, 

with an average value of 136 Hz.  1H 1D slices corresponding to four spin systems are 

shown in Figure 4.11.  

An additional factor for improvement of spectral resolution is protein 

perdeuteration, which can dilute the strong 1H-1H dipolar coupling and further narrow 

the proton linewidths.  Perdeuterated U-13C,15N,2H-Kif5b was expressed in D2O, and 

subsequent purification was carried out in protonated media and backbone amide 

protons are fully back-exchanged.  A 15N-1H HETCOR spectrum of perdeuterated 

back exchanged U-13C,15N,2H-Kif5b/MTs is shown in Figure 4.12 and an overlay with 

protonated U-13C,15N-Kif5b/MTs is displayed in Figure 4.13.  The spectrum of 

perdeuterated U-13C,15N,2H-Kif5b/MTs has better resolution, with sensitivity 

comparable to fully protonated U-13C,15N-Kif5b/MTs.  The first 1D slice in the 15N-1H 

HETCOR spectrum of U-13C,15N,2H-Kif5b/MTs has an SNR of 83 with 128 scans.  

The proton linewidths of isolated peaks range from 84 Hz to 120 Hz, with an average 

value of 100 Hz.  The 1H 1D slices corresponding to four spin systems are shown on 

right side with the corresponding linewidth indicated.  
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Figure 4.12: Proton-detected 15N-1H HETCOR spectrum of perdeuterated and back-
exchanged U-13C,15N,2H-Kif5b/MT assemblies acquired at an MAS 
frequency of 40 kHz and field strength of 19.96 T.  Selected backbone 
and sidechain spin systems are labeled in the 2D spectrum.  One-
dimensional 1H traces extracted from the 2D HETCOR spectrum for four 
residues are shown with the corresponding spin system and linewidth 
indicated. 

Despite back-exchange of amide protons in the perdeuterated protein, it is 

possible that amide proton sites from the hydrophobic core are not entirely back-

exchanged and may not be detected in the 15N-1H HETCOR spectra.  However, for a 

fully protonated protein, both the hydrophobic core and hydrophilic regions of the 

7891011

110

120

130

N(Hδ2-Nδ2)

W(Hε1-Nε1)

H(Hε2-Nε2)

G1G2
G5

G10 G8

G15 G4
G20

1H Chemical Shift (ppm)

15
N

 C
he

m
ic

al
 S

hi
ft

 (p
pm

)
G19

0 50 100150200 250

0 50 100150200 250

0 50 100150200 250

0 50 100150200 250

G1

G2

G8

W

95 Hz

91 Hz

112 Hz

84 Hz

/Hz

Linewidth



  

 132 

protein can be detected.  Additional peaks are observed in the 15N-1H HETCOR 

spectrum of the protonated U-13C,15N-Kif5b/MT complexes, suggesting that these 

resonances likely arise from the hydrophobic core of Kif5b.   

 

Figure  4.13: Overlay of 1H-15N HETCOR spectra of perdeuterated back exchanged U-
13C,15N,2H-Kif5b/MT (blue) and fully protonated U-13C,15N,1H-
Kif5b/MTs (black).  An expansion indicating the appearance of new 
peaks in the protonated U-13C,15N,1H-Kif5b/MT sample is shown. 

Given the sensitivity and the overall unprecedented high quality of these 2D 

datasets, proton-detected experiments in combination with fast MAS appear very 

promising for future acquisition of three-dimensional experiments and resonance 

assignments.  However, sample integrity under fast MAS may be problematic.  We 
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observed, based on 15N-1H HETCOR spectra, that spectral quality deteriorates 

dramatically during the course of a 16-day-long experiment with sample spinning at 

40 kHz, as shown in Figure 4.14a.  We observed phase separation of the sample upon 

opening the rotor.  The addition of buffer for rehydration did not restore the prior 

resolution, as shown in Figure 4.14b.  We conclude that, under the current sample 

conditions, fast MAS is detrimental to Kif5b/MT complexes, and an alternative 

sample preparation method that prevents phase separation needs to be developed.  One 

possible solution as suggested by our collaborator, Dr. Antonina Roll-Mecak from the 

NIH (National Institutes of Health), is to use GMPCPP-stabilized MTs in the 

formation of Kif5b/MT complexes, as GMPCPP-stabilized MTs are more rigid and 

may exhibit better tolerance under fast MAS.  

 

Figure 4.14:  Overlay of NH-HETCOR spectra of 2H, 13C, 15N-Kif5b/MT complexes 
acquired at MAS frequency of 40 kHz, a) after spinning for 16 days 
(red); b) after rehydration by addition of sample buffer (green).  The 
spectra acquired at the beginning of MAS experiments is shown in black 
in both plots. 
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Another important consideration for future studies of Kif5b is that in our early 

work the U-13C,15N-Kif5b/MT complex exhibited batch-to-batch variation in spectral 

quality (i. e., data acquired on the sample packed in a 3.2 mm rotor (sample #3 in 

Table 4.1) is significantly better than the sample packed in a 1.9 mm rotor (sample #6 

in Table 4.1))  This may be due to modification of the sample preparation protocol for 

the 1.9 mm rotor, as shown in Table 4.1.  

4.3.5 MAS NMR Studies of ADP Binding State of Kif5b in Complex with 
Microtubules 

The ADP-U-13C,15N-Kif5b/MT complexes were prepared following the 

protocol reported in an X-ray crystallography study15, in which ADP was co-

crystallized with Kif5b.  The actual incorporation of ADP in the Kif5b/MT complex 

was not evaluated before MAS NMR experiments.  For future studies of the ADP-

Kif5b/MT complex, acquiring 1D 31P single pulse excitation (SPE) or 1H-31P CPMAS 

spectra is recommended to confirm successful incorporation of ADP molecule.  

Both homonuclear (CORD) correlation spectra and heteronuclear (NCA) 

correlation spectra of the ADP-U-13C,15N-Kif5b/MT complexes were acquired.  

Overlays with free Kif5b in complex with microtubules are shown are Figure 4.15.  

Both chemical shift perturbations and linewidth changes are observed in spectra of the 

ADP-U-13C,15N-Kif5b/MT complex.  This indicates that ADP may cause both 

structural and dynamic changes of Kif5b in complex with MTs.  As mentioned above, 

we observed differences in batch-to-batch reproducibility of spectral quality in our 

earlier studies, and therefore definitive conclusions are difficult at this stage when 

comparing the spectra of Kif5b in free and ADP-bound states.  
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Figure 4.15. Homo- and heteronuclear correlation MAS NMR spectra of ADP-bound 
U-13C,15N-Kif5b/MT assemblies (black) overlaid with the apo Kif5b/MT 
complex (blue).  a) 15N-13C NCA; b) 13C-13C CORD; c) Expansion of 
CORD spectrum, indicating chemical shift perturbations between the two 
samples.  

Similar to U-13C,15N-Kif5b/MT complexes, the sensitivity of the MAS NMR 

experiments on ADP-U-13C,15N-Kif5b/MT complexes is also a challenge.  In prior 

work in our laboratory, a sample temperature of -27 oC had been used successfully for 

the studies of CAP-Gly in complex with MTs, yielding spectra with both high 
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sensitivity and resolution.16  1H-13C CPMAS spectra of Kif5b from 17 oC to -21 oC are 

plotted in   Figure 4.16.  Though sensitivity is enhanced by about 50% when the 

temperature is dropped to -21 oC, the spectral resolution deteriorates.  This is further 

confirmed by comparing the 13C-13C CORD correlation spectra and NCO correlation 

spectra acquired at -21 oC with those acquired at 17 oC shown in Figure 4.17.  We 

conclude that low temperatures (< 0o) are not ideal for the study of Kif5b/MT 

complexes.   

 
 

Figure 4.16: 1D 1H-13C cross polarization (CP) spectra of ADP-U-13C,15N Kif5b/MT 
complexes acquried at different temperatures, at MAS frequency of 14 
kHz, 19.96 T.  The relative sensitivity is indicated to the left of the 
spectra. 
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Figure 4.17: Overlay of a) CORD and b) NCO correlation spectra of ADP-U-13C,15N-
Kif5b/MT complex (sample #7) acquired at 17 oC (black) and -21 oC 
(blue) at 19.96 T, 14 kHz MAS.  
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4.4 Conclusions and Future Perspectives 

We have established the sample preparation protocol appropriate to MAS 

NMR studies of Kif5b/MT complexes.  This enabled us to acquire the first sets of 2D 

homo- and heteronuclear correlation MAS NMR spectra of Kif5b/MT complexes.  

The data exhibit remarkable resolution and broad chemical shift dispersion.  This 

indicates that Kif5b is well-structured upon binding with MT, which is further 

confirmed by comparison with chemical shifts predicted by SHIFTX2.  This is an 

important step toward future structural and dynamics studies of the Kif5b/MT 

complexes by MAS NMR spectroscopy.  

Moreover, proton detection combined with fast MAS potentially presents a 

powerful approach for the study of Kif5b/MTs assemblies with greatly improved 

sensitivity and resolution, as demonstrated by this work.  The addition of the proton 

dimension provides a third well-resolved atomic type (in addition to 13C and 15N) to 

facilitate future resonance assignments and structure determination.  However, one 

caveat is that spinning at fast MAS for several days is detrimental to the sample, and 

further optimization of sample preparation protocol is needed.   

To date, the data acquired have been limited to two-dimensional correlation 

spectra, precluding site-specific resonance assignments of Kif5b.  To acquire three-

dimensional data sets, non-uniform sampling17-20 (25% data sampling) is currently 

being applied, and enables the acquisition of a 3D NCACX dataset within two weeks.  

In addition, both resolution and sensitivity enhancement can be achieved by using high 

magnetic field (1 GHz) and fast MAS (up to 110 kHz) in combination with proton-

detected experiments.  With new experimental strategies and instrumentation 

developments, our preliminary work is promising for future determination of the 3D 
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structure of Kif5b in complex with MTs by MAS NMR, as well as for gaining insights 

into its dynamics at the atomic-level.  
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STRUCTURAL CHARACTERIATION OF OXOVANADIUM (V) 
BIOINORGANIC COMPOUNDS BY MULTINUCLEAR NMR 

SPECTROSCOPY AND DFT CALCULATIONS3 

5.1 Introduction 

 

Contemporary MAS NMR spectroscopy has matured to the point that it can 

directly probe complex biological systems such as protein assemblies, as has been 

demonstrated in previous chapters.  Technological and methodological advancements 

in MAS NMR spectroscopy allowed its application in the study of materials such as 

polymers, organic and inorganic solids due to the presence of NMR-active nuclei 

across the periodic table.1  NMR crystallography, the structural characterization of 

solid materials by the combination of NMR, diffraction techniques, and/or quantum 

chemical calculations, has been successfully used to characterize organic and 

inorganic materials.2,3  Our group has expanded NMR crystallography for the 

characterization of bioinorganic solids containing half-integer quadrupolar spin 51V 

centers.  The atomic-level structural and chemical characterization of biological 

vanadium complexes is important for the understanding of their biological functions.  

                                                
 

3 The study discussed in this chapter was conducted in collaboration with the 
groups of Professor Debbie Crans of Colorado State University, and Professor Amir 
Goldbourt of Tel Aviv University. 
 

Chapter 5 
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The work presented in this chapter demonstrates the applicability of NMR 

crystallography for the structural characterization of vanadium(V) bioinorganic 

complexes.4  

Vanadium-containing biological macromolecules and bioinorganic complexes 

have found a variety of applications in catalysis, pharmaceutical industry, and biology; 

and their characterization is important for progress in all these areas.  Vanadium 

oxides and coordination compounds catalyze numerous types of chemical reactions, 

including aerobic alcohol oxidation,5 non-oxidative C-O bond breaking,6 oxo-transfer 

reaction,7,8 aerobic cleavage of C-C and C-H bonds,9,10 and selective epoxidation of 

olefins.11,12  Vanadium exhibits insulin-enhancing properties and has been explored for 

treatment of diabetes.13-18  Vanadium(V) constitutes the active sites of vanadium-

dependent haloperoxidases, catalyzing one-electron oxidation of halides to hypohalous 

acid, a reaction which has drawn significant interest in biotechnology applications.19-25  

Vanadium is also used in clean energy production, and the vanadium flow battery 

(VFB) is currently regarded as one of the leading energy storage systems.26-28  The rich 

coordination chemistry of vanadium complexes formed from a wide array of ligands, 

results in a wide range of electronic structures and geometries.29  Many physical 

methods are available for the characterization of geometric and electronic structure as 

well as chemical properties of vanadium-based systems.  X-ray diffraction has played,  

and continues to play, a pivotal role in structural analysis of crystalline vanadium 

                                                
 
4 We have reported these findings in Inorganic Chemistry (Li et al. (2015), Inorg. 
Chem., 54 (4), 1363-1374).  The work discussed in this chapter is reprinted with 
permission from reference4 with slight modifications.  Copyright [2015] American 
Chemical Society.   
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complexes, particularly complexes with vanadium in its +5 oxidation state not 

amenable to EPR analysis.  Unfortunately, many vanadium compounds either resist 

crystallization or are inherently noncrystalline, precluding their structural studies by 

diffraction techniques.30-35  Development of methods for characterization of systems 

not accessible by X-ray crystallography is important and provides structural data on 

these challenging systems. 
51V MAS NMR spectroscopy is a useful tool for site-specific characterization 

of V(V) sites in solids.  Various aspects of the structure can be probed with high 

sensitivity and at atomic-level resolution: coordination geometry,16,36-44 protonation 

states,45 presence of paramagnetic sites and V(IV) species, as well as their proximity to 

V(V).46  Protonation states of the metal and coordinated ligands are very important for 

understanding in detail catalytic processes and structures; however, information on 

protonation state for many systems cannot be obtained from X-ray diffraction due to 

the limited resolution of the structures or when a system under analysis is inherently 

noncrystalline.  Over a period of a decade, our laboratory and others have developed a 

database of V(V) spectroscopic parameters and their relationship with structure and 

electronic properties in a wide range of vanadium-containing compounds.16,36,37,39-

41,43,44,47-50  From this body of work, our laboratory has identified empirical trends and 

dependencies of 51V NMR parameters on coordination environment.  However, to 

obtain detailed structural information, quantum chemical calculations are highly 

desirable, typically using density functional theory (DFT).16,36,38-44,47  So far, the work 

in this area has mostly focused on establishing the validity of the combined 51V MAS 

NMR/DFT approach for structural studies of vanadium compounds, predominantly on 

molecules whose X-ray structures are well established.  DFT at the appropriate level 
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generally reproduces the experimental NMR parameters36,37,39-41,47,51 including the 51V 

NMR observables, permitting direct identification of protonation states in bioinorganic 

complexes45 and vanadium-dependent enzymes, haloperoxidases.47,52 

Despite the successful use of 51V MAS NMR spectroscopic observables for 

structural characterization of vanadium(V)-based systems, it is challenging, if not 

impossible, to derive full three-dimensional structures of molecules on the basis of 

these parameters alone and in the absence of any other structural information.  We 

have therefore explored the possibility of deriving 3D structural information on the 

basis of multiple NMR parameters measured from the NMR-active nuclei in the 

sample, using an approach termed NMR crystallography.53-55  For these systems, NMR 

observables, such as dipolar couplings and anisotropic tensorial properties of the 51V 

nucleus and of the other atoms comprising the molecule (e.g., 15N, 13C, 1H, 31P, etc.), 

provide exquisite information on the geometric and electronic structure, and can be 

used as constraints for deriving the 3D structure of a compound using quantum 

chemical methods.  The long-term goal of our work is to establish NMR 

crystallography for characterization of vanadium(V)-containing solids that are either 

noncrystalline or have unusual electronic structure and redox properties.37  

In previous reports, our laboratory and others have shown that 51V quadrupolar 

interaction and chemical shift anisotropy (CSA) parameters are very sensitive probes 

of the local environment.  Our group and others have also demonstrated the utility of 

double resonance methods for the measurement of internuclear distances between 51V 

and high-natural abundance spin-1/2 nuclei, such as 31P, in inorganic vanadium-based 

solids.56,57  In this study, we expand the application of NMR crystallography to the 

next level by combining the 51V quadrupolar and CSA parameters with 51V-15N 
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internuclear distances as well as with 15N CSA tensors and 13C isotropic chemical 

shifts.  These parameters are used as structural constraints for the DFT-based structural 

calculations.  We first validate this approach on (15N-

salicylideneglycinate)(benzhydroxamate)-oxovanadium(V) (VO15NGlySalbz, Figure 

5.1A by demonstrating that the multinuclear NMR observables are accurate reporters 

of its three-dimensional structure.  We then apply this strategy to a related compound 

(Methoxo)((15N-salicylidene-glycinato)oxovanadium(V) (VO15NGlySal(OCH3) in 

Figure 5.1A, whose 3D structure is unknown.  This compound can adopt either a 

penta- or a hexacoordinate geometry, depending on whether a neutral CH3OH 

molecule is coordinated directly to the vanadium.  We demonstrate, on the basis of the 

multiple experimental 51V, 15N, and 13C NMR observables and DFT calculations, that 

[VO(15NGlySal)(OCH3)]·(CH3OH) contains a hexacoordinate vanadium, with 

methanol weakly coordinated to the vanadium center, at a distance of 3.4±0.4 Å.  The 
51V-15N distances derived from the LA-REDOR experiment58 are consistent with V-N 

being a single bond.  The approach reported here establishes that NMR 

crystallography is effective for structural analysis of vanadium(V)-containing systems 

that are not amenable to single-crystal X-ray diffraction characterization.  

Furthermore, the characterization of the loosely bound methanol molecule is important 

to characterization of compounds that resist crystallization but contain co-precipitated 

solvent molecules.   
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Figure 5.1: Molecular structure of vanadium compounds: (A) [VO15NGlySalbz], (B) 
[VO15NglySal(OCH3)], and (C) [VO(15NglySal)(OCH3)]·(CH3OH).  The 
isotopically labeled 15N is marked in the structure.  The carbon atom 
numbering corresponds to that in Table 5.3. 

5.2 Materials and Experiments 

5.2.1 Materials  
15N-labeled oxovanadium complexes [VO15NglySalbz] and 

[VO(15NglySal)(OCH3)]·(CH3OH) used in this work were provided by our 

collaborator Dr. Pabitra B. Chatterjee at Colorado State University.  The starting 

vanadium metal precursor [VO15NglySal(H2O)] containing an 15N-labeled donor atom 

was synthesized following the previously described procedure,59,60,61 where 

isotopically labelled glycine H2
15NCH2COOH was used in place of the natural 

abundance glycine containing 13C at natural abundance.  The complexes 

[VO15NGlySalbz] and [VO(15NGlySal)(OCH3)]·(CH3OH) were prepared following the 

procedures for the corresponding vanadium(IV) complexes and their oxidation to a 
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vanadium(V) complex, which have been reported previously.60,61  Solution 1H NMR 

was used to confirm the synthesis of these materials. 

5.2.2 51V, 15N and 13C MAS NMR Spectroscopy 

The single-pulse excitation (SPE) 51V MAS NMR spectra, 13C cross-

polarization MAS (CPMAS) spectra, and 51V-15N LA-REDOR dephasing curves were 

acquired on a 9.4 T wide bore Tecmag Discovery spectrometer operating at Larmor 

frequencies of 400.2 MHz (1H), 105.2 MHz (51V), and 100.6 MHz (13C).  These 

experiments were performed using a 3.2 mm Varian triple-resonance T3 probe.  51V 

spectra for VO15NGlySalbz and [VO(15NGlySal)(OCH3)]·(CH3OH) were acquired at 

the MAS frequencies of 10, 13, 15 and 13, 17, and 20 kHz, respectively.  13C CPMAS 

spectra were acquired at the MAS frequencies of 10 kHz and 17 kHz, respectively.  

The MAS frequency was controlled to ± 5 Hz by a Tecmag MAS controller.  The 

temperature was set to +25 °C, and was controlled to ± 1°C by a Varian temperature 

controller.  The magic angle was set by maximizing the number of rotational echoes 

observed in the 23Na NMR free-induction decay of solid NaNO3. 

The 51V SPE experiment employed a non-selective excitation pulse width of 

1.0 µs with an rf field of 62.5 kHz, the spectral width was set to 2.0 MHz, and a 

recycle delay of 1 s was used for all measurements.  The total number of scans 

acquired for each compound depended on the MAS frequency and the amount of 

sample packed in the rotor, and ranged between 7,200 and 108,000.  The spectra were 

processed by MestReNova.  The isotropic chemical shifts were determined by the 

analyses of the spectra collected at the three different MAS frequencies and referenced 

with respect to a secondary reference, compound benzhydroxamato-{N-(2-oxiphenyl)-

5,6-dibenzosalicylideneaminato}-oxovanadium(V) (dubbed SJZ003236) whose 
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isotropic chemical shift was reported by us previously.36  The NMR parameters, 

namely the 51V quadrupolar coupling constant and quadrupolar anisotropy (CQ, ηQ) as 

well as the reduced chemical shift anisotropy and asymmetry parameter of the 

chemical shift anisotropy (CSA) tensor (δσ, ησ) together with the Euler angles (α, β, γ) 

describing the relative orientations of the electric field gradient (EFG) and CSA 

tensors, were extracted by numerical simulations of the spinning sideband patterns 

using SIMPSON software package.62 

In this work, we define the chemical shift parameters according to the 

Haeberlen-Mehring-Spiess convention,63-65 where the three principal components of 

the CSA tensor, δxx, δyy and δzz, and the isotropic component δiso, are defined 

according to |δxx – δiso |≤ |δyy – δiso |≤ |δzz – δiso |, and δiso = (δxx + δyy + δzz)/3, δσ = δzz - 

δiso; the asymmetry parameter ησ = (δyy - δxx)/(δzz - δiso).  The EFG tensor parameters 

are CQ = eQVZZ/h and ηQ = (VXX - VYY)/VZZ where |VZZ| ≥ |VYY| ≥ |VXX| are the three 

components of the quadrupolar coupling tensor, e is the electronic charge, Q is the 

nuclear quadrupole moment and h is the Planck’s constant. 

In the 13C CPMAS experiments, the 1H 90o excitation pulse length was 2.8 µs.  

The 1H-13C cross-polarization was performed by applying a linear ramp (80% - 100%) 

on 13C with the center of the rf field at 51 kHz, and a constant–amplitude rf field of 82 

kHz on 1H.  A CP contact time of 3 ms was used.  1H TPPM decoupling with rf 

strength of 90 kHz was used during acquisition.  A total of 40,960 and 115,472 

transients were accumulated for VO15NGlySalbz and 

[VO(15NGlySal)(OCH3)]·(CH3OH) samples, respectively; and the recycle delay was 2 

s.  The spectral width was set to 44.6 kHz. 
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Distance measurements were performed using the LA-REDOR experiment, the 

pulse sequence for which is shown in Figure 5.2.  The long inversion pulse on the 

vanadium channel was set to 200 µs, corresponding to two rotor periods at a MAS 

spinning rate of 10 kHz.  The radio frequency field strengths were 46.8 kHz for the 

observed 15N nucleus and 48 kHz for the 51V nucleus.  The data for the recoupling and 

reference experiments were collected in an alternating fashion, with one scan 

employing the recoupling pulse (giving the signal S) followed by a second scan 

without recoupling (corresponding to S0, the reference signal).  The total LA-REDOR 

fraction was then calculated according to ΔS/S0=(S0-S)/S0.  The recycle delay was 4 s.  

Spectra were recorded using a sample weight of 10-15 mg.   

 

Figure 5.2: Low-alpha, low-amplitude rotational echo adiabatic passage double 
resonance (LA-REDOR) pulse sequence.  

Numerical simulations of the LA-REDOR curves were performed using the 

program SIMPSON.62  320 REPULSION angles were used for powder averaging.66  

Curves were calculated as functions of dipolar coupling constants for specific values 

of CQ(51V), ηQ(51V), δσ(51V), ησ(51V), δσ(15N). 

( )n -1

πx πy

π/2

πx πy πx

2Τr

CW CP

I = 7/2

I = 1/2

H1

CP

( ) ( )Rotor
n -1 n -1

TPPM

( )

πx π πx πy πx

n -1

y



  

 151 

The 15N ROCSA67 experiments were carried out on a 14.1 T narrow bore 

Varian InfinityPlus solid-state NMR spectrometer operating at Larmor frequencies of 

599.8 and 60.8 MHz for 1H and 15N, respectively.  The spectra were acquired using a 

1.6 mm MAS triple-resonance probe.  The MAS frequency was set at 10 kHz and 

controlled within ± 2 Hz by a Varian MAS controller.  ROCSA blocks were 

incorporated during the t1 period for 15N CSA evolution.  The radio frequency field 

strength applied on the 15N channel during the ROCSA period was 75 kHz.  The 

spectra were processed with NMRPipe.68  The fitting of the experimental ROCSA 

spectra was done with SIMPSON using three variable parameters: reduced anisotropy 

δσ, asymmetry parameter ησ, and a line-broadening parameter.  

5.2.3 Density Functional Theory (DFT) Calculations of NMR Parameters 

Quantum chemical calculations for the structurally characterized 

VO15NGlySalbz complex were performed using density functional theory as 

implemented in Gaussian09.69  The magnetic shielding and the electric field gradient 

tensors were computed using BLYP and B3LYP functionals with TZV and 6-311+G 

basis sets, using either the non-optimized X-ray geometry or geometry-optimized 

structure at the B3LYP/TZV level of theory, as summarized in Table 5.1 and 5.2.  The 
51V NMR parameters- δσ, ησ, CQ, ηQ, α, β, and γ, were extracted using a home-written 

Mathematica program.  The 15N and 13C CSA tensor parameters were extracted in an 

analogous fashion.  The 13C chemical shifts were referenced by converting absolute 

magnetic shieldings σi into the chemical shift using the relation δi = σref – σi, with the 

value of σi determined by linear regression between calculated and experimental shifts 

for that structure.70  The 15N chemical shifts were referenced to the Nα of neutral 

histidine (41 ppm), whose absolute magnetic shielding tensors were calculated at the 
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same level of theory.  The 51V chemical shifts are referenced to VOCl3 (0 ppm) whose 

absolute magnetic shielding tensors were calculated at the same level of theory for 

geometry-optimized structures.  As the X-ray crystal structure of 

[VO(15NGlySal)(OCH3)]·(CH3OH) is not available, the Cartesian coordinates were 

obtained by B3LYP/TZV geometry optimization using the starting structure of VO4
3- 

and incorporating the appropriate substituents.  The calculations were conducted for 

both the distorted square pyramidal VO15NGlySal(OCH3) and distorted octahedral 

[VO(15NGlySal)(OCH3)]·(CH3OH) geometries.  For the latter, the calculations were 

conducted as a function of the distance between the neutral (CH3OH) ligand and the 

vanadium center, in the range of 2.0 and 4.5 Å.  In these calculations, the V-O distance 

was fixed and the geometry was optimized for each distance.  The 51V and 15N NMR 

parameters were subsequently extracted from the calculated magnetic shielding and 

EFG tensors.  As described in the subsequent sections, our results indicate that a 

methanol molecule is weakly coordinated to the vanadium, so that the compound is 

best represented by the chemical formula [VO(15NGlySal)(OCH3)]·(CH3OH).   

5.3 Results and Discussions 

5.3.1 51V, 15N and 13C Experimental NMR Parameters  

The experimental 51V NMR spectra of [VO15NGlySalbz] and 

[VO(15NGlySal)(OCH3)]·(CH3OH) acquired at three MAS frequencies each, are 

shown in Figure 5.3.  The NMR parameters describing the quadrupolar tensors and 

chemical shift tensors were extracted from numerical simulations of the spectra and 

are summarized in Table 5.1.  Interestingly, [VO15NGlySalbz] and 

[VO(15NGlySal)(OCH3)]·(CH3OH) have very similar EFG tensors: the quadrupolar 
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coupling constants are 3.7 and 3.5 MHz, respectively, and the corresponding 

asymmetry parameters are 0.85 and 0.73.   

At first glance, this quasi-agreement of the quadrupole coupling constants for 

the two materials may indicate that both compounds are hexacoordinate.  In the case of 

the methoxy-derivative, a methanol molecule could potentially be coordinated to the 

vanadium center.  Interestingly, the chemical shift tensors for the two compounds are 

very different.  The 51V isotropic shifts are -405.3 and -528.9 ppm, and the 

corresponding reduced anisotropy parameters of the chemical shift tensors are -351.7 

and -421.4 ppm, respectively.  The relative deshielding of [VO15NGlySalbz] by ca. 

123 ppm with respect to [VO(15NGlySal)(OCH3)]·(CH3OH) could be attributed to the 

redox non-innocent nature of the benzohydroxamate ligand.39  It is worth noting that 

the principle axes of the EFG and chemical shift tensors, as represented by the Euler 

angles, see Table 5.1. Eular angles represent the angles of the rotations that transform 

chemical shift tensors into quadrupolar tensors.  
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Figure 5.3: 51V MAS NMR spectra of (A) [VO15NGlySalbz] and (B) 
[VO(15NGlySal)(OCH3)]·(CH3OH) shown as a function of the MAS 
frequency.  The experimental spectrum is displayed at the bottom, and 
simulated at the top of each panel.  The MAS frequencies for the 
[VO15NGlySalbz] spectra are: top, νr = 15 kHz; middle, νr = 13 kHz; and 
bottom, νr = 10 kHz.  The MAS frequencies for the 
[VO(15NGlySal)(OCH3)]·(CH3OH) spectra are: top, νr = 20 kHz; middle, 
νr = 17 kHz; and bottom, νr = 13 kHz.  The best-fit parameters are 
indicated in Table 5.1.  The spectra were acquired at the magnetic field of 
9.4  T.  
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Table 5.1: Experimental and Computed 51V NMR Parameters for [VO15NGlySalbz] and [VO15NGlySal(OCH3)] 

Compound Method CQ/MHz ηQ δiso/ppm δσ/ppm ησ α/degree β/degree γ/degree 

[VO15NGlySalbz] Experiment 3.7±0.1 0.85±0.05 -405.3±5 -351.7±5 0.36±0.05 150±30 60±30 90±30  

 BLYP/TZV -4.0 0.53 -563.2 -375.2 0.07 41 36 -42 

 BLYP/6-311+G -4.8 0.6 -541.8 -376.0 0.06 39 37 -41 

 B3LYP/TZV -3.8 0.45 -784.2 -580.9 0.12 43 31 -42 

 B3LYP/6-311+G -4.7 0.56 -740.8 -573.0 0.1 41 33 -41 

 
BLYP/TZV (non-

opt) -5.4 0.87 -531.3 -348.9 0.06 -63.4 77.6 56.1 

 
B3LYP/TZV (non-

opt) -5.4 0.8 -744.6 -537.3 0.09 -67 75 58.6 

[VO15NGlySal(OCH3)x] Experiment 3.5±0.1 0.73±0.05 -528.9±5 -421.4±5 0.31±0.05 0±30 90±30 90±30 

[VO15NGlySal(OCH3)] BLYP/TZV -4.8 0.84 -711.9 -442.5 0.23 -54 115 58.7 

 BLYP/6-311+G -5.6 0.78 -692.5 -432.1 0.27 -56 119 59.4 

 B3LYP/TZV -4.7 0.9 -947.4 -642.4 0.06 -55 110 59.6 

 B3LYP/6-311+G -5.5 0.81 -902.1 -622.7 0.09 -56 115 59.3 
[VO15NGlySal(OCH3)] 

·(CH3OH) BLYP/TZV 3.1 0.79 -659.0 -432.2 0.19 90 29 71 

(V-O distance of 3.7 Å) BLYP/6-311+G -3.3* 0.98 -639.1 -425.7 0.19 -88 40 72 

 B3LYP/TZV 3.1 0.73 -890.7 -620.2 0.16 89 20 71 

 B3LYP/6-311+G 3.3 0.97 -845.1 -604.2 0.14 -88 31 71 

*The sign reversal for the CQ in this case is due to the ηQ value being close to 1 and associated uncertainty in the sign of the quadrupolar coupling 
constant.
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We have measured the 15N chemical shift tensor for both compounds, in a 

ROCSA experiment.  The results are summarized in Table 5.2 and Figure 5.4.  The 

experimentally determined isotropic chemical shifts for the two compounds differ 

merely by 4.1 ppm indicating a similar nitrogen coordination environment; the 

reduced anisotropy parameters differ by 16.6 ppm.  In both cases the chemical shift 

tensors are rhombic.   

Table 5.2: Experimental and Computed 15N NMR Parameters for [VO15NGlySalbz] 
and [VO15NGlySal(OCH3)] 

compound Method δiso/ppm δσ/ppm 
(±5) 

ησ 
(±0.05) 

[VO15NGlySalbz] experiment 249.1 -193.3 0.69 

 BLYP/TZV 263.2 -215.4 0.80 

 BLYP/6-311+G 264.1 -214.6 0.82 

 B3LYP/TZV 272.2 -224.3 0.79 

 B3LYP/6-311+G 272.5 -223.1 0.81 

 BLYP/TZV (non-opt) 253.4 -217.7 0.82 

 B3LYP/TZV (non-opt) 259.3 -223.6 0.81 

     
[VO15NGlySal(OCH3)x] experiment 253.2 -209.9 0.73 

[VO15NGlySalOCH3] BLYP/TZV 274.3 -229.0 0.82 

 BLYP/6-311+G 275.1 -228.9 0.85 

 B3LYP/TZV 282.1 -238.3 0.80 

 B3LYP/6-311+G 282.5 -237.8 0.83 

     
[VO15NGlySal(OCH3)]· 
(CH3OH) BLYP/TZV 267.7 -221.5 0.84 

(V-O distance of 3.7 Å) BLYP/6-311+G 268.1 -221.1 0.86 

 B3LYPTZV 275.5 -230.9 0.82 

 B3LYP/6-311+G 275.6 -230.1 0.85 
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Figure 5.4: Experimental (solid line) and best-fit simulated (dashed line) ROCSA 
spectra for labeled 15N atom in (A) [VO15NGlySalbz], and (B) 
[VO(15NGlySal)(OCH3)]·(CH3OH).  The spectra were acquired at νR = 
10 kHz and a magnetic field of 14.1 T.  The experimental and SIMPSON 
best-fit 15N CSA parameters, as determined by the lowest RMSD, are 
shown in Table 5.2. 

We have also recorded the 13C CPMAS spectra for both molecules, see Figure 

5.5.  The isotropic carbon chemical shifts are listed in Table 5.3.  The chemical shift 

assignments presented in this table were performed on the basis of the density 

functional theory calculations.  For the structurally characterized [VO15NglySalbz] the 

experimental and calculated shifts are in excellent agreement, except for those 

corresponding to the three carbon atoms directly bonded to nitrogens and for 
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ambiguities in the assignments for carbons 6, 11-13, and 15, whose chemical shifts 

overlap.  In the case of [VO(15NGlySal)(OCH3)]·(CH3OH) the 13C shifts are in 

agreement with both penta- and hexacoordinate geometries according to the DFT 

calculations.  The 51V and 15N parameters indicate that vanadium(V) adopts a 

hexacoordinate geometry with a methanol molecule weakly coordinated to the 

vanadium.   

 

Figure 5.5: 13C CPMAS NMR spectra of (A) [VO15NGlySalbz] and (B) 
[VO(15NGlySal)(OCH3)]·(CH3OH) acquired at the magnetic field of 9.4 
T.  The experimental chemical shift assignments were derived from DFT 
calculations and are listed in Table 5.3.  
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Table 5.3: Experimental and Computed (BLYP/TZV) 13C Isotropic Chemical Shifts 
for [VO15NGlySalbz] and [VO15NGlySal(OCH3)].  The numbering of the 
carbon atoms is shown in Figure 5.1   

Compound Carbon 
Number 

Experimental 
Chemical Shift 

(ppm) (±0.5) 
Calculated Chemical Shift (ppm) 

[VO15NGlySalbz] 9 176.1 180.6 
 10 169.6 168.8 
 1 167.1 166.6 
 7 165.2 157.7 
 3 137.7 134.8 
 5 136.1 131.7 
 14 134.9 131.5 
 11* 128.9 131.2 
 12* 128.9 129.1 
 13* 128.9 128.7 
 15* 128.9 127.3 
 6* 120.9 124.2 
 16 120.9 123.3 
 4 120.9 119.1 
 2 115.2 117.0 
 8* 61.5 70.6 
   Penta-

[VO15NGlySalOCH3] 
Hexa-

[VO15NGlySal(OCH3)]
·(CH3OH) 

(V-O distance 3.7 Å) 
[VO15NGlySal(OCH3)] 9 182.9 183.9 183.1 

 1 168.1 168.7 167.6 
 7* Missing 158.4 158.5 
 3* 138.8 135.8 136.0 
 5* 137.1 132.2 131.8 
 6 124.6 124.6 123.5 
 4 120.4 121.7 121.5 
 2 119.0 118.8 118.5 
 10 79.0 75.3 74.2 
 8 64.3 67.9 68.0 
 11* Missing N/A 50.0 

*Chemical shifts for these carbons could not be assigned unambiguously due to 
spectral overlap or missing peaks in the CPMAS spectra. 
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5.3.2 Distance Determination of 51V-15N by LA-REDOR Experiments 

For the two compounds under investigation, the 51V chemical shift anisotropies 

are substantial, which would impede accurate 51V-15N distance measurements by the 

commonly employed REAPDOR sequence.56,71  Since the errors in distance estimates 

are as large as 10-15% (data not shown), we have pursued the recently developed LA-

REDOR experiment.58  This approach has been demonstrated to yield accurate 

distances even for quadrupolar sites possessing large quadrupolar and chemical shift 

interactions.72   

In Figure 5.6, the experimental LA-REDOR data points and the simulated LA-

REDOR curves are shown for [VO15NGlySalbz] and 

[VO(15NGlySal)(OCH3)]·(CH3OH).  The best-fit determined by minimizing the rmsd 
51V-15N dipolar couplings are 300 Hz for [VO15NGlySalbz] and 280 Hz for 

[VO(15NGlySal)(OCH3)]·(CH3OH), translating into the 51V-15N internuclear distances 

of 2.2 Å and 2.3 Å, respectively.  The experimentally determined distance for 

[VO15NGlySalbz] is within 5% of the 2.1 Å that derived from the X-ray structure.  

There is no X-ray structure for [VO(15NGlySal)(OCH3)]·(CH3OH), so we conducted a 

DFT geometry optimization at the B3LYP/TZV level of theory. See below.  The 

geometry optimized structure reveals the 51V-15N distance of 2.15 Å within 7% of the 

DFT-derived distance.   
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Figure 5.6: The LA-REDOR experimental data (filled circles) and simulated curves 
for (A) [VO15NGlySalbz], and (B) [VO(15NGlySal)(OCH3)]·(CH3OH).  
The LA-REDOR data were acquired at the magnetic field of 9.4 T.  In 
(A), the simulated curves are depicted for D = 330 Hz, 300 Hz, and 280 
Hz, and the best-fit curve, as determined by the lowest RMSD, 
corresponds to D = 300 ± 30 Hz.  In (B), simulated curves are shown for 
D = 320 Hz, 280 Hz, and 260 Hz, and the best-fit curve corresponds to D 
= 280 ± 40 Hz.  The simulations include the experimentally determined 
parameters describing the 51V and 15N EFG and CSA tensors: CQ (51V), 
ηQ(51V), δσ(51V), ησ(51V), and δσ(15N). 
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It is important to compare the above bond lengths in the context of the typical 

V-N bond distances.  For instance, a triple bond in [(nacnac)V≡N(ODiiP)] has been 

shown to be ~1.56 Å.73  A terminal V=N double bond in hydrazido74 and [N3N]V=NH 

complexes73 is in the range of 1.68 – 1.64 Å.  In vanadium(V) bicyclic carbene–amide 

complex,75 a terminal V-N single bond exists and its length is ~1.89 Å.  In contrast, 

the non-terminal V-N bond length is significantly longer, ~2.11 Å, as has been shown 

in [VOC12(CH3CN)(Hpycan)].76  The vanadium-nitrogen bond length in the four-

coordinated thionitrosyl complex of vanadium [(nacnac)V(NS)(OAr)] is ~1.68 Å,77 

which clearly indicates that the V-N bond is not a bona fide triple bond but is instead 

either a double bond or has a partial triple bond character.  When the donor nitrogen 

atom is coordinated to the vanadium center it results in a single V-N bond with the 

bond length around 2.11 Å.78-80  

Therefore, our results indicate that one can derive the V-N bond length (and 

bond order) based on the 51V-15N LA-REDOR measurements.  The bond order is often 

important for inferring the geometrical position of the coordinated nitrogen atom(s) 

(cis vs. trans) with respect to the terminal oxo group present in oxovanadium 

compounds. 

5.3.3 Geometry Derivation Combining DFT Calculations and NMR Parameters 

For quantum chemical calculations on [VO15NGlySalbz], we used the X-ray 

geometry as the starting structure, and conducted further geometry optimization at the 

B3LYP/TZV level.  The NMR parameters were calculated using BLYP and B3LYP 

hybrid functionals and TZV and 6-311+G basis sets, on both the X-ray and geometry 

optimized structures.  The results of the calculations of the 51V, 15N, and 13C NMR 

parameters are summarized in Table 5.4, 5.5, and 5.6, respectively.  For the 
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calculations of the 51V observables, the best agreement with the experiment is reached 

with the BLYP/TZV level of theory.  Interestingly, the geometry-optimized structure 

yields remarkable agreement for the quadrupolar tensor, while the closest to the 

experimental chemical shift value is reached when the X-ray geometry is used without 

further optimization.  If the B3LYP functional is used, the δσ value is grossly 

overestimated, by 185-229 ppm.  It is also important to note that at all levels of theory, 

the 51V isotropic chemical shifts are in poor agreement with experiment: the deviations 

are 136/158 ppm for the BLYP, and 335/379 ppm for the B3LYP functionals (6-

311+G/TZVP basis sets).  That the calculated NMR parameters depend on the 

functional employed was confirmed previously.45  Furthermore, as demonstrated by 

Bühl and coworkers, large deviations between experiment and theory are observed for 

isotropic chemical shifts, particularly for compounds with non-innocent ligands, and 

to reduce these discrepancies, advanced computationally expensive protocols are 

required.51,59  The differences of the order of 136-158 ppm between experiment and 

theory at the BLYP level are in line with the previous reports,51 while those yielded by 

the B3LYP functional are too large.  On the basis of the above, we conclude that for 

the compounds under investigation the B3LYP functional does not yield accurate 51V 

chemical shift parameters.  Therefore, even though we report and discuss the results of 

calculations for both functionals, we rely on the results of the BLYP-based 

calculations to derive structural information for [VO(15NGlySal)(OCH3)]·(CH3OH). 

The calculations of the 15N NMR parameters reveal similar behavior: the 

BLYP functional gives rise to the 15N CSA parameters, which are in much closer 

agreement with the experiment than those calculated at the B3LYP level.  

Interestingly, the calculated parameters do not depend to any significant extent on 
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whether the geometry-optimized or the X-ray structure is used (see Table 5.2).  The 

difference between the experimental and the calculated 15N δσ values is 21 ppm.  We 

attribute this difference to the fact that we have conducted DFT calculations on a 

single molecule of [VO15NGlySalbz].  It has been demonstrated that accurate chemical 

shift calculations in solids require taking into account the neighboring molecules in the 

crystal lattice.81  At the moment such calculations are not feasible due to insufficient 

computational resources, but we will be attempting such studies in the future. 

To reference the calculated 13C magnetic shieldings accurately, we followed 

the protocol reported by Emsley and colleagues, where the calculated absolute 

shieldings were corrected by a constant offset using linear regression of the data.70  As 

shown in Figure 5.7, this procedure results in excellent agreement between the 

experimental and calculated 13C isotropic chemical shifts, permitting reliable 

assignments for [VO15NGlySalbz], except for carbons 6,11-13 and 15, whose 

chemical shifts overlap, and carbon 8 that is directly bonded to a nitrogen atom.  (We 

note that we could not adopt a similar procedure for referencing the isotropic 51V and 
15N chemical shifts because there is only one vanadium and one labeled nitrogen site 

in each molecule, and therefore we had to resort to reporting the isotropic chemical 

shift values with respect to a reference molecule, which introduces additional error, as 

discussed above.)  Taking into consideration the overall good agreement between the 

experimental and calculated 51V, 15N, and 13C NMR parameters, we conclude that the 

DFT-optimized structure for [VO15NGlySalbz] is reliable.   
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Figure 5.7: Correlation between calculated and experimental 13C isotropic chemical 
shifts in (A) [VO15NGlySal(OCH3)], and (B) 
[VO(15NGlySal)(OCH3)]·(CH3OH).  In (B), the correlation is shown for 
pentacoordinate [VO15NGlySalOCH3] and in (C) for hexacoordinate 
[VO(15NGlySal)(OCH3)]·(CH3OH).  The empty and the filled circles 
represent all carbons and carbons with unambiguous chemical shift 
assignments, respectively.  The linear fit equations are shown as legends 
on each graph.  The isotropic shifts are summarized in Table 5.3. 
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We next turn our attention to [VO(15NGlySal)(OCH3)]·(CH3OH).  Since no X-

ray structure is available for this compound and its coordination geometry is not 

known per se, we have conducted DFT calculations by using the coordinates of VO4
3- 

as the starting structure and incorporating the appropriate substituents, followed by 

geometry optimization at the B3LYP/TZV level.  Using this method, we have 

generated two molecules: pentacoordinate [VO15NGlySalOCH3] and hexacoordinate 

[VO(15NGlySal)(OCH3)]·(CH3OH).  For the latter, since the V---O distance is not 

known, we have conducted a series of calculations for distances fixed in the range of 

2.0–4.5 Å, and optimized the geometry of the rest of the compound.  The optimized 

geometries are shown in Figure 5.8. 

For the pentacoordinate [VO15NGlySal(OCH3)], significant differences are 

observed between the experimental and calculated 51V NMR parameters.  The 

calculated absolute values of 51V CQ are in the range of 4.7 - 5.6 MHz depending on 

the method (vis-à-vis the experimental value of 3.5 MHz), suggesting that the actual 

molecule is not pentacoordinate.  The calculated 51V isotropic chemical shift also 

agrees poorly with the experiment: depending on the method, the calculated values 

range between -692.5 and -947.4 ppm.  Even though it has been reported previously 

that the calculated 51V isotropic chemical shifts are typically accurate to within 100-

150 ppm, the deviations are too large to be explained by the errors of the DFT 

calculations (see the discussion for [VO15NglySalbz] above).51  The agreement for the 

reduced chemical shift anisotropy is significantly better: the calculations reveal a 

range of -442.5 to -642.4 ppm (vs. the experimental value of -421.5 ppm).   
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Figure 5.8: Structures of [VO15NglySal(OCH3)] and [VO15NglySal(OCH3)(CH3OH)] 
with V---OHCH3 of different distances. Distances are marked in each 
structure.  These structures are optimized with Gaussian09 at 
B3LYP/TZV theory level and are used for NMR parameters calculations.  
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The calculations with the distorted octahedral 

[VO(15NglySal)(OCH3)]·(CH3OH) document a systematic dependence of the 51V 

NMR observables on the V---OHCH3 distance, as summarized in Table 5.4.  The 

results of the BLYP-based calculations indicate, for both the quadrupolar and the 

chemical shift tensors, that 

 

• when methanol molecule is strongly coordinated to the vanadium center, the 

distance of 2-2.7 Å shows poor agreement between experiment and theory; 

• as the V---OHCH3 distance is increased up to 3-3.7 Å, the agreement between 

the calculated and the experimental parameters improves dramatically; 

• the best agreement is attained at the V---OHCH3 distance of 3-3.7 Å and the 

summary of the parameters is shown in Table 5.1; the calculated and 

experimental parameters agree within the error of the calculations; 

• as the V---OHCH3 distance is increased beyond 3.7 Å, the deviation between 

the calculated and experimental NMR observables systematically increases.  

At the distance of 4.5 Å, the calculated parameters are close to those of 

pentacoordinate [VO15NGlySal(OCH3)]. 
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Table 5.4: Experimental and Computed 51V NMR Parameters for 
[VO15NGlySal(OCH3)]·(CH3OH) as a Function of V---OHCH3 Distance 

V-CH3OH 
(Å) CQ/MHz ηQ δiso/ppm δσ/ppm ησ α/degree β/degree γ/degree 

Experimen
t 3.5±0.1 0.73±0.05 -

528.9±5 -421.4±5 0.31±0.05 0±30 90±30 90±30 

none -4.8 0.84 -711.9 -442.5 0.23 -54.8 115 58.7 

2 9.8 0.34 -591.8 -328 0.28 -16.1 137 13 

2.1 6.8 0.44 -605 -328.8 0.27 -20.9 136 17.4 

2.2 4.5 0.59 -617.2 -331.2 0.28 -25 133 22.1 

2.27 3.3 0.77 -625.1 -333.8 0.28 -27.4 129 25.5 

2.35 -2.3 0.91 -633.7 -337.5 0.28 -29.3 121 30 

2.5 -1.6 0.75 -647.6 -347.5 0.27 -27.2 93.1 40.4 

2.7 2 0.32 -659.4 -369.7 0.24 27.1 24.9 -58.6 

3 3 0.61 -653.6 -425.8 0.18 72.4 40.1 88.6 

3.2 3 0.65 -658.9 -435.8 0.17 77 36.6 80.5 

3.4 3 0.66 -660.7 -434.9 0.18 83.9 30.1 72.2 

3.7 3.1 0.79 -659 -432.2 0.19 89.7 29.4 71.3 

3.8 4.1 0.8 -694.4 -431.4 0.27 -6.9 87.8 30.6 

4.1 -4.1 0.99 -698.6 -436 0.25 -3.5 103 27 

4.5 -4.6 0.77 -702.3 -441.9 0.19 15.5 123 14.6 

BLYP/6-311+G 
V-CH3OH 

(Å) CQ/MHz ηQ δiso/ppm δσ/ppm ησ α/degree β/degree γ/degree 

Experimen
t 3.5±0.1 0.73±0.05 -

528.9±5 -421.4±5 0.31±0.05 0±30 90±30 90±30 

none -5.6 0.78 -692.5 -432.1 0.27 -56.3 119 59.4 

2 11.1 0.34 -572.4 -320.6 0.26 -15.6 137 13.4 

2.1 7.8 0.44 -586.4 -320.1 0.26 -20.2 135 17.8 

2.2 5.3 0.58 -598.9 -322 0.26 -24.2 132 22.3 

2.27 3.9 0.73 -607.1 -324.4 0.27 -26.6 129 25.4 

2.35 -2.7 1 -615.9 -328.3 0.27 -28.8 123 29.1 

2.5 -1.9 0.65 -629.9 -339.2 0.26 -28 106 36.1 

2.7 2 0.62 -640.2 -364.2 0.23 23.7 45.9 -51 

3 3.2 0.81 -632 -421.7 0.17 77 52.9 83.3 

3.2 3.2 0.86 -638 -430.1 0.17 81.6 50.7 77.3 

3.4 3.2 0.88 -639.3 -428.5 0.19 87.7 43.8 72.1 

3.7 -3.3 0.98 -639.1 -425.7 0.19 -87.9 39.8 72.3 

3.8 4.6 0.89 -673 -422.7 0.32 -11.3 90.9 32.7 

4.1 -4.8 0.9 -676.5 -426.8 0.3 -8 106 29.2 

4.5 -5.4 0.67 -680.6 -431.7 0.23 11 127 18.3 
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B3LYP/TZV 
V-CH3OH 

(Å) 
CQ/MH

z ηQ δiso/ppm δσ/pp
m ησ 

α/degre
e 

β/degre
e 

γ/degre
e 

Experiment 3.5±0.1 0.73±0.0
5 -528.9±5 

-
421.4±

5 

0.31±0.0
5 0±30 90±30 90±30 

none -4.7 0.9 -947.4 -642.4 0.06 -54.7 110 59.6 

2 9.9 0.33 -819.6 -480 0.21 -16.3 134 11.9 

2.1 6.8 0.42 -832 -483.8 0.21 -21.2 133 16.1 

2.2 4.4 0.57 -843.9 -489.1 0.21 -25.3 130 20.9 

2.27 3.1 0.75 -851.7 -493.4 0.21 -27.5 125 24.8 

2.35 -2.1 0.92 -860.2 -498.9 0.21 -29.1 116 30.9 

2.5 -1.4 0.99 -874.3 -512.1 0.21 -25.6 73.8 47.2 

2.7 2.1 0.1 -887.5 -541.4 0.2 33 15.4 -85.8 

3 3.1 0.58 -883.2 -614.2 0.19 73.7 34.6 -87.3 

3.2 3.1 0.6 -889.4 -624.5 0.18 77.8 29.3 83.1 

3.4 3.1 0.6 -892 -622.6 0.17 83.9 20.8 72.6 

3.7 3.1 0.73 -890.7 -620.2 0.16 89 19.5 70.6 

3.8 4.2 0.71 -928.7 -626.4 0.11 -1.87 83.5 32.8 

4.1 4.2 0.92 -933.4 -631.8 0.09 2.5 99.8 28.1 

4.5 -4.5 0.84 -936.2 -635.6 0.06 22.7 122 13.9 

B3LYP/6-311+G 
V-CH3OH 

(Å) 
CQ/MH

z ηQ δiso/ppm δσ/pp
m ησ 

α/degre
e 

β/degre
e 

γ/degre
e 

Experiment 3.5±0.1 0.73±0.0
5 -528.9±5 

-
421.4±

5 

0.31±0.0
5 0±30 90±30 90±30 

none -5.5 0.81 -902.1 -622.8 0.09 -56.2 115 59.3 

2 11.3 0.32 -776.4 -465.2 0.2 -15.7 133 12.2 

2.1 7.8 0.41 -789.6 -467.1 0.2 -20.3 132 16.4 

2.2 5.2 0.55 -801.7 -471.4 0.2 -24.3 130 20.9 

2.27 3.8 0.7 -809.7 -475.3 0.2 -26.5 126 24.4 

2.35 2.6 0.97 -818.2 -480.9 0.2 -28.3 119 29 

2.5 -1.8 0.79 -832.2 -494.8 0.2 -25 133 22.1 

2.7 2.1 0.4 -843.7 -526.6 0.19 30 29.1 -78.6 

3 3.3 0.74 -836.5 -600.5 0.18 78.7 45.4 87.3 

3.2 3.3 0.79 -843.2 -609.5 0.17 82.8 42.2 79.4 

3.4 3.3 0.82 -845.2 -607 0.16 88.3 34.7 72 

3.7 3.3 0.97 -845.1 -604.2 0.14 -87.9 31.4 71.4 

3.8 4.6 0.81 -881.9 -608.1 0.14 -7.02 87.2 35.2 

4.1 -4.7 0.97 -885.7 -613.2 0.13 -2.76 103 30.7 

4.5 -5.3 0.72 -888.9 -616.7 0.08 18.2 126 18.2 
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The dependence of CQ on the V---OHCH3 distance in 

[VO(15NGlySal)(OCH3)]·(CH3OH) can be explained by the analysis of the 

electrostatic potential (ESP) surfaces, Figure 5.9.  When the distance is 2 Å, the ESP 

surfaces reveal large asymmetry in charge distribution arising from the axial ligands 

and giving rise to a large calculated CQ of 9.8 MHz.  This is in sharp disagreement 

with the experimental value of 3.5 MHz and can be ruled out.  As the distance 

increases, the charge distribution becomes more symmetric, resulting in the systematic 

decrease of CQ with the minimum value of -1.6 MHz observed at the V---OHCH3 

distance of 2.5 Å, and corresponding to the slightly distorted octahedral symmetry.  As 

the distance is systematically increased, so is the asymmetry in the charge distribution, 

and at the distance of 4.5 Å, CQ is -4.6 MHz, close to that of the pentacoordinate 

complex lacking a coordinated CH3OH molecule.  The closest agreement between 

experimental and calculated CQ is reached when the V---OHCH3 distance is either 

2.27 Å or 3.0–3.7 Å.  The first case, where CH3OH is a bona fide ligand coordinated 

to the vanadium, can be ruled out on the basis of a dismal agreement between the 

calculated and experimental 51V reduced anisotropy (See Table 5.4).  On the other 

hand, when the V---OHCH3 distance is in the range of 3.0–3.7 Å, the agreement 

between the calculated and experimental 51V quadrupolar and chemical sfhit tensor 

parameters is excellent.  Therefore, we conclude that the methanol molecule in 

[VO(15NGlySal)(OCH3)]·(CH3OH) plays the role of a crystallographic solvent and 

exhibits a weak electrostatic interaction with the vanadium. 
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Figure 5.9: Image of the electrostatic potential (ESP) surfaces of 
[VO15NGlySal(OCH3)] (A) and [VO(15NGlySal)(OCH3)]·(CH3OH) (B-
F) generated in Gaussview from the total SCF density calculated by 
Gaussian at the BLYP/TZV level.  For 
[VO(15NGlySal)(OCH3)]·(CH3OH), the ESP surfaces are plotted for 
structures where V---OHCH3 distances were fixed at 2 Å (B), 2.27 Å (C), 
2.5 Å (D), 3.7 Å (E), and 4.5Å (F), and the geometries optimized.  The 
regions of positive and negative charge are depicted in blue and red, 
respectively.  The color legend is shown at the bottom. 
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Not surprisingly, the 15N NMR parameters are also sensitive to the 

coordination geometry, as summarized in Table 5.2.  For the pentacoordinate 

[VO15NGlySalOCH3], the isotropic chemical shift and reduced anisotropy computed 

at the BLYP level of theory are within 21.1-21.9 and 19-19.1 ppm of the 

corresponding experimental values.  For the hexacoordinate 

[VO(15NGlySal)(OCH3)]·(CH3OH), the 15N chemical shift parameters show 

systematic dependence on the V---OHCH3 distance, with the closest agreement 

between experiment and theory found for distances of 3–3.7 Å.  The deviation 

between experiment and calculation at the BLYP level of theory is 12.2-14.8 and 9-

11.6 ppm for δiso and δσ, respectively (see Table 5.2 and Table 5.5), which are much 

smaller discrepancies than for the pentacoordinate structure.  

Finally, we have also examined the 13C isotropic chemical shifts for the 

pentacoordinate [VO15NGlySal(OCH3)] and the hexacoordinate 

[VO(15NGlySal)(OCH3)]·(CH3OH) molecules.  As shown in Figure 5.7 and 

summarized in Tables 5.3 and 5.6, the 13C isotropic chemical shift parameters are not 

sensitive enough to the coordination geometry, and very strong correlations are seen 

between the computed and experimental values, assuming both penta- and 

hexacoordinate structures.  This is not particularly surprising, given the fact that there 

are no carbon atoms directly bonded to vanadium.  
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Table 5.5: Experimental and Computed 15N NMR Parameters for [VO15NGlySal(OCH3)]·(CH3OH) as a Function of V---
OHCH3 Distance 

BLYP/TZV B3LYP/TZV BLYP/6-311+G 

V-CH3OH (Å) δiso/ppm δσ/ppm (±5) ησ (±0.05) δiso/ppm δσ/ppm (±5) ησ (±0.05) δiso/ppm δσ/ppm (±5) ησ (±0.05) 

Experiment 253.2 -209.9 0.73 253.2 -209.9 0.73 253.2 -209.9 0.73 

none 274.3 -229 0.82 282.1 -238.3 0.8 275.1 -228.9 0.85 

2 280.3 -244.4 0.83 288.1 -252 0.81 280.2 -242.6 0.85 

2.1 279.3 -243.4 0.82 288.1 -252 0.81 280.2 -242.6 0.85 

2.2 278.5 -241.9 0.82 286.6 -250 0.8 278.7 -240 0.82 

2.27 278.2 -240.9 0.82 286.4 -249.2 0.8 278.4 -239 0.84 

2.35 278 -239.8 0.82 286.3 -248.4 0.8 278.3 -237.8 0.85 

2.5 277.9 -237.8 0.84 286.3 -247 0.82 278 -236.4 0.86 

2.7 275.4 -232.9 0.85 283.7 -242.4 0.83 275.6 -231.6 0.87 

3 265.5 -220 0.84 273.5 -229.1 0.82 265.5 -218.9 0.86 

3.2 265.4 -220 0.84 273.4 -229 0.82 265.6 -219.3 0.86 

3.4 266.4 -220.3 0.84 274.2 -229.5 0.82 266.8 -219.8 0.86 

3.7 267.7 -221.5 0.84 275.5 -230.9 0.82 268.1 -221.1 0.86 

3.8 279.3 -238.5 0.77 287.7 -247.8 0.75 279.6 -237.4 0.79 

4.1 279.1 -236.5 0.78 287.2 -245.9 0.76 279.4 -236.7 0.8 

4.5 275.2 -228.8 0.82 282.7 -238 0.8 275.1 -227.9 0.83 
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Table 5.6: Experimental and Computed 13C NMR Parameters for [VO15NGlySalbz] 
and [VO15NGlySal(OCH3)]  

    BLYP/TZV BLYP/6-
311+G B3LYP/TZV B3LYP/6-

311+G 

Carbon 
Number* 

Experimental 
Chemical 

Shift (ppm) 

Calculated 
Chemical 

Shift (ppm) 

Calculated 
Chemical 

Shift (ppm) 

Calculated 
Chemical 

Shift (ppm) 

Calculated 
Chemical 

Shift (ppm) 
[VO15NGlySalbz] 

9 176.1 180.6 174.3 192.2 185.5 
10 169.6 168.8 163 180.6 174.2 
1 167.1 166.6 162.1 176 171 
7 165.2 157.7 152.7 170 164.6 
3 137.7 134.8 131.7 144.3 140.6 
5 136.1 131.7 128 140.6 136.4 

14 134.9 131.5 127.4 140.4 136 
11** 128.9 131.2 126.2 138.6 134 
12** 128.9 129.1 125.3 138.1 133.3 
13** 128.9 128.7 125.3 136.7 132.9 
15** 128.9 127.3 123.8 135.4 131.5 
6** 120.9 124.2 119.8 132.1 127.4 
16 120.9 123.3 118.9 130.7 126.1 
4 120.9 119.1 115.8 126.8 123.1 
2 115.2 116.9 112.7 125.1 120.5 

8** 61.5 70.6 67.3 75.1 71.7 
[VO15NGlySal(OCH3)] 

9 182.9 183.9 178.9 193.8 188 
1 168.1 168.7 164.9 176.4 171.9 

7** Missing 158.4 155 169.7 165.6 
3** 138.8 135.9 133.4 144.1 141 
5** 137.1 132.2 129.9 140 136.9 

6 124.6 124.6 120.8 130.2 126.1 
4 120.4 121.7 120 128.3 125.9 
2 119 118.8 116.2 126 122.9 

10 78.9 75.3 73.9 79.4 77.7 
8 64.3 68 65.5 70.9 68.2 

[VO15NGlySal(OCH3)(CH3OH)] 
9 182.9 183.1 178.2 193.2 187.6 
1 168.1 167.6 164.3 175.6 171.5 

7** Missing 158.5 155.4 170 166.1 
3** 138.8 136 133.8 144.5 141.6 
5** 137.1 131.8 129.4 139.7 136.7 

6 124.6 123.5 120.2 129.4 125.7 
4 120.4 121.5 119.5 128.3 125.5 
2 119 118.5 115.6 125.9 122.5 

10 78.9 74.2 73 78.1 76.6 
8 64.3 68 65.8 71.3 68.8 

11** Missing 50 48.2 52.5 50.7 

*The numbering of the carbon atoms is shown in Figure 5.1. 
**Chemical shifts for these carbons could not be assigned unambiguously due to spectral overlap or 
missing peaks in the CPMAS spectra. 



  

176 
 

Taken together, these results illustrate the fact that in small molecules, the DFT 

methods have reached a level where reliable structural parameters can be generated in 

the absence of single-crystal X-ray data.  Importantly, through a combination of 

experiment and theory we have been able to derive the local 3D structure of 

[VO(15NGlySal)(OCH3)]·(CH3OH) and found that the vanadium coordination sphere 

is expanded to include a neutral and weakly coordinated methanol molecule.  The 

methanol is in the trans position with respect to the terminal oxo group, at a distance 

of 3.0-3.7 Å.  Since the majority of five-coordinate vanadium compounds are square 

pyramidal,82 the presence of a sixth weakly coordinated ligand provides some 

additional stability to the complex.  The potential for such interaction exists, but not 

many methods are available to demonstrate such an interaction.  On the other hand, it 

is also possible that such a weak interaction disrupts the order and crystallinity of the 

material.  These findings suggest that NMR crystallography is a particularly powerful 

method for investigations into materials in which solvent interactions are weak and 

potentially interfere with crystallization of the material. 

To take application of solid-state NMR to the next level we intend to include a 

combined experimental-MAS NMR and computational approach where the 

experimental NMR parameters are used as fixed metrics in a constrained DFT-based 

geometry minimization.  The NMR parameters include 51V, 15N, 13C, and 1H tensorial 

interactions as well as internuclear distances.  A similar approach has been 

successfully demonstrated on small organic molecules.70,81  We anticipate that 

including 51V quadrupolar and chemical tensors is advantageous and will permit 

solving crystal structures of vanadium-based complexes in the absence of any single 

crystal X-ray information. 
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5.4 Conclusions and Future Outlook 

To make NMR crystallography a viable approach for determination of 3D 

structures in vanadium-containing bioinorganic solids, protocols must be developed 

where the experimental NMR parameters are utilized as constraints in the iterative 

DFT geometry optimization steps.  To this end, we have explored the NMR 

crystallography approach for two vanadium(V)-containing complexes, 

[VO15NGlySalbz] and [VO(15NGlySal)(OCH3)]·(CH3OH).  In these studies we have 

demonstrated that the experimental 51V, 15N, and 13C NMR parameters together with 

internuclear 51V-15N distances represent useful structural constraints that can be 

employed in the DFT calculations of 3D structures of vanadium compounds in the 

absence of single crystal X-ray information.  Our results indicate that the internuclear 
51V-15N distances report on the V-N bond order, which is one for both compounds 

investigated, and which are also important in deriving the oxidation state on the metal 

and its coordination geometry.  For the compound, 

[VO(15NGlySal)(OCH3)]·(CH3OH), which has not previously been structurally 

characterized, we have shown that the methanol associated with the solid actually 

engages in a weak interaction with the vanadium, resulting in six-coordinate 

vanadium.  These studies allow unambiguous determination of the coordination 

geometry and the three-dimensional structure in non-crystalline materials using 

geometrical and tensorial parameters as restraints in DFT structure calculations.  
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