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ABSTRACT 

Ubiquitin Conformational Dynamics and Hydration Shell Dynamics 

by SSNMR 

Kuo-Ying Huang 

 

Knowledge of protein dynamics is essential for understanding the enzyme catalysis, 

protein molecular recognition, and the entropy changes during protein-ligand binding. Nuclear 

Magnetic Resonance (NMR) is an ideal biophysical experimental tool for the study of protein 

dynamics because it can be used to study motions with timescales from  picoseconds to seconds. 

NMR studies of solids are different to those in liquids in that the spatial anisotropy of magnetic 

interactions such as quadrupolar couplings, dipolar couplings, and chemical shift anisotropy 

(CSA) are retained. The amplitude of motion in the timescale faster than microseconds can be 

quantified by the time averaged anisotropic interactions, so solid state NMR has many of unique 

opportunities to study dynamics.       

Studies of protein dynamics using deuterium spectra are powerful because the deuterium 

quadrupolar coupling is larger than any other anisotropic interactions and dominates the 

deuterium spectra. However, large quadrupolar interactions also introduce complexity for 

site-resolved dynamics experiments such as 
2
H-

13
C CP correlation experiments during magic 



angle spinning. In this work, we developed a method to quantify protein site-specific amplitude 

of motions (order parameters) using 
2
H-

13
C CP correlation experiments and tested this method on 

the amino acid model compounds and ubiquitin microcrystalline samples. The ubiquitin 

backbone order parameters we obtained are very similar to the previously reported order 

parameters except that we cannot obtain the order parameter information for some dynamical 

loop regions and the N-terminal part of the α helix. We also solved the ubiquitin crystal structure 

at the crystallization condition similar to the SSNMR sample condition. These structures allow 

us to correlate SSNMR parameters with the high resolution X-ray structure and will be of benefit 

to further method development in SSNMR field. We also found an interesting ubiquitin 

conformational switch. This conformational switch region shows inherent plasticity and probably 

plays a role when ubiquitin binds with deubiquinating enzymes. 

In the last part of the work, we study the dynamical properties of ubiquitin’s hydration 

shell in frozen solution using deuterium spectra. We also study the effect of some Hofmister ions 

on the dynamical properties of ubiquitin’s hydration water and on bulk ice. 
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Chapter 1 

Introduction 

1.1 Introduction of Ubiquitin 

 

Ubiquitin is a small (76 amino acids) regulatory protein that has been found in almost all 

tissues of eukaryotic organisms. It has a compact globular fold with mixed secondary structure 

(five β strand and two helices). The crystal structure of human ubiquitin is shown in Figure 1.1. 

 

 

 

Figure 1.1 Crystal structure of human ubiquitin (PDB entry 1UBQ) and the nomenclatures of α-helices (α1 including 

residues 23-34, and α2 including residues 57-60) and β-strands (β1 including residues 1-7, β2 including residues 

11-16, β3 including residues 41-45, β4 including residues 48,49, and β5 including residues 66-70). 
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1.1.1 Functions of Ubiquitin: Ubiquitylation and Deubiquitylation  

Ubiquitin plays pivotal roles in the fate of the eukaryotic cells: ubiquitin regulates protein 

proteasomal degradation
1,2

, endocytosis, vesicular trafficking
3-5

, DNA repair
6
, and signaling

7
 

through ubiquitylation processes. Ubiquitylation is a post-transformational modification where 

ubiquitin is attached to a substrate protein by the formation of an isopeptide bond (peptide bond 

forms between a side chain amine group and a carboxyl group) between a lysine side chain of the 

binding partners (e.g. another ubiquitin in the case of polyubiquitylation) and the C-terminal 

carboxyl group of ubiquitin. Ubiquitin is activated by covalent binding to an E1 protein 

(ubiquitin-activating enzyme), and sebsequent transfer to an E2 protein (ubiquitin-conjugating 

enzyme). Finally, an E3 protein (ubiquitin-protein ligase) transfers the ubiquitin from E2 to the 

substrate. This cycle can be repeated to form ubiquitin chains. Ubiquitin has seven lysine 

residues, therefore, there are at least seven different types of ubiquitin chain linkage for 

polyubiquityated proteins. The type of ubiquitin chain linkage is key for determining the fate of 

the ubiquitylated protein. For example, Lys48-linked polyubiquitylated proteins usually go 

through proteasomal degradation pathways. In contrast, Lys63-linked ubiquitylation does not 

lead to proteasomal degradation, but to other functions such as protein trafficking, DNA repair, 

and signaling
8
. Figure 1.2 shows the enzymatic cascade that leads to substrate ubiquitylation and 

the proteasomal degradation pathway of Lys48-linked ubiquitylation. 
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The ubiquitylation process can be reversed or modified by deubiquitinating enzymes 

(DUBs). Deubiquitinating enzymes can be subdivided into five families: ubiquitin C-terminal 

hydrolases (UCHs), ubiquitin-specific processing proteases (USP), ovarian tumor proteases 

(OUT), Josephins and JAB1/MPN/Mov34 metalloenzymes (JAMM). DUBs interact extensively 

with C-terminus of the ubiquitin and catalyze the hydrolysis of the isopeptide bond in 

ubiquitin-protein conjugates or ubiquitin chains. DUBs can recognize different kinds of 

isopeptide linkage and different DUBs have different specificity in deubiquitylation catalysis. 

Some DUBs play roles in the reversal of ubiquitin signaling by removing ubiquitin chains from 

post-translational modified proteins; some DUBs stabilize proteins by rescuing them from 

proteasomal or lysosomal degradation or recycle ubiquitin when the degradation fate of protein 

has been made; some DUBs modify the form of polyubiquitylated chains (become different 

chain length or different lysine linkage) or by trimming them and subsequently attaching 

polyubiquitylated chains with different lysine linkage. The general roles of DUBs are shown in 

Figure 1.3.   
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Figure 1.2. Enzymatic cascade that leads to substrate ubiquitylation and the reversal reaction catalyses by a 

deubiquitinating enzyme (DUB). The proteasomal degradation pathway of a Lys48-linked ubiquitylated substrate 

also shown in this Figure. This figure is adapted and redrawn from ref 
12
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Figure 1.3. General roles of deubiquitinating enzymes (DUBs): (a) generate free ubiquitin from the ubiquitin 

precursors, which are linear fusion consisting of multiple copies of ubiquitins (ubiquitins are encoded by four genes: 

UBC, UBB, UBA52, and UBA80). (b) rescue protein from degradation (c) reverse ubiquitin signaling by removing 

ubiquitin chains from post-translational modified proteins. (d) recycle ubiquitins from ubiquitylated proteins that 

undergo the degradation pathway. (e) recycle monomeric ubiquitins from polyubiquitin chains. (f) editing 

polyubiquitylated chains. The figure is adopted and redrawn from Ref
13

.  

 

1.1.2 Binding Hot Spot  

Ubiquitin interacts with a myriad of partners that have very different structure. Over 

twenty distinct ubiquitin-binding domain families have been identified
9
. Ubiquitin-binding 

domains can be divided into the following classes: The helical ubiquitin-binding domains (A) 
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including Ubiquitin-Associated Motifs (UBA), Ubiquitin-Interacting Motifs (UIM), and its 

variant Motif Interacting with Ubiquitin (MIU), Coupling of Ubiquitin to Endoplasmic reticulum 

degradation (CUE), Golgi-localized, gamma-ear-containing, ADP-ribosylation factor-binding 

protein and Target of Myb (GAT). The Zinc Finger (ZnF) family (B) including nuclear protein 

localization 4 ZnF (NFZ), A20 ZnF, and ZnF Ubiquitin-specific Protease (ZnF UBP). The α/β 

fold domains (C) including Ubiquitin-conjugating enzyme (Ubc, or E2) and Ubc E2 Variant 

(UEV). The plekstrin homology fold domains (D) including Plekstrin homology Receptor for 

Ubiquitin (PRU) and GRAM-Like Ubiquitin binding in EAP45 (GLUE). The majority of these 

domains interact with a hydrophobic patch on the β-sheet  of ubiquitin, which include residues 

Leu8, Ile44, and Val70. However, there are difference in some details regarding the binding 

modes and the conformations of ubiquitin they engage in binding. The A20 ZnF domains do not 

interact with the hydrophobic patch centered around Ile44 but use a pair of aromatic residues and 

several polar residues to bind to a predominantly polar patch on ubiquitin centered at Asp58. 

Ile36 is also another binding site that leaves the hydrophobic patch available for binding to other 

partners. This residue is also near enough to the hydrophobic patch and C-terminus for a partner 

to engage multiple binding sites simultaneously
10

. For example, ZnF-UBP domains interact with 

C-terminus and Ile36 surface region
11

.  
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Ubiquitin-deubiquitinating enzyme interaction sites cover 20-40% of total ubiquitin 

surfaces. They are far in excess compared to most ubiquitin binding domains interaction surface 

(usually around 10%)
13

. The catalytic centre of the deubiquitinating enzyme interacts extensively 

with the C-terminus (residues 71-76, especially recognizing residue Arg72 and Arg74
14

) of 

ubiquitin and stays firmly in place for catalysis. Deubiquitinating enzymes also interact with the 

hydrophobic patch but the motif is somewhat different from some other complexes in that the 

residues near Ile44 are not uniformly engaged. The binding affinity (Kd) of ubiquitin-Ubiquitin 

binding domains range from a few μM to mM.  

 

1.1.3 Structure Plasticity and Molecular Recognition  

Ubiquitin’s promiscuous interactions with a myriad of binding partners have led to some 

interest regarding ubiquitin’s structural plasticity and the relation of plasticity to binding of 

partner molecules. The interaction surface of ubiquitin exhibits some structural heterogeneity in 

its binding partners bound states. These heterogeneous structures correspond to the ensemble 

structures of the apo-ubiquitin derived from residual dipolar coupling (RDC) measurements
15

. 

These ensembles indicate the structural heterogeneity of apo-ubiquitin contributes to the intrinsic 

plasticity of binding interface in advance of interacting with different ubiquitin binding domains. 

Conformational selection models invoke a facile conformational change in the apo-protein and 
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posit that the conformational switch precedes binding in a sequential fashion
16,17

. Many 

conformational switches required for binding can be observed in the absence of the binding 

partners, either as minor populations, or induced by subtle environmental factors. Previous NMR 

and X-ray studies show evidence for some conformational exchange or flexible sites. Massi et. 

al
18

 measured 
15

N R1ρ relaxation and identified a conformational exchange process with a rate of 

25,000 s
-1

. The exchange motions were hypothesized to involve low probability events in which 

the N-terminus of the α-helix capping hydrogen bonds are disrupted, including 

Ile23(NH)-Arg54(CO), Glu24(NH)-Asp52(CO), and Asn25(NH)-Thr22(OH) and the 

conformational exchange of Val70. This conformational exchange might related to recognition 

of diverse E1 and E2 partners. Lange et al.
15

 proposed that an inherent, large amplitude, 

collective “pincer-like” motion of loop β1-β2 and loop β3-α1 including the C-terminal tip of 

helix α1 is responsible for interface adaption in the context of a conformational selection model 

for ubiquitin’s binding to a wide variety of partner molecules. Perica et al.
19

 compared some 

ubiquitin structures and some structures of ubiquitin in complex with various partners and 

concluded that the three residues that conserve their conformation are His68, Ile44, and Gly47. 

These residues place constraints on the recognition and give binding specificity; the three 

residues that have variable conformations, Leu8, Arg42, and Val70 allow binding of different 

types of structures of ubiquitin binding domains. Wlodarski et al.
20

 compared the X-ray and 
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NMR bound and unbound structures in detail and concluded that some level of induced fit (local 

conformational changes) also happen after conformational selection (larger amplitude 

conformational changes) in the binding process . 

 

1.1.4 Ubiquitin Crystal Structure 

There is a monomeric human ubiquitin structure available on the Protein Data Bank (PDB), 

PDB entry 1UBQ
21

, one chemically synthesized ubiquitin structure, 1UBI
22

, and one bovine 

ubiquitin structure, PDB entry 2ZCC (100% sequence identity to human ubiquitin). They have 

the same space group P212121. However, the ubiquitin crystallization conditions for solid-state 

NMR studies are different from the crystallization conditions available in the PDB. (The 

majority of microcrystalline ubiquitin samples for solid-state NMR works use high percentage of 

2-methyl-2, 4-pentanediol (MPD) as precipitant and at pH ~ 4.2 compared to 1UBQ and 1UBI 

use polyethylene glycol 4000 (PEG 4000) as precipitant and at pH ~ 5.6, 2ZCC crystallizes 

under high pressure and at pH ~ 6.3) The solid-state NMR parameters may not correlate very 

well with the high resolution X-ray structures available in the PDB. In this thesis, we present a 

X-ray structure of a new ubiquitin crystal form in Chapter 2, which has similar crystallization 

condition as most of the solid-state NMR studies. We compare the structural similarities and 
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differences with 1UBQ and correct the chemical shift differences between solution and solid 

state arising from the crystal contacts.    

 

1.2 Protein Conformational Dynamics Studies by Solid-State NMR 

 

Protein dynamics from large and slow domain motions, intermediate loop or linker 

motions to fast side chain libration or methyl rotations may relate to some interesting biological 

process. For example, the conformational flexibility in the adoptive interface of ubiquitin might 

explain how ubiquitin interacts with various binding domains with different structure folds. 

Another example is triosephosphate isomerase (TIM), a central glycolytic enzyme, the active site 

loop 6 opening facilitates substrate binding and releasing, the turnover rate, which is on the order 

of the loop-opening rate is considered to be the partially rate determining step for the catalysis 

reaction
23,24

. A third example is calmodulin where the changes in conformation entropy derived 

from the methyl-bearing side chain dynamics upon binding is related to the overall binding 

entropy
25

. 

Solid-state NMR is very well suited to the study of protein dynamics of insoluble proteins 

such as amyloid fibers, membrane proteins, proteins in the frozen or viscous solutions, and 

crystalline or precipitated proteins. Solid-state NMR also enables one study of a broader 
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frequency range of internal motions without limitation due to overall molecular tumbling motion 

that limits liquid state NMR. Solid-state NMR measures dynamics with a variety of different 

techniques. Relaxation measurements including deuterium spin-lattice relaxation in the 

laboratory frame (R1 anisotropic) and spin-lattice relaxation in the rotating frame (R1ρ)
26,27

 can 

study ms to ps or even faster motions. Motional averaging of the anisotropic interactions detect 

motions faster than the μs timescale. Line shape analysis detects motional rates about the inverse 

of linewidths (ms - μs timescale). Exchange experiments including Centerband Only Detection 

of Exchange experiment (CODEX)
28,29

 and 2D 
2
H NMR exchange spectroscopy

30
 study slower 

motions (ms - s timescale). Figure 1.4 shows the NMR techniques to study dynamics from ps - s 

timescale. In this chapter, we will focus on the introduction of protein conformational dynamics 

studies using the motional average of the anisotropic interactions.  
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Figure 1.4 Dynamic NMR experiments and the timescale range. Figure is modified from ref. 
31

   

 

1.2.1 Protein Conformational Dynamics Studied by Averaging of Anisotropic Interactions 

In solid-state NMR, the anisotropic interactions such as chemical shift anisotropy (CSA), 

dipolar coupling, and quadrupolar coupling depend on the orientations of the principle axis frame 

(PAS frame) of the anisotropic interactions with respect to the static magnetic field (LAB frame). 

As an example, the quadrupolar coupling depends on the orientation between PAS frame and 

LAB frame as shown in Figure 1.5. Anisotropic NMR spectra are good for studying the 

amplitude of motions with correlation times faster than the inverse of the corresponding 

anisotropic interactions. The orientational dependence of anisotropic interactions is partially 

averaged due to the motion and, therefore, the width of the spectra decreases. These motionally 
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narrowed spectra contain information about amplitude of the motions, which can be quantified as 

the powder order parameter, S.  

Site specific conformational dynamics are particularly interesting because we can identify 

flexible residues which might be important to a protein’s biological functions. There are several 

previous studies of site-specific protein order parameters by dipolar chemical shift correlation 

experiments (DIP-SHIFT) under magic angle spinning (MAS). These experiments recouple the 

13
C-

1
H or 

15
N-

1
H dipolar coupling in a indirect dimension and have site specific resolution due to 

the isotropic chemical shifts of the various sites in other dimension(s) (e.g. different sites are 

resolved in the direct dimension if it is a 2D correlation experiment). Site-specific order 

parameter measurements were done by Huster et. al. on colicin Ia channel domain in the soluble 

and membrane-bound states
32

, by Barré et. al. on the alanines of bacteriorhodopsin
33

, by Franks 

et. al on β1 immunoglobulin binding domain of protein G (GB1)
34

, by Lorieau et. al. on the 

backbone and side chain of ubiquitin
35

 and the coat protein of Pf1 bacteriophage
36

, and by Yang 

et. al. on thioredoxin
37

. In DIP-SHIFT experiments, pulse sequences such as frequency-switched 

Lee–Goldburg (FSLG), Transverse Mansfield-Rhim-Elleman-Vaughan (T-MREV)
38

, 

Lee–Goldburg cross polarization (LG-CP)
39-41

, and symmetric-based R-type sequences such as 

R18
1
7

42
 were used to recouple 

13
C-

1
H or 

15
N-

1
H heteronuclear dipolar couplings and to suppress 

the 
1
H-

1
H homonuclear dipolar couplings. Order parameter determination on proteins with only a  
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Figure 1.5 Anisotropic interactions such as deueterium 

quadrupolar couplings HQ(α, β, γ) depend on the Euler angles (α, 

β, γ) between the principle axis frame (PAS) of the deuterium 

quadrupolar tensor and laboratory frame (LAB frame, ZLAB 

parallel to the magnetic static field Bo)   

 

few protons can give more accurate results due to the absence of strong 
1
H-

1
H dipolar couplings. 

Chevelkov et. al. measured 
15

N-
1
H dipolar order parameters on 

2
H, 

13
C, 

15
N labeled α-spectrin 

SH3 domain with 10% of the amide deuterons back exchange to protons
43

. They used a 

phase-inverted CP (CPPI) to measure the 
15

N-
1
H dipolar recouplings. Schanda et al. used 

rotational-echo double resonance (REDOR) recoupling sequence to measure 
1
H-

15
N dipolar 

order parameters of 
2
H,

13
C,

15
N ubiquitin with 30% amide protons

44
. REDOR recoupling 

sequences help to reduce systematic errors coming from radio frequency field (rf-field) 

inhomogeneity as well as rf-field miscalibration. Chemical shift anisotropies also can be 

reintroduced and correlated to isotropic chemical shift spectra to study protein dynamics. Wyile 

et. al. did [
15

N]-
15

N-
13

C 3D recoupling of chemical shift anisotropy (ROCSA) experiments on 

GB1 and quantified most of the amide 
15

N CSA tensors
45

. 
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The quadrupolar couplings are the largest anisotropic interaction. Even for the deuteron, a 

spin = 1 nucleus with a small quadrupolar coupling (in the order of 200 kHz), this interaction is 

still larger than most dipolar couplings (e.g. greater than dipolar coupling of two protons with 1.0 

Å  apart) and greater than CSAs. Protein dynamics studies using motionally averaged deuterium 

quadrupolar tensors are powerful because the deuterium line shape is dominated by one kind of 

interaction - the quadrupolar coupling. The quadrupolar tensor is not averaged at modest MAS 

speeds so there is no need for a recoupling sequence (compared to dipolar tensor or CSA). 

However, it is also more challenging to study protein dynamics using the quadruplar couplings 

due to sensitivity and resolution issues: the powder pattern is very broad so the intensity of the 

signal is very weak, even using MAS. Furthermore, the averaged quadrupolar coupling constant 

analysis of multiple site deuterons is difficult because these broad patterns will overlap. Most of 

previous dynamics studies using averaged deuterium quadrupolar tensors were restricted to one 

dimensional experiments that using one site/residue 
2
H labeled proteins. Quadrupolar chemical 

shift correlation spectra that resolve the quadrupolar tensor for each sites of a protein are 

challenging to record and, therefore, there are only a few previous studies. Sandström et. al. 

performed a 2D 
13

C{
2
H} REDOR experiment on a di-peptide Ala-Gly. Compared to normal 

REDOR, the π pulse on the deuterium channel was split into two π/2 pulses and the deuterium 

quadrupolar coupling evolves during these two π/2 pulses
46

. Hologne et. al analysized indirect 
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deuterium spectra on valine γ sites of the 
2
H, 

13
C, 

15
N labeled α-spectrin SH3 domain by a 3D 

deuterium quadrupole and carbon chemical shift correlation spectrum
47

. After a 
2
H quadruploar 

evolution period, magnetization is transferred from 
2
H to 

13
C using CP, and then followed by a 

13
C-

13
C mixing sequence. These experiments have the disadvantage of low magnetization 

transfer efficiency and the possible distortion of the indirect deuterium spectra due to unequal 

magnetization transfer from each crystallite. Deuterium single quantum-double quantum 

correlation experiments were also done by several groups
48-51

 on small molecules. The 

quadrupolar couplings of different sites of deuterons can be separated during the deuterium 

chemical shift evolution period when deuterons are excited to the double-quantum state. 

However, this experiment is hard to apply to perdeuterated proteins because the deuterium 

chemical shift dispersion is not big enough to resolve each deuteron site in the perdeuterated 

proteins.   

In this thesis, we developed a site specific deuterium quadrupolar order parameter 

measurement for protein α, β sites to enhance the sensitivity compared to the quadrupolar – 

chemical shift correlation experiments. We tested the mentioned above method on model 

compounds as well as on 
2
H,

13
C,

15
N labeled ubiquitin. We also compared the ubiquitin 

quadrupolar order parameters with order parameters obtained by different NMR methods. This 

part is discussed in Chapter 3 and 4. 
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Chapter 2 

X-ray Crystal Structure of Ubiquitin in 

2-methyl-2,4-pentanediol (MPD) 

This chapter is based on the Protein Science paper“The structure of human ubiquitin in 

2-methyl-2,4-pentanediol: A new conformational switch”by Kuo Ying Huang, Gabriele A. 

Amodeo, Liang Tong, and Ann McDermott Protein Science (2011) 20, 630-639. Copyright ©  

2011 The Protein Society  

    

2.1 Introduction  

     The importance of ubiquitylation/deubiquitylating for protein regulation and the effects of 

ubiquitin’s flexible region upon molecular recognition have been discussed in chapter 1. 

Ubiquitin is also an ideal test system for NMR methods, particularly for studies of 

conformational dynamics. Its compact globular form, with its mixed secondary structures, as 

well as its inherent thermostability have made it a prime subject for pulse sequence and other 

methodological development
1
. Microcrystalline ubiquitin has been the model system in 

important solid state NMR (SSNMR) method developments: ubiquitin was one of the first cases 

to be assigned by high resolution MAS methods, including the use of two-dimensional 
13

C-
13

C 

correlation experiments
2-4

, 
1
H-

15
N correlation experiments

5
 and three-dimensional 

15
N-

13
C-

13
C 

correlation spectra
6
. Several structure determination methods have been illustrated using 
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microcrystalline ubiquitin
7-9

. More recently, conformational dynamics studies characterizing 

backbone and side chain order parameters by use of 
1
H

-13
C dipole couplings

10
 and 

1
H-

15
N dipolar 

couplings
11

 have been reported and compared with solution NMR. 
13

C-
13

C double quantum 

spectroscopy has also been used to detect conformational dynamics
12

.  

     The majority of these studies used a specific crystal form of ubiquitin in a relatively high 

percentage (60%) of 2-methyl-2,4-pentanediol (MPD) as precipitant, because these conditions 

yield spectra with excellent resolution and no peak doubling due to conformational variants in 

the crystal. To date, however, no X-ray structure for this crystal form is available to offer a 

complementary structure for the SSNMR studies. Here we report the first time high resolution 

X-ray structure for this form. This work is similar to the α Spectrin SH3 crystal structure by 

Agarwal et al. (Protein Data Bank entry 2NUZ), who crystallized the α Spectrin SH3 domain at 

conditions similar to SSNMR sample conditions. These high-resolution X-ray structures allow us 

to correlate SSNMR parameters directly with data derived by X-ray scrystallography and will be 

of benefit to further method development in the SSNMR field. 

 

2.2 Results  

     The structure of a new crystal form of human ubiquitin (PDB entry 3ONS), grown at pH 

4.2 in the presence of 53% (v/v) MPD, has been determined at 1.8 Å  resolution. The final R 
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factor for the refined structural model is 18.3%, and the free R factor is 21.1%. The 

root-mean-square (RMS) deviation from ideal values for bond lengths is 0.011 Å , and that for 

bond angles is 1.6°. The refined structural model contains residues 1-72 of ubiquitin and 91 

solvent water molecules. This crystal form is in space group P3221, with unit cell parameters of 

a=b=48.4 Å , and c=62.0 Å . The summary of crystallographic information is shown in Table 2.1. 

In comparison, the crystal structure of monomeric human ubiquitin in the Protein Data Bank 

(PDB entry 1UBQ
13

 and 1UBI
14

) is in space group P212121, with unit cell parameters of a=50.8 

Å , b=42.8 Å , and c=29.0 Å , and the crystal structure of monomeric bovine ubiquitin (PDB entry 

2ZCC) is in space group P212121 and unit cell parameters a=44.0 Å , b=50.5 Å , and c=93.9 Å . 

Therefore, the new crystal is unlikely to have any relationship to these earlier crystals. This new 

crystal structure is expected to correspond directly to the form of ubiquitin used in many 

SSNMR experiments, which were carried out with microcrystals prepared in the presence of 

51-60% (v/v) MPD, pH 4.0-4.2. The range of MPD concentrations used for the SSNMR studies 

results from the fact that, although 60% MPD is generally used to prepare the crystals, additional 

cryoprotectants were used in some cases, resulting in a final concentration of approximately 

51%.  
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Table 2.1. Summary of crystallographic information 

Maximum resolution (Å ) 1.8 

Space Group P3221 

Unit cell parameters (Å , °) a=b=48.4, c=62.0 

α=β= 90, γ=120  

Number of observations 34,649 

Rmerge (%)
1
  7.1 (31.1) 

I/I 17.8 (5.1) 

Redundancy 4.3 (4.3) 

Resolution range used for refinement 30-1.80 

Number of reflections 7,857 

Completeness (%) 99 (100) 

R factor (%) 18.3 (22.1) 

Free R factor (%) 21.1 (25.1) 

rms deviation in bond lengths (Å ) 0.011 

rms deviation in bond angles (°) 1.6 

1. The numbers in parentheses are for the highest resolution shell (1.86-1.8 Å ).  
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     Alignment of the Cα atoms of 3ONS with respect to the previously reported structure 

(1UBQ) gives a RMS distance deviation of 0.43 Å  (residues 1-72), as calculated using PyMOL
15

. 

It is known that ubiquitin may adopt a stable, partially folded state (the A-form
16

) at low pH 

values and high concentrations of MPD. As elaborated previously
6
 and discussed below, 

differences in the chemical shifts comparing the crystalline form and the solution state signals 

did not show any particular pattern that would suggest the presence of the A form or any other 

unfolded or refolded form. Knowledge of the X-ray structure of ubiquitin under these 

crystallization conditions clearly supports our prior assumption that this crystalline form is 

unrelated to the partially unfolded A-form, and is indeed in normally folded. 

     Despite their good overall agreement, there are interesting structural differences between 

3ONS and the other structure of monomeric human ubiquitin available in the PDB, 1UBQ. One 

local structural difference involves the main chain of Asp52 and Gly53. In the new ubiquitin 

structure, the amide plane connecting the carbonyl group of Asp52 and amine group of Gly53 is 

flipped relative to its conformation in 1UBQ. The simulated annealing omit electron density map 

around Asp52/Gly53 is shown in Figure 2.1, clearly indicating the flip of this peptide bond. The 

carbonyl group of Asp52 is thereby exposed to solvent and neighboring molecules, and the 

backbone NH of Gly53 forms an internal hydrogen bond with the side chain of Glu24, which 

also flips due to this interaction. This is in contrast to the conformation in 1UBQ (as well as most 
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ubiquitin complexes and multimeric structures) where the carbonyl group of Asp52 is engaged in 

an internal hydrogen bond with the backbone amide of Glu24 (Figure 2.2).   

 

Figure 2.1 Simulated annealing omit Fo-Fc map for residues 51-54 and superposition of residues 51 to 54 of 3ONS 

(cyan) and 1UBQ (green). The electron density map is contoured at 3ζ. The peptide bond between Asp52 and Gly53 

is flipped in the new structure with respect to 1UBQ. All structure figures in this paper were produced in PyMOL
15

. 

 

Figure 2.2 The two ubiquitin structures (1UBQ (green) and 3ONS (cyan)) have different hydrogen bonds capping 

the N-terminal α-helices (shown in red) and crystal contacts. (A) The Asp52 carbonyl of 1UBQ forms an internal 

hydrogen bond with backbone of Glu24. Gly53 forms an inter-molecular hydrogen bond with Asp32 of a 

neighboring ubiquitin molecule. (B) The Gly53 amide of our new ubiquitin structure forms an internal hydrogen 

bond with the Glu24 side chain; the Asp52 carbonyl forms an inter-molecular hydrogen bond with Lys63 of a 

neighboring ubiquitin molecule through a water molecule. 
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     Besides the Asp52/Gly53/Glu24 “switch” region, several other residues also show a 

significant difference from their positions in 1UBQ. The backbone of loop β1- β2 (residues 8 to 

11, the nomenclature for all the α-helices, β-sheets and loops are shown in figure 2.3A) and loop 

α1- β3 (residues 37 to 40) have above average Cα RMS deviations when optimally aligned with 

the 1UBQ structure. The plot of Cα alignment between 3ONS and 1UBQ colored by RMS 

deviations is shown in Figure 2.3B. In strand β2, all heavy atoms comprising the side chains of 

residues 13 to 16 also have large RMS structural deviations with respect to 1UBQ. These regions 

were previously shown to have above average amplitude of motion (lower order 

parameters)
10,17-19

. Figure 2.4 highlights side chains with large RMS deviations between the two 

structures; many belong to solvent-exposed, ionizable residues (e.g. glutamate, aspartate, and 

arginines), and most are not located near crystal contacts. We speculate these structural 

differences result from the variation in pH (4.2 versus 5.6) and ionic strength between these two 

structures. 
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Figure 2.3 (A) The nomenclatures used here for α-helices, β-sheets and loops. (B) The plot of Cα alignment between 

3ONS and 1UBQ colored by rainbow according to the Cα RMS deviations. Red is the region with highest derivation 

(RMSD = 0.792 Å ) and blue is the good alignment region (RMSD = 0.0275 Å ). Loop β1- β2, loop α1- β3 and the 

Asp52/Gly53/Glu24 region have large derivations.   

 

Figure 2.4 Superposition of 3ONS (cyan) and 1UBQ (green), highlighting glutamates, aspartates, and arginines with 

greater side chain RMS deviations (side chain RMS derivations greater than average RMS derivation). 
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2.3 Discussion 

 

2.3.1 3ONS Highlights a New Conformational Switch in Unbound Ubiquitin  

We describe the structure of ubiquitin in a crystalline form previously used for many 

SSNMR studies. This form exhibits an alternate conformation, or a switched orientation of the 

Asp52/Gly53 peptide plane, along with a change in the orientation of the Glu24 side chain. This 

switched orientation in the Asp52/Gly53 peptide plane is also found in some solid state NMR 

structural ensembles (discussed later in this chapter). This alternate conformer is likely to have 

functional significance, since the Asp52/Gly53/Glu24 switched conformer is also found in 

structures of ubiquitin, ubiquitin aldehyde, or diubiquitin in complex with deubiquitinating 

enzymes (e.g. PDB entries 2G45, 2HD5, 2IBI, 1NBF, 3I3T, 3IHP, 3NHE, 3MHS and proximal 

ubiquitin of 2ZNV, which are all discussed further below). In contrast, the “unswitched” 

conformer is seen in essentially all other ubiquitin structures, including the previous structures 

for monomeric ubiquitin, di- and tetra-ubiquitin, and complexes with other kinds of enzymes. To 

our knowledge, this conformational switch and its relation to deubiquitination has not yet been 

discussed in the literature. Figure 2.5 compares our new ubiquitin structure, 3ONS, with several 

other ubiquitin structures in the region of Asp52/Gly53.  
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     Ubiquitin has been an important experimental system for studies of intrinsic 

conformational dynamics of proteins, because it is known to undergo crucial conformational 

exchange processes during functional binding events with its many and varied binding partners. 

All of these motifs interact with ubiquitin residues around Leu8, Ile44 and Val70 except 

ZnF-UBP domains, but differ in some details regarding the binding modes and the particular 

conformations of ubiquitin they bind. In examples such as E3 ubiquitin ligases (e.g. the UBA 

domain of Cbl-b
20

, and the UBA domain of E3 isolated by differential display (EDD) protein
21

) 

or endosomal sorting complexes (e.g. Vps23 of ESCRT-I
22

), the primary contacts involve loop 

β1-β2 (Leu8) , loop β3-α2 (Ile44) and residues around Val70. 

     Deubiquitinating enzymes interact extensively with the C-terminus (residues 71-76) of 

ubiquitin. Deubiquitinating enzymes also interact with residues around loop β1-β2 as do other 

ubiquitin binding partners. The motif is somewhat different from some other complexes in that 

the residues near Ile44 are not uniformly engaged, and the interactions at the C-terminus are 

more extensive. For example, in the UCH-L3/ubiquitin vinylmethylester complex, the 

C-terminus of ubiquitin engages in interactions with the active site cleft of UCH-L3, with Leu8 

and Thr9 also interact with UCH-L3
23

. Superposition of ubiquitin from all the various bound 

complexes shows that while loop β1-β2, loop β3-α2, and the C-terminal regions have a large 

RMS structural deviations throughout all ubiquitin complexes, the deviations for the 
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deubiquitinating family of complexes are much smaller, and the structures are much more similar. 

This is particularly true for the complexes in which ubiquitin adopts the switched conformer 

(Asp52/Gly53/Glu24). (see Figure 2.6)  

As described above, the Asp52-Gly53 peptide plane flips along with the Glu24 side chain 

in many of the deubiquitination complex structures, but not in the majority structures of other 

ubiqutin complexes. An internal hydrogen bond Glu24(NH)-Asp52(CO) is disrupted, and a new 

hydrogen bond appears between Gly53’s amine group and the side chain of Glu24. The 

“switched” structures pertain to the family of Ubiquitin-Specific Processing proteases (USP, 

represented by PDB entries 2G45
24

, 2HD5
25

, 2IBI, 1NBF
26

, 3I3T, 3IHP, 3NHE, and 3MHS
27

), 

and JAB1/MPN/Mov34 Metalloenzymes (JAMM, represented by PDB entry 2ZNV
28

)   
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Figure 2.5 (A) Superposition of the new ubiquitin structure, 3ONS (cyan), the 1UBQ, and some 

diubiquitin/tetraubbiquitin structures (green). The Asp52/Gly53 peptide plane of 3ONS flips in the opposite 

direction compared to the other structures. The Glu24 side chain position also has greater structural deviation 

compared to the other structures. (B) 3ONS (cyan) has a conformation to those of ubiquitin-deubiquitinating enzyme 

complex structures 2G45, 2HD5, 2IBI, 1NBF, 3IHP, 3I3T, 3MHS, 3NHE, and 2ZNV (all colored green) in the 

Asp52/Gly53 peptide plane and Glu24 side chain positions. 

 

Figure 2.6 (A) Superposition of the Cα trace of our new ubiquitin structure, 3ONS (cyan), with other ubiquitin 

structures, as observed in complex with UBA CUE, UIM, and UEV domains (gray green). Loop β1-β2, loop β3-α2, 

and the C-terminus have greater RMS deviations than the average for the protein. (B) Superposition of 3ONS (cyan) 

with ubquitin-deubiquitinating enzymes (gray green and 1NBF, 2G45, 2HD5, 2IBI, 3IHP, 3ITI, 3MHS, 3NHE, and 

2ZNV are dark green). Loop β1-β2 and the C-terminus have greater RMS deviations than the average. 
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     It is interesting that the switch occurs distal to the major intermolecular contact area. It is 

therefore not clear how the conformational switch is influenced by the deubiquitinating enzyme. 

The Asp52 carbonyl of 2IBI forms a weak water mediated hydrogen bond with a 

deubiquitinating enzyme (side chain of Arg349 of USP2). Also, the Gly53 of 3IHP and 3I3T 

have some contacts (< 5 Å ) with USPs (for 3IHP, Gly53 has contacts with Arg730 of USP5; 

Gly53 of 3I3T has contacts with Tyr297 of USP21). For other structures, the contacts are less 

clear. However, other studies show that perturbation is distal to the intermolecular contact area. 

Sgourakis et al. found UIM binding-induced conformational exchange processes in Ser20 and 

Asn60, which are distal to the interaction surface with the UIM binding partner, and are also 

different conformational switches than the one discussed here. These authors discussed a 

possible functional significance of the switch in the recognition process
29

.  

The question remains: what causes the Asp52/Gly53 switch to occur in this new 

monomeric form? One possibility is that the difference between 3ONS and 1UBQ in this region 

is related to crystal contacts. The carbonyl of Asp52 is engaged in a water-mediated hydrogen 

bond with the side chain of Lys63 from a neighboring ubiquitin molecule; this is in contrast with 

1UBQ, where the amide group of Gly53 is engaged in a water mediated hydrogen bond with side 

chain of Asp32 in a neighboring ubiquitin molecule. Nevertheless, the clear pattern of 

conformational switch upon binding to a specific class of enzymes would suggest that this switch 
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is directly related to ubiquitin’s function. To our knowledge, this is the first discussion of the 

possibility that this particular switch is related to a particular biological function.  

     Inherent plasticity has been assumed to be important for the binding promiscuity of 

ubiquitin. Ubiquitin participates in many different molecular interactions, generally engaging the 

same set of surface exposed residues: The hydrophobic patch consisted of Leu8 (in loop β1-β2), 

Ile44 (around loop β3-α2), and Val70. Superimposition of the crystal structures of the complexes 

of ubiquitin with all of these various motifs demonstrates that loop β1-β2, loop β3-α2 and the 

C-terminal regions have greater RMS deviation as compared to other regions (Figure 2.6). Our 

observation that both forms of this newly described switch can be adopted by monomeric 

ubiquitin, including in the absence of the deubiquinating enzyme partner, demonstrates that the 

exchange or switch must be intrinsic to the monomeric form and fit the conformational selection 

model
30,31

. Since both conformers are seen when engaged in complexes with biologically 

important partners, we posit that plasticity in this region is important for function. In support of 

the assertion of native plasticity of the Asp52/Gly53 peptide plane orientation, the region near 

the Asp52/Gly53/Glu24 conformational switch has been previously discussed in terms of 

exchange phenomena. Indeed, the residues around Asp52/Gly53 and Glu24 have elevated 

dynamics according to previous NMR studies. Relaxation studies by Lienin et al.
32

 showed that 

residues Asn25 and Asp52 have significantly lower 
13

C’ T2 values compared to all the other 
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residues, and that the Glu24 and Gly53 peaks have notably low sensitivity caused by line 

broadening. Massi et. al
33

 carried out 
15

N R1ρ relaxation experiments and identified a rate 

constant of 25,000 s
-1

 chemical exchange process affecting residues Ile23, Asn25, Thr55, and 

Val70 and described a very broad and weak peak in Glu24, presumably engaging in a related 

process. Exchange motions were hypothesized to involve a low probability N-terminus of the 

α-helix capping hydrogen bonds disrupted event, which is discussed in chapter 1. Majumdar et 

al.
34

 studied correlation motions between 2-spin pairs in ubiquitin and found correlation motions 

involving C’(Glu24)−Cα(Glu24)−N(Asn25), C’(Glu51)−N(Asp52), Cα(Glu51)−C’(Asp52) and 

Cα(Glu51)−Cα(Asp52) on the μs-ms timescale. Furthermore, SSNMR studies of conformational 

dynamics exhibited elevated dynamics in Gly53
35

 (Asp52 and Glu24 were not reported). The 

work done by Lange at al.
17

 showed the flexibility in this region on 4ns-50μs timescale; the 

ubiquitin structure ensemble extracted from residual dipolar coupling experiments showed 

elevated Cα RMS fluctuations around Glu24 and Asp52 and lower NH order parameters around 

Asp52. In sum, these studies indicate that Glu24 and Asp52/Gly53 have flexibility that is 

consider higher than the majority of the protein. In the 3ONS structure, the Ile23-Arg54 and 

Asn25-Thr22 linkage still form the key capping hydrogen bonds, but the Glu24-Asp52 hydrogen 

bond is not present due to a flipped carbonyl group. Thus the structural alteration we discuss here 
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may not be identical to any of those hypothesized previously, but is likely to be closely related or 

even prerequisite to the other motions. 

     It is interesting to note that there is also evidence of the Asp52/Gly53 conformational 

switch from SSNMR structural studies: The ubiquitin microcrystalline structural ensemble 

determined by Manolikas et al. (PDB entry 2JZZ) contains some structures in which the 

Asp52/Gly53 peptide plane flips, along with a Glu24 side chain motion. Schneider et al. 

structurally characterized another ubiquitin microcrystalline (precipitated in polyethylene glycol 

instead of MPD) using SSNMR. This structure has greater derivations around Asp52/Gly53, and 

the Arg54-Ile23 hydrogen bond is disrupted
12

. The Asp52/Gly53 peptide plane of the structural 

mean in this study also appeared to be flipped as compared to the 1UBQ structure (though 

exactly equivalent to the 3ONS structure reported herein). 

     In the context of native plasticity, it is interesting to discuss the thermal disorder in 3ONS. 

The variation of Cα, Cβ, and C’ B-factors with respect to residue number shows a qualitatively 

similar pattern in terms of which regions of the protein are most disordered: the B-factors are 

higher for the loop regions, particularly loop β1-β2. 3ONS, though, exhibits generally higher 

B-factors as compared to those reported for 1UBQ. The crystal contacts (which of course differ 

for the two forms) do not appear to correspond to sites with particularly high or low B-factors for 

either monomeric form, with the possible exception of the N-terminal portion of the α-helix α1 
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(Glu24, Asn25). The N-terminus of the α1 region has elevated B-factors in 1UBQ but not in 

3ONS. Possibly this difference occurs because the close crystal contacts of Glu24 and Asn25 in 

3ONS, which likely reduce conformational motions in that region and lower the observed 

B-factors. It is also possible that these crystal contacts contribute to our ability to identify the 

flipped state in ubiquitin; Asp52 engages in crystal contacts and our structure shows a new 

hydrogen bond between Glu24(Oδ) and Gly53(NH), both of which presumably help to stabilize 

the otherwise poorly populated state. 

 

2.3.2 Chemical Shift Differences Between Microcrystals and Solution 

This newly reported structure of ubiquitin (3ONS) gives us an opportunity to consider the 

origin of differences in the chemical shifts between the solution vs. the microcrystalline state. 

This may not be unique to ubiquitin, in that the α Spectrin SH3 crystal structure by Agarwal et 

al. (Protein Data Bank entry 2NUZ) is in a condition similar to conditions used for solid state 

NMR
36

. Furthermore from the growing body of work on GB1 there is also the availability of 

X-ray and SSNMR data under consistent conditions
37

. In principle, these structures offer rich 

information, allowing to us correlate SSNMR parameters with a high resolution X-ray structures 

and thereby advance the development of SSNMR methods and interpretation. In this regard, 
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ubiquitin is an interesting case because of the particularly large volume of NMR work done to 

date on it. 

Figure 2.7 shows the Cα, C’, and N chemical shift differences between the solid state assignment 

and the solution assignments. This comparison was previously discussed by Igumenova et al.
6
. 

There are two solution assignments, the one from Wand et al.
18

 (biological magnetic resonance 

bank (BMRB) 6466) and the other from Cornilescu et al.
38

 (BMRB 6457). We used the chemical 

shifts of the former assignment for our comparison because the pH value used in that study (5.6) 

is somewhat closer to our sample conditions (4.2) than is that of Cornilescu et al. (6.6). The 

residues that exhibit significant perturbations of the isotropic chemical shifts (i.e. where at least 

two backbone chemical shift differences fall outside the 89% confidence interval of the best-fit 

Gaussian curve of differences) are found in the solvent-exposed portions of helix α1 (Glu24, 

Asn25, and Asp32), and loop α2-β5 (Asn60, Glu64, and Thr66). Many of the residues in these 

regions have close contacts with neighboring ubiquitin molecules in 3ONS. For example, the 

side chains of loop α2-β5 have crystal contacts with the side chains of the solvent exposed 

portion of helix α1 in neighboring ubiquitin molecules, and intermolecular hydrogen bonds are 

formed on this surface (Figure 2.8). As mentioned above, the space group of 3ONS (P3221) is 

different from 1UBQ (P212121) resulting in different crystal contacts. Notably, the regions with 

strongly perturbed chemical shifts have good (but not perfect) correlations with crystal contacts 
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in 3ONS. For example, residues 24, 32, and 64, which are among the most perturbed, are 

involved in extensive crystal contacts (large numbers of intermolecular contacts). Asn60 has 

short distance crystal contacts and forms hydrogen bonds with a neighboring ubiquitin molecule 

(the Asn60(CO) to Gln31(Nε2) distance is 3.1Å ). In contrast, for 1UBQ, none of the perturbed 

chemical shifts are at or near crystal contacts. Assuming that changes in solid state chemical 

shifts upon crystallization are often caused by crystal contacts, this analysis is consistent with our 

assertion that the crystal packing symmetry of the microcrystals used in SSNMR is the same as 

those seen in 3ONS. In order to make sure that the difference in pH value is not the principal 

cause of the chemical shift differences, we also compared solid state assignments to solution 

state N assignments at a pH value close to solid state conditions (pH 4.5, assignment done by 

Varadan et. al.
39

). The plot of shift differences with residue number shows that the chemical shift 

differences between solid state and solution at pH 4.5 are almost identical to the comparison with 

solution at pH 5.6 (Figure 2.9). We can conclude that chemical shift differences between 

microcrystal and solution are less sensitive to pH value. 
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Figure 2.7. Plots of the number of intermolecular contacts (number of intermolecular C, N, and O atoms pairs, which 

have distance shorter than 5Å ) with residue number in the 1UBQ (A) and 3ONS (B) Numbers of intermolecular 

contacts were calculated using ACCEPT-NMR (paper in preparation). (C) The Cα (orange), C’ (green), and N (blue) 

chemical shift differences between solid state assignments by Igumenova et al. and solution assignments by Wand et 

al.. The shifts differences were fitted to a Gaussian function; shift differences relative to the standard derivation of 

the mean ζ are plotted. Shift differences falling outside the confidence interval of 89% on the best fit Gaussian curve 

(dashed line, 1.6 ζ) are considered to be outliers. Most of these residues (labeled residues have greater perturbed 

shifts at least two backbone chemical shifts are perturbed) also have higher numbers of intermolecular contacts in 

3ONS, but not in the 1UBQ structure. 
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Figure 2.8 The correlation between crystal contacts of 3ONS structure and the perturbation of the solid state 

chemical shift (shown in green). Residues that have perturbed chemical shifts, including the solvent-exposed part of 

helix 1 (Glu24 and Asp32), have close contacts with loop α2-β5 (Asn60 and Glu64), with some of them forming 

intermolecular hydrogen bonds. 

 

 In contrast to the analysis of Cα, CO and N shifts discussed above, we could not find 

significant correlations between many of the perturbations in the Cβ chemical shifts and crystal 

contacts. Using recently developed tools, some chemical shifts can be predicted based on 

three-dimensional structures. We used a chemical shift predication tool called SPARTA
40

 

(version 2007.04.016) to predict backbone isotropic chemical shifts based on torsion angle 

φ/ψ/χ
1
 information from crystal structures. Based on this tool, our SSNMR-derived chemical 

shifts were equally compatible with the conformations of ubiquitin in the 1UBQ and 3ONS 

structures. This is probably because relatively few backbone torsion angles differ when 
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comparing 3ONS and 1UBQ. The regions that have greater predicted shift differences (loop 

β1-β2) are also the regions of greatest plasticity, resulting in missing SSNMR chemical shift data 

due to the mobility and unfortunately cannot be compared. In other words, the local 

conformational changes between the two crystalline forms or between solution and crystalline 

structures appear to be poorly predicted by currently available statistically-based predictive tools. 

This poorly perdition in local conformational change is probably because the perdition errors are 

larger than the chemical shift differences between two conformer and ubiquitin is not the unique 

case.  

 

2.4 Conclusions 

A new ubiquitin crystal structure, 3ONS, was determined, which corresponds to the form 

used in many SSNMR studies. The structure is folded in a form similar to previously reported 

ubiquitin structures, validating the prior SSNMR work on this system. Perturbed solid state 

chemical shifts as compared to solution shifts can be mostly explained by the presence of crystal 

contacts in this new ubiquitin crystal. One difference between the new structure and the prior 

monomeric crystal structure is that the Asp52/Gly53 peptide plane is flipped out to engage in 

intermolecular contacts, as it does in deubiquitinating enzyme complexes. This work clearly 

demonstrates that the flip is possible in the apo-molecule. 
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Figure 2.9. Plots of 
15

N chemical shift differences with respect to residue numbers. The shift differences between 

solid state assignments by Igumenova et al. and solution assignments by wand et al. (pH 5.7) are represented by red 

columns and shift differences between solid assignments and solution assignments by Varadan et al. (pH 4.5) are 

represented by blue columns. The outlier residues are almost identical for these two sets of shift differences. 

 

2.5 Materials and Methods 

2.5.1 Protein Expression and Purification   

BL21 (DE3) cells were transformed with a p’AED vector (T7 expression system) in which 

the ubiquitin gene was subcloned
41

 and grown in 1L Luria Broth (LB) medium at 37
o
C with 

ampicillin (1mg/L). 1L of culture was grown in a 2L flask at 37
o
C with 250 rpm shaking. When 

the optical density (OD600) of the culture reached 0.7, protein expression was induced by adding 
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1 ml of 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) into each liter of medium. After 

8hrs of expression, the cells were harvested by centrifugation at 5,000xg for 30 min. 

Approximately 1 to 1.5 g cell pellet was mixed with 20 ml glacial acetic acid. The cell lysate was 

centrifuged at 4,000xg for 1hr, and the supernatant neutralized to pH ~ 5 with 5 M KOH. This 

solution was then dialyzed twice against deionized water and a third time against 50 mM 

ammonium acetate, pH 4.5. A 5 ml SP Sepharose
TM

 Fast Flow (Amersham Pharmacia Biotech 

AB) resin column (per liter of culture) was equilibrated in 100 ml of 50 mM ammonium acetate, 

pH 4.5. The cell lysate was loaded onto the SP sepharose resin column, and then washed with 

100 ml of equilibration buffer at a flow rate of 1 ml/min. The protein was then eluted with 150 

ml of elution buffer (50 mM ammonium acetate, pH 5.5) at a flow rate of 1 ml/min and collected 

in 5 ml fractions. The protein concentrations of the fractions were determined using optical 

absorption at 280nm. The plasmid was re-sequenced and the results were in perfect agreement 

with a prior coding modification for the wide type sequence
41

. The resulting protein was 

characterized by mass spectrometry.  

                        

2.5.2 Protein Crystallization  

Commercial ubiquitin (Sigma-Aldrich, St Louis, MO) and ubiquitin prepared as described 

above were used to prepare the microcrystalline samples. Ubiquitin crystals were formed at 4
o
C 
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by the hanging-drop vapor diffusion method: 2 μl of a 10 mg/ml protein solution was mixed with 

2 μl of the reservoir crystallization reagent. Needle like ubiquitin microcrystal forms in a wide 

range of crystallization reagent concentrations (50-60 % (v/v) MPD, 0-18% (v/v) glycerol, and 

20-27mM sodium citrate (pH 3.8-4.2)), However, larger and thicker crystal forms with the 

addition of glycerol. Long, thin (0.5mm   0.01mm   0.01mm) crystals were obtained after 

approximately 4 days in 52 % (v/v) MPD and 18 % (v/v) glycerol solution in 27mM sodium 

citrate (pH 4.1) buffer. A photo of ubiquitin crystals is shown in figure 2.10.  

 

 

 

Figure 2.10 Ubiquitin crystals viewed under 20x magnification. The largest crystal is approximately 0.5 mm  0.01 

mm  0.01 mm. 
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2.5.3 Structure Determination and Refinement  

X-ray diffraction data were collected to 1.8 Å  resolution at the X29A beamline of the 

National Synchrotron Light Source (NSLS). Diffraction images were processed with the HKL 

package
42

. The structure was solved by molecular replacement with the program COMO
43

 using 

the structure of human ubiquitin
13

 as the search model. The model was refined with the program 

CNS
44

, and manually re-built using the program O
45

. Precipitant MPD was not use in the 

structure refinement.     
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Chapter 3  

Order Parameter Determination by 2H Averaged Tensor 

Analysis and 2H-13C CP Correlation Spectra 

3.1 Theory 

 

3.1.1 Deuterium Average Quadrupolar Coupling Analysis 

Deuterium average quadrupolar coupling (line shape) analysis can be used to study the 

amplitude of the molecular motion. Motions that occur much faster than the breadth of the 

deuterium quadrupolar tensor (fast limit motion) will narrow and reshape the tensor. The line 

shape of the motionally narrowed tensor depends on the geometry of the motion. The spectral 

frequency ωQ for a static deuteron with a specific crystallite orientation is given by: 

              ω  
   

 
                                             [3.1] 

ωo is the deuterium Larmor frequency. Cq and η are the quadrupolar constant and asymmetry 

parameter. β and γ are Euler angles between the principle axis frame (usually roughly parallel to 

C-D, O-D, or N-D bond vector unless there are Hydrogen bonds present
1
) and the B0 static field 

(laboratory frame). 

If the deuteron has a fast motion (k >> ωQ), the motional averaged spectral frequency ω      

is then given by: 
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                                       [3.2] 

If β and η are independent, equation 3.2 becomes, 

ω       ω  
       

 
            η                              [3.3] 

  
    and η  are the motionally averaged quadrupolar constant and asymmetry parameter, which 

depend on the geometry of motions. (e.g.   
    and η  depend on jump angle θ and flip angle φ for 

the discrete jump models) β’ and γ’ are Euler angles between the axis of motional averaging and 

the laboratory frame.  

Different motional modes lead to different   
    and η  and therefore different deuterium 

line shapes. For example, a methyl rotation with θ = 70.5
o
 and φ = 120

o
 gives    

        = 1/3 and 

η  = 0; a π-flip (180
o
 flip) motion with θ = 60

o
 and φ = 180

o
 gives    

        = 0.625 and  η  η  = 

0.6. Simulated static and MAS deuterium spectra with no motion, methyl rotation, and π-flip 

motion are shown in Figure 3.1. 

The motional narrowing of the deuterium tensor can be characterized by a powder order 

parameter, S, which is quantified by the reduction of tensor breadth:  

                      
      

  
   

 

 
                                    [3.4] 

Order parameters characterize the amplitude of the motions that are much faster than the tensor 

breath (k >> ωQ). Order parameters range in value from 1.0 (static) to -0.5, where a value of 0.0 

indicates isotropic motion. Order parameters can be related to physical parameters such as 
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conformational entropy
2
, free energies

3
 and potential energy surfaces

4
. The regions that have low 

order parameters (plasticity regions) may have importance in protein function such as molecular 

recognition. For example, an interface adaptive collective “pincer-like” motion happens in loops 

of low order parameter, loop β1-β2 and loop β3-α1, presumably in order to interacts with various 

different binding partners
5
. Deuterium quadrupolar order parameters can be compared to the 

solution general order parameters only if  η  η    (when  η  η   , we need to use general 

order parameter
6
 (solid general order parameter = 

 
 

 
      

       
       

    
 

               
      

  
        

      

  
   

  

 
         

      

  
   

  

 
                                            

       

   
   

 

 
   

  

 
    

 

 
   

  

 
       ) to 

compare to the solution general order parameter). The order parameters from both solution and 

solid-state NMR are also different in their averaging timescales.             

 

Figure 3.1 Simulated static (black) and MAS (blue) deuterium spectra with no deuteron motion, such as a crystalline 

tryptophan, which has no motion faster than 10
5
 s

-1
 

7
, a π-flip motion such as the aromatic ring flip motion of 

phenylalanine-5,5,6,6-
2
H4 in bacteriorhodopsin in purple membrane at growth temperature with a rate > 10

5
 s

-1
 

7
, 

and a methyl rotation about C3 axis such as the methyl rotations of crystalline L-alanine-3,3,3-
2
H3, 

DL-valine-4,4,4,4,4,4-
2
H6, and L-isoleucine-5,5,5-

2
H3 with the rates of 2.5 10

9
 - 5.5 10

10
 s

-1
 

8
. All spectra were 

generated by simulation program EXPRESS
9
. 
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3.1.2 
2
H-

13
C CP Correlation Spectra: 

Deuterium average quadrupolar coupling analysis is powerful for the dynamical studies of 

site specific 
2
H labeled proteins

7,10-12
. However, it is impossible to get site specific order 

parameter information for uniformly deuterated proteins and peptides just from a 1D static or 

MAS deuterium spectrum, due to the spectral overlap in the deuterium tensors. Site resolved 

deuterium tensors can be achieved using a 
2
H quadrupolar-

13
C chemical shift correlation 

experiment: the magnetization transfers from deuterium to carbon through a cross polarization 

(CP) pulse sequence
13,14

 (or a transferred echo double resonance (TEDOR), or a deuterium 

evolution encoded rotational echo double resonance (REDOR) 
13

C-
2
H correlation experiment

15
, 

these will be discussed in the Appendix A). The deuterium tensors for different sites with 

different 
13

C chemical shifts can be separated during the following 
13

C evolution period. 

Previous literatures about 
2
H quadrupolar - 

13
C chemical shift correlation experiments are very 

limited, only the 2D correlation spectra of 
2
H,

13
C,

15
N Nac-Val and 

2
H,

15
N Nac-Val-Leu-OH

14
 

and the deuterium tensor studies of the deuteriomethyl groups of the valines in 
2
H,

13
C,

15
N 

labeled α-spectrin SH3 domain
13

 were reported. The reason why deuterium quadrupolar - 
13

C 

chemical shift correlation experiment is not widely used in protein dynamics studies is probably 

due to the complications of CP process between spin 1 nucleus and spin 1/2 nucleus under the 

MAS spinning (CPMAS)
16-18

. A brief theory of 
2
H-

13
C CPMAS will be introduced in the 
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following section. 

 

3.1.3 CPMAS between Spin 1 Nucleus and Spin 1/2 Nucleus 

The CPMAS matching conditions between spin 1 nucleus and spin 1/2 nucleus
18

:
 

ω       ω    ω                           [3.5]
 

ωI is the rf-field strength on the spin 1/2 nucleus (I) during CP, ωav is the time average of the 

effective rf-field strength on the spin 1 nucleus (S) during CP (ωav =           ), and ωR is the magic 

angle spinning (MAS) frequency. ωav can be much greater than the rf-field strength on the spin 1 

nucleus (S) during CP, ωs, and therefore, two primary matching conditions ( ω    ω ) can be 

split into many sidebands and become:  

                            ω  ω      ω                              [3.6] 

ωS is the CP rf-field strength on the spin 1 nucleus (S),  s is a CP mismatch from the normal 

recoupling condition ( s = ωav - ωS or ωav - ωS - mωR if ωav - ωS > ωR), n and m are arbitrary 

integers. This mismatch  s is quadrupolar constant and crystalline orientation β angle dependent 

because the effective rf-field strength on the spin 1 nucleus is quadrupolar constant and β angle 

dependent.  

The time dependent effective rf-field strength on 
2
H during CP, ω(t), comes from the adiabatic 

part (i.e. the modulation of the effective 
2
H CP rf-field strength is small with time) of the 
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diagonalization of 
2
H Hamiltonian, Hs(t), during spin-lock and MAS  (HS(t) = ωSSx + ωq(t)Sz

2
) : 

      
   ω 

      ω 
                        [3.7] 

ω     
 
   
   

  
     β     ω   γ      β     ω   γ    

       [3.8] 

Where ωq(t) is a time dependent quadrupolar coupling due to the MAS spinning. 

The time dependent effective 
2
H CP rf-field strength is modulated with a periodicity that depends 

on the MAS frequency, and the amplitude of the modulation depends on quadrupolar constant 

and β angle; the γ angle only shifts the phase of this modulation. The Figure 3.2 shows the 

relation between ω(t), ωS, ωq(t), and an example plot of the time dependent modulation of ω(t) 

and ωq(t). If the modulation is smooth enough, it will be similar to an adiabatic sweep of the rf 

amplitude. The adiabaticity condition is satisfied when the adiabaticity parameter a, 

                                   
     

        ω 

                                [3.9] 

is much greater than one. To satisfy the adiabaticity condition, slow MAS spinning frequency 

and high 
2
H rf-field strength are preferred for the CP process. The CP efficiency is higher when 

the adiabaticity parameter is higher.     
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Figure 3.2 (A) Diagram representing the relationship between the time dependent effective rf-field strength on 
2
H 

during CP, ω(t), the rf-field strength on 
2
H during CP, ωS, and time dependent quadrupolar coupling, ωq(t). (B) An 

example of the time dependent modulation of ω(t) and ωq(t) when ωS = 80 kHz (dashed line),   
   = 120 kHz, and the 

crystalline orientation is such that β = 30
o
, γ = 0

o
 

 

Deuterons generally have quadrupolar couplings with quadrupolar constants similar or 

larger than the applicable 
2
H rf-field strength. The time average effective 

2
H CP rf-field strength 

ωav will be larger than the 
2
H rf-field strength ωS. Therefore, the mismatch  s of CP is not 

negligible and this mismatch is getting bigger when the deuteron has larger quadrupolar constant 

(less mobile). The mismatch also depends on the β angle of the deuteron. For a powder sample, 

this mismatch is a distribution due to the distribution of β angles, when the mismatch is larger 

(deuteron with larger quadrupolar constant), the mismatch distribution becomes broader. 

Simulated 
2
H-

13
C CP matching profiles of powder sample with different quadrupolar constants 

are shown in Fig 3.3. Therefore it is possible to filter the deuterium spectrum for sites that have 
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low vs. high order parameter values, by selecting the condition under which 
2
H-

13
C CP is 

preferred.  

 

Figure 3.3 Simulated 
2
H-

13
C CP matching profiles (showing the matching sidebands of n= -1 to -4) of powder 

sample with deuteron order parameters of 0.5-1.0 (S = 1 equal to quadrupolar constant of 170 kHz). The CP 

mismatch and the distribution of mismatch are order parameter dependent. Static deuteron (or deuteron with large 

quadrupolar constant) typically has a larger CP mismatch, and the distribution of the recoupling condition is 

typically much broader.   
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3.1.4 Deuterium Tensor Distortion During the CP Process 

One concern regarding the analysis of averaged deuterium quadrupolar coupling constants 

from 
2
H quadrupolar - 

13
C chemical shift correlation experiments, is the possibility that the 

deuterium lineshape would become distorted during the CP process. The 
2
H-

13
C CP matching 

condition is β angle dependent, meaning that the CP transfer efficiency is also β angle dependent. 

Crystallites with certain β angles transfer polarization more efficiently than other β angles at a 

certain 
2
H and 

13
C CP rf-field strength. The quadrupolar splitting ΔωQ corresponding to these β 

angle will have higher intensity so the deuterium powder pattern will be distorted. This distorted 

powder pattern can be partially compensated when applying an amplitude modulation on the 
2
H 

or 
13

C rf pulse during CP process, because this pulse sweeps through matching conditions of 

crystallites with different β angles so the transfer efficiency of each β angle becomes similar. 

Modulation of the rf pulse amplitude and frequency during CP can also help to improve the 

sensitivity. Murakami et al
19

 applied amplitude and frequency modulations on 
2
H during 

1
H-

2
H 

CP. The spectra of 
1
H-

2
H CP with amplitude and frequency modulations have two times signal to 

noise ratio compared to the spectra of 
1
H-

2
H CP without modulation. In this chapter, we will 

discuss this possible lineshape distortion by comparing the direct pulse deuterium spectra and the 

2
H-

13
C CP indirect deuterium spectra of the model compounds glycine-U-

13
C-

15
N-2-

2
H and 

L-methionine-
2
H, 

13
C-methyl under different CP conditions (which recoupling condition or the 
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amplitude modulation on CP). We will also simulate these direct pulse or CP deuterium spectra 

using simulation program SPINEVOLUTION
20

.      

 

3.1.5 Order Parameter Determination by 
2
H-

13
C CP Matching Profile 

   We know that the 
2
H-

13
C CP mismatch,  s, depends on the deuteron’s averaged quadrupolar 

constant as discussed in the previous section. It is possible that we can use this CP mismatch to 

quantify the deuteron order parameter. In this chapter, we will determine the best conditions to 

quantify the deuteron order parameter using 
2
H-

13
C CP matching profile and compare the 

2
H-

13
C 

CP matching profiles of model compound L-alanine-U-
13

C-
15

N, 2-
2
H and L-methionine-

2
H, 

13
C-methyl with the simulated matching profiles generated by simulation program 

SPINEVOLUTION. 

 

3.2 Result and Discussion 

 

3.2.1 1D Deuterium Spectra of Model Compound 

1D deuterium spectra of microcrystalline L-alanine-2-
2
H and L-alanine-3-

2
H3 are shown in 

figure 3.4. The α deuteron in the L-alanine microcrystal is static and the deuterium quadrupolar 

constant and asymmetry parameter should be close to 170 kHz and 0, respectively; the β 
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deuteron in L-alanine has an averaged quadrupolar constant 1/3 of the static quadrupolar 

constant due to the fast methyl rotation of the deuteriomethyl group
8
. The best fit average 

quadrupolar constants and asymmetry parameters of our L-alanine-2-
2
H and L-alanine-3-

2
H3 

spectra are 160-161 kHz/0.12~0.13 and 52~53 kHz/0.07~0.08, respectively. The best fit results 

close to the theoretical values.    
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Figure 3.4 Deuterium spectra of microcrystalline L-alanine-2-
2
H (A, C) and L-alanine-3-

2
H3 (B, D). The 

experimental data in the frequency domain (A, B) and the time domain (C, D) are shown as black dots, the simulated 

spectra according to the best fit quadrupolar constants and asymmetry parameters are shown in blue lines, and fit 

residues are shown in red lines (at the same scale). The linewidth of each spinning sideband in the frequency domain 

is not a fit parameter, therefore, large part of the fit residual in the frequency domain are due to the inaccurate 

linewidth in the spinning sidebands. No B1 field inhomogenity assume in this simulation.       

  

3.2.2 Indirect 
2
H Spectra from 

13
C Detected 2D 

2
H-

13
C CP Correlation Spectra  

 

We used two model compounds for the 2D 
2
H-

13
C CP correlation experiments, 
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2-
2
H,U-

13
C,

15
N-glycine and 

2
H, 

13
C-methyl-L-methionine (both from the Cambridge Isotope 

Laboratories, Inc.). Glycine has a static 
2
H-

13
C bond with a deuterium quadrupolar constant of 

~170 kHz in the crystalline form; L-methionine has two conformers in the crystal form and the 

side chain dynamics are temperature dependent
21

. The deuterium average quadrupolar constant 

of the deuteriomethyl group of methionine is less than 55 kHz and it is conformation and 

temperature dependent. 

 

2-
2
H,U-

13
C,

15
N-glycine 

A 2D 
2
H-

13
C CP correlation spectrum of glycine-2-

2
H,U-

13
C,

15
N is shown in Figure 3.5. 

There is a strong MAS deuterium powder pattern correlated to the glycine Cα at 
13

C chemical 

shift of 45 ppm, and a weak (the close to noise level) deuterium powder pattern correlated to the 

glycine C’ indicating that the α deuterium transfers the magnetization mainly to the α carbon 

(one bond transfer) in a 1 ms contact time. We extracted the indirect deuterium spectrum at a 
13

C 

chemical shift of 45 ppm, and compare it to the 
2
H directly detected spectrum. 

The differences between 
13

C indirectly detected deuterium spectra from the 
2
H-

13
C CP 

correlation experiments and 1D 
2
H directly detected spectrum are small compared to the noise 

level of the 
13

C detected indirect deuterium spectra (shown in Figure 3.6). It shows that the 

tensor distortion during CP process can be ignored because it is small compared to the noise of 
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the spectra. We simulated the deuterium spectra with and without including the 
2
H-

13
C CP pulse 

into simulation and try to fit the quadrupolar constants by SPINEVOLUTION. The best fit 

quadrupolar constants and asymmetry parameters of 
13

C detected 
2
H spectra are similar to the 

best fit values of 1D 
2
H spectra (see Table 3.1). The best fit quadrupolar constants and 

asymmetry parameters are not very sensitive to the 
2
H-

13
C CP matching conditions and which 

simulation model (with or without adding CP pulse into simulation) used for the fitting. 

 

 

Figure 3.5 A 2D 
2
H -

13
C CP correlation spectrum of glycine-2-

2
H,

13
C,

15
N. α-deuteron transfer the magnetization 

mainly to α-carbon (one bond transfer) in a 1 ms contact time CP pulse. This spectrum was recorded with a flat CP 

pulse using the n= -3 CP matching condition and 8kHz MAS spinning.  
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Figure 3.6. Superimpose 
13

C indirectly detected deuterium spectra from the 
2
H-

13
C CP correlation experiment shown 

in Figure 3.5 (red) and 1D 
2
H directly detected spectrum (black) in time domain (A) and frequency domain (B). The 

difference (residue) between direct and indirect 
2
H spectra are roughly compared to the noise level of the indirect 

13
C detected 

2
H spectrum.   

 

Table 3.1 List of the best fit quadrupolar constants and asymmetry parameters of 1D deuterium spectra and 
13

C 

detected 
2
H spectra from 

2
H-

13
C CP correlation spectra for different CP conditions. 

Spectrum Best-fit   
     Best fit    

1D deuterium spectrum 162 ~ 168 kHz 0.08 ~ 0.11 

13
C detected 

2
H spectrum 

n =-3 condition, flat CP 

160~ 165 kHz 0.11 ~ 0.14 

13
C detected 

2
H spectrum 

n =-3 condition, tan ramp CP
 

160 ~ 165 kHz 0.15 ~ 0.17 

13
C detected 

2
H spectrum 

n =-4 condition, flat CP 

155 ~ 159 kHz 0.12 ~ 0.16  
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L- Methionine-
2
H, 

13
C-Methyl 

2D 
2
H-

13
C CP correlation spectra of L-methionine-

2
H, 

13
C-methyl at temperature 25-45

o
C 

show two resolved deuterium-carbon correlations (spectrum at 35
o
C is shown in Figure 3.7). The 

2
H correlation to the 

13
C chemical shift of 18.5 ppm (all trans conformation for Cε–S–Cγ–Cβ and 

S–Cγ–Cβ–Cα torsion angles ~ 180
o
) has a deuterium line shape with slightly larger quadrupolar 

splitting, ΔωQ, as compared to that correlated at 
13

C chemical shift of 16 ppm (gauche-gauche 

conformation for Cε–S–Cγ–Cβ and S–Cγ–Cβ–Cα torsion angles ~ 74
o
). It shows that the 

deuteriomethyl group in its gauche-gauche from is more mobile compared to the all trans 

conformation. Fitting 
13

C detected 
2
H spectra with different simulation models (with or without 

adding CP pulse into simulation) give similar best fit averaged quadrupolar constants. The 

simulated 
13

C detected 
2
H spectra are similar to the simulated 

2
H spectra without adding CP 

pulse sequence into the simulation except the center band intensity (or shifted baseline for FID 

domain). It is probably because of a CP artifact, or because some magnetization was excited to a 

different coherence (i.e. the magnetization excited to 
2
H double quantum coherence) and was 

also transfered through 
2
H-

13
C CP process, and therefore, increase or decrease the peak intensity 

in the zero frequency (stronger or weaker center band was observed). The best fit average 

quadrupolar constants and asymmetry parameters from 
13

C detected 
2
H spectra are listed in Table 

3.2. We used the best fit quadrupolar constants and asymmetry parameters for the two 
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conformers derived from the 
13

C detected 
2
H spectra as a starting fitting parameters to fit the 1D 

static 
2
H spectra at the same temperature. The quadrupolar constants and asymmetry parameters 

that fit well with the 1D static 
2
H spectra

 
(parameters give the minimal χ

2
) are also close to the 

best fit quadrupolar constants and asymmetry parameters derived from the 
13

C detected 
2
H 

spectra at the same temperature. The 1D static 
2
H spectra and simulated spectra according to the 

best fit quadrupolar constants and asymmetry parameters are shown in Figure 3.8.       

   

 

Figure 3.7 A 2D 
2
H-

13
C CP correlation spectrum of L- methionine-

2
H, 

13
C-methyl at 35

o
C. The correlation at 

13
C 

chemical shift of 18.5 ppm (A) corresponds to the deutriomethyl group in all trans conformation, and the correlation 

at 
13

C chemical shift of 16 ppm (B) corresponds to the deutriomethyl group in gauche-gauche conformation. The 

deuteriomethyl group in gauche-gauche from is more mobile compared to the all trans form. 
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Table3.2 Best fit average quadrupolar constants and asymmety parameters of 
13

C detected 
2
H spectra of L- 

methionine-
2
H, 

13
C-methyl from the 

2
H-

13
C CP correlation spectra. 

Conformer temperature Best fit   
    Best fit η 

All trans 25
o
C 40.8 ~ 47.7 kHz 0.06 ~ 0.3 

35
o
C 32.8 ~ 38.8 kHz 0.03 ~ 0.4 

45
o
C 27.6 ~31.2 kHz 0.02 ~ 0.5 

Gauche-gauche 25
o
C 39.7 ~ 41.8 kHz 0.03 ~ 0.4 

35
o
C 26.9 ~ 27 kHz 0.6 ~ 0.7 

45
o
C 15.9 ~18.1 kHz 0.2 ~ 0.4 
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Figure 3.8 1D static 
2
H spectra of L-methionine-

2
H, 

13
C-methyl (black) and the simulated spectra according to the 

best fit average qudarupolar constants and asymmetric parameters (navy lines: all trans form, olive lines: 

gauche-gauche form, red dots: sum of two simulated spectra, orange dots: residues of the fit). Best fit average 

qudarupolar constants and asymmetric parameters derived from 1D static 
2
H spectra are close to the best fit values 

derived from the 
13

C detected 
2
H spectra at the same temperature. 

 

3.2.3 
2
H-

13
C CP Matching Profiles on Model Compounds and the Simulation Results  

We used two model compounds (U-
13

C-
15

N-2-
2
H-L-alanine and 

2
H, 

13
C-methyl- L-methionine, 

from Cambridge Isotope Laboratories Inc.). They have very different deuteron average 

quadrupolar constants (order parameters): the alanine has its α site deuterated, and this α 

deuteron is static (no detectable motion according to the deuterium spectra) in the crystal from, 

and has a quadrupolar constant Cq ~ 170 kHz; methionine has a deuteriomethyl group, this 

deuteron has average quadrupolar constant of 44 kHz if it is in the all trans conformer or 40 kHz 

if it is in the gauche-gauche conformer at room temperature. 
2
H-

13
C CP matching profiles were 
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recorded with a constant 
2
H rf-field strength and arraying 

13
C rf-field strength around n = 0 ~ -4 

matching sidebands (nωR). 
2
H-

13
C CP matching profiles of α 

2
H-

13
C of alanine and methyl 

2
H-

13
C of methionine (shown in Figure 3.9) are very different in the relative transfer efficiency 

of each matching sidebands and the mismatch  s. The deuteriomethyl group in methionine has a 

small averaged deuterium quadrupolar constant at room temperature. The CP matching profile of 

the methyl 
2
H-

13
C of methionine is similar to the matching profile of two spin = 1/2 nuclei, that 

is, it has higher transfer efficiency in the primary matching conditions (n=    ) and has very 

small mismatch  s (  0.5 kHz). The CP matching profile of the α 
2
H-

13
C of alanine has a higher 

transfer efficiency in n = -4 or -3 conditions compared to other matching sidebands. The CP 

matching sidebands of α 
2
H-

13
C of alanine are shifted several kHz and much broader compared 

to the matching sideband of methyl 
2
H-

13
C of methionine due to much greater mismatch  s. 

Simulated 
2
H-

13
C CP matching profiles by SPINEVOLUTION fit well with the experimental α 

2
H-

13
C alanine and methyl 

2
H-

13
C methionine matching profiles. The experimental matching 

profiles have the same curve feature as simulated matching profiles and show no significantly 

broadening due to B1 field inhomogeneity. Previous 
13

C B1 filed inhomogeneity measurement in 

our probe by Dr. Tatyana Igumenova shows that the B1 field inhomogeneity is negligible (less 

than 5% B1 field inhomogeneity) if sample is center pack and the length is less than 4.8mm. The 

effect of B1 field inhomogeneity will be discussed in detail in chapter 4. We can use this 
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simulation program to optimize the CP matching condition to quantify deuteron average 

quadruploar constant (order parameter) by the CP mismatch  s.  

 

Figure 3.9 CP matching profiles of α 
2
H-

13
C of alanine (navy circle) and methyl 

2
H-

13
C of methionine (red triangle: 

gauche-gauche form, purple triangle: all trans form) and the corresponding simulated CP matching profiles (navy 

line and red line, respectively). The CP matching profile of the methyl 
2
H-

13
C of methionine is similar to the 

matching profile of two spin = 1/2 nuclei. CP matching profile of the α 
2
H-

13
C of alanine has higher transfer 

efficiency in n = -4 or -3 recoupling conditions compared to other matching sidebands. The CP matching sidebands 

of α 
2
H-

13
C of alanine are shifted several kHz and are much broader compared to the matching sideband of methyl 

2
H-

13
C of methionine, due to much greater mismatch  s. 
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There are two factors that affect the precision of the deuteron average quadruploar constant 

determination: the CP transfer efficiency (i.e. detection sensitivity) and the magnitude of the 

frequency shifts in CP mismatch, Δ s, due to the changes in the average quadrupolar constants 

(i.e. the sensitivity of CP matching profile to the motion). These two factors can be optimized by 

the following experimental variables: 

- CP contact times :  

A good CP contact time choice would reach the maximum polarization transfer, and therefore 

increase the sensitivity. According to the simulated CP build up curves in Figure 3.10, the 

maximum polarization transfer time depends on the order parameter of C-D bond; the transfer 

reaches a maximum in less than 0.5 ms for a static C-D bond but the maximum transfer for 

methyl C-D bond takes longer than 2 ms. We also want to choose the contact time based on the 

sensitivity of CP matching profile to the motion. Simulated CP matching profiles of C-D bonds 

with order parameters between 1 and 0.5 and the CP contact times in the range of 0.75 to 1.5 ms 

are shown in Figure 3.11. We found that for the short contact times (0.75 ms to 1 ms), the 

recoupling condition in each sideband is better defined (sharper matching curve) and the 

difference in matching profile (or  s) due to C-D bond with different order parameter is more 

significant at ~ 1 ms CP contact time.      

- 2
H rf-field strength and MAS spinning frequency: 
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     The CP mismatch becomes larger when we apply a relatively lower 
2
H rf power on CP. 

However, the CP transfer efficiency is lower at the lower 
2
H rf power on CP because it reduces 

the adiabaticity parameter. MAS spinning frequency has a similar effect: The CP matching 

sidebands are separated further at higher MAS spinning frequency and the detection sensitivity is 

better but the CP transfer efficiency is lower at higher MAS spinning frequency. According to 

our simulation results (shown in Figure 3.12), a 
2
H rf-field strength of 60-70 kHz and MAS 

spinning frequency of 8-10 kHz is the best compromise between good transfer efficiency and 

larger mismatch.   

- Matching sidebands: 

Simulated CP matching profiles show that each matching sideband has different features. For 

C-D bonds with order parameters larger than 0.5 (e.g. for typical protein α, β sites), simulated n 

= -4 or -3 matching sideband conditions have higher transfer efficiency and sharper sidebands.  

 

Figure 3.10. Simulated 
2
H-

13
C CP build-up curves of the 1.09Å  C-D bond with order parameters of 1.0 (blue), 0.6 

(red), and 0.3 (methyl group, colored black). The maximum polarization transfer time was between 0.5 ~ 2 ms 

depends on the C-D bond order parameters 
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Figure 3.11. Simulated 
2
H-

13
C CP matching profiles of C-D bonds with order parameters between 1 ~ 0.5 and the CP 

contact times in the range of 0.75 ~ 1.5 ms. The recoupling condition in each sideband is better defined (sharper 

matching curve) in the short contact times (0.75 ms and 1 ms). The difference in matching profile (or  s) due to the 

C-D bond with different order parameter is more significant at ~ 1 ms CP contact time. 

 

For a protein sample, it is difficult to record a CP matching profile with several matching 

sidebands because it will take too much time. Arraying CP conditions around the n = -4 or -3 

matching sideband is a good choice for order parameter measurements due to the higher transfer 

efficiency and sharper recoupling condition (better defined mismatch).      
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Figure 3.12. Simulated 
2
H-

13
C CP matching profiles of α 

2
H-

13
C alanine and methyl 

2
H-

13
C methionine at 8kHz 

MAS spinning with different 
2
H CP field strength (solid line for α 

2
H-

13
C and dashed line for methyl 

2
H-

13
C). In 

theory, lower 
2
H field strength (47 kHz) would give a larger CP mismatch at n = -4 condition. However, the n = -4 

matching sideband condition of α 
2
H-

13
C will overlap with n = -3 matching sideband condition of methyl 

2
H-

13
C. 

Also, the 
13

C rf-field strength at the n = -4 matching sideband condition is close to a n = 2 rotary resonance condition 

(for 
2
H field strength 47 kHz), so the matching profile will be more complicated. The better 

2
H field strength choice, 

making a compromise between the large CP mismatch and to avoid all the problems mentioned above, is around 62 

kHz.   

 

3.2.4 Conclusions 

13
C detected 

2
H spectra from 

2
H-

13
C CP correlation spectra have similar best fit average 

quadrupolar constants and asymmetry parameters as compared to the 1D 
2
H spectra on two 

model compounds, indicating that the spectral distortion due to the 
2
H-

13
C CP process is not 

serious and the fitting results are not affected by the distortion. It is reliable to study deuterium 

quadrupolar order parameters using 
2
H-

13
C CP correlation spectra. 

2
H-

13
C CP matching profiles 
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are also prove to be able to measure the deuterium quadrupolar order parameters. We also found 

the optimal 
2
H-

13
C CP condition for the deuterium quadrupolar order parameters determination 

for the deuteron with order parameter > 0.7.  

       

3.3 Materials and Methods 

       

3.3.1 Model Compounds 

Glycine (U-
13

C2, 97-99%; 2,2-
2
H2, 97-99%; 

15
N, 97-99%), L-alanine (three different 

isotope labeled: U-
13

C3, 97-99%; 2-
2
H2, 97-99%;

15
N, 97-99%, and 2-

2
H2, 98%, and 3,3,3-

2
H3, 

98%) and L-methionine (Methyl 
13

C, 99%; methyl 
2
H3, 98%) were purchased from Cambridge 

Isotope Laboratories Inc. glycine and alanine sample were recrystallized in distilled water and 

methionine sample was recrystallized in the solution of ethanol: water =2: 3. 5-10 mg of model 

compounds were center pack into 4mm rotors to minimize the effect of B1 inhomogeneity along 

the rotor length. We use a mixture of alanine and methionine (3:1 volume ratio) for 
2
H-

13
C CP 

matching profile curves to make sure two sample experience exactly the same 
2
H and 

13
C rf field 

strength. 

3.3.2 Deuterium Spectra 

1D deuterium spectra were recorded on a 300 MHz Varian Infinity spectrometer using a 4 

mm APEX probe with HD mode. The 1D deuterium spectra using one pulse sequence with rf 
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field strength of 125 kHz, 2 s pulse delay, 1 μs dwell time, 8.192 ms acquisition time, 8 scans, 

and 8 kHz MAS spinning speed. All spectra were recorded right after first rotor echo time (τR) to 

avoid the artifact due to receiver delay and first order phasing problem. 

2D 
2
H-

13
C CP correlation spectra were recorded on a 400 MHz Varian Infinityplus 

spectrometer using a 4 mm T3 probe with HCD mode. The CP rf-field strengths were 75 kHz for 

2
H, and 57 kHz (n=-3 recoupling condition) or 49 kHz (n=-4) for 

13
C on the glycine sample. For 

methionine sample, CP rf-field strengths were 50 kHz for 13C, and 58 kHz or 66 kHz (n=-1or -2 

recoupling condition) for 
2
H. The CP matching profiles were recorded with CP rf-field strength 

of 47, 62, and 75kHz for 
2
H, and 30 to 60 kHz for 

13
C with increment of 0.03 kHz at each point 

of the matching curves. The CP contact times were in the range of 0.75-1.25 ms. The MAS 

spinning frequency was 8 kHz for the correlation and 8-10 kHz for the CP matching profile 

experiments. The spectral width of 2D 
2
H-

13
C correlation spectrum was 50 kHz and 500 kHz in 

direct (
13

C) and indirect (
2
H) dimension. 

1
H decoupling of 70 kHz was applied during the t2 

evolution time.          

3.3.3 Simulation and Fitting   

2
H-

13
C CP matching profiles were simulated by the simulation program 

SPINEVOLUTION 3.4. The 
13

C detected indirect 
2
H spectra were simulated and fitted by 

SPINEVOLUTION 3.4. The average quadrupolar constants, asymmetry parameters, and scale 
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factors were fit using an adaptive least square algorithm (NL2SOL) fitting procedure in 

SPINEVOLUTION to estimate the 95% confidence interval. The error bar of the best fit result is 

the sum of fit error and the difference in fitting result with or without adding CP sequence into 

simulation program. 
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Chapter 4  

Ubiquitin Dynamics Studies from Deuterium Spectra 

4.1 Overview  

 

In this chapter we present ubiquitin order parameter analysis from deuterium spectra. 

Selective α and β alanine deuterated ubiquitin averaged tensor analysis and some brief attempts 

for the selective deuteration on most static and mobile residues is described in 4.2. Site resolved 

order parameter study of 
2
H,

13
C,

15
N ubiquitin by 

2
H-

13
C CP matching profiles is discussed in 4.3. 

The theory of 
2
H-

13
C CP and the experiments and simulations of 

2
H-

13
C CP matching profiles on 

model compounds are described in Chapter 3. Site resolved ubiquitin order parameters from 

2
H-

13
C CP matching profiles were compared with the partially resolved order parameters/average 

quadrupolar constants from 
13

C detected deuterium spectra, 
1
H-

13
C dipolar order parameters, and 

solution general order parameters from the previous studies. The comparison of ubiquitin order 

parameters using different methods is presented in 4.4 
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4.2 Selective Deuteration on Ubiquitin 

 

4.2.1 Main Chain Selective Deuteration 

Site-specific α deuteration is challenging because some amino acids easily interconvert with 

the α-keto acid catalyzed by transaminases and then the α deuteron on a specific amino acid will 

be diluted or possibly scrambled to a different amino acid. It is also difficult to characterize 

proteins with only one or several deuteration sites by the difference in mass or solution NMR 

method. We selected alanine to study because it has a good chance of being selectively α 

deuterated. There is a very small amount of scrambling from 
15

N alanine to other amino acids 

according to the previous studies
1
, therefore the scrambling from α 

2
H alanine to other amino 

acids should be also small because the scrambling pathway of α deuterons and 
15

N is the same. 

We also checked the labeling by comparing the COSY spectra of α 
2
H alanine ubiquitin with 

natural abundance ubiquitin. The cross peak intensity of Ala28 and Ala46 decrease to about half 

indicating 
2
H deuteration on α site of alanine but the deuteration level is not very high. The 

deuterium line shape of the α 
2
H labeled alanine ubiquitin fit well with a simulated spectrum with 

an average quadrupolar constant of 156   4 kHz and asymmetry parameter of 0.1   0.1 (shown 

in Figure 4.1). This indicates that the two alanines in ubiquitin have an average order parameter of 

0.92 (assuming the static quadrupolar constant is 170 kHz). 
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Attempts for α site deuteration on the static residues isoleucine (the average order parameter 

~0.9 according to the pervious reported 
1
H-

13
C dipolar order parameters 

2
) and the mobile 

residues glycine (average order parameter ~0.5 according to the pervious reported 
1
H-

13
C dipolar 

order parameters) were not successful even using the isoleucine and glycine auxtrophic strains. 

The deuterium spectrum of α isoleucine 
2
H ubiquitin shows a strong powder pattern with average 

quadrupolar constant ~50 kHz indicating the presence of deuteriomethyl group. α 
2
H glycine has 

significant amount of scrambling to serine and threonine (checked with a 
2
H-

13
C CP experiment 

on the 
2
H,

13
C,

15
N labeled glycine ubiquitin).  

 

4.2.2 Methyl Group Deuteration          

The deuterium line shape of 
2
H methyl alanine ubiquitin fit well with the simulated 

spectrum with an average quadrupolar constant of 52   1 kHz and asymmetry parameter of 0.01 

  0.03 (shown in Figure 4.1). This average quadrupolar constant indicates the deuteron has fast 

methyl rotational motion and very small amplitude of backbone libration (a backbone order 

parameter of 0.92).  
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Figure 4.1. 1D deuterium spectra of α (A,C) and methyl (B,D) alanine 
2
H ubiquitin in frequency and time domain, 

and simulated spectra with best fit average quadrupolar constant and asymmetry parameter. Ala28 and Ala46 have 

average backbone order parameter of 0.92. 

 

4.3 Site Resolved Ubiquitin Order Parameter Determination by 
2
H-

13
C CP Matching 

Profiles  

  

Site resolved ubiquitin order parameters can be measured using 
2
H-

13
C CP with a variety 

of mismatch δs and followed by a 2D 
13

C-
13

C correlation spectrum. We chose the DREAM 

sequence
3
 for the 2D 

13
C-

13
C recoupling sequence because it has the best transfer efficiency 

within aliphatics on the 
2
H,

13
C,

15
N ubiquitin sample when compared with other recoupling 
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sequences, as discussed in detail in Chapter 5. The experimental setup and pulse sequence are 

described in Figure 4.2. The order parameter of each site can be extracted from the 

corresponding cross peak intensities in a series of 2D DREAM spectra with different 
2
H-

13
C CP 

mismatchs; these are plotted as a site specific 
2
H-

13
C CP matching curve.  

 

  4.3.1 Completeness of the Assignment of 2D 
2
H-

13
C CP DREAM Spectra 

The 
13

C chemical shift assignment of the 2D 
2
H-

13
C CP DREAM spectra as well as the 2D 

1
H-

13
C CP DREAM spectra of 

2
H,

13
C,

15
N ubiquitin (which will be discussed in chapter 5) is based 

on the protonated ubiquitin assignment by Igumenova et al.
4
 with the consideration of the shift 

perturbation due to 
2
H isotope effect

5
. The plot of assignment completeness of Cα, Cβ site in 2D 

2
H-

13
C CP DREAM and 

1
H-

13
C CP DREAM spectra on 

2
H,

13
C,

15
N ubiquitin is shown in Figure 

4.3. For the 
1
H-

13
C CP DREAM spectrum, almost all Cα-Cβ, Cα-Cγ, Cβ-Cγ cross peaks present 

when compared to a 
1
H,

13
C,

15
N ubiquitin spectrum with dipolar-assisted rotational resonance 

(DARR) sequence except Met1, Ser57, Gln62. 
2
H-

13
C CP DREAM spectra have slightly 

different recoupling pattern when compared to 
1
H-

13
C CP DREAM spectra probably due to the 

13
C magnetization distribution difference between 

1
H-

13
C CP and 

2
H-

13
C CP: the only proton 

source of 
2
H,

13
C,

15
N ubiquitin is the amide proton and therefore the majority of the 

magnetization transfer from the amide protons to the nearest carbon Cα (and C’) during 
1
H-

13
C 
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CP process. The magnetization transfer to Cβ or Cγ are much less so Cα-Cβ and Cα-Cγ cross 

peaks are much stronger in intensity. For 
2
H-

13
C CP DREAM, the 

13
C initial magnetization 

distribution depends on the 
2
H-

13
C CP matching condition we choose and generally Cα and Cβ 

sites have similar transfer efficiency (they usually have similar order parameters). Some Cβ-Cα 

cross peak intensities in 
2
H-

13
C CP DREAM are stronger compared to the 

1
H-

13
C CP DREAM. 

The 
2
H-

13
C CP DREAM spectra have narrower DREAM recoupling condition in spectral width 

because we set the experiment at lower MAS spinning speed (10 kHz compared to 14 kHz for 

1
H-

13
C CP DREAM experiments) for the consideration of better 

2
H-

13
C CP transfer efficiency 

and 
2
H-

13
C CP matching condition. The superimposition of the 

1
H-

13
C CP DREAM spectrum 

and one 
2
H-

13
C CP DREAM spectrum (Figure 4.4) shows that cross peaks with chemical shifts 

higher than 65 ppm or lower than 20 ppm are absent in 
2
H-

13
C CP DREAM spectra due to the 

narrow DREAM recoupling condition. We also found there are more missing cross peaks in the 

2
H-

13
C CP DREAM spectra especially all the cross peaks from residues Thr22 to Lys29 (in helix 

α1). Missing cross peaks of residues Thr22, Val26, and Ala28 are probably due to the narrow 
13

C 

recoupling condition but there are still some other missing residues in helix α1. We suspect that 

helix α1 region has motion on a timescale where 
2
H-

13
C CP transfer efficiency is very low. 
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Figure 4.2 
2
H-

13
C CP DREAM experiment for site-resolved order parameter analysis of 

2
H,

13
C,

15
N ubiquitin. A 

series of 2D DREAM spectra with different 
2
H-

13
C CP mismatch values were recorded to obtain the site-specific 

2
H-

13
C CP matching profiles. The order parameters can be obtained from the site-specific 

2
H-

13
C CP matching 

profiles. The Glu18 Cα-Cβ cross peak in the 2D DREAM spectrum (shown in A and B) is used as an example; its 

2
H-

13
C CP matching curve was plotted from the Glu18 Cα-Cβ cross peak volumes from 2D DREAM spectra with 

four different CP mismatch (condition (a) to (d) in B). (C) 
2
H-

13
C CP matching curve (black curve with error bar) of 

Glu18 α site matches well with simulated CP matching profile with order parameter of 0.9 (red dash line). (D) The 

pulse sequence of these 
2
H-

13
C CP DREAM experiments. 
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Figure 4.3 Cα and Cβ chemical shift assignment completeness of the 2D 
2
H-

13
C CP DREAM and 

1
H-

13
C CP 

DREAM spectra on 
2
H,

13
C,

15
N ubiquitin. The 

2
H-

13
C CP DREAM chemical shift assignments including the 

assignments of all four different 
2
H-

13
C CP conditions. The sites with white color means no assignment available 

due to a missing cross peak. 
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Figure 4.4 
2
H-

13
C CP DREAM spectrum (blue) superposed on the 

1
H-

13
C CP DREAM spectrum (red). The 

13
C 

carrier frequency is set around 48 ppm and cross peaks with chemical shifts higher than 65 ppm or lower than 20 

ppm (outside the gray rectangular box) are absent in 
2
H-

13
C CP DREAM spectra due to the narrow DREAM 

recoupling condition. 

 

4.3.2 Order Parameters for α Sites 

We have four point matching curves for nine α sites and three point matching curves for 
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three α sites. Most of the matching curves match well with simulated matching profile with order 

parameters ~ 0.9. α sites of Gln41 and Leu56 are slightly more mobile and the matching curves 

match better with the simulated matching profile with order parameters of 0.85; Lys33, Arg54 

and Leu71 are slightly more static and the matching curves match better with the simulated 

matching profile with order parameters of 1.0, 0.95, and 1.0, respectively. Due to the low 

sensitivity, twelve α sites only have cross peak intensity above noise level at one or two 
2
H-

13
C 

CP matching conditions. We estimate their order parameters by the 
2
H-

13
C CP matching 

condition which has the greatest cross peak intensity. 

 

4.3.3 Order Parameters for β Sites and Side Chains 

Except for the valines, isoleucines, and threonines, all the other amino acids have two 

deuterons attached to the β carbon. The 
2
H-

13
C CP matching profiles for these β sites are slightly 

different from the matching profiles of α sites: the CP recoupling conditions (mismatch) are still 

the same but the curve features are slightly different. β sites of Asp21 and Lys63 are very static 

(order parameter 0.93 and 0.92, respectively) according to their matching curves. Ile30 is the 

most detectable mobile β site from the matching curve (order parameter of 0.75). Other β sites 

have order parameter around 0.85-0.9. Ten β sites only have cross peaks intensity above the 

noise level at one or two 
2
H-

13
C CP matching conditions and we can only estimate their order 
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parameters using the 
2
H-

13
C CP matching condition which has the greatest cross peak intensity. 

We do not have many matching curves from side chains. Most of the side chain cross peaks are 

absent in 
2
H-

13
C CP DREAM spectra due to the narrow DREAM recoupling condition. We only 

have matching curves for all prolines δ sites, Lys29 δ, and two points of Lys29 ε.  

The α, β site matching curves and simulated matching profiles of all the sites are shown in 

Figure 4.5. The best fit order parameter are determined by χ
2
 minimal,  

       
  
   

   
   

  
 
 

 
                          [4.1] 

Yi
exp

 is the cross peak integral in a 
2
H-

13
C CP matching condition, Yi

sim
 is the corresponding 

point in the simulated 
2
H-

13
C CP matching profile, and ζi is error of the cross peak integral. We 

arrayed the order parameter in the simulation with steps of 0.01 and found the best fit order 

parameter when χ
2
 reach a minimum. The goodness of the fit is determined by reduced χ

2
, 

     
  

 

 
  

  
   

   
   

  
 
 

 
                            [4.2] 

Where ν is number of degrees of freedom, ν = n – N – 1, where n is number of observations and 

N is number of fit parameters. The minimal χ
2

red ~ 1 means good fit and χ
2

red > 1 indicates the fit 

does not fully captured the data or ζi is under estimated. The plots of χ
2

red with an array of order 

parameter with steps of 0.01 on residues with a good fit are shown in Appendix B. Some residues 

have matching curves broader than all the simulated matching profiles with a minimal χ
2

red 

greater than 1. This could be due to the B1 field inhomogeneity or errors due to the low 
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sensitivity of this experiment. The F-test shows that the fitting with the consideration of B1 field 

inhomogeneity does not fit better compared to the fitting without the consideration of B1 field 

inhomogeneity in our experiment data. The F-test of fitting with and without the consideration of 

B1 field inhomogeneity will be discussed further later in Appendix D.         

 

4.3.4 Mobility in Cα-Cβ Bond 

Plots of α and β order parameters on the same residue are shown in Figure 4.6. The order 

parameters in the α site are slightly higher or similar to the β site order parameters for most of the 

residues. The backbone librations that reduce the α site order parameter will also affect the 

Cα-Cβ bond and reduce the β site order parameter. Extra Cα-Cβ bond mobility will further 

reduces the β site order parameter. Figure 4.6 shows that most of Cα-Cβ bonds (Val5, Val17, 

Asp21, Arg54, Leu56, Lys63) are rigid, and the Cα-Cβ bonds of Thr14, Lys33, and Lys48 have 

some Cα-Cβ bond mobility.  

 

4.3.5 Finding Low Order Parameter Residues 

The four CP mismatch conditions we chose are good to characterize residues with order 

parameters > 0.75. We are also interested to find out whether there are any very dynamic sites in 

the ubiquitin. According to the simulated 
2
H-

13
C CP matching profile, n=-4 matching sideband 
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condition is useful for characterizing sites with order parameters between 1.0-0.8, since these 

fairly rigid sites would have a relatively large difference in the CP mismatch. However, for sites 

with order parameters smaller than 0.7, the difference in optimal CP mismatch is small, and it is 

hard to distinguish the difference in order parameter by the matching curve. The n=-1 matching 

sideband condition is more suitable to characterize sites with lower order parameters. We picked 

one CP condition around n=-1 matching sideband, which has optimal transfer efficiency for 

residues with order parameters ~ 0.65 and took a 2D CP DREAM spectrum at this CP condition. 

If there are any new cross peaks which were absent or weaker in intensity in the four previous 

2D CP DREAM spectra, this site should has lower order parameter. The 2D CP DREAM 

spectrum with optimal CP transfer efficiency for order parameter of 0.65 shows no new cross 

peaks except one unidentified cross peak. The chemical shift of the unidentified cross peak is 

close to the assignment of Ile13 Cβ-Cα peak (0.5 ppm chemical shift difference in both 

dimension), but Ile13 β site has an order parameter of 1   0.1 according to the matching curves 

(only one data point has intensity higher than noise, therefore estimate the error/uncertainty as 

the Δ S of our four data points). Lys29 Cε-Cδ is the only cross peak, which has higher peak 

intensity in this 2D DREAM spectrum as compared to the peak intensity in the 2D CP DREAM 

spectrum with optimal CP transfer efficiency for order parameter of 0.75, indicating that the 

Lys29 ε site is the most mobile detectable site (except for the unidentified site) according to its 
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2
H-

13
C CP matching curve. (According to the simulated matching profile, the order parameter of 

Lys29 ε site is around 0.65-0.7).                   

 

Figure 4.5(A). Four point (or three point) 
2
H-

13
C CP matching curves for individual α sites and the simulated 

matching profiles with a B1 field inhomogeneity as a Gaussian distribution with width of 2.4 kHz (color dotted line) 

and without B1 field inhomogeneity (color line) match the 4 points matching curve. The matching curves were 

obtained from the cross peak volumes of 
2
H-

13
C CP DREAM spectra with different 

2
H-

13
C CP condition 
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Figure 4.5(B) Four point (or three point) 
2
H-

13
C CP matching curves of individual α sites and the simulated matching 

profiles with a B1 field inhomogeneity as a Gaussian distribution with width of 2.4 kHz (color dotted line) and 

without B1 field inhomogeneity (color line). The matching curves were obtained from the cross peak volumes of 

2
H-

13
C CP DREAM spectra with different 

2
H-

13
C CP conditions. 
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Figure 4.5(C) Four point (or three point) 
2
H-

13
C CP matching curves of individual β sites and the simulated matching 

profiles with a B1 field inhomogeneity as a Gaussian distribution with width of 2.4 kHz (color dotted line) and 

without B1 field inhomogeneity (color line). The matching curves were obtained from the cross peak volumes of 

2
H-

13
C CP DREAM spectra with different 

2
H-

13
C CP conditions 
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Figure 4.5 (D) Four point (or three point) 
2
H-

13
C CP matching curves of individual β and δ sites and the simulated 

matching profiles with a B1 field inhomogeneity as a Gaussian distribution with width of 2.4 kHz (color dotted line) 

and without B1 field inhomogeneity (color line). The matching curves were obtained from the cross peak volumes of 

2
H-

13
C CP DREAM spectra with different 

2
H-

13
C CP conditions 
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Figure 4.6 Order parameters grouped by residue type for Cα and Cβ positions. A small reduction in β site order 

parameters as compared to α site order parameters in Thr14, Lys33, and Lys48 indicates small amplitude of extra 

mobility in Cα-Cβ bond beside the backbone libration. Val5, Val17, Asp21, Arg54, Leu56, and Lys63 have similar α, 

β site order parameters indicating more rigid Cα-Cβ bonds.   
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4.3.6 α and β Order Parameters with Respect to the Residue Number 

The plots of the α and β order parameters with respect to the residue number are shown in 

Figure 4.7. We noticed that the loop β1-β2 region, the N-terminus of α1 helix, β3 and part of the 

loop β3-α2 have no detectable 
2
H-

13
C CP DREAM cross peaks and therefore no order parameter 

information. Many of them also lack 
1
H-

13
C CP DREAM cross peaks. The loop β1-β2 and loop 

α1-β3 regions are considered to be very dynamic: Lange et al.
6
 proposed a large amplitude, 

collective “pincer like” motion in these regions related to ubiquitin molecular recognition. 

Previous order parameter studies by 
1
H-

13
C dipolar interactions

2
 also have absent order 

parameters information in loop β1-β2 and loop α1-β3 regions. Residues in the N-terminal part of 

the α1 helix do not show particularly low order parameters according to the previous studies by 

1
H-

13
C dipolar interactions

2
, 

1
H-

15
N dipolar

7
 and residual dipolar interactions (RDC) 

measurements
6
, and Cα relaxation studies by Wand et al.

8
 except for Glu24 ((S

2
LS)

0.5 
= 0.62). 

Some missing sites (Thr22, Val26, Ala28) can be explained by the narrow DREAM recoupling 

condition. However, it is also possible that the N-terminal part of the α1 helix has motions on a 

timescale where 
2
H-

13
C CP has low transfer efficiency. The amplitude of the motion may not be 

big or the motion rate is lower compared to the sensitive timescale of previous order parameter 

measurements, and therefore, order parameters previously reported for in this region are not 

particularly low. Besides these regions, there are still some other sites that have no detectable 
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2
H-

13
C CP DREAM cross peaks (residues colored red in Figure 4.8). They are more scattered 

and not in any particular region and we cannot interpret the reason why these sites are missing.             

We are particularly interested in order parameter information from the region where we 

found the switch in conformation – Asp52, Gly53 and side chain of Glu24 discussed in chapter 2. 

However, the Asp52 and Glu24 cross peaks in the aliphatic region are not identified even in the 

13
C-

13
C correlation spectra of protonated ubiquitin sample probably due to the dynamics or 

overlap with other peaks. The order parameter information of Gly53 cannot be obtained from 

2
H-

13
C CP DREAM spectra because it has no cross peak in the aliphatic region.  

In order to get the order parameter information for some sites that are missing due to the 

narrow 
13

C-
13

C recoupling conditions or that have no cross peaks in aliphatic region, we can do 

another series of 
2
H-

13
C CP experiments followed by a different 

13
C-

13
C recoupling sequence 

(for example, a broader band recoupling sequence such as double-nucleus enhanced recoupling 

(DONER)
9
 or radio-frequency driven recoupling (RFDR)

10
. 
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Figure 4.7. Plot of α and β order parameters with respect to the residue number. There is no order parameter 

information for very mobile regions such as loop β1-β2 region, the N-terminal of the α1 helix, and loop α1-β3 (the 

pale blue shading regions). Residues those one letter amino acid code is indicate in blue color have order parameter 

information from 
2
H-

13
C CP matching curves. Resdiues in light blue are in a spectral congested region and cannot 

give resolved peaks. Residues in red are missing in the 
2
H-

13
C CP DREAM spectra. Residues labeled in green are 

also missing in the 
2
H-

13
C CP DREAM spectra probably due to the narrow DREAM recoupling condition.    
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4.3.7 Possible Error Sources for the Measurement 

Some possible error sources for quadrupolar order parameters measurement by 
2
H-

13
C CP 

matching profiles are discussed below. 

1. Miscalibrated rf-field strengths: the accuracy of our order parameter measurements depends 

on the accuracy of the CP mismatch, and therefore, critically depends on the accuracy of the 

calibrations of the ωC and ωD fields. The rf-field strength calibration and the amplifier 

linearity need to be calibrated carefully. We double checked the calibration of rf-field 

strength and amplifier linearity using the CP matching profile of C-D bond with small 

quadrupolar constant (it has a small or negligible CP mismatch).   

2. The assumed static limit for the quadrupolar constant: the uncertainty in the static limit of 

quadrupolar constant will alter the absolute scale of the quadrupolar order parameters. 

The two possible error sources above shift the absolute scaling on the order parameter 

measurements. There are also some factors that may shift the relative scaling on the order 

parameter measurements.      

1. Frequency offset: not all the α and β sites are on resonance due to the chemical shift 

dispersion of all different residues. Frequency offsets shift the effective rf-field strength as 

well as the CP mismatch, and therefore, the error due to the frequency offset needs to be 

considered. The simulated CP matching profiles with 
13

C offset of 10, 20, and 30 ppm 
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(Figure 4.8) show no substantial changes in the features of the matching profile, but there is a 

shift in the CP mismatch. The shift in the mismatch is up to 0.4 kHz for 30 ppm 
13

C 

frequency offset. (0.06% error in order parameters, if the order parameters are estimated just 

by the mismatch at the optimal recoupling condition) The 
13

C carrier frequency is between 

the chemical shifts of Cα and Cβ sites (~48 ppm), and therefore the 
13

C frequency offsets for 

all the non-methyl sites are less than 30 ppm. The 
2
H chemical shift dispersion is similar to 

the 
1
H chemical shift dispersion (in the range of 15 ppm)

11
, and therefore the 

2
H frequency 

offset is less problematic compared to the 
13

C frequency. This error can be easily adjusted by 

taking the frequency offset into simulation.  

2. B1 inhomogeneity: the B1 fields are not uniform for all location in the rf coil. In the solenoid 

rf coil used in the experiments, the inhomogenity is significant near the ends of the rf coil, 

and it is smallest at the center of the coil. The effect of B1 field inhomogeneity on the CP 

matching profiles is shown in Figure 4.9. The recoupling conditions get broader and 

featureless when the B1 field inhomogeneity gets bigger. The mismatch at the optimal CP 

transfer also shifts due to B1 field inhomogeneity. In this experiment, we try to center pack 

and use small amounts of sample to reduce the field inhomogeneity. The CP matching 

profiles of model compounds are not broadened indicating the negligible B1 inhomogeneity. 

We only have four points matching curves for the ubiquitin sample so the matching profile 
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broadening may not easy to judge, however, the F-test (in Appendix D) shows that the fitting 

with the consideration of B1 field inhomogeneity does not fit better compared to the fitting 

without the consideration of B1 field inhomogeneity in our experiment data. The possible 

order parameter uncertainty due to B1 field inhomogeneity is probably less than 0.05% 

(0.05% in CP mismatch shift and   0.04% uncertainty in order parameter values from the 

minimal chi-square fit results when assume B1 field inhomogeneity is in a Gaussian 

distribution with width of 2.4 kHz (also shown in Appendix D)). We can also try to correct 

this error by measuring the actual sample B1 field inhomogeneity and fit the data with the B1 

field inhomogeneity value we measured (we have some previous 
13

C field inhomogeneity 

data but no 
2
H field inhomogeneity data).           

3. Uncertainty in C-D bond length: the uncertainty in C-D bond length (C-D dipolar constant) 

might affect the CP matching profile. Simulated CP matching profiles with C-D bond length 

ranging from 1.06 Å -1.11 Å  (Figure 4.10) show that only the CP transfer efficiency changes 

but the CP mismatch and profile feature stay the same with the C-D bond length difference. 

The uncertainty in C-D bond length does not introduce error on the order parameter 

measurements.   

All these possible error sources in our measurements generate the possible error no more than 

0.06% (and if calibrated the frequency offset will be even smaller). It is similar to the order 
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parameter fitting error (0.02% - 0.08%) and smaller than the ΔS of our four sampling points in 

the matching curves. (The four CP mismatch values we choose correspond to the optimized 

recoupling conditions of deuterons with order parameters 1.0, 0.92, 0.85, 0.75, ΔS: 0.07-1.0).     

 

Figure 4.8. Simulated CP matching profiles with the 
13

C nucleus on resonance (black), and with 10 ppm frequency offset 

(red), 20 ppm offset (navy), 30 ppm offset (green). The 
13

C frequency offset only shifts the CP mismatch but does not alter 

the features of CP mismatch. The shift in CP mismatch at the n=-4 recoupling condition is 0.4 kHz for a 30 ppm frequency 

offset in the 
13

C nucleus.  
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Figure 4.9 Simulated CP matching profiles without consideration of B1 field inhomogeneity (black), and with an assumed 

B1 field inhomogeneity as a Gaussain distribution with width of 1.2 kHz (red), 2.4 kHz (navy), and 4.8 kHz (green). The 

CP recoupling conditions broadened and become featureless with increasing B1 field inhomogeneity. The CP mismatch at 

optimal recoupling condition is also shifted (shift 0.35kHz and 0.65kHz for B1 field inhomogeneity as a Gaussain 

distribution with width of 2.4 kHz and 4.8 kHz, respectively ).        
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Figure 4.10 Simulated CP matching curves with different C-D bond length (corresponds to different C-D dipolar 

constant) C-D bond length of 1.06 Å  is shown in black line, 1.08 Å  is shown in red line, 1.096 Å  is shown in navy line, 

and 1.11 Å  is shown in green line. The difference in C-D bond length only alters the CP transfer efficiency but not the 

CP mismatch, and does not changing the feature of the matching profile. 

 

4.4 Comparison to Other Biophysical Methods  

 

4.4.1 Comparison Between the best fit   
     from 

13
C Detect Indirect 

2
H Tensors and   

     from 

2
H-

13
C CP Matching Curves 

Ubiquitin deuterium tensors can be resolved or partially resolved by a 2D or 3D 
2
H-

13
C 

correlation spectrum. 2D and 3D CP 
2
H-

13
C correlation experiments have been done by Holonge 
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and co-worker who fit the quadruplar constants of dipeptide Nac-Val-Leu-OH
12

 and 

deuteriomethyls of the valine sites of SH3
13

. The 3D CP 
2
H-

13
C correlation experiment is very time 

consuming especially for the non-methyl deuterons. The 2D CP 
2
H-

13
C correlation spectra cannot 

resolve every individual site just by one dimensional 
13

C chemical shift difference (see Figure 

4.11) but we still can fit these partially resolved deuterium tensors and compare the best fit average 

quadrupolar constants/order parameters to the values obtained from the 
2
H-

13
C matching profiles 

at the same 
13

C chemical shifts.   

Table 4.1 list the 
13

C peak chemical shifts where we get the indirect deuterium tensors and 

the best fit      . We also assigned these peaks according to the chemical shift lists from the 
2
H-

13
C 

CP DREAM spectra. Some 
13

C peaks might contain residues, which are not assignable from the 

2
H-

13
C CP DREAM spectra. For example, all glycine residues are not assigned because they do 

not have cross peaks in the aliphatic region. Some cross peaks might have intensities below the 

noise level and therefore we cannot assign them. A list of all known sites which have chemical 

shifts around each 
13

C peak ( 0.5 ppm) is shown in the table and a plot with 1D 
2
H-

13
C CP 

spectrum in Figure 4.11. All the 1D 
13

C peaks include several residues which have very similar 
13

C 

chemical shifts but the deuterons attached to carbons have different values of      . The indirect 

deuterium tensor detected at a certain 
13

C chemical shift is still the combination of deuterium 

tensors of several sites and makes the comparison with the result of site resolved 
2
H-

13
C CP 
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matching curves difficult. The 
2
H-

13
C CP condition choice for 

13
C detect indirect 

2
H tensors 

measurement also may affect the result of best fit       especially for the 1D 
13

C slice contains 

several residues with different       value. We chose two different 
2
H-

13
C CP conditions for 

13
C 

detect indirect 
2
H tensors measurement, first condition (I) has optimal transfer efficiency for 

deuteron with order parameter ~0.95, and second condition (II) has optimal transfer efficiency 

for deuteron with order parameter ~ 0.8. 

The best fit of indirect deuterium tensors at 
13

C chemical shifts of 61.2 ppm, 59.8 ppm, 58.6 

ppm, 54 ppm, 39.4 ppm, and 31.6 ppm are around 157-173 kHz and two measurements with 

different CP conditions give similar fitting result (see Table 4.1). These values are similar or 

slightly higher than the average quadrupolar constants obtained from the 
2
H-

13
C CP matching 

curves at the same 
13

C chemical shifts. The 
13

C slices at the chemical shift of 41.6 and 26.2 ppm 

contain very mobile sites Lys 29 Cε and Pro19 Cγ, respectively. The best fit       from indirect 

deuterium tensor measurement at the second CP condition gives lower values (134-148 kHz) but 

still higher than the average       value from 
2
H-

13
C matching curves. The best fit       from 

indirect deuterium tensor measurement at the first CP condition still gives very static fitting 

result (155-167 kHz). One possibility is due to the contribution of other sites at the same 
13

C 

chemical shift which are missing in our 
2
H-

13
C CP DREAM spectra. For example, the 

13
C 

chemical shift of Ile3 and Asp32 Cβ sites are around 41.6 ppm, and Ile13, Ile23, Ile36 Cγ sites 
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13
C chemical shift are around 26.2 ppm. These sites might be more static and the cross peaks are 

absent in our 
2
H-

13
C CP DREAM spectra. The comparison between best fit       from indirect 

deuterium tensor measurements (two conditions) and the weighted average   
    value from 

2
H-

13
C matching curves at the same 

13
C chemical shifts are plotted in Figure 4.12. The best fit 

      from indirect deuterium tensor measurement at the second CP condition has better correlation 

with the weighted average       value from 
2
H-

13
C matching curves at the same 

13
C chemical 

shifts especially for sites with lower      . The plots of some indirect deuterium tensors in time 

domain and the simulated best fit result are shown in Figure 4.13. 
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Table 4.1. 
13

C peak list of the 
2
H-

13
C CP spectra and the best fit average quadrupolar constants,   

   , of the correlated 

deuterium tensors (CP condition (I) optimal transfer for S = 0.95, and (II) optimal transfer for S = 0.8). The peak 

assignments according to the assignments of 
2
H-

13
C CP DREAM spectra (red) and the corresponding site resolved   

    

are also shown in the table. All known sites at the same 
13

C chemical shift ( 0.5 ppm) are also list in the table. The 

black sites have no 
13

C assignment on deuterated sample are based on the Igumenova’s shifts on protonated sample 

with the consideration of 
2
H isotope shift.  

13
C 

Chemical 

shifts 

Assignments 

(from 
2
H-

13
C 

CP DREAM) 

Best fit   
    

from 
2
H 

tensor (kHz) 

  
    from 
2
H-

13
C matching 

profiles 

All known sites 

around the 
13

C 

chemical shift 

61.2 ppm T14Cα, 

I61Cα 

(I): 163-169 

(II): 157-162 

153, 170 

(  9) 

T12, T14, I23, 

P37, S57, I61 (Cα) 

59.8 ppm V5Cα, T7Cα, 

S65Cα 

(I): 163-167 

(II): 166-173 

162, 153, 145 

(  9) 

V5, T7, T22, K29, 

S65, V70 (Cα) 

58.6 ppm I3Cα, Q31Cα, 

K33Cα 

(I): 163-169 

(II): 166-173 

153, 170, 

170-139.4) 

(  9) 

I3, E24, K27, 

Q31, K33, T55, 

Y59 (Cα)   

54 ppm Q2, E16/Q40, 

K48, R54 (all 

Cα) 

(I): 163-168 

(II): 162-170 

153, 145, 

153, 162 

(  9) 

M1, Q2, F4, K6, 

E16, Q40, K48, 

L50, R54, H68 

(Cα) 

44.7 ppm L43Cβ (I): 162-167 

(II): 159-168 

153   9 G35, G53 (Cα) 

L43 (Cβ)  

41.6 ppm K29Cε 

I44/L71 (Cβ) 

(I): 157-160 

(II): 134-147 

119   17 

148   9 

I3, D32, I44, L71 

(Cβ) K29 (Cε) 

39.4 ppm D21, L50, 

L56 (all Cβ) 

(I): 164-169 

(II): 157-166 

162, 153, 153 (  

9) 

D21, L50, L56, 

D58 (Cβ) 

31.6 ppm R54Cβ, 

K63Cβ 

(I): 160-164 

(II): 157-162 

170, 153 (  9) E34, Q41, E51, 

R54, K63 (Cβ) 

26.2 ppm P19Cγ (I): 155-167 

(II): 135-148 

128   17 I13, I23, I36, P19 

(Cγ) 
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Figure 4.11. 1D 
13

C slice of the 
2
H-

13
C CP correlation spectrum and all known 

13
C assignments around the 

13
C peaks 

we choose for indirect 
2
H tensor fitting ( 0.5 ppm of peak center, the labeled of assignments are according to the 

chemical shift. The residue labeled on the top corresponds to the highest chemical shift in that peaks range). The red 

color label are sites assigned from the 2D 
2
H-

13
C CP DREAM spectra.        
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Figure 4.12. Comparison between best fit   
    from indirect deuterium tensor measurements (two conditions) and the 

corresponding weighted average   
    value from 

2
H-

13
C matching curves at the same 

13
C chemical shifts. A 1:1 ratio 

line drawn in blue shows the best fit   
    from indirect deuterium tensor measurements are generally greater than the 

corresponding weighted average   
    value from 

2
H-

13
C matching curves. The linear regression (red) is   

    [
2
H 

tensor] = 0.21  
    [CP matching curve] + 129 for CP condition I and   

    [
2
H tensor] = 0.47  

    [CP matching curve] 

+ 87 for CP condition II. The second CP condition has better correlation with the weighted average   
    value from 

2
H-

13
C matching curves at the same 

13
C chemical shifts especially for sites with lower   

   . 
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Figure 4.13. 
13

C detected indirect 
2
H FID from 2D 

2
H-

13
C CP correlation spectra with two different CP conditions. 

Two 
13

C slices of indirect 
2
H FID with one static site (

13
C at 54 ppm, A nad B) and another more mobile site (

13
C at 

26.2 ppm, C and D) are presented in this figure. Indirect 
2
H FIDs in second CP condition seems more sensitive to the 

mobile site. Black dots are the experimental data and blue lines are the simulated FID based on the best fit   
    and 

  . 

 

4.4.2 Comparison to Solution General Order Parameter 

Comparison between 
2
H quadruolar α site order parameters from 

2
H-

13
C CP matching 

profiles and solution general order parameters from Lipari-Szabo analysis of Cα relaxation 

measurement (S
2

LS)
1/2

 by Wand et al.
8
 and solution general order parameters from 

1
H-

15
N RDC 

analysis (S
2

rdc)
1/2

 by Lakomek et al.
14 are shown in Figure 4.14 and 4.15. It should be noted that 
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the principles of solution general order parameter measurements and solid state order parameters 

are different, and the sensitivity in the timescales of motion are also different. 
2
H quadrupolar 

order parameter is sensitive to motion about submicrosecond and faster, the Lipari-Szabo 

solution generalized order parameter is sensitive to motion on the picosecond to nanosecond time 

scale, and the RDCs are averaged on the millisecond to microsecond time scale. The sample 

condition such as pH value, salt and precipitant concentration are also different. However, the 
2
H 

quadruolar α site order parameters are close to the solution general order parameters (S
2

LS)
1/2

 

except for Arg54. Quadrupolar order parameters is slightly higher than (S
2

rdc)
1/2

 the ratio of 

SQuad/(S
2

rdc)
1/2

 with respect to the residue number shown in Figure 4.16 are in the range of 1.3 ~ 

0.9. This small discrepancy is probably due to the difference in the order parameter sensitive 

timescale or small errors on the static coupling constant setting (static 
2
H quadrupolar constant 

set slightly lower or static 
1
H-

15
N dipolar constant set slightly higher). The regions where we are 

not able to measure the 
2
H quadrupolar order parameters from 

2
H-

13
C CP matching profiles 

usually corresponds to the regions which have reduced (S
2

LS)
1/2

. The plots of ratio between 

quadrupolar order parameters and solution order parameters do not show particularly low or high 

value in a certain region. 
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4.4.3 Comparison to 
1
H-

13
C Dipolar Order Parameter  

Comparison of 
2
H quadruolar order parameters from 

2
H-

13
C CP matching profiles with 

1
H-

13
C dipolar order parameters on protonated samples

2
 and 

1
H-

15
N dipolar order parameters on 

deuterated sample with 30% amide proton
7
 are shown in Figure 4.16 and 4.17. The 

2
H 

quadrupolar constant and 
1
H-

13
C or 

1
H-

15
N dipolar constant differ by roughly one order of 

magnitude, and therefore, the sensitive timescale range of 
2
H quadrupolar order parameters and 

1
H-

13
C or 

1
H-

15
N dipolar order parameters is close. We used the same crystallization condition as 

the sample condition for the 
1
H-

13
C and 

1
H-

15
N dipolar order parameter measurements so the 

effect of crystal packing should be the same. We expect the 
2
H quadrupolar order parameters will 

be close to the 
1
H-

13
C and 

1
H-

15
N dipolar order parameters. The 

2
H α site quadrupolar order 

parameters is close but slightly higher than 
1
H-

15
N dipolar order parameters - the ratio of 

SQuad/S1H-15N dipole with respect to the residue number shown in Figure 4.16 are in the range of 1.2 

~ 0.95. This small difference is probably due to the setting error on the static limit (static 
2
H 

quadrupolar constants are assumes to be slightly lower or static 
1
H-

15
N dipolar constants are 

assumed to be slightly higher). The comparison between 
2
H quadrupolar and 

1
H-

13
C dipolar is 

more difficult because most of the reported 
2
H quadrupolar order parameter has no 

corresponding 
1
H-

13
C dipolar order parameter for the same residue. Comparing the 11 α site 

points and 14 β site points we found 
2
H quadrupolar order parameter is higher than 

1
H-

13
C 
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dipolar order parameter especially for the β sites (the ratio of SQuad/S1H-13C dipole on β sites shown 

in Figure 4.17 ranging from 1 to 1.9). One possible reason is the spin diffusion issue. Chevelkov 

et al.
15

 found lower 
15

N T1 and less dispersed in T1 distribution with function of residues when 

compared protonated α-spectrin SH3 domain with deuterated α-spectrin SH3 domain with only 

10% amide proton and suggest the discrepancy is due to the proton driven 
15

N spin diffusion. 

The relative lower 
1
H-

13
C dipolar order parameters especially for β sites (most of them are 

methylene group) might be due to the proton driven 
13

C spin diffusion. Inefficient proton 

decoupling (especially the methylene group) might be another possible reason. Other possible 

reason including actual sample temperature might be different due to the decoupling pulse 

heating. The protein sample heating by the decoupling pulse is substantial and in the 
2
H-

13
C CP 

DREAM experiments there is less sample heating because we did not use any 
1
H or 

2
H 

decoupling. The plots of comparing quadrupolar order parameters and 
1
H-

13
C, 

1
H-

15
N dipolar 

order parameters and the order parameter ratios with function of residues do not show 

particularly low or high value in a certain region.      

 

4.5 Summary 

 

We were able to obtained order parameters for twelve α sites (plus ten sites with rough 
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order parameters) and eleven β sites (plus ten sites with rough order parameter) from 
2
H-

13
C CP 

matching curves. We were not able to obtain order parameters for some very mobile regions such 

as loop β1-β2 and loop α1-β3 region, N-terminus, and the conformational switch region 

(Asp52/Gly53). Residues in the N-terminal of the α1 region do not have cross peaks in any 2D 

2
H-

13
C CP DREAM spectra probably due to motion causing the inefficiency 

2
H-

13
C CP. We 

compared the best fit       from 
2
H-

13
C CP matching curves with best fit       from 

13
C detected 

indirect 
2
H tensor. The best fit       from 

13
C detected indirect 

2
H tensor depends on the 

2
H-

13
C 

CP condition we choose. The best fit       from indirect 
2
H tensor in the CP condition that 

optimized the transfer efficiency of deuteron with order parameter ~ 0.8 has better correlation 

with the average       from the site resolved 
2
H-

13
C CP matching curves at the same 

13
C chemical 

shift especially for the 
13

C peaks that have mobile sites. 

The α site quadrupolar order parameters are similar to the general order parameter data 

from the relaxation measurements, RDC measurements, and 
1
H-

15
N dipolar order parameters. 

The β site quadrupolar order parameters (especially methylene group) are higher than the
 1

H-
13

C 

dipolar order parameters. The discrepancy between deuterium quadrupolar order parameters and 

1
H-

13
C dipolar order parameters result is probably due to proton driven spin diffusion or 

inefficient proton decoupling .  

   Some experiment plans we will try in the future:    



118 
Chapter 4 

1. In order to obtain the order parameter information for some missing sites due to the narrow 

13
C-

13
C recoupling condition or have no cross peaks in aliphatic region, we can do another 

series of 
2
H-

13
C CP experiment followed by a different 

13
C-

13
C recoupling sequence (for 

example, DONER sequence or RFDR sequence). 

2. A 3D 
2
H-

13
C CP correlation spectra (due to the experiment time consideration, 

13
C-

13
C 2D 

dimension will not have high resolution) to get site resolved 
2
H tensors and compare to the 

order parameter from 
2
H-

13
C CP matching profile measurements.  

3. A 
1
H-

13
C dipolar order parameter measurement on a 

2
H,

13
C,

15
N ubiquitin sample. We can 

compare 
1
H-

13
C dipolar order parameters with our quadrupolar order parameters with 

considering sample heating during 
1
H decoupling.       
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Figure 4.14 Comparison between 
2
H quadrupolar α site order parameters from 

2
H-

13
C CP matching profile and 

solution general order parameters (S
2

LS)
1/2

. (A) Plot of quadrupolar order parameters and solution general order 

parameters with respect to the residue number. (B) Plot of the correlation between quadrupolar order parameter and 

solution general order parameter at the same site and the 1:1 ratio line is drawn in red. All the detectable quadrupolar 

α site order parameters are in the range of 0.8 ~ 1.0. (C) Plot of order parameter ratio (Squad/(S
2
LS)

1/2
) as a function of 

residue number. All the sites have order parameter ratio between 0.85-1.15 except Arg54 is far away from the 1:1 

ratio.   
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Figure 4.15. Comparison between 
2
H quadrupolar α site order parameters from 

2
H-

13
C CP matching profile and 

solution general order parameters from RDC measurements (S
2
rdc)

1/2
. (A) Plot of quadrupolar order parameters and 

solution general order parameters with respect to the residue number. (B) Plot of the correlation between 

quadrupolar order parameter and solution general order parameter at the same site and the 1:1 ratio line is drawn in 

green color. (C) Plot of order parameter ratio (Squad/(S
2

rdc)
1/2

) as a function of residue number. The order parameter 

ratio is in the range of 0.9 ~ 1.3. Quadrupolar order parameters are generally slightly larger than (S
2

rdc)
1/2

 at the same 

site.    
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Figure 4.16. Comparison between 
2
H quadrupolar α site order parameters from 

2
H-

13
C CP matching profile and 

1
H-

15
N dipolar order parameters. (A) Plot of quadrupolar order parameters and 

1
H-

15
N dipolar order parameters with 

respect to the residue number. (B) Plot of the correlation between quadrupolar order parameter and 
1
H-

15
N dipolar 

order parameter at the same site and the 1:1 ratio line is drawn in orange color. (C) Plot of order parameter ratio 

(Squad/S1H-15N dipole) as a function of residue number. The order parameter ratio is in the range of 0.9 ~ 1.2. 

Quadrupolar order parameters are generally slightly larger than 
1
H-

15
N dipolar order parameters at the same site. 
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Figure 4.17. Comparison between 
2
H quadrupolar α and β site order parameters from 

2
H-

13
C CP matching profile 

and 
1
H-

13
C dipolar order parameters. (A)(B) Plots α and β site of quadrupolar order parameters and 

1
H-

13
C dipolar 

order parameters with respect to the residue number. (C)(E) Plots of the correlation between quadrupolar order 

parameter and 
1
H-

13
C dipolar order parameter at the same site and the 1:1 ratio line is drawn in blue color. (D)(F) 

Plot of order parameter ratio (Squad/S1H-13C dipole) as a function of residue number. The order parameter ratio is in the 

range of 0.9 ~ 1.3 for α sites and 1.0 ~ 1.9 for β sites. Quadrupolar order parameters are generally larger than 
1
H-

13
C 

dipolar order parameters especially in the β sites. 
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4.6 Materials and Methods 

Sample Preparation  

4.6.1 Selective Deuterated Ubiquitin  

The ubiquitin plasmid was a gift from Dr. Clay Bracken. Freshly transformed BL21(DE3) 

cells or auxotrophic strain DL39G (for isoleucine and glycine labeled sample) were grown in 4L 

Luria Broth (LB) medium at 37
o
C with addition of Ampicillin (1mg/l). Each 1L medium in 2L 

flask was put into 37
o
C shaker with 250 rpm shaking. When the optical density (OD600) of medium 

due to cell scattering reached 0.7, the cells were centrifuged at 5,000 g for 30 min and then 

resuspanded into a 1L definite medium including all the natural abundance amino acids except α or 

β 
2
H alanine (or α 

2
H isoleucine, glycine) and without glutamine and asparagine. After 1hr 

growing in the definite medium, protein expression was induced by adding 1ml of 1M Isopropyl 

β-D-1-thiogalactopyranoside (IPTG) for each liter of medium. After 8hr of expression the cells 

were harvested using 5,000 g centrifugation for 30min. Purification steps followed the purification 

protocol of natural abundance ubiquitin in chapter 2. Protein concentrations in fractions were 

measured by UV-vis absorption at 280nm. Protein was characterized by Mass Spectrometry. The 

2
H labeling was checked by comparing the COSY spectra of selective 

2
H labeled ubiquitin sample 

and natural abundance ubiuqitin to see the reduction intensity in cross peaks of the selective 
2
H 

labeled ubiquitin sample. About 20 mg selectively deuterated ubiquitin was crystallized by a 
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batch method in 60% MPD, 20 mM citrate buffer, pH 4.0-4.2. An additional 5% cryoprotectants 

ethylene glycol was added three times after the solution was stored at 4
o
C overnight. The 

microcrystalline precipitate was centrifuged for 10 min at 10,000 g and transfered to the 4 mm 

Varian rotor. The rubber disk insert was used to prevent sample dehydration in the course of 

NMR experiments. 

4.6.2 U-
2
H,

13
C,

15
N Ubiquitin 

The preparation of U-
2
H,

13
C,

15
N ubiquitin is similar to the selective deuterated ubiquitin 

except BL21(DE3) cells were slowly adapted to 0.5L deuterated M9 minimal medium with 

supplement of 
13

C glucose and 
15

N ammonium chloride by going from a starter culture in 50 ml 

LB, 0% D2O into a sequence of M9 minimal media containing varying amounts of D2O: 350 ml 

0% D2O, 2 L 70% D2O, and 1 L 97-99% D2O. The purification and crystallization steps followed 

the protocol of the selectively deuterated ubiquitin sample. We use protonated buffers and 

solution during purification (including a protein unfolding step) and crystallization, leading to a 

complete protonation of all amides. 10 mg microcrystalline precipitate was centrifuged for 10 

min at 10,000 g and center packed into the 4mm Bruker rotor.   

4.6.3 NMR 

1D deuterium spectra of selective deuterated ubiquitin were recorded on a 300 MHz Varian 

Infinity spectrometer using a 4 mm APEX probe with HD mode. The 1D deuterium spectra using 
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one pulse sequence with rf field strength of 125 kHz, 0.5 s pulse delay, 1 μs dwell time, 8.192 ms 

acquisition time, 100k scans, and 8 kHz MAS spinning speed. All spectra were recorded right after 

first rotor echo time (ηR) to avoid the artifact due to receiver delay and first order phasing problem. 

2D 
2
H-

13
C CP DREAM spectra and 2D 

2
H-

13
C CP correlation spectra were recorded on a 

Bruker 750 MHz Advance II spectrometer using a 4 mm triple resonance HXY probe operating at 

10 kHz MAS. The CP rf-field strengths were 70 kHz for 
2
H and 30-37 kHz for 

13
C (n=-4 

condition). We array to optimize the contact time of 1 ms (Figure 4.18). The amplitude of 

DREAM sweep was set around 5 kHz and mixing time was 3.5 ms. The spectral width of 2D 

2
H-

13
C CP DREAM spectrum was 75 kHz in the direct and indirect dimension, and 768 and 2048 

points were acquired in the t1 and t2 dimensions, respectively. The spectral width of 2D 
2
H-

13
C CP 

correlation spectrum was 75 kHz and 1000 kHz in the direct (
13

C) and indirect (
2
H) dimension, 

respectively, and 250 and 2048 points were acquired in the t1 and t2 dimensions, respectively. The 

pulse delay time on the 2D 
2
H-

13
C CP DREAM experiments and 2D 

2
H-

13
C CP correlation 

experiments are 0.5 s. No decoupling was applied during the 
13

C mixing sequences and during t1 

and t2 evolution time. 

4.6.4 Simulation and Fitting   

2
H-

13
C CP matching profiles were simulated by the simulation program 

SPINEVOLUTION 3.4. The 
13

C detected indirect 
2
H spectra were simulated and fitted by 
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SPINEVOLUTION 3.4. The average quadrupolar constant, asymmetric parameter, and scale 

factor were fit using an adaptive least square algorithm (NL2SOL) fitting procedure in 

SPINEVOLUTION to estimate the 95% confidence interval. The error bar of the best fit result is 

the sum of the fit error and the consideration of CP rf field strength error ( 0.5 kHz) into the 

simulation and fitting. 

 

       

 

Figure 4.18. (A) 1D 
2
H-

13
C CP on 

2
H,

13
C,

15
N ubiquitin and (B) CP build up curves of the peaks labeled in (A) with 

CP contact times from 0.25 to 2.5 ms. The optimal contact time is about 1 ms.   
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Chapter 5 

13C-13C Correlation Experiments for Perdeuterated Ubiquitin 

This chapter is based on the paper Journal of Magnetic Resonance “Homonuclear Mixing 

Sequences for Perdeuterated Proteins” by Kuo-Ying Huang, Ansgar B. Siemer, and Ann E. 

McDermott Journal of Magnetic Resonance (2011) 208, 122-127. Copyright ©  2011 Elsevier 

Inc. 

 

5.1 Introduction 

2
H isotope labeling (perdeuteration) is an established technique in protein liquid-state 

NMR and its great potential for solid-state NMR has been demonstrated by several studies in the 

last decade
1-8

. Most important for solid-state NMR is that perdeuteration leads to narrow 
1
H 

linewidths of the remaining protons, which enables high resolution spectroscopy of this 

important nucleus. Furthermore, high-power 
1
H decoupling becomes unnecessary in 

perdeuterated samples and low power liquid-state NMR type pulse sequences become useful. 

However, perdeuteration also comes at a price. The gain in signal-to-noise ratio (S/N) due to 

1
H-

13
C cross polarization (CP) is reduced if present at all. Therefore, direct excitation of the 

13
C 

spins using a 90° pulse instead of a CP is sometimes performed. The spin-lattice relaxation time 

T1 of 
1
H and 

13
C alike can become quite long in perdeuterated samples. This problem can be 

overcome by adding paramagnetic centers that shorten the T1
9
. A third aspect is that a dense 
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proton network, which is absent in perdeuterated samples, is a key instrument facilitating 
13

C-
13

C 

polarization transfer in many pulse sequences, such as proton driven spin diffusion (PDSD)
10

, 

dipolar-assisted rotational resonance (DARR)
11

, mixed rotational and rotary resonance 

(MIRROR)
12

, or proton assisted recoupling (PAR)
13

. In the light of this last point, it becomes 

necessary to either re-evaluate the homonuclear mixing sequences previously developed for fully 

protonated systems or to find new techniques that replace PDSD and DARR. 

Several recent papers illustrate successful recoupling of carbons in perdeuterated proteins. 

In one study, radio-frequency-driven recoupling (RFDR) was carried out with sample spinning at 

20 kHz and a field of 800 MHz to obtain broadband recoupling on a 95% perdeuterated sample 

of microcrystalline ubiquitin, (with labile hydrogens exchanged with protonated solvent)
14

. 

Agarwal et al. used an adiabatic TOBSY (total though-bond correlation spectroscopy) sequence 

with sample spinning at 20 kHz and a magnetic field of 600 MHz and achieved broadband 
13

C 

mixing on perdeuterated SH3 crystals in the context of a 3D HCCH experiment. In their sample, 

only 10% of the labile protons exchanged back to 
1
H

15
. Recently, Akbey et al. proposed a new 

pulse sequence double-nucleus enhanced recoupling (DONER). Similar to DARR, this sequence 

recouples protons and deuterons at the rotational resonance condition during the 
13

C-
13

C mixing. 

DONER spectra recorded on perdeuterated SH3 crystals (40% of the protons exchanged back) at 

10 kHz MAS and a 
1
H Larmor frequency of 400 MHz lead to much higher transfer efficiency as 
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compared to DARR or PDSD
16

. However, no comparative study has been done comparing the 

efficiency of these pulse sequences for perdeuterated samples. 

In the present study, we try to determine the optimal homonuclear mixing sequence by 

comparing such mixing sequences namely RFDR, TOBSY, adiabatic TOBSY, SPC5, DREAM, 

DARR, DONER, and PDSD in perdeuterated microcrystalline ubiquitin. In the absence of strong 

proton couplings, many of these pulse sequences lead to high transfer efficiencies at low MAS 

frequencies without the need of any 
1
H decoupling as illustrated below. 

Many homonuclear mixing sequences have been developed (for recent reviews see 

reference
17

). A key in developing homonuclear mixing sequences has been good performance, 

despite the presence of strong 
1
H-

13
C and 

1
H-

1
H couplings. On the other hand, theoretical 

descriptions and numerical simulations of homonuclear recoupling sequences often assume 

perfect 
1
H decoupling, neglecting all parts of the Hamiltonian involving proton spins

18-20
. 

Experimentally, efficient 
1
H decoupling during 

13
C recoupling is non-trivial and should be 

optimized with care
21,22

. In perdeuterated systems i.e. in the absence of 
1
H-

13
C couplings, 

homonuclear mixing sequences are expected to behave more closely to the numerical and 

theoretical predictions that assume perfect 
1
H decoupling. One of the oldest sequences is RFDR, 

in which one 180° pulse per rotor period restores 
13

C homonuclear dipolar couplings, which 

would otherwise be averaged by MAS
23

. RFDR and variants of this pulse sequences are still 
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widely used. Another class of mixing sequences is based on windowless phase-modulated radio 

frequency pulse trains, which are known as C and R sequences
24,25

. These sequences can be used 

to recouple different parts of the Hamiltonian; for example the 



C72
1  (C7) or super cycled 



C52
1  

(known as SPC5) sequence are popular sequences that restore homonuclear dipolar couplings
18,19

. 

Other C and R sequences introduce the full J-coupling Hamiltonian, including for example the 

TOBSY sequence
26,27

. This pulse sequence, which is similar to the TOCSY sequence in 

liquid-state NMR, and its adiabatic variants
28,29

, have proven to be very efficient. Another class 

of recoupling sequences is based on non phase modulated spin-lock fields. For example, the 

DREAM sequence, an adiabatic amplitude sweep through the HORROR condition (ω1= 1/2 ωr; 

were ω1 is the spin-lock field strength and ωr the MAS frequency), gives very high transfer 

efficiencies
30,31

. However, due to the restriction in rf-field, DREAM is better suited for high 

MAS frequencies 
32,33

.  

For protonated systems, all of these mixing sequences were shown to depend heavily on 

efficient 
1
H decoupling during the mixing and detection periods. The need for strong decoupling 

can limit their efficiency, and lead to stresses on the probe and the sample. One successful class 

of experiments obviates the need for high power decoupling by emplying high MAS frequencies 

with low power 
1
H decoupling

33,34
. Fast MAS also has other advantages, for example for 

suppressing CSAs at high magnetic fields. However, better averaging of dipolar couplings at fast 
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MAS posed a different problems to spin diffusion based pulse sequences, which has been partly 

addressed by recently developed efficient recoupling schemes such as PAR or MIRROR. A 

second solution to the stress of high power proton decoupling is to reduce rf-induced sample 

heating by using modern probes that dramatically reduce the E-field inside the coil and thereby 

prevent sample heating
35,36

. A third approach to avoiding the damage due to high power 
1
H 

decoupling involves high 
13

C recoupling rf-field strengths such as CMAR
37

, R-TOBSY
38

, and 

Post-



C206
339

. These recoupling sequences were shown to work even without 
1
H decoupling, but 

either require relatively fast MAS frequencies (CMAR, R-TOBSY), or are less efficient than 

similar sequences with high-power 
1
H decoupling (Post-



C206
3). Finally, another very convenient 

solution to this problem is sample perdeuteration, since no 
1
H decoupling is presumably 

necessary in the absence of protons. However, most known homonuclear mixing sequences were 

developed to perform under strong heteronuclear 
1
H couplings. This chapter evaluates the 

performance of these sequences on perdeuterated ubiquitin, since heteronuclear couplings are 

absent in perdeuterated samples. The efficiency of 
13

C homonuclear mixing sequences 

(especially in aliphatic region) are also important for our 2D 
2
H-

13
C CP 

13
C-

13
C correlation 

experiments on perdeuterated ubiquitin discussed in chapter 4. High efficiency of 
13

C 

homonuclear mixing sequences are preferred for the 2D 
2
H-

13
C CP 

13
C-

13
C correlation 

experiments on the perdeuterated ubiquitin to get site resolved 
2
H-

13
C CP matching profiles with 
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higher signal to noise ratio. 

 

5.2 Results and Discussion    

To compare the transfer efficiency of different homonuclear mixing sequences, we 

recorded a series of 2D 
13

C-
13

C correlation spectra on 
2
H-

13
C-

15
N labeled, human ubiquitin, 

which was purified and crystallized from a fully protonated buffer. Considering that the sample 

was perdeuterated except of the back-exchanged amid protons, the 
1
H-

13
C CP at the beginning of 

all 2D spectra transferred mostly magnetization to Cα and C'. Figure 5.1 and 5.2 shows the 

results we got for the RFDR, DONER, DREAM, adiabatic TOBSY (aTOBSY) and TOBSY, 

DARR, PDSD, and SPC5 sequences. All spectra were recorded under essentially the same 

conditions i.e. on a 400MHz spectrometer, at 8 kHz MAS (8.333 kHz for aTOBSY) and with 

neither proton nor deuterium decoupling during t1, t2, and the mixing time. The complete absence 

of decoupling made all these sequences easy to set up as compared to protonated samples were 

the careful optimization of 
1
H decoupling is often essential to obtain acceptable transfer 

efficiencies. The MAS frequencies of 8 and 8.333 kHz were chosen to avoid the C'- Cα rotational 

resonance condition at about 11.5 kHz. (Spinning above all rotational resonance conditions was 

not practical using a standard 4 mm setup.) The 8.333 kHz made sense in the case of the C and R 

type sequences such as aTOBSY, since it led to even pulse lengths. Except for DREAM and 
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SPC5, all mixing sequence were optimized by dephasing the C' line and observing of the 

magnetization buildup over time. (Typical 1D time arrays used to determine the mixing time are 

shown in Figure 5.3) For DONER and DARR, we used the same mixing time (50 ms) as Akbey 

et al. under very similar conditions. This mixing time is also close to the optimal mixing time in the 

1D time arrays. For RFDR, we used a slightly longer mixing time (3 ms) than for the maximal C' 

intensity as a good compromise between transfer within the aliphatic region of the spectrum and 

transfer to C’, and also to achieve a good balance between one- and two-bond transfers (see 

Figure 5.4). For aTOBSY, we picked the mixing time (4.3 ms) that gave the best compromise 

between transfer and magnetization decay. DREAM and SPC5 were optimized by the maximum 

in the negative signals from the double quantum transfer (2 ms and 1 ms, respectively). These 

mixing times are good compromises between transfer within the entire aliphatic region of the 

spectrum and the overall polarization decay. 

Generally, the homonuclear mixing sequences show similar recoupling patterns (i.e. 

relative cross peak intensities) on our perdeuterated sample as on comparable protonated samples 

under high power 
1
H decoupling. Except for the DREAM sequence, all recoupling techniques 

gave strong C-C' correlations and less intense cross peaks in the aliphatic region of the 

spectrum. This behavior is expected for broadband recoupling sequences, since they do not lead 

to equal distribution of magnetization, but rather to a magnetization maximum at the end of the 
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carbon chain (e.g. the carbonyl of peptides)
19

. 

 

 

 

Figure 5.1. 2D 
13

C-
13

C correlation spectra of 
2
H,

13
C,

15
N ubiquitin recorded on a 400 MHz Varian spectrometer with 

different 
13

C recoupling sequences. 1D slices, cut at δ1 = 54 ppm, are shown below the corresponding 2D spectra. (A) 

RFDR, (B) DONOR, (C) DREAM, and (D) adiabatic TOBSY. RFDR, DONER, and adiabatic TOBSY spectra show 

strong Cα to C' and relatively weak peaks between Cα and the side-chain carbons. The DREAM spectrum, on the 

other hand, showed intense Cα to alphatic cross peaks and less intense Cα to C' correlations. 
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Figure 5.2. 2D 
13

C-
13

C correlation spectra of 
2
H,

13
C,

15
N ubiquitin recorded on a 400 MHz Varian spectrometer with 

different 
13

C mixing sequences. 1D slices, which correspond to δ1 = 54 ppm, are shown below the corresponding 2D 

spectra. (A) DARR, (B) PDSD, (C) TOBSY, and (D) SPC5. DARR and PDSD gave relative low transfer efficiencies 

due to the absence of protons in the sample. SPC5 and TOBSY, on the other hand, suffered from strong 

magnetization decay during the mixing time. 
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The DREAM sequence on the other hand, generated more and stronger cross peaks 

within the aliphatic region (e.g. C – Cβ) as compared to RFDR, DONER, and aTOBSY spectra. 

At 8 kHz MAS, the HORROR condition is at the relatively weak spin lock field of 4 kHz leading 

to a more band selective recoupling. However, even with this low spin-lock field we observed 

C-C' cross-peaks i.e. correlation between resonance ~11.5 kHz apart. 

 

Figure 5.3. 1D mixing time arrays of DREAM (A) and RFDR (B) spectra on a 400 MHz Varian spectrometer. For 

RFDR we dephased the C' line and observed its magnetization buildup over time. For DREAM we observed the 

negative magnetization buildup over time due to the double quantum transfer. These experiments allowed an 

approximate buildup curve to be recorded and were the basis for the selection of the mixing time as described in the 

text. 
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Figure 5.4. 2D RFDR 
13

C-
13

C correlation spectra of 
2
H,

13
C,

15
N ubiquitin on a 400 MHz Varian spectrometer with (A) 

1.5 ms mixing time, and (B) 3.0 ms mixing time. The spectrum at shorter mixing time showed slightly higher 

transfer efficiency to C’ at δ1 of 54 ppm (38%) compared to spectrum (B), but poorer transfer efficiency within the 

aliphatic region (9%). Mixing times of a 1-3 ms are also used typically for protonated protein samples. 

To quantify the transfer efficiency, we integrated the intensity of all cross peaks at the δ1 

slice at 54 ppm shown in Figure 5.1 and 5.2. To correct for relaxation during the mixing time, we 

compared the cross peak intensities to the diagonal peak of a 2D spectrum without any 
13

C-
13

C 

mixing. The result of this analysis, separated in overall transfer efficiency, transfer efficiency 

within the aliphatics, and from the aliphatics to the carbonyls and aromatic side chains, is shown 

in Table 5.1. The RFDR and DONER sequence show the highest overall (C - side chain + C - 

C') transfer efficiencies and also the highest cross peak intensity for the C-C' region of the 

spectrum. DREAM, on the other hand, proved to be the best sequence for magnetization transfer 

within the aliphatic region being twice as efficient as all the other sequences tested. Repeating 
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this analysis for δ1 slices other than 54 ppm led to essentially the same results given in Table 5.1 

(data not shown). 

 

Table 5.1. Comparison of transfer efficiencies of different recoupling sequences based on the 1D slice corresponding 

to δ1 of 54 ppm (Figure 5.1 and 5.2). The total transfer efficiencies as well as the transfer efficiencies from Cα to C', 

the side-chain (aliphatic) and aromatic carbons are given. All transfer efficiencies are calculated as % of the 

diagonal peak at δ1 of 54 ppm from a 
13

C-
13

C spectrum without mixing. RFDR generated the highest overall transfer 

efficiency but led, as most of the other sequences, primarily to strong Cα-C' peaks. DREAM on the other hand 

proved to be more than twice as efficient for the aliphatic carbons as all the other sequences. Therefore, DREAM is 

the pulse sequence of choice if high transfer between Ca and other aliphatic carbons such as sidechain carbons is 

needed. 

Pulse sequence  Total transfer 

efficiency  

Transfer to C'  Transfer to 

aliphatic  

Transfer to 

aromatic  

RFDR  48 (±4) %  33 (±1) %  14 (±2) %  1 (±1) %  

DONER  42 (±4) %  26 (±1) %  14 (±2) %  2 (±1) %  

DARR  38 (±4) %  25 (±1) %  13 (±2) %  -  

PDSD  19 (±4) %  9 (±1) %  10 (±2) %  -  

TOBSY  29 (±4) %  22 (±1) %  7 (±2) %  -  

aTOBSY  31 (±4) %  18 (±1) %  13 (±2) %  -  

SPC5 16 (±4) % 8 (±1) % 8 (±2) % - 

DREAM 37 (±4) % 4 (±1) %  33 (±2) %  -  
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Both the hard pulsed TOBSY and the adiabatic TOBSY showed low transfer efficiencies in 

our experiments. This can be explained by the strong relaxation during the mixing time of the 

TOBSY sequence: TOBSY is a mostly T1ρ limited sequence because of the longer optimal 

mixing times required by the relatively weak J coupling. Therefore, we observed a stronger 

overall magnetization decay during the TOBSY mixing than for DREAM and the T1 limited 

sequences RFDR and DONER. This explains why the TOBSY and aTOBSY sequence give only 

25% overall absolute transfer efficiency when the transfer efficiency is calculated as described 

above. (In contrast, if we compared the transfer between cross peaks and diagonal within the 

same spectrum, i.e. without relaxation correction, we would obtain apparent transfer efficiencies 

of 71% and 61% for TOBSY and aTOBSY, respectively.) The SPC5 sequence also showed low 

absolute transfer efficiency because most of the magnetization decayed during the mixing time 

(If we compared the transfer between cross peaks and diagonal within the same spectrum, we 

would obtain apparent transfer efficiencies of 69%). Similar magnetization losses during 

continuous phase modulated, i.e. C and R-type, mixing sequences have been observed by 

others
40

. These magnetization losses probably come from pulse imperfections and could be 

instrument dependent. 

All 2D spectra shown in Figure 5.1 and 5.2 are asymmetric because we used 
1
H-

13
C CP as 

preparation sequence. CP leads to strong Cα, C' magnetization at 1 ms contact times since these 
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are the carbon spins closest to the only proton source, the amide protons. The Cβ peaks are 

stronger than Cγ, Cδ peaks due to the same reason. During the mixing time, magnetization 

mainly transfers from C' to Cα and side chain carbons, and also from C to C' and the side chain 

carbons, but not from the sidechain carbons causing an asymmetric appearance of the spectrum. 

DREAM spectra are also inherently asymmetric even at equal carbon magnetization at the 

beginning of the recoupling
41

. Therefore, the DREAM spectrum in Figure 5.1 is clearly 

asymmetric. Nevertheless, virtually all of the cross peaks are present on one side of the diagonal 

or the other, when compared with protonated ubiquitin 2D spectrum taken by Zech et al.
42

 (with 

only a very few Val, Leu, and Ile Cγ and Cδ cross peaks as exceptions, see Figure 5.5). 

The data presented above show that, generally, perdeuteration permits 
13

C-
13

C mixing 

without the need of 
1
H or 

2
H decoupling at relatively low MAS frequencies with high efficiency. 

To further prove this point, we recorded a DREAM spectrum with and without high-power 
1
H 

decoupling during the DREAM recoupling step. As can be seen in Figure 5.6, both spectra look 

essentially the same. The transfer efficiency within the aliphatic, and from the aliphatic to 

carbonyl at δ1 slice at 54 ppm decrease about 1% each. This similarity in transfer efficiency is a 

remarkable result considering that 
1
H-

13
C cross polarization still gives a higher signal than direct 

13
C excitation, i.e. 

1
H-

13
C dipolar couplings are present in our sample. 
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Figure 5.5. The 400 MHz and 750 MHz DREAM spectra of perdeuterated ubiquitin (2 ms and 4 ms mixing time, red 

and black) are superposed on the 750 MHz spectrum of protonated ubiquitin DARR spectrum (15 ms mixing time, 

drawn in blue and green). Deuterons cause isotopic effects on 
13

C shifting all the peaks in the DREAM spectrum to 

lower frequencies. Compared to the DARR spectrum, almost all the cross peaks are present in DREAM spectrum 

except for some Val, Leu, and Ile Cγ and Cδ peaks. 
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Figure 5.6. 2D DREAM 
13

C-
13

C correlation spectra of 
2
H,

13
C,

15
N ubiquitin on a 400 MHz Varian spectrometer. (A) 

Spectrum recorded with 95 kHz CW proton decoupling during DREAM mixing. (B) Spectrum recorded without 

proton decoupling. Note that the transfer efficiency is similar (check 1D slice at δ1 = 54 ppm) and the transfer pattern 

is relatively complete in both spectra. This figure shows that high-power proton decoupling during the DREAM 

mixing time is not necessary for perdeuterated proteins. 

 

The results obtained on a 400 MHz spectrometer appear to translate well to higher fields, 

as illustrated with RFDR and DREAM spectra collected at 750 MHz and 14 kHz MAS shown in 

Figure 5.7. The overall transfer profile is the same under these conditions: RFDR leads to 

broadband mixing and relatively strong Cα-C' cross peaks, DREAM leads to very high transfer 

efficiency in the aliphatic region of the spectrum.  

Residual 
1
H and 

2
H couplings during t1 and t2 could influence the linewidths of the peaks 

in these spectra. Nevertheless, as can be seen from Figure 5.8 and 5.9 neither 
1
H nor 

2
H 
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decoupling, nor the decoupling of both 
1
H and 

2
H had a relevant influence on the linewidth of 

our spectra. These results are similar to the results of Morcombe et al.
14

, who recorded 

high-resolution spectra of perdeuterated ubiquitin without the need of any 
1
H nor 

2
H decoupling 

at a 
1
H Larmor frequency of 800 MHz and 20 MHz MAS. 

 

 

 

Figure 5.7 2D DREAM (A) and RFDR (B) 
13

C-
13

C correlation spectra of perdeuterated ubiquitin recorded on a 

Bruker 750 MHz spectrometer. The transfer efficiency is good and the transfer pattern is relative complete in the 

case of both sequences. In that respect the result is very similar compared to the data recorded on the 400 MHz 

spectrometer.  
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Figure 5.8 2D DREAM 
13

C-
13

C correlation spectra of 
2
H,

13
C,

15
N ubiquitin recorded on a 750 MHz Bruker 

spectrometer (A) with and (B) without 
1
H and 

2
H waltz decoupling during t1 and t2. There is no observable 

difference in the spectral linewidths comparing these two spectra. 

 

Figure 5.9 
13

C CP MAS spectra of the aliphatic region of 
2
H,

13
C,

15
N ubiquitin recorded on a 750 MHz Bruker 

spectrometer. (A) The spectrum with 
1
H waltz decoupling is shown in black, the spectrum with 

2
H waltz decoupling 

shown in red. (B) The spectrum with 
1
H and 

2
H waltz decoupling is shown in black, the spectrum without 

decoupling is shown in red. These spectra clearly show that only 
1
H decoupling has a significant influence on the 

13
C linewidth of perdeuterated microcrystalline ubiquitin. 
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In summary, except for PDSD and DARR, i.e. sequences which essentially rely on the 

presence of a dense 
1
H bath, all sequences perform well on perdeuterated proteins and show 

similar magnetization transfer patterns as when applied to fully protonated samples. RFDR, 

among the most robust and easy to set up pulse sequences tested, showed the highest overall 

transfer efficiency. However, broad banded mixing sequences typically lead to an accumulation 

of magnetization at the end of carbon chains 
19

 and, therefore, to strong Cα-C' cross peaks. This 

can be a problem since strong Cα-C' cross peaks lower the sensitivity of C-side chain cross 

peaks, which are often the main focus of the investigation especially when the Cα-C' cross peaks 

are unresolved. The Cα-CX cross peaks are often better resolved than Cα-C' cross peaks and 

contain important information about secondary structure. DREAM is the mixing sequence of 

choice to get the most intense Cα-CX cross peaks since it has by far the highest transfer 

efficiency in the aliphatic region of the spectrum. The negative cross peaks associated with the 

double quantum transfer make DREAM straight forward to optimize in a 1D version of the 

experiment. The high performance of the DREAM sequence is particularly noteworthy since a 

spin-lock field as low as ~4 kHz at the HORROR condition was employed without dramatic 

magnetization decay. Furthermore, the DREAM recoupling was not limited to the aliphatic 

region, but also clear Cα-C' cross peaks in the spectra recorded at 400 MHz. Therefore, the 

combination of perdeuteration with the DREAM sequence makes it possible to record intense, 
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low power 2D 
13

C-
13

C correlation spectra at moderate MAS frequencies. Moreover, only a 

double-resonance probe was used, and potentially a single channel probe could be used.  

 

5.3 Conclusions 

Apart from proton assisted pulse sequences such as DARR and PDSD all 

homonuclear-mixing sequences tested, performed very well on perdeuterated ubiquitin at 

relatively modest MAS frequencies and without any 
1
H and 

2
H decoupling. Therefore, 

perdeuteration makes it possible to record high quality 2D homonuclear correlation spectra with 

virtually no sample heating coming from MAS or 
1
H decoupling. 

We found that RFDR showed the highest overall transfer efficiency and DREAM gave the 

most intense cross peaks in the aliphatic region of the spectrum. Both sequences are robust and 

easy to set up and, therefore, form a very good alternative to DARR for perdeuterated samples.  

For our 2D 
2
H-

13
C CP 

13
C-

13
C correlation experiments to get site specific quadrupolar 

order parameters, DREAM sequence is a good choice because it has the best transfer efficiency 

within aliphatic region. We are able to get site resolved (Cα-CX or Cβ-CX) 
2
H-

13
C CP matching 

profiles with highest sensitivity using DREAM sequence. RFDR sequence is an alternative 

choice because it has the best overall transfer efficiency. For some sites which are not resolved or 

has no cross peaks in the aliphatic region, we might able to get site resolved (Cα-C’ or Cβ-C’) 
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2
H-

13
C CP matching profiles with highest sensitivity using DREAM sequence.          

5.4 Materials and Methods 

 

5.4.1 U-
2
H,

13
C,

15
N Ubiquitin  

Protein expression, purification, and crystallization are described in chapter 4. Protonated 

buffers and solutions were used during purification (including a protein unfolding step) and 

crystallization, leading to an essentially complete introduction of protons in all amides and 

exchangeable sidechain moieties.  

NMR  

 

5.4.2 Spectra Recorded on the 400 MHz Spectrometer 

Solid-state NMR spectra at 400 MHz were recorded on a Varian Infinityplus spectrometer. 

DREAM and RFDR were performed using a 4 mm Apex (Chemagnetics) probe. For all the other 

sequences, we used a 4 mm T3 probe. Depending on the pulse sequence, samples were spun at a 

MAS frequency of 8 kHz or 8.333 kHz. The sample temperature was  ~2°C (VT= 0°C). The CP 

rf-field strengths for all pulse sequences were 50 and 58 kHz for 
13

C and 
1
H, respectively, with a 

contact time of of 1 ms. 
13

C and 
1
H hard-pulses were done with rf-field strengths of 50 and 100 

kHz, respectively. The amplitude of the DREAM sweep was approximately 4 kHz (shape 
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parameters: β/2π=1.4 kHz, Δ/2π=0.7 kHz following 
43

) and the mixing time was 2 ms. The 

RFDR mixing time was 3 ms. The DONER sequence follows the conditions described by Akbey 

et al.: 
1
H and 

2
H were irradiated simultaneously using a rotary resonance condition (ω1H = ω2H = 

8 kHz). The mixing time for DONER, DARR, and PDSD sequences was 50 ms. The 

non-adiabatic TOBSY was recorded using a Post C9
1
3 mixing sequence with 8.333 kHz MAS, a 

13
C rf-field strength of 50 kHz, and a mixing time of 7.5 ms 

26
. The adiabatic TOBSY was 

recorded using a Wurst inverse Wurst (WiW) C9
1
18 mixing sequence with 8.333 kHz MAS and a 

mixing time of 4.3 ms 
28

. The 120 μs long Wurst pulses were done with an exponent of q=9, and 

a maximum rf-field strength of 70 kHz. As for the other sequences, no 
1
H decoupling was 

applied during the TOBSY mixing. The SPC5 spectrum was recorded with 8 kHz MAS using a 

13
C rf-field strength of 40 kHz and a mixing time of 1 ms 

19
. The spectral width was 40 kHz in 

both the direct and indirect dimensions, and 512 and 300 points were acquired in the t1 and t2 

dimensions, respectively. No 
1
H and 

2
H decoupling was employed during t1 and t2.  

 

5.4.3 Spectra Recorded on the 750 MHz Bruker Spectrometer 

The high-resolution 2D DREAM, and 2D RFDR spectra were recorded on a Bruker 

750 MHz Advance II spectrometer using a 4 mm triple resonance HXY probe operating at 

14 kHz MAS. The CP rf-field strengths for all the pulse sequences were 40 and 54 kHz for 
13

C 
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and 
1
H, respectively and the contact time of the CP was 1 ms. 

13
C and 

1
H hard-pulses were 

performed with rf-field strengths of 40 and 100 kHz, respectively. The amplitude of the DREAM 

sweep was approximately 7 kHz and the mixing time was 2 ms. The RFDR mixing time was 

3 ms. The spectral width was 94 kHz in both the direct and indirect dimension, and 2048 and 768 

points were acquired in the t1 and t2 dimensions, respectively. For some of the spectra waltz 

decoupling of 5 kHz on 
1
H and 2.5 kHz on 

2
H was applied during t1 and t2. No decoupling was 

applied during the 
13

C mixing sequences. 

All NMR spectra were processed and analyzed using the following programs: NMRPipe, 

SPARKY, SciPy. 
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Chapter 6 

Deuterium Spectra on the Hydration Shell of Ubiquitin and Small 

Molecules 

6.1 Introduction 

 

6.1.1 Hydration Shell Property and the Importance of Hydration Shell 

Water is essential for protein function. Particularly, the water molecules close to a protein 

have interactions with the external protein surface; we called these water molecules the protein 

hydration shell. The definition of hydration shell (e.g boundary of hydration shell) depends on 

the investigative tools and we only focus on the hydration waters that have perturbed dynamics 

properties on the NMR detectable timescales. Protein hydration shells are important for protein 

dynamics, enzymatic activities, and the stability of proteins. Protein dynamics depending on the 

protein hydration level have been proven by many experimental methods on different timescales 

of protein motions such as NMR
1
, neutron scattering

2
, electron spin resonance (ESR)

3
, and 

dielectric relaxation. Most enzyme activities require large conformational changes
4
 and these 

motions cannot happen without water molecules as lubricant. Water is also involved in substrate 

binding, therefore, enzyme activities also depend on the presence of hydration water. For 
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example, a study on lysozyme shows the enzymatic activity as a function of hydration level
3
.  

Protein hydration shell properties such as the correlation times of hydration waters and the 

relationship between hydration shell motions and protein motions (types of motions and 

correlation times) are important because understanding these might help us to clarify the role of 

hydration shells on protein’s functions. A fully hydrated protein has about 0.4 g hydration water 

per gram of protein based on different kinds of measurements including the water uptake at 90% 

relative humidity and calorimetric measurements
5
. It corresponds to one

6
 or two

7
 layers of water 

molecules around a protein surface. Neutron and X-ray small angle scattering experiments show 

that protein hydration is 10~15% denser than the bulk water due to defects in the H-bond 

network induced by the protein surface
8
. Hydration waters have diffusion correlation times about 

2 to 6 times slower than that of bulk water at the room temperature according to the water 
1
H 

overhauser dynamic nuclear polarization signal enhancement on the nitroxide based radical spin 

labeled proteins
9
. The average rotational correlation times of protein hydration waters are also 

roughly 2 to 6 times slower than that of bulk water and the rotational correlation times  are 

strongly dynamical heterogeneous probably due to the complex protein surface topography or 

different hydrophobicity on protein surfaces. The 
2
H and 

17
O relaxation dispersion experiments 

by Qvist et al.
6
 showed the rotational correlation times are described by a power-law distribution 

with the exponent close to two. Dynamical heterogeneity in the protein hydration waters are also 
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found in the experiments comparing the nuclear overhauser effects obtained in the laboratory and 

rotating frames of ubiquitin solution in the reverse micelle
10

. 

 

6.1.2 Frozen solution studies of protein hydration 

In solution, hydration water exchanges rapidly with bulk water and makes the studies of 

hydration water difficult. Hydration waters still can be studied by the population-weighted 

average properties
6
 or studied in the small encapsulated systems (e.g. reverse micelles

10
) or 

studied on hydrated crystalline or powder samples
11,12

. Hydration water has a depressed freezing 

temperature and undergoes a glass transition (sharp changes in dynamical properties) at a 

temperature which depends very much on the timescale of the method used to observe the 

hydration water. For example, the glass transition temperature for the hydration water rotational 

correlation time is 200 K according to the deuterium T1 measurements and line shape analysis on 

hydrated elastin and collagen by Vogel
12

. Because the freezing temperature of hydration water is 

much lower than the bulk water, it is possible to physically separate the hydration water and bulk 

water by freezing out the bulk water without freezing the hydration water. Protein hydration 

shells properties in frozen solution have been studied using 
1
H NMR experiments by several 

groups
13-16

. The antifreeze protein-ice, protein-hydration waters interactions in frozen solution 

are also studied using several NMR methods
17

. Deuterium spectra can be used to study both 
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protein hydration shell and frozen bulk water and also to study the interaction of protein with 

hydration shell or frozen bulk water. Deuterium spectra of frozen D2O show a Pake pattern with 

quadrupolar constant of 216 kHz for hexagonal ice or 192 kHz for polycrystalline ice
18,19

. Due to 

fast isotropic rotation, the hydration D2O shows a single peak with Lorentzian or Gaussian 

distribution and the linewidth reflects the average rotational correlation time of the hydration 

D2O. Frozen D2O and hydration D2O have very different spin-lattice relaxation times (T1) and 

we can, therefore, separate these two spectra by setting different pulse delay times. Protein 

hydration properties such as the amount of hydration water and the rotational correlation time at 

different temperatures can be measured by the hydration D2O peak integral, T1, and line shape 

analysis. One possible issue of studying protein hydration in frozen solution is the hydration 

shell properties at the frozen solution temperature might not correlate to the hydration shell 

properties at room temperature. Even the hydration shell studies on hydrated elastin and collagen 

did not show dynamical transition of hydration waters between room temperature and 200 K.      

 

6.1.3 Hofmeister Ions and Osmolytes 

Ions (especially anions) and some osmolytes can alter the hydrogen bonding network of 

water, change water surface tension, and strengthen or weaken hydrophobic interactions and, 

therefore, stabilize or destabilize (or precipitate) protein in the solution. For example, the 
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globular state (PrP
c
) of prion protein is stabilized in 1M TMAO solution to prevent or reverse the 

formation of the infectious state (PrP
sc

)
20

. The ordering of these ions to increase or decrease 

protein’s solubility is called the Hofmeister series
21

. The molecular level understanding of the 

Hofmeister ions and osmolytes on protein stabilization or destabilization is not clear yet. It was 

previously believed that Hofmeister ions stabilize or destabilize protein by making or breaking 

water structure
22

, but recent studies suggest that Hofmeister ions stabilize or destabilize protein 

by interacting with proteins and their hydration shells
23

. Studying the hydration shells and bulk 

ice properties in D2O ubiquitin frozen solution with the addition of some different Hofmeister 

ions or osmolytes help to understand how the Hofmeister series affects the stability (solubility) 

of the protein.          

  

6.2 Results and Discussion 

 

In this chapter, we study ubiquitin hydration shell correlation times and the amount of mobile 

waters in frozen solution with different temperatures by deuterium T1 measurements and line 

shape analysis. We also study the effect of two Hofmeister salts on the dynamical properties of 

ubiquitin hydration waters. Deuterium spectra of ion hydrates and bulk ice in Hofmiester salt 

frozen solutions were also recorded as a reference.   
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6.2.1 Ubiquitin Hydration 

Deuterium spectrum of the hydration shell in ubiquitin in D2O frozen solution shows a > 

450kHz linewidth (width at the half height) with no Pake pattern like line shape indicate an 

isotropic motion (Figure 6.1). The rotational correlation time, τC, of this motion can be measured 

from deuterium T1 experiments and linewidth or T2 measurements and by using the following 

equations (assume isotropic motion, single τC value)
24

:     
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Cq and   are D2O deuterium quadrupolar constant and asymmetry parameter. These values are 

about 195-210 kHz and 0.1, respectively.  o is the deuterium larmor frequency.  

The T1s, linewidths, and corresponding rotational correlation times of the ubiquitin 

hydration shell at different temperatures are shown in Table 6.1. The experimental T1 minimum 

is higher than the theoretical T1 minimum (assuming an isotropic motion with single τC value) 

calculated from equation 6.1 (shown in Figure 6.2). This phenomenon is very similar to the 

elastin and collagen hydration T1 measurements by Vogel
12

 and indicates a distribution of τC 

values. The τc values from T2 (we measured the linewidth instead) are not consistent with the τC 

values from the T1 measurements, and the deuterium linewidth has a wider base and cannot fit 

perfectly with a Lorentzian/Gaussian distribution which probably also indicates the broad 
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distribution of τC values. The plot of the rotational correlation times with respect to the 

temperature of frozen solution (Figure 6.3) shows the rotational correlation time getting longer 

gradually with decreasing temperature. The amount of ubiquitin hydration gradually decreases 

when the temperature decreases (Figure 6.4). We cannot observe any sharp transition for the 

behavior of τC value or the amount of ubiquitin hydration within the temperature range used in 

our study.        

 

 

 

Figure 6.1 Deuterium spectra of ubiquitin hydration at -10
o
C and the D2O ice powder pattern at -70

o
C. Due to the 

fast isotropic rotational motion, ubiquitin hydration show a relatively narrow peak instead of a broad Pake pattern 

(D2O ice spectrum). Deuterium spectra were recorded using a solid echo sequence with a 1s pulse delay for the 

hydration shell spectrum and a 1hr pulse delay for the ice spectrum. 
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Table 6.1. T1, linewidth, and corresponding rotational correlation time of the hydration water of ubiquitin in D2O 

frozen solution at different temperatures.   

 

Temperature  T1(I)
a
 τc from 

T1
c
  

(1/s) 

T1(II)
b
 τc from 

T1
c
  

(1/s) 

Peak 

width 

(1/ T2*)  

τc from 

T2*
c
 

(1/s) 

-10
o
C 23   2 

ms 

7 10
-11

 14   2 

ms 

1.3 10
-10

 450Hz 2.5 10
-9

 

-20
o
C 12   2 

ms 

1.5 10
-10

 7.5   

0.3 ms 

2.5 10
-10

 

~4.5 10
-9

 

920Hz 6.7 10
-9

 

-30
o
C 7.4   

0.4 ms 

2.5 10
-10

 

~4.5 10
-9

 

7.2   

0.5 ms 

2.5 10
-10

 

~4.5 10
-9

 

2.5kHz 2.2 10
-8

 

-40
o
C 8.4   

0.6 ms 

5.6 10
-9

 7.1   

0.8 ms 

2.5 10
-10

 

~4.5 10
-9

 

3.7kHz 3.3 10
-8

 

-50
o
C 15   3 

ms 

1 10
-8

 10   2 

ms 

6.7 10
-9

 3.9kHz 3.6 10
-8

 

-60
o
C 29   2 

ms 

2 10
-8

 17   2 

ms 

1.2 10
-8

 10.4kHz 1 10
-7

 

-70
o
C 27   1 

ms 

2 10
-8

 21   6 

ms 

1.5 10
-8

 - - 

 

a. T1 value from the linear regression of log (peak integral) over τ time. 

b. T1 value from the least square fitting by single exponential model. 

c. τc values are derived from equation 6.1 (assuming an isotropic motion with single τc value). Two possible τc 

values correspond to each T1 relaxation curve fitting in the temperature range -20~-40
o
C (experimental T1 

minimum) according to equation 6.1. 
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Figure 6.2 Deuterium spin-lattice relaxation time (T1) of ubiquitin hydration shell as function of temperature. The 

theoretical T1 minimum when assuming an isotropic motion with single τc value (T1 minimum calculated from 

equation 6.1 is 3.6 ms, labeled by olive dashed line) is lower compared to the experimental T1 minimum indicating a 

distribution of τc values.     

 

 

 

 

 

 



166 
Chapter 6 

 

 

Figure 6.3 Plot of the ubiquitin hydration rotational correlation times from T1 (black and red) and linewidth analysis 

(blue) as functions of temperature in ubiquitin D2O frozen solution. The hydration rotational correlation times are 

several orders of magnitude longer when compared to the correlation time of bulk water at room temperature (olive 

dashed line) and get gradually longer with decreasing temperature. Two possible τc values correspond to each T1 

relaxation curve fitting in the temperature range of -20~40
o
C according to equation 6.1. The τc values from 

T2*/linewidth could be shorter because hydration shell spectra have a wider peak base. The plot of correlation times 

with respect to  (viscosity)/T is better because the correlation times are related to the viscosity and this is not 

temperature independent. However, we are not able to measurement hydration water viscosity at this moment. 
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Figure 6.4 The amount of hydration water in ubiquitin D2O frozen solution as a function temperature. The amount of 

hydration water decreases gradually with decreasing temperature. The amount of hydration is converted from the 

fraction of mobile D2O (peak integral of hydration spectra/peak integral of D2O ice spectrum at the lowest 

temperature). The amount of hydration water in a fully hydrated protein is in the range of 0.3~0.4g hydration 

water/protein (light blue colored region) 

 

6.2.2 Mobile Water in Glycerol D2O Frozen Solution 

The deuterium spectra of mobile waters in glycerol D2O frozen solution show narrow 

peaks with linewidths of 4-240 Hz depending on the temperatures. The rotational correlation 

times from T1 measurements and linewidth analysis show that the τC values are one or two orders 

of magnitude shorter compared to the τC values of ubiquitin hydration waters. The similarity in τc 

values from T1 measurements and the linewidth analysis at the same temperature and glycerol 

concentration (shown in Table 6.2) indicates that the dynamics of mobile waters in glycerol D2O 
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solution is more homogeneous than that of the ubiquitin hydration waters. The inhomogenity of 

ubiquitin hydration τc values is probably due to the heterogeneity in ubiquitin surface 

hydrophobicity and complex surface topography or due to the difference between inner and outer 

layers of hydration waters. The heterogeneity in hydrophobicity is smaller for the glycerol 

molecules. The plot of the extent of mobile water in glycerol D2O solution as a function of 

temperature (Figure 6.5) shows that the fraction of mobile water gradually decreases with 

temperature. The τC values of mobile waters and the fraction of mobile waters in glycerol D2O 

solution are nearly independent of the glycerol concentrations when the glycerol concentration is 

in the range of 0.5~10 % (v/v) (Table 6.3 and Figure 6.6). It indicates that the mobile waters 

around glycerol do not overlap and glycerol molecules are not aggregated up to a concentration 

of 10% (v/v).       
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Table 6. 2. T1, linewidth, and corresponding rotational correlation times of mobile waters in a 4.95% (v/v) frozen 

glycerol D2O solution at different temperatures. 

 

Temperature  T1(I) τc from 

T1  

(1/s) 

T1(II) τc from 

T1  

(1/s) 

Peak 

width 

(1/ T2*)  

τc from 

T2* 

(1/s) 

5
o
C 206   2 

ms 

8 10
-12

 215   6 

ms 

8 10
-12

 4 Hz 1.1 10
-11

 

-5
o
C 75   5 

ms 

2 10
-11

 81   12 

ms 

2 10
-11

 13 Hz 3.5 10
-11

 

-15
o
C 29   2 

ms 

6 10
-11

 26   4 

ms 

7 10
-11

 20 Hz 5.6 10
-11

 

-25
o
C 5.8   

0.2 ms 

3 10
-10

 6   1 

ms 

3 10
-10

 50 Hz 1.4 10
-10

 

-35
o
C 2.8   

0.2 ms 

7 10
-10 

~3 10
-9

 

3   1 

ms 

7 10
-10 

~3 10
-9

 

168 Hz 5 10
-10

 

-45
o
C 2.8   

0.2 ms 

7 10
-10 

~3 10
-9

 

4   1 

ms 

5 10
-10 

~5 10
-9

 

201 Hz 5.8 10
-10

 

-55
o
C 3.0   

0.7 ms 

7 10
-10 

~3 10
-9

 

4   4 

ms 

5 10
-10 

~5 10
-9

 

176 Hz 5.3 10
-10
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Table 6.3. T1, linewidth, and corresponding rotational correlation times of mobile water in a -35
o
C frozen glycerol 

D2O solution at different concentrations. 

 

% glycerol  T1(I) τc from 

T1  

(1/S) 

T1(II) τc from T1  

(1/S) 

Peak 

width 

(1/ T2*)  

τc from 

T2* 

(1/S) 

0.5% 4.8   

0.7 ms 

4 10
-10 

~5 10
-9

 

6   2 

ms 

3 10
-10

 181 Hz 5 10
-10

 

 1.5% -  -  240 Hz 7 10
-10

 

 3.0% 4.6   

0.9 ms 

4 10
-10 

~5 10
-9

 

3   1 

ms 

7 10
-10 

~3 10
-9

 

244 Hz 7 10
-10

 

 4.95% 3.0   

0.1 ms 

7 10
-10 

~3 10
-9

 

3.0   

0.2 ms 

7 10
-10 

~3 10
-9

 

241 Hz 7 10
-10

 

 6.2% 3.8   

0.3 ms 

5 10
-10 

~5 10
-9

 

3.6   

0.6 ms 

6 10
-10 

~5 10
-9

 

224 Hz 7 10
-10

 

 7.0% 4.4   

0.7 ms 

4 10
-10 

~5 10
-9

 

3.8   

0.6 ms 

5 10
-10 

~5 10
-9

 

207 Hz 6 10
-10

 

 8.5% 3.06   

0.04 ms 

7 10
-10 

~3 10
-9

 

3.5   

0.3 ms 

6 10
-10 

~5 10
-9

 

220 Hz 7 10
-10

 

10.0% 3.3   

0.1 ms 

7 10
-10 

~4 10
-9

 

3.7   

0.5 ms 

6 10
-10 

~5 10
-9

 

222 Hz 7 10
-10
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Figure 6.5. The plot of the amount of mobile waters in a 4.95% (v/v) glycerol frozen solution as a function of 

temperature. The amount of mobile waters decreases gradually with decreasing temperature. The amount of mobile 

water is converted from the peak integral of the mobile D2O/ peak integral total amount of D2O (signal above 

freezing).  

 

Figure 6.6. Amount of mobile waters in a -35
o
C frozen glycerol solution as function of glycerol concentrations. The 

amount of mobile waters (per g of glycerol) is independent of increasing glycerol concentration in the frozen 

solution when the concentration is in the range of 0.5-10 % (v/v).  
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6.2.3 Hofmeister Salts 

The typical order for the Hofmeister anion series is as follows: 

CO3
2-

 > SO4
2-

 > S2O3
2-

 > H2PO4
-
 > F

-
 > Cl

-
 > Br

-
 ~ NO3

-
 > I

-
 > ClO4

-
 > SCN

- 

And the order for the Hofmeister cation series: 

NH4
+
>K

+
>Na

+
>Li

+
>Mg

2+
>Ca

2+
>guanidinium 

Anions appear to have a stronger effect than cations.  

We choose two salts, MgSO4 and LiClO4, in this study. SO4
2-

 and ClO4
-
 have similar size and 

geometry but opposite effect on the protein: SO4
2-

 tends to stabilize proteins and precipitates 

protein from solution, ClO4
-
 increases the protein solubility and promotes the denaturation of 

protein. The cations we chose are in the middle of the Hofmeister series and hopefully have a 

very small effect on the protein or protein hydration shell/bulk water. The Hofmeister ions are 

believed to stabilize or destabilize protein by making or breaking water structure
22

. Recent 

studies suggest that Hofmeister ions interact with proteins or macromolecules and their hydration 

shell
23

. To examine the effect of Hofmeister ions on hydration water and bulk water, we recorded 

the deuterium spectra of D2O in frozen MgSO4 and LiClO4 solutions.   

    

Deuterium Spectrum of D2O in Frozen MgSO4 Solution 

The deuterium spectra of D2O in frozen MgSO4 solutions are composed of two different 
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line shapes with different spin-lattice relaxation times (T1): The first one is a Pake pattern with 

horn to horn splitting (see Figure 6.7) of 125 kHz and T1 of 50~70 s, The second one has no horn 

splitting and a much shorter T1 time (110-11ms). These two components correspond to the 

tetrahedral jump of D2O ice
25

 and the  (180
o
)-flip motion of salt hydrate

26,27
. Deuterium spectra 

of D2O in frozen MgSO4 solution and spectra simulated by a simulation program EXPRESS
28

 

are shown in Figure 6.7. The amount of hydrate per ion slightly depends on the MgSO4 

concentration: there are 5 water of hydration per solute for 2 M MgSO4 solution, 6.5 per solute 

for 1.4 M MgSO4 solution, and 7 per solute for 0.9 M MgSO4 solution. The amount of hydrates 

is probably small compared to the noise level of the spectra in 0.5 M MgSO4 solution, and 

therefore we cannot fit the T1 saturation recovery curve using a double exponential model and 

get the information of the amount of hydrates (see Figure 6.8). The hydrate spectra in frozen 

MgSO4 solution are very different from the spectra of hydration water in frozen ubiquitin 

solution, in that the relatively narrow, Lorentzian/Gaussian distributed hydration peaks were 

absent in all D2O spectra of frozen MgSO4 solution, and we observed powder patterns due to 

 -flip motions instead. This indicates that hydrates in frozen MgSO4 solution have very different 

dynamic properties compared to the hydration waters in frozen ubiquitin. The entropy is much 

lower for the hydrates in frozen MgSO4 solution (only switches between two conformations) 

compared to the entropy of the ubiquitin hydration waters (freely rotates through all possible 
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angles). This difference in hydration properties might be related to the protein precipitation 

function of sulfate.  

The T1s and line shapes of the D2O ice component (long T1 component) are independent of 

MgSO4 concentrations in the frozen solution. These T1s values are also similar to the T1 of the 

pure frozen D2O spectrum (73s) (line shapes are hard to compare because there are two 

components in D2O frozen MgSO4 solution). It shows that MgSO4 has no significant influence 

on the dynamics of bulk water.  
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Figure 6.7 Deuterium spectra of frozen solution of 2 M MgSO4 in D2O (-35
o
C) recorded with various pulse delays. 

The line shape of the spectrum with 0.1 s delay time matches well with the simulated spectrum of a salt hydrate 

(bond angle of 104-109
o
) with a 2 10

7
 1/s  -flip motion. The line shape of the spectrum with 1 hr delay time 

matches well with the simulated spectrum of the combination of D2O hydrate with a 2 10
7
 1/s  -flip motion and 

D2O bulk ice with a 2 10
3
 1/s tetrahedral jump. 
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Figure 6.8 Deuterium T1 saturation recovery curves of 0.5 M - 2 M MgSO4 D2O frozen solution (black circles are 

experimental points) and corresponding bi-exponential fit (black line). The hydrate signal in 0.5 M MgSO4 frozen 

solution is probably small compared to the noise level, and therefore, we cannot fit the T1 saturation recovery curve 

using bi- exponential model. 
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Table 6.4. Amount of hydrates and bulk ice and their motion rates in the 0.5 M - 2 M MgSO4 D2O frozen solution 

measured by T1 saturation recovery curves and deuterium line shape analysis. 

2 M MgSO4 

T1 Percentage
a
 

 

Motion type Flip/Jump rate 

from T1 (1/s) 

Flip/Jump rate 

from line shape 

(1/s) 

67   10 s 77   3 % Tetrahedral 

jump
b
 

3 10
3
 2 10

3
 

90   20 ms 21   3 %  -flip 6 10
6
 2 10

7
 

1.4 M MgSO4 

T1 Percentage 

 

Motion type Flip/Jump rate 

from T1 (1/s) 

Flip/Jump rate 

from line shape 

(1/s) 

67   5 s 80   2 % Tetrahedral 

jump 

3 10
3
 2 10

3
 

110   50 ms 18   2 %  -flip 6 10
6
 2 10

7
 

0.9 M MgSO4 

T1 Percentage 

 

Motion type Flip/Jump rate 

from T1 (1/s) 

Flip/Jump rate 

from line shape 

(1/s) 

71   8 s 87   2 % Tetrahedral 

jump 

3 10
3
 2 10

3
 

11   10 ms 13   4 %  -flip 6 10
7
 2 10

7
 

0.5 M MgSO4 

T1 Percentage 

 

Motion type Flip/Jump rate 

from T1 (1/s) 

Flip/Jump rate 

from line shape 

(1/s) 

50 s - Tetrahedral 

jump 

3 10
3
 2 10

3
 

Not able to fit     

a. The percentage is based on the ratio of two T1 components in the bi-exponential fitting. 

b. The tetrahedral jump motion of bulk ice is based on the previous literatures. We cannot clearly differentiate 

what types of motion at this slow rate region.     
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Deuterium Spectrum of D2O in Frozen LiClO4 Solution 

The deuterium spectra of frozen D2O in 0.5 M LiClO4 solution show a relatively narrow, 

Lorentzian/Gaussian distributed peak indicating the existence of hydration with fast isotropic 

motion (shown in Figure 6.9). This hydration component disappears in the 2 M LiClO4 frozen 

solution. Deuterium T1 saturation recovery curves fit well to a bi-exponential model showing that 

there are two D2O components in the 2 M LiClO4 frozen solution. Beside bulk D2O ice with 

tetrahedral jump motions, there is another D2O pool with different dynamics (this is probably 

LiClO4 hydration). The rate of this motion is in the range of 0.7-2 10
5
 1/s, the motion mode is 

difficult to estimate from the deuterium line shape because the intensity of the powder pattern at 

this timescale is very weak and, therefore, it is difficult to determine the line shape contribution 

due to this motion. We assume that the dynamics of hydration water in LiClO4 frozen solution is 

salt concentration dependent. T1 and line shape of D2O ice in 0.5 M LiClO4 solution are similar 

to that of pure D2O but T1 of D2O ice in 2 M LiClO4 is shorter. It indicates that the bulk ice in 2 

M LiClO4 frozen solution has a higher tetrahedral jump rate (only 1.5 ~ 2 times higher). It seems 

that the bulk ice dynamics changes slightly at 2 M LiClO4 frozen solution.  
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6.2.4 Deuterium Spectra of D2O in Ubiquitin Frozen Solution with Addition to MgSO4 and 

LiClO4 

We assume MgSO4 and LiClO4 precipitate or stabilize protein by interacting with protein 

hydration or bulk ice. Hydration shell or ice spectra in ubiquitin frozen solution with addition of 

MgSO4 or LiClO4 might be different from the spectra in D2O ubiquitin solution without these 

salts. The deuterium spectra of D2O in ubiquitin solution (concentration of 16 mg/ml measured 

by UV-vis before and after SSNMR measurement) with addition of 1 M MgSO4 shown in figure 

6.10 are identical to the deuterium spectra of D2O in 1 M MgSO4 frozen solution. The amount of 

MgSO4 hydrates are much greater than ubiquitin hydration waters (ratio between MgSO4 hydrate 

and ubiquitin hydration water is 16.8 g: 1 g). However, a relatively narrow Lorentzian/Gaussian 

distributed peak should still be present in the deuterium spectra (see more clearly in time domain) 

if the ubiquitin hydration has a isotropic motion. This indicates that MgSO4 interacts with the 

protein hydration shell and restricts its motion. The deuterium spectrum of D2O in ubiquitin 

solution (20 mg/ml measured by UV-vis before and after SSNMR measurement) with addition of 

1 M LiClO4 shows a relatively narrow Lorentzian/Gaussian distributed peak corresponding to the 

hydration layer with isotropic motion. The peakwidth of hydration shell in ubiquitin solution 

with addition of 1 M LiClO4 is narrower than the peakwidth of the pure protein hydration shell 

(1.2 kHz vs. 3.5 kHz) but is broader when compared to the hydration shell in 1M LiClO4 solution 
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(1.2 kHz vs. 200 Hz). The rotational correlation time of hydration waters in ubiquitin frozen 

solution with addition of 1 M LiClO4 is higher than that of hydration waters in ubiquitin solution 

without LiClO4 according to the deuterium linewidth information. Deuterium line shape of ice 

component is weak in intensity and broad for each sideband, this is similar to the line shape of 

D2O ice in 1 M LiClO4 solution. According to these results, we assume MgSO4 precipitates 

ubiquitin by restricting the dynamics (amplitude of motion) and, therefore lowers the entropy of 

protein hydration waters. LiClO4 stabilizes ubiquitin by increasing the dynamics of the protein 

hydration and bulk water. 
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Figure 6.9 Deuterium spectra of D2O in 2 M and 0.5 M LiClO4 frozen solution (-35
o
C). The deuterium line shape of 

D2O in 2 M LiClO4 solution matches well with the simulated spectrum of D2O ice with a 4.5 10
3
 1/s tetrahedral 

jump motion. The deuterium line shape of D2O in 0.5 M LiClO4 solution matches well with the simulated spectrum 

of D2O ice with a 3 10
3
 1/s tetrahedral jump. 
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Table 6.5. Amount of hydrate and bulk ice and their motion rates in the 0.5 M and 2 M LiClO4 D2O frozen solution 

measured by T1 saturation recovery curves and deuterium line shapes. 

 

2M LiClO4 

T1 Percentage 

 

Motion type Jump rate from 

T1 (1/S) 

Jump rate from 

lineshape (1/S) 

27   4 s 76   8 % Tetrahedral 

jump
a
 

6 10
3
 4.5 10

3
 

3   2 s  23   8 % unknown 0.7-2 10
5
 - 

0.5M LiClO4 

T1 Percentage 

 

Motion type Filp/Jump rate 

from T1 (1/S) 

Filp/Jump rate 

from lineshape 

(1/S) 

67   25 s ~90 % Tetrahedral 

jump
a
 

3 10
3
 3 10

3
 

unknown ~10% isotropic -  

a. The tetrahedral jump motion of bulk ice is based on the previous literatures. We cannot clearly differentiate 

what types of motion at this slow rate region. 
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Figure 6.10 Deuterium spectra of D2O in ubiquitin solution with addition of 1M MgSO4 are identical to the 

deuterium spectra of D2O in 1M MgSO4 solution. The absence of ubiquitin hydration peak (much weaker compared 

to the MgSO4 hydrate powder pattern, but we still can tell if the peak is present especially in the time domain of the 

spectrum) in the 1k scans short pulse delay spectrum indicates that MgSO4 interacts with ubiquitin hydration shell 

and restrict its motion. The peak intensities of all the short delay time spectra (or all long delay time spectra) are 

comparable. 
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Figure 6.11 Deuterium spectra of D2O in ubiquitin solution with addition of 1 M LiClO4. The peakwidth of 

hydration waters in ubiquitin solution with addition of 1 M LiClO4 is narrower than the peakwidth of pure protein 

hydration shell (1.2 kHz vs. 3.5 kHz) but is broader and has higher intensity when compared to the hydration 

spectrum in 1M LiClO4 solution (1.2 kHz vs. 200 Hz). Deuterium line shape of ice component in D2O in ubiquitin 

solution with addition of 1 M LiClO4 is more similar to the line shape of D2O ice in 1 M LiClO4 solution (compared 

to the D2O ice in the ubiquitin solution). It seems that LiClO4 stabilize ubiquitin by increase the dynamics of the 

protein hydration and bulk water. The peak intensities of all the short delay time spectra (or all long delay time 

spectra) are comparable. 

 

6.2.5 Conclusions 

Ubiquitin, glycerol and the Hofmiester ions MgSO4 and LiClO4 have different hydration 
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shell properties such as hydration dynamics and the amount of hydration water. Hydration water 

in ubiquitin and glycerol solutions show fast isotropic motion but hydration in MgSO4 solution 

shows only a restricted  -flip motion. Hydration water in LiClO4 solution shows a fast isotropic 

motion at low LiClO4 concentration. The difference in hydration dynamics might be the reason 

how Hofmister ions and osmolytes stabilize or destabilize proteins: Hofmister ions and 

osmolytes modify the dynamics properties of protein hydration and, therefore, change the 

stability of proteins. The deuterium spectra of hydration water in ubiquitin with addition of 1 M 

MgSO4 or LiClO4 also support this point.  

  

6.3 Materials and Methods 

 

6.3.1 Deuterium Spectra of D2O in Frozen Ubiquitin Solution  

All deuterium spectra of ubiquitin hydration were recorded on a 600 MHz Varian 

Infinityplus spectrometer using a 
2
H static probe. 100 μl of natural abundance ubiquitin 

(Sigma-Aldrich, St Louis, MO) in D2O with concentration of 25~30 mg/ml was packed into a 4 

mm, rubber disk sealed glass tube. Deuterium spectra were recorded using a solid echo pulse 

sequence with a deuterium rf-field strength of 83 kHz. T1 saturation recovery experiments were 

acquired using 25 90
o
 saturation pulses and a solid echo sequence after a series of delay times, τ. 



186 
Chapter 6 

The T1 saturation recovery curves were recorded with 8 acquisition scans per τ delay.  

 

6.3.2 Deuterium Spectra of D2O in Glycerol, MgSO4, LiClO4 Solution and Ubiquitin Solution 

with Addition of 1M MgSO4 and LiClO4 

All these spectra were recorded on a 400 MHz Varian Infinityplus spectrometer using a 4 

mm T3 probe in HCD mode. 40 μl glycerol or salt D2O solution with different concentrations 

were center packed into a 4 mm rotor. Deuterium spectra were recorded with a simple 90
o
 pulse 

with rf-field strength of 75 kHz. FIDs were recorded right after first rotor echo to avoid phase 

correction. T1 saturation recovery curves were recorded with 4 acquisitions per τ delay. All 

spectra were recorded with 9 kHz MAS spinning speed. 

 

6.3.3 Line Shape and T1 Analysis 

Deuterium line shapes were simulated by a simulation program EXPRESS 
28

. We use 

deuterium quadrupolar constant of 195-210 kHz and asymmetric parameter < 0.1 for our 

simulations. For the tetrahedral jump motion, we set D2O bond angle to 109
o
, the jump rate is 

defined by the rate of deuteron from one site jump to one of the other three tetrahedral sites. For 

 -flip motion, we set the D2O bond angle to 104-109
o
 (β=52-54.5

o
). T1 value were derived from 

linear regression of log(peak integral) over τ time (T1 fit I) or least square fitting to single (T1 fit 
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II) or bi-exponential models.      
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Conclusion 

We developed a new method to measure site-resolved protein quadrupolar order 

parameters using site-specific 
2
H-

13
C CP matching profiles. This method has the advantage to 

obtain order parameter information for methylene groups (which is usually difficult to obtain). 

Our ubiquitin quadrupolar order parameters are similar to the ubiquitin order parameters from 

solution NMR measurements (especially for the data from relaxation measurements
1
). For 

methylene groups, our ubiquitin quadrupolar order parameters have higher values compared to 

the previously reported dipolar order parameters from the solid state NMR measurements on the 

protonated samples
2
. This is probably the effect of proton driven spin diffusion or inefficient 

proton decoupling on the CH2 group on the dipolar based measurements, artifactually causing 

them to appear low. For perdeuterated samples, spin diffusion is less problematic and proton 

decoupling for CD2 grouping not be important. Therefore, we have better chance to have more 

accurate order parameter information for the methylene groups compared to other methods.         

For the future direction, the 3D 
2
H-

13
C-

13
C correlation experiments

3
 or solid state dipolar 

order parameter measurements on the protein sample with only a few protons
4,5

 would be two 

good candidates in order to clarify if proton spin diffusion or inefficient proton decoupling is the 
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reason cause the discrepancy for ubiquitin order parameters in the methylene groups. 

Protein hydration shell dynamics are interesting to us because protein hydration has 

influence on protein dynamics
6-8

. Hydration waters have a distribution of rotational correlation 

times and the time scales are close to the time scales of protein’s fast librational motions. It is 

possible that the hydration shell dynamics has some correlation with the protein dynamics 

especially for the fast librational motions as some other people suspected this point before. 

We also found the ability of Hofmeister ions to stabilized or precipitate protein is because 

the Hofmeister ions alter the dynamical properties of hydration water.        
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Appendix A 

2
H-

13
C TEDOR or REDOR Correlation Spectra   

A.1 Theory  

 

TEDOR and REDOR experiments between a spin = 1 nucleus and a spin =1/2 nucleus are 

different from the experiments between two spin = 1/2 nuclei. When a spin = 1/2 nucleus (I) 

couples to a spin = 1 nucleus (S), the transverse spin operator, Ix or Iy, can be decomposed into a 

central line (Ix/y(E-Sz
2
)) and in-phase (Ix/ySz

2
) and antiphase magnetization (Ix/ySz) of the outer 

lines. The central components are invariant to dipolar couplings, and the outer lines evolve in 

analogy to spin = 1/2 nuclei, but with twice the frequency compared to spin = 1/2 nuclei
1
. 

The evolution of the I = 1/2 spin couples to a S = 1 spin:  

                      
 

    
         

                                               [A.1] 

Compared with the evolution of the I = 1/2 spin couples to a S = 1/2 spin: 

                    
    
                                                        [A.2] 

ΦD is the dephasing angle. For the TEDOR/REDOR sequence with π pulses on the beginning of 

the rotor period and half of the rotor period, ΦD become  

                             
 

   
 

 
    

  
 

    
                               [A.3]  
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Where ωD (t) is time dependent dipolar coupling under MAS spinning. 

When a spin couples to spin 1 nucleus, the magnetization is only dephased to 1/3 of the original 

intensity because the central component (Ix/y(E-Sz
2
)) is invariant to the dipolar coupling.  

The evolution of spin =1 (S) nucleus couples to a spin = 1/2 (I) nucleus is identical to the 

dipolar evolution of two spin = 1/2 nuclei.         

                      

    
             

                
 
                         [A.4] 

Previously, Sandstrom et al. performed a deuterium evolution period encoded REDOR like 

experiment to correlate the deuterium line shapes with carbon chemical shifts
2
. However, no 

TEDOR experiment has been done between 
2
H and 

13
C to separated deuterium interactions by 

carbon chemical shifts. We designed a TEDOR experiment with the polarization from 
2
H and 

transfer to 
13

C (pulse sequence is shown in Fig A.1). The major difference from the normal 

TEDOR is the numbers of rotor periods (t’= mτr) before two 90
o
 pulses (                

 
       

 
  )) 

is twice amount compare to the numbers of rotor periods (t’’=nτr) after two 90
o
 pulses 

(           
 
        

          
 
   )sin(   

         )). We also applied most of the π pulses on 
13

C 

channel to prevent π pulse excite most of the deuterium magnetization into double quantum 

coherence. Less π pulses on deuterium channel and stronger rf-field strength on deuterium π 

pulses are preferred because TEDOR transfer efficiency becomes worse when the rf-field 

strength on deuterium π pulses are weak or too much π pulses. The simulated TEDOR build up 
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curves with only two π pulses on the deuterium channel with different rf-field strengths and a 

TEDOR build up curve with most of the π pulses on the deuterium channel are shown in Figure 

A.2. The deuterium line shape after TEDOR is distorted even if applying ideal π pulses on the 

deuterium channel (see Figure A.3). The issue of deuterium rf-field strength might be less 

problematic for REDOR experiment because there are only two π/2 pulses applied on the 

deuterium channel. However, the magnetization of the REDOR like experiment is started from 

13
C, which has much longer T1 (about 10 s on Cα) compared to 

2
H T1 (0.04 s on 

2
Hα). The 

TEDOR experiments benefit from the magnetization start from 
2
H. We can set the TEDOR 

experiments with much shorter pulse delay and have much more scans for the same amount of 

time.     

 

Figure A.1. A designed 
2
H-

13
C TEDOR sequence. The main difference from normal TEDOR sequence is the 

numbers of rotor periods (t’= 2nτr) before two 90
o
 pulses (                  )) is twice amount compare to the 

the numbers of rotor periods (t’’=nτr) after two 90
o
 pulses (                  

             )sin(      )). The 

pulses filled with black are π/2 pulse and the rest pulses are π pulse.       
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Figure A.2. The simulated TEDOR build up curves with only two π pulses on the deuterium channel with different 

rf-field strengths and a TEDOR build up curve with most of the π pulses on the deuterium channel. 

 

Figure A.3. Simulated indirect detected 
2
H FID after a TEDOR sequence. The 2H tensor is distorted even if  

applying the ideal π pulses on the deuterium channel. 
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A.2 TEDOR Experiments on the 
2
H,

13
C,

15
N Ubiquitin 

     The 1D TEODR spectra of 
2
H,

13
C,

15
N Ubiquitin are shown in Figure A.4. The TEDOR 

transfer efficiencies for the non-methyl sites are very weak compared to the methyl sites. We 

found out that the TEDOR transfer efficiencies for the non-methyl sites decay greatly with the 

rotor period increase. For the same numbers of rotor period, TEDOR experiment with fast MAS 

spinning has better non-methyl sites transfer efficiencies. 

  

Figure A.4. The 1D TEODR spectra of 
2
H,

13
C,

15
N Ubiquitin. The TEDOR transfer efficiencies for the non-methyl 

sites are very weak compared to the methyl sites. For the same numbers of rotor period (n = 1 in these spectra), 

TEDOR experiment with fast MAS spinning has better non-methyl sites transfer efficiencies. 
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Appendix B 

Reduced Chi Square Plot with an Array of Fit Order Parameters 

 

 

Figure B.1(A) Plots of χ
2

red with an array of fit order parameters with steps of 0.01 on α sites of each residues.  
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Figure B.1(B) Plots of χ
2

red with an array of fit order parameters with steps of 0.01 on α sites of each residues.  
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Figure B.2(A) Plots of χ
2

red with an array of fit order parameters with steps of 0.01 on β sites of each residues.  
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Figure B.2(B) Plots of χ
2

red with an array of fit order parameters with steps of 0.01 on β and δ sites of each residues. 
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Appendix C 

Error Analysis for the Order Parameter 

The error bars of quadrupolar order parameters were estimated with 95% confident interval: 

base on the chi-square statistical, the critical chi-square values for cumulative probability of 95% 

are 5.99 (and χ
2

red = 3.00) for the four points data points (degree of freedom = 2), and 3.84 (and 

χ
2

red = 3.00) for the three points data points (degree of freedom = 1). The best fit quadrupolar 

order parameters and high and low fit quadrupolar order parameters range when chi-square value 

just above the critical chi-square values were shown in Table C.1. 
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Table C.1 The best fit quadrupolar order parameters and high and low fit quadrupolar order parameters range when 

chi-square value just above the critical chi-square values 

Residues Assigment χ
2

red S Slow Shigh 

2 Cα - Cβ 2.59 0.87 0.86 0.88 

5 Cα - Cβ 4.39 0.96 * * 

5 Cβ - Cα 8.87 0.91 * * 

14 Cα - Cβ 9.55 0.91 * * 

15 Cβ - Cγ 10.84 0.86 * * 

17 Cα - Cβ 0.26 0.92 0.85 1.0 

17 Cβ - Cα 5.43 0.88 * * 

18 Cα - Cβ 1.5 0.91 0.89 0.93 

19 Cδ - Cγ 0.92 0.87 0.86 0.89 

20 Cβ - Cα 4.02 0.86 * * 

21 Cβ - Cα 1.25 0.93 0.91 0.97 

29 Cδ - Cε 4.65 0.86 * * 

30 Cβ - Cγ 13.94 0.77 * * 

33 Cα - Cβ 7.08 0.93 * * 

37 Cδ - Cγ 11.41 0.88 * * 

38 Cδ - Cγ 11.44 0.93 * * 

41 Cα - Cβ 4.06 0.88 * * 

43 Cβ - Cγ 0.19 0.91 0.88 0.93 

48 Cα - Cβ 10.86 0.91 * * 

50 Cβ - Cγ 2.19 0.90 0.88 0.92 

54 Cα - Cβ 0.05 0.94 0.91 1.0 

56 Cα - Cβ 5.40 0.86 * * 

56 Cβ - Cγ 4.39 0.91 * * 

63 Cα - Cβ 0.24 0.91 0.89 0.95 

63 Cβ - Cα 2.37 0.92 0.9 0.93 

69 Cβ - Cγ 13.73 0.98 * * 

71 Cα - Cγ 0.85 0.94/1.0 0.92 1.0 

* χ
2
 is too big and therefore no Slow and Shigh available.  
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Appendix D 

F-test  

We used an F-test to assess whether or not the fitting with the consideration of B1 field 

inhomogeneity is significantly better compared to the fitting without B1 field inhomogeneity. 

We calculate the F statistic using the equation: 

                                  
 
  
    

 

     
 

  
 

    

                                 [D.1] 

Where χ
2

i are the chi-square values for the first (without B1 field inhomogeneity) or second 

model (with the consideration of B1 field inhomogeneity). Pi are the numbers of parameter for 

the first (P1 = 2) and second model (P2 = 3), and n is the numbers of data points. For our four 

points data, the F statistic becomes, 

                                  
  
    

 

  
                                   [D.2] 

The upper critical value of the F distribution for 5% significance level is 161.448 (1 numerator 

degrees of freedom and 1 denominator degrees of freedom). The F distributions of all the sites 

with four points data were shown in Table D.1. All sites have F distribution lower than the upper 

critical value of the F distribution, and therefore, the fitting with the consideration of B1 field 

inhomogeneity does not lead to a better fit.   
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Table D.1. The F statistic of all the sites with four points data 

Residues Assigment S1 χ
2

1 S2 χ
2

2 F statistic 

2 Cα - Cβ 0.87 5.18 0.87 5.18 0 

5 Cα - Cβ 0.96 8.78 1.0 8.15 0.077 

5 Cβ - Cα 0.91 17.74 0.88 11.52 0.540 

14 Cα - Cβ 0.91 19.10 0.91 19.10 0 

15 Cβ - Cγ 0.86 21.67 0.87 11.12 0.949 

18 Cα - Cβ 0.91 3.04 0.91 3.04 0 

33 Cα - Cβ 0.93 14.16 0.91 11.91 0.189 

41 Cα - Cβ 0.88 8.10 0.87 0.29 26.8 

43 Cβ - Cγ 0.91 0.38 0.91 0.38 0 

56 Cα - Cβ 0.86 10.79 0.87 2.73 2.95 

56 Cβ - Cγ 0.91 8.77 0.91 8.77 0 

71 Cα - Cγ 1.0 1.69 1.0 1.27 0.331 

S1: Best fit order parameter without B1 field inhomogeneity  

χ
2

1: Chi-square for S1 

S2: Best fit order parameter with the assumption of B1 field inhomogeneity 

χ
2

2: Chi-square for S2 
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