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The studies of enzymes from extreme sources have gained significance due to 

their increasing potential applications. The proteins from halophiles (salt loving) have 

adapted to challenging environmental conditions and require salt for their structure and 

function. How halophilic proteins adapt to a hypersaline environment is still an 

intriguing question. It is important to mimic the environmental conditions of the sample 

under investigation with experimental techniques.   

In this study, structure and dynamic features of a halophilic enzyme have been 

investigated under high salt conditions.  The acquisition of NMR data on high salt 

samples has always been problematic.  We have devised a simple and elegant approach 

for obtaining NMR data for a protein in a high salt buffer that allows for virtually 

complete 1H, 13C, and 15N assignments.  These data were then used to calculate the NMR 

derived structure of Haloferax volcanii dihydrofolate reductase in 3.5 M NaCl. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Structure calculations showed that this protein folds in a similar manner as 

investigated in the crystal structures of Haloferax volcanii dihydrofolate reductase and 

Escherichia coli dihydrofolate reductase. To understand the effect of salt on flexibility as 

well as activity, NMR relaxation studies at 3.5 M and 1.0 M salt concentration were 

carried out. NMR dynamics of this enzyme revealed that the loss of activity as the salt 

concentration is lowered is due to lose in the inherent flexibility across the backbone, 

particularly in the catalytic loops. 
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CHAPTER I 

INTRODUCTION 

Archaea Microorganisms, Halophilic Archaea 

Living organisms are classified into three kingdoms: Eucarya, Eubacteria and 

Archaea.1  Many microorganisms from Archaea Kingdom can survive in unusual 

environmental conditions and are called extremophiles.2  Archeae refer to ancient 

microorganisms since this group is believed to have been one of the earliest forms of life 

on this planet.3  Extermophilic microorganisms are classified according to the 

physicochemical conditions at which they survive.4  Among them, piezophiles grow and 

function best under high pressure (deep sea), thermophiles at high temperature (hot 

springs and volcanic areas),5 psychrophiles at low temperature (Antarctica),6 acidophiles 

at low pH (volcanic vents),1 alkalophiles at high pH (soda lakes),7 and halophiles 

(hals:salt, philes: loving) in hypersaline environments.8  This work centers on the 

explanation of halophilic adaptation through studying an enzyme from a halophilic 

organism. 

Several enzymes from extremophilic organisms have industrial applications due 

to their ability to withstand and maintain function under harsh processing conditions.  

The extreme environments are considered a source of novel enzymes.9,10  Enzymes from 

extremophiles have been used in the pulp, detergent, textile, starch, cellulose, and 

1 



  

  

  

 

 

 

biocatalyst industries.11-14  So far, halophilic enzymes and bacteria have found limited 

biotechnological applications but promise an increasing trend.15  Their ability to function 

under minimum low water content and their resistance to proteases makes the halophilic 

enzymes potential applicants in relevant industrial usage.16  Halophilic organisms have 

been used in waste water treatment in textile industry and degradation of organic 

pollutants.15  It has been shown that haloarcheas can degrade alkanes by utilizing sulfur 

anaeorobically.15  Enzymes from haloacidophiles have been used in the starch industry to 

convert starch to more valuable products such as dextrin, glucose, and fructose.15  Due to 

outstanding stability and resistance to esterases, novel lipids produced by the halophilic 

organisms have been used in medicine, and cosmetic industry in the area of liposome 

application.17  The biosurfactant peptides produced from halophilic organisms have been 

used for oil recovery in petroleum reservoirs for environmental protection.18,19  The 

halophilic exopolysaccarides produced by halophilic microorganisms such as Halofreax 

volcaii, Halobacterium salinarium have been used as emulsifier in oil recovery.15 

Carotenes obtained from halophilic bacteria are used as food coloring agents and as 

compatible solutes in pharmaceutical industry.20 

Halophilic Archaea 

The total inorganic salt content of typical seawater is about 3.5-3.7% (w/v).  A 

salt concentration exceeding this level is defined as hypersaline; saturation is reached at 

35-37% (w/v) salt level.21  The salt composition and concentration varies from one 

location to another and can show variations within a location during a period of time; a 

gradient can also be present within a naturally occurring high salt source.21  Beside Na+ 
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which being the major cation in most of the saline water bodies (except in the Dead Sea 

where divalent Mg+2 is the major cation), K+, Ca2+, and Mg2+ can be found at different 

levels. Similarly Cl- is the major counter anion in most of the high salt water bodies; Br -, 

CO3 
2-, and SO4 

2- ions are also present at different compositions.22 

Halophiles can thrive at salt concentrations of near saturation. The Great Salt 

Lake 23,24 (33% w/v, Utah, USA), Dead Sea 25 (34% w/v, Israel), Tuzgolu 26 (33% w/v, 

Turkey), and other similar salty lakes are examples of naturally developed hypersaline 

environments.  Halophiles are subcategorized based on salt requirement for their growth.  

Extreme halophiles require 20-30% (corresponding 3.4-5.0 M) salt, moderate halophiles 

5-20% (0.8-3.4 M), slight halophiles 2-5% (0.2-0.8 M) and halotolerant <2% salt for 

optimal growth condition.21,27 

Taxonomic classifications of halophilic organism show that halophiles exist in the 

three kingdoms.17,28,29  In the kingdom of Archaea they are called haloarchaea, in 

Eubacteria, they are called halobacteria, and in Eukaryat they are called 

haloeukaryotes.29,30  Most of the enzymes studied until now are mainly from halophilic 

Archaea and particularly from the Halobacteriaceae family.31  Some common genera and 

species (shown in parenthesis) from Halobacteriaceae group are: Haloferax (Haloferax 

volcanii, Haloferax mediterranei), Halobacterium (Halobacterium salinarum, 

Halobacterium noricense), and Haloarcula (Haloarcula marismortui, Halobacterium 

marismortui).30-32,33

 Halophilic microorganisms have developed unique strategies to adapt to 

hypersaline environments.  Halobacteria and haloeukaryotes survive in hypersaline 

conditions by means of a ‘compatible solute’ strategy.34  These microorganisms 
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accumulate only neutral and polar organic solutes and exclude inorganic salts in their 

cytoplasm.34  The solutes are either synthesized in the cell or uptaken from the medium.21 

Most common compatible osmolytes are polyols and their derivatives (sucrose, 

glucosylcerol, glycerol etc), glycine, betaine and some amino acids.35  On the other hand, 

halophilic archaea utilize a ‘salt-in’ strategy to adapt to hypersaline environments.35  This 

strategy includes the accumulation of inorganic salts in the cytoplasm at a level of the 

surrounding medium owing to a chloride ion gradient across the cell.  Ion transports 

across the cell membrane are facilitated by specific ion channels.36 

Halobacteriaceae family microorganisms are the most abundant inhabitants in 

high salinity environments.33, 37-39  They can be identified by their typically red or orange 

colors, which originate from C50 carotenoids present in the cytoplasm.  The high osmotic 

stress is balanced by selectively accumulating K+ ions at a near saturation or exceeded 

level in the cytoplasm.38  The cell mechanism favors K+ ions because they hydrate less 

water and because Na+ ions are eliminated by a process of pumping owing to the Cl-

gradient. This process protects the cells from dehydration.40 

Protein Adaptation to High Salt Conditions 

Proteins attain functional three dimensional structures through weak inter- or 

intra-molecular interactions such as electrostatic, hydrophobic and hydrogen bonding.  

The changes in physical environment may alter these interactions through the weakening 

or strengthening of these interactions. The accumulated high salt in the cytoplasm makes 

the cell components and cell mechanism adapt to these challenging conditions.41  The 

proteins from halophiles require salt for their structural integrity and functions.41  How 
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proteins adapted to hypersaline environments is still a subject of debate.  For a protein to 

be active, it should be hydrated in the medium.  The limited availability of water 

molecules in hypersaline medium leads these groups of enzymes to develop adapted 

strategies.41

 Salts have an interesting impact on protein stability and solubility.42-44  The effect 

of different salt ions on protein stability has been investigated.45  The Hofmeister series 

ranks the effect of some anions and cations in the stabilization of proteins by ‘salting-in’ 

and ‘salting-out’ mechanisms.45  The effect of anion on the protein ternary structure is in 

the following order: CO3
2- (most stabilizing), SO4

2-, S2O3
2-, H2PO4

-, F-, Cl-, Br-, NO3
-, I-, 

ClO4
-, SCN- (most destabilizing).46  The anions between ClO3

2- and Cl- are termed as 

kosmotropes while the anions from Cl- to SCN- are termed as chaotropes.47  In this series, 

kosmotropes precipitate the macromolecule out of the solution by disrupting the 

structure; conversely, chaotropes destabilize the structure without precipitating.47  These 

ions manipulate proteins solubility and stability either by disrupting the hydration shell or 

by interacting directly with proteins.  The precipitation of protein is known as the 

“salting-out” effect.43   In contrast to non-halophilic proteins, halophilic proteins are 

soluble in kosmotropes ions of the Hofmeister series owing to some unique structural 

features.46  Generally halophilic proteins are sensitive toward the salt type as well the salt 

46,48,49 concentration. 

Some common features of halophilic proteins have been identified.  Primary 

amino acid composition analysis shows that halophilic proteins bear excess negatively 

charged amino acids (aspartic acid and glutamic acid) over positively charged ones.50, 51 

According to the widely-accepted halophilic stabilization model, acidic residues at the 
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surface of halophilic proteins compete for water with the counter ions and coordinate 

water molecules that afford solubility and activity in hypersaline environments.52  It was 

shown that acidic residues can coordinate more salt and water molecules than the other 

amino acids.53  It was proposed that this both eliminates unfavorable electrostatic 

repulsions between similar charged residues and provides a means for proteins to be 

solvated at high salt.53  Studies have shown that lowering salt concentration has a drastic 

effect on halophilic protein stability through denaturation.  According to the ‘competition 

model’ lowering salt concentration may reduce the shielding effect between similar 

charged residues and as a result increase unfavorable interactions.53 

Hydrophobic interactions also play a significant role in the stabilization of 

proteins at high salt concentration.54  Halophilic and non-halophilic proteins bear 

different contents of hydrophobic residues.41  In general, the sequence analysis reveals 

that halophilic proteins contain fewer large hydrophobic residues such as tryptophan, 

isoleucine, and leucine but are rich in small size hydrophobic residues such as alanine 

and valine when compared to their non-halophilic counterparts.55  High salt concentration 

can enhance hydrophobic interactions within a protein through minimizing the 

availability of water molecules that cause enhanced interactions among aliphatic side 

chains of a protein. The stabilizing effect of these hydrophobic interactions at high salt 

concentration was proposed to be disrupted through the increasing availability of water 

molecules around hydrophobic groups as the salt concentration is lowered.52 

In earlier studies, bio-physical techniques such as light scattering,56 

ultracentrifugation, neutron and small angle X-ray scattering 57-59 were heavily employed 

to explain halophilic protein structural features and adaptation to high salt concentration.  
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The results of these studies show that unusually large amounts of salt and water interact 

with these proteins. Typically, non-halophilic proteins bind ~0.2 g H2O /g proteins, 

while halophilic proteins have three to four times more water.60  The role of acidic 

residues on a protein surface is believed to be the key issue in stabilization.54  Typically, 

while non-acidic residues bind ~2-4 water molecules, acidic residues bind ~ 7 water 

molecules.61  The halophilic adaptation remained unclear until three dimensional 

halophilic protein structures became available.  Three dimensional structures did reveal 

some interesting features of halophilic proteins and also lead to new questions since 

structural data did not completely support previous theories.62-65 

The first halophilic protein structure, Malatedehydogenase(hMDH) (PDB 

code:1hlp) from Haloarcula marismortui, was resolved in 1995 by X-ray crystallography 

at 3.2 Å resolution.62  This protein is the most studied protein in the investigation of 

halophilic adaptation by different research groups using different techniques.  The 

comparative structural analysis of hMDH and its homologous non-halophilic protein 

(dogfish malatedehydogenase, dfDHM) displayed some interesting structural differences.  

The surface of hMDH was uniformly covered with negatively charged amino acids and 

more salt-bridges were involved across the surface, which was not found in the 

homogous non-halophilic dfDHM.  In the latter structural studies at a higher resolution, 

2.6 Å and 2.9 Å, the structure of hDHM and its mutant (PDB codes:2hlp, 1d3a) were 

resolved for a further detail analysis.63  Beside previous findings, an additionally large 

amounts of water molecules, and relatively fewer bound salt ions were identified on the 

surface of the protein.  Ferrodoxin (2Fe-2S) was the second halophilic protein which was 

resolved at a resolution of 1.9 Å from the same organism (PDB codes: p00216, 

7 

https://analysis.63
https://resolution.62
https://molecules.61
https://stabilization.54
https://water.60


  

 

p00217).64  Acidic residues are found over the surface of the protein.  Three water layers 

were detected to be coordinated through hydrogen bonding at the surface of the protein.  

However, only a few cations bound to the protein were detected.  The third structure 

investigated from haloarchaea was Haloferax volcanii diyhdrofolate reductase 

(HvDHFR) in 1997 at a resolution of 2.6 Å.65  The detailed structural discussion on this 

protein will be given in the next sections. 

Today, around 10-15 protein structures from halophilic organism have been 

deposited in the Protein Data Bank. With this limited number of structural data, the 

explanation for their adaptation to hypersaline environment is not complete.  By studying 

the structure of a halophilic protein in liquid state at the physiological condition, it is 

aimed to make a contribution to understand the relation between structural features of an 

halophilic protein and the the role of salt in protein stability. The concept of halophilic 

adaptation has been also investigated through studies of the enzyme DHFR. 

The Dihydrofolate Reductase, DHFR 

The dihydrofolate reductase (DHFR) enzyme, a crucial enzyme in the 

biochemical processes of folic acid, found in all living organisms.  It catalyzes the 

reduction of 7,8-dihydrofolate (DHF) (1) to 5,6,7,8-tetrahydrofolate (THF) (2) by 

employing the cofactor, nicotinamide adenine dinucleotide phosphate (NADPH) (3), 

Figure 1.1.66  To a lesser extent it also catalyses the reduction of folic acid (4) to 

dihydrofolate (1). The bacterial source of DHFRs only catalyses the reduction of 

diydrofolate to tetrahydrofolate.67  The reaction take places at the catalytic site of the 

enzyme where both substrate and cofactor are aligned to a favorable position by the 
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enzyme at which the conversion of DHF to THF takes places, Figure 1.1.  One hydride 

transfer takes place from the C4 of NADPH to the C6 of DHF (2). The source of the 

second proton is unclear. It has been proposed that the second proton transfer to N5 of 

DHF takes place from ionizable side chain of an acidic residue at the active site of the 

protein, which is aspartic acid in bacterial DHFRs and glutamic acid in mammalian 

DHFRs. Alternatively, water molecules from bulk solvent is proposed to be the 

68, 69source.  In turn, NADP+(5) and THF are the products.70  The rates of catalytic 

processes are different for different organisms’s DHFRs and are pH dependent reactions.  

The product THF is a key precursor for many biosynthetic processes and is the functional 

form of folic acid used in metabolism.  The pool of THF is utilized in the synthesis of 

purines, thymidine and some amino acids.  The nucleotide thymine is one of the building 

blocks of DNA. This role has made DHFR an anti-cancer and anti-bacterial target.  THF 

is used in the synthesis of one methyl group substitute, N5,N10-Methylene-THF.66  In 

turns this intermediate is employed by Thymidylate Synthase (TMS) as a cofactor in the 

synthesis of deoxythymidilymono-phosphate (dTMP) from deoxyuridyl-monophosphate 

(dUMP) by one carbon atom transfer chemistry.71  Successively, dTMP is converted to 

Figure 1.1. The catalytic reaction performed by the enzyme DHFR is shown. The 
                     substrate DHF is converted to THF by the enzyme using NADPH. 
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deoxythymidine triphosphate (dTTP) to be utilized in the synthesis of DNA.72  The 

metabolic cycle is summarized in Figure 1.2.  In these cascaded biosynthetic cycles, 

maintaining the pool of THF is essential for rapidly growing cells.72  Cancer cells grow 

rapidly, which requires a supply pool of THF.  Inhibiting the enzyme DHFR from 
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Figure 1.2. The metabolic reactions catalyzed by DHFR, SHT and TMS are illustrated. 
The cycle highlight that the product of a catalyst is an input for the other 
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functioning via inhibitors would result in retarding the DNA production for rapidly 

growing cells.73  Several antifolate agents have been used to inhibit DHFR activiy.72  The 

inhibitor molecules are typically similar to the substrate DHF.72  methotrexaten, (MTX) 

(6) is an anticancer drug which acts as an inhibitor for several DHFRs from different 

organisms, widely used in humans for the treatment of leukemias,74,75 lymphomas,76,77 

and rheumatoid arthritis.78,79  The antibiotic trimethoprim (TMP) (7) is another inhibiting 

agent used for bacterial DHFRs to inhibit the enzymatic activity.80,81  These inhibitors 

bind to the active site of the enzyme at a higher affinity and halt the binding/releasing 

events. Under these circumstances the enzyme can not accomplish its functions at a 

regular rate.  

DHFRs from various organisms share some similarities and dissimilarities in their 

biochemical and biophysical characteristics.  For example, while some amino acids are 

conserved in all DHFRs, some are replaced conservatively or randomly.  Figure 1.3 

shows the amino acid sequence alignment of some selected DHFRs from various 

organisms.  Even, in some cases sharing less than 30% sequence similarity, all known 

DHFRs structures exhibited similar folding which is referred to as Rossman folding 

where four helices are packed across a central β-sheet.82-89  In addition, the fundamental 

function of all DHFRs are the same.  The structure and activity aspects of DHFRs from 

several organisms have been extensively studied.68,70,84,90-98  Two consecutive glycine 

residue form a cis peptide bond geometry, which is also a unique feature of all known 

DHFRs.99  The acidic residues Asp or Glu are catalytically important and are conserved 

in all DHFRs at the active loop site.  In addition, catalytic mechanisms of DHFRs were 

determined to be similar.97, 98, 100  Based on EcDHFR structural studies, residues Ala7, 
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DHFR_H.volcaii1 ----------------MELVSVAALAENRVIGRDGELPWPSIPADKKQYRSRIAD----- 39 
DHFR_E.coli -----------------MISLIAALAVDRVIGMENAMPWN-LPADLAWFKRNTLD----- 37 29% 
DHFR_H.volcaii2 MSGEELSGSETEGDAAVRFVLVAAVADNRVIGRDGTMPWH-LPEDLKQFKRTTTG----- 54 37% 
DHFR_chicken ---------------VRSLNSIVAVCQNMGIGKDGNLPWPPLRNEYKYFQRMTSTSHVEG 45 25% 
DHFR_H.sapiens --------------MFLLLNCIVAVSQNMGIGKNGDLPRPPLRNEFRYFQRMTTTSSVEG 46 20% 
L.casei ------------------TAFLWAQDRDGLIGKDGHLPWH-LPDDLHYFRAQTVG----- 36 20% 

: * : ** :. :* : : :: 

DHFR_H.volcaii1 --DPVVLGRTTFESMRD----DLPGSAQIVMSRSERSFSVDTAHRAASVEEAVDIAASLD 93 
DHFR_E.coli --KPVIMGRHTWESIGR----PLPGRKNIILSS-QPGTD-DRVTWVKSVDEAIAACGDVP 89 
DHFR_H.volcaii2 --HPVVMGRKTYESIARQLGGPLPERHSVLLTTRDLDLP-EGAEAVESVESAVAAAEDAA 111 
DHFR_chicken KQNAVIMGKKTWFSIPEK-NRPLKDRINIVLSRELKEAPKGAHYLSKSLDDALALLDSPE 104 
DHFR_H.sapiens KQNLVIMGRKTWFSIPEK-NRPLKDRINLVLSRELKEPPQGAHFLARSLDDALKLTERPE 105 
L.casei --KIMVVGRRTYESFPKR---PLPERTNVVLTH-QEDYQAQGAVVVHDVAAVFAYAKQHP 90 

. :::*: *: *: * .:::: .: .. 

DHFR_H.volcaii1 AET----AYVIGGAAIYALFQPHLD--RMVLSRVPGEYEGDTYYPEWDAAEWELDAETD- 146 
DHFR_E.coli EIM------VIGGGRVYEQFLPKAQ--KLYLTHIDAEVEGDTHFPDYEPDDWESVFSEF- 140 
DHFR_H.volcaii2 DEMGVETVYVVGGATVYEQFLGRAA--GLVLTELDAAHEGDTRFPEWDRGKWVETDRDD- 168 
DHFR_chicken LKSKVDMVWIVGGTAVYKAAMEKPINHRLFVTRILHEFESDTFFPEIDYKDFKLLTEYPG 164 
DHFR_H.sapiens LANKVDMIWIVGGSSVYKEAMNHLGHLKLFVTRIMQDFESDTFFSEIDLEKYKLLPEYPG 165 
L.casei DQE----LVIAGGAQIFTAFKDDVD--TLLVTRLAGSFEGDTKMIPLNWDDFTKVSSRT- 143 

: ** :: : ::.: *.** : .: 

DHFR_H.volcaii1 --HEGFTLQEWVRSASSR---------- 162 
DHFR_E.coli --HDADAENSHSYCFEILERR------- 159 
DHFR_H.volcaii2 --RDGFSFVTYERKQPAAADRGAEESDE 194 
DHFR_chicken VPADIQEEDGIQYKFEVYQKSVLAQ--- 189 
DHFR_H.sapiens VLSDVQEGKHIKYKFEVCEKDD------ 187
L.casei ---VEDTNPALTHTYEVWQKA------- 161 

Figure 1.3. Amino acid sequence alignment of DHFRs from various sources. The 
                    sequence alignment was done by CLUSTAL W (1.83) which is a multiple 
                    sequence alignment program.102-104 The conserved residues are indicated by 

* for the variants, conservatively replaced residues are indicted by :, and the 
                    residues replaced drastically are  indicated by . representation.  

Ser49, and Leu54 are involved in substrate and cofactor bindings which are conserved in 

all DHFRs.101  Figure 1.4 shows the cofactor and substrate bound ternary structure of 

EcDHFR. This following section is a short literature review about structure, kinetic and 

dynamics aspects of EcDHFR. 

Benkovich and coworkers established the kinetic scheme of EcDHFR100 by 

studying numerous binary and ternary complexes of the enzyme with substrates and 

cofactors at varying concentrations and pH conditions.  Binding studies showed that 
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Figure 1.4. The structural illustration of substrate and cofactor binding of EcDHFR. 
The molecule in green is the DHF and the one in the red is NADPH. The 
reaction takes place at a hydrophobic cleft of the enzyme. The structure is 
redrawn from the PDB submission of 1bdr.105 

association and dissociation of the substrates occurs at different rates.  The studies 

revealed that five intermediates are involved in the catalytic cycle.  The hydride transfer 

takes place in the Michaelis complex, DHFR:H2F:NADPH, and yields the 

DHFR:H4F:NADP+. After the NADPH is released, the product is discharged only after  

replacing the oxidized coenzyme NADP+ with fresh NADPH.  This is the rate 

determining step in the catalytic cycle.  Overall, the catalytic cycle is sequentially occurs 

between the substrate, intermediates and coenzyme.  The hydride transfer is a rate 

limiting process which is a pH dependent process with an optimal pKa of 6.5.  This 

pKa was relatively high for the carboxylate group of Asp27 which is the only ionizable 

side group at the active site. This feature was attributed to the dielectric characteristic of 
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the hydrophobic pocket where the binding events take place.  Shrimpton et.al. conducted 

molecular dynamic simulation studies and showed that a water molecule can access the 

active site to achieve one proton transfer to the N5 of DHF in the Michaelis complex.69 

Chen et.al. proposed that proton transfer may take place from a bound water molecule in 

the transition state.106 

The crystal structures of EcDHFR have been studied with a variety of substrates, 

substrate derivatives, cofactors, and cofactor derivatives.  These studies aimed to explain 

the mechanism involved in its catalytic cycle.  Kraut and coworkers studied the structure 

of EcDHFR in its apoenzyme state,107 binary complex with MTX,105 folic acid,108 

NADP+,105 ternary complex with folate and NADP+,105 folate and 5-deazafolate, 5,10-

dideazatetrahydrofolate (ddTHF).108   From the crystal structure data for different 

complexes representing different catalytic cycle stages, it was proposed that five 

intermediates were involved in catalytic turnover. These studies showed that that the 

catalytic cycle is regulated by the successive movements of three loops; the M20 loop 

(residues 9-24), the F-G loop (residues 116-132), and the G-H loop (residues 142-150).   

The loop motions facilitate binding of substrate, cofactor and product release.  Within 

these loops, the M20 loop plays a significant role in the catalytic cycle; as a result, special 

attention was paid to the conformations of this loop.92  Studies showed the M20 loop can 

be found in four identifiable conformations; occluded, closed, open, and disordered. 

Figure 1.5 shows the superimposition of three EcDHFR structures in the open, closed, 

and occluded conformations.  The M20 loop is in a disordered state in apoenxyme and in 
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closed 
open occluded 

Figure 1.5. The figure represents the superimposition of three X-ray structures of 
EcDHFR. The open (yellow), closed (blue) and occluded (green)  

                     conformations of the M20 loop are shown. The PDB codes are 1rx6109, 
1rx1109, and 1ra9109 respectively. 

The MXT bound binary complex109 which was considered to arise from conformational 

transitions taking between the occluded and closed states.109  The closed conformation 

was observed for the ternary complexes (E:MTX:NADPH and E:FOL:NADP+) and 

binary complexes (E:NADPH and E:NADP+).109  The occluded conformation was 

detected in the ternary complexes (E:THF:NADP+ and E:THF:NADPH) and binary 

complexes (E:THF and E:FOL).109  The three conformations of the M20 loop are 

distinguished from each other according to specific conformations of the M20 loop 

residues and a hydrogen bonding pattern with the residues of the F-G and the G-H 

loops.109  While the loop is in the occluded conformation, G15 (CO) and E17 (NH) 
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residues of the M20 loop form hydrogen bond with D122 (NH and Oε2 atoms, 

respectively) of the F-G loop. The center residues of the M20 loop (17-20) hinder the 

coenzyme binding site.109  In this conformation, another hydrogen bond forms between 

N23 of the M20 loop and S148 of G-H loop (N23 (CO) - S148 (NH) and N23 (NH) - 

S148 (Oγ)). In the closed state, the inner residues of the M20 (16-19) loop form a short 

anti-parallel sheet and a type III turn.  The hydrogen bonds form between G15-D122 and 

E17-D122 pairs from the M20 and F-G loops.109   The substrate, cofactor binding, and 

product release result in the open conformation, which was not detected in any certain 

complex but was suggested to be a transition state between the open and closed 

conformations.109  In the closed conformation, due to conformational change of residues 

16-19, the loop interacts with the cofactor through hydrogen bonding and van der Waals 

interactions to facilitate binding of the cofactor.109  In the closed conformation, the active 

site is protected from the solvent and it lets the substrate and cofactor align to the position 

of which the hydride transfers takes place.109  Conversely, in the occluded conformation, 

the binding of cofactor is restricted.  From the crystallographic data indication, it was 

proposed that while the enzyme complexes with substrate and cofactor, the M20 loop is 

in closed conformation.  Once the hydride transfer takes places, the loop shifts to the 

occluded conformation and the cofactor is forced out of the active site.109  During the 

catalytic cycle the M20 loop spends a substantial amount of time in closed and occluded 

conformations.109  The binding and release events of cofactor are facilitated by the 

relative movement of the adenosine binding domain with respect to the major domain.109 

In the catalytic cycle, the open conformation of the M20 loop was suggested to be in a 

transition state between the closed and occluded conformations.109 
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Write and co-workers studied the solution state structure and dynamic aspects of 

EcDHFR by NMR Spectroscopy.110  The NMR studies showed that in the solution state, 

EcDHFR exists in two slowly interchanging conformations in both apoenzyme and 

binary complexes with inhibitor MTX, each with different kinetic features.91  Similarly, 

the presence of this inter-conversion was detected in some other DHFRs such as 

H.sapiens 94 L.casei.111  After completing the backbone and side chain chemical shift 

assignment of the folate bound enzyme it was demonstrated that the isomerization is not 

valid for the folate bound binary complex.  In this study, a 13C labeled folate with 

unlabeled enzyme was studied.  The occluded and closed conformations of the M20 loop 

were also detected in NMR structure studies.112  Two dimensional NOESY experiments 

were used to detect the volume change of the proton cross peaks with respect to time 

belonging to side chain Trp22 residue (NεH). As stated before, the M20 loop region, 

including the Trp22 was found in three different conformational states.  The rate of 

conformational change of the M20 loop for apoenzyme state was calculated as  

35 s-1.113  Relaxation data were conducted to investigate the backbone and side chain 

motions for the complexes representing pre-Michaelis, Michaelis, and product release 

states.114  The chemical shift marker for binding of substrates and cofactor were identified 

from analysis of 15N, 13Cα, and 1HN chemical shifts of E:NADPH, folate, E:folate 

binary,112,113 E:folate:DHNADPH ternary112 and E:folate:NADP+ ternary complexes.112 

The residue in the loop regions (M20 and FG loops) exhibited distinct chemical shift 

patterns in the different complexes at which the conformations of the loops are different.  

The timescale of motion of E:folate, E:folate:DHNADPH, E:folate:NADP+ complexes 

were investigated by NMR relaxation studies.  The main flexibility variations were 
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detected in the loop regions due to different conformational states and interaction with 

each others. In the E:folate and E:folate:DHNADPH complexes, the M20 loop adopts 

the occluded conformation and the two complexes exhibited similar backbone dynamic 

features over the protein. The M20 loop, the adenosine binding loop, and F-G loops 

showed high flexibility from NMR dynamics calculations with a high internal correlation 

time, which indicated the motions are in the picosecond to nanosecond timescales in 

these regions. In both complexes, residues at the beginning of the M20 loop showed 

millisecond to microsecond timescale motion according to the Rex term obtained from 

NMR dynamics calculations.  The presence of picoseconds to nanosecond mobility of the 

M20 loop in the E:folate:NADP+ complex was not detected and the backbone mobility 

showed a drastic variation with respect to the two complexes.  The M20 loop in these 

complexes adopts the closed conformation. The motion in the M20 and F-G loops were 

attenuated with decreasing internal correlation time.  Examining the crystal structure gave 

an explanation for this observation. In the occluded state the M20 loop is solvent 

exposed and has a larger freedom of motion than in the closed conformation at which 

there is interaction between the M20 and F-G loops.  Also in the closed state there is a 

steric hindrance due to NAPDH packing against the residues in the M20 loops.  The 

millisecond to microsecond time scale in this complex was observed for G121 which was 

explained from the formation of hydrogen bonds between Asn122 and Gly15.  NMR 

relaxation studies showed that the M20 loop was fluctuating between the closed and the 

occluded conformations at about the rate of the catalytic cycle for the 

DHFR:folate:NADP+ ternary complexes.  From chemical shift changes and relaxation 
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dispersion experiments, the exchange rate for the closed to occluded transition was 

calculated to be 31±1.7 s-1 and 524±30 s-1 for the reverse process.   

The Enzyme Dihydrofolate Reductase (DHFR) from Haloferax Volcanii 

Genetic and functional aspect of halophilic archaean and enzymes of those 

organisms from the Dead Sea have attracted much interest.39,115-117  The enzyme DHFR 

from Haloferax volcanii was identified and isolated from the Dead Sea.  The enzyme has 

been subjected to numerous molecular biological studies.  The enzyme is sensitive 

toward the inhibiting agents; methotrexate (MTX) and trimethoprim (TMP).118 

Two genes, hdrA and hdrB, were encoded from Haloferax volcanii, which 

overexpresses two DHFR enzymes, HvDHFR1 and HvDHFR2. The two enzymes share 

a 39% amino acid sequence similarity.119 HvDHFR2 contains more acidic residues and 

has an acidic patch near the N-terminus like Halobacterium ferrodoxin.119  No structural 

data are available for HvDHFR2. In spite of the high amino acid sequence similarities 

between HvDHFR1 and HvDHFR2, the two enzymes exhibited entirely different 

biochemical features.  The production levels of THF, salt concentration and pH 

dependent enzymatic activity of each enzyme are greatly different.  While HvDHFR1 has 

an increasing activity toward increasing salt concentrations (3.5 M KCl), HvDHFR2 

showed a decreasing activity as salt concentrations were increased.120  While the 

maximum enzymatic activity for HvDHFR1 was at a pH 4, it is 6.5 for HvDHFR2. These 

results showed that HvDHFR1 exhibits more halophilic characteristics.120 

The enzyme DHFR1 from Haloferax volcanii is a monomeric enzyme; consisting 

of 162 amino acids and a molecular mass of 17.9 kDa.  The enzyme HvDHFR1 is a 
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moderate halophilic enzyme, and is an acidic enzyme.  While it consists of 15 excess 

acidic residues (Glu and Asp) over basic residues (Lys and Arg), the homologous 

EcDHFR consist of only 10 extra negatively charged residues.  The ratio of acidic 

residues over basic residues is not significantly large compared to other halophilic-

nonhalophilic homologous couples.55  The analysis of primary amino acid sequences 

showed that the acidic residues are distributed across the protein.  The halophilic 

adaptation of the enzyme to hypersaline environments has also been probed through the 

study of HvDHFR1.121 

The activity and stability of HvDHFR1 and mesophilic EcDHFR have been 

studied over a wide range of salt concentrations.120  The enzyme exhibited relatively 

higher enzymatic activity in KCl than NaCl.  This feature was attributed to the KCl being 

the naturally accumulated cosolute in the bacterial cell.  The stability of the enzyme was 

studied by measuring the residual activity of the enzyme.  The enzyme is stable as salt 

concentration is lowered to 1.5 M NaCl, lower than this resulted in diminished the 

enzymatic activity.  Site directed mutagenic studies have been carried out to test the role 

of catalytic residues on the active site. The catalytic role of residue Asp27 has been well 

defined for EcDHFR. The corresponding residue, Asp29 in HvDHFR1 is followed by 

two positively charges residues, Lys30 and Lys31.122  The reaction rate and dissociation 

of THF were tested by mutation studies at varying salt concentrations.  In one of these 

mutation studies, Lys30 was replaced by leucine, in another study Lys31 was replaced by 

alanine (Ala), and in another study both residues were replaced by both alanine and 

leucine.  In each mutation, the kcat value increased but did not change across varied salt 

concentrations.  The highest rise in kcat was obtained in the K30L mutation at which kcat 
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value increased from 3.14 s-1to10.0 s-1.122  The Km value was higher in each mutation but 

decreased as salt concentration is increased.  Decreasing the positive charge at the active 

site resulted in an increase in the activity of the enzyme with increasing substrate affinity.  

It was shown that the enzymatic activity of HvDHFR1 is a pH dependent process. 

The effect of varying pH on enzymatic activity at different salt concentrations were 

probed.123  At pH 7, enzymatic activities exhibited a linear increase with increased salt 

concentration.123  As the pH was reduced, the linearity vanished and at pH 4 the activity 

at low salt concentration exhibited the highest activity and remained constant as salt 

concentration was increased.123 

HvDHFR1 has been used as model enzyme in the explanation of halophilic 

adaptation.121  The computational studies were performed by using the crystal structures 

of DHFR from Escherichia coli and Lactobacillus casei (since no crystal structure of 

Haloferax volcanii DHFR1 was available). From the generated protein topology, it was 

proposed that HvDHFR1 has an unbalanced charge distribution over the protein  

surface.121  Positively charged residues are suggested to be located at the active site with 

a larger molecular dipole which was due to the unique insertation of Lys30 and Lys31.121 

It was proposed that the large dipole is facilitating the substrate and cofactor binding.121 

This close similar charge proximity resulted in unfavorable electrostatic interaction and 

was believed to cause the inactivation of the enzyme through unfolding as the salt 

concentration is decreased.121  The modeled structure was also used to explain the 

stability of HvDHFR1 at low salt concentration and low pH.121  At low salt conditions, it 

was suggested that the unfavorable electrostatic interaction is increasing due to 

unshielding of the charged groups.121  The protonation of the charged groups at low pH 
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was proposed to screen the unfavorable electrostatic interaction between similarly 

charged ionizable groups.121 

The crystal structure of HvDHFR1 was only available in 1997 at 2.6 Å resolution 

by Herzberg and co-workers (PDB entry code:1vdr).83  The structure of HvDHFR1 was 

the third halophilic protein structure investigated and represents the only structural study 

for Haloferax volcanii. Two structures were modeled in the study with Cα 

superimposition value of 0.6 Å.83  Eighty bound water molecules were determined for 

one of the structures.83  The X-ray crystallographically derived structure of HvDHFR1 (in 

2.4 M phosphate buffer) exhibited Rossman folding where two pair of α-helices are 

packed against a β-sheet formed from eight β-strands (Figure 1.6).83  A high 

crystallographic temperature factor obtained for the L21 loop (which corresponds to the 

M20 loop in EcDHFR) indicates the presence of conformational fluctuations.83 

Nevertheless, the L21 loop was found to be similar to the closed conformation identified 

for EcDHFR.83  A common feature of all known DHFRs, the unusual cis conformation 

between two glycine residues, is also found in the cis conformation between G101 and 

G102.83  Binding of methoteraxe was not successful due to unfavorable directing of the 

carboxylate group of Asp55 toward the negatively charged side of methotrexate.83  The 

residues Asp54 and Asp55 are in close proximity with the residues Lys30 and Lys31 

where an electrostatic interaction is proposed to be present.83 

In previous studies, the mutation of Lys30 and Lys31 resulted in an increase of 

kcat and Km values. Based on the crystal structure, it was suggested that the binding  

events were enhanced by decreasing the positive charge at the vicinity of binding  

site. Electrostatic surface potential revealed that while positively charged residues are  
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     Figure 1.6.  The crystal structure of HvDHFR1 is redrawn from the pdb file 1vdr 83 by 
using the software MOLMOL.124 

centered at the vicinity of the active site, the negatively charged residues are spread over 

the surface. The stability of HvDHFR1 has been studied comparatively with homologous 

EcDHFR over a wide range of salt concentration by circular dichroism (CD) and 

fluorescence (FL) spectroscopy by Gloss and co-workers.120  FL spectroscopy data 

revealed that lowering salt concentration has no major effect on the ternary structure of 

HvDHFR1.  A similar effect was observed for EcDHFR, for which over the salt 

concentration, EcDHFR did not show a significant spectral change.  The FL and CD 

spectroscopy data revealed that HvDHFR1 did not unfold completely until the salt 
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concentration was lowered to 0.12 M KCl.  The stability studies with different cosolutes 

showed that EcDHFRs is more stable than HvDHFR1in KCl than CsCl. The comparative 

stability test with urea denaturation showed that the enzyme EcDHFR is more stable than 

HvDHFR1 by 6-8 kcal/mole over the range of salt concentrations.  Binding studies of 

HvDHFR1 showed an interesting affinity trend for substrate and cofactor as a function of 

salt concentration.  There is a slight loss of affinity for DHF as salt concentration is 

lowered; however, the affinity for NADPH becomes stronger.  On the other hand, 

EcDHFR showed no significant affinity change for either DHF or NADPH as salt 

concentration was increased to 1.0 M, the concentration at which 80-90% of activity is 

lost. The loss of activity for EcDHFR as salt concentration was increased was proposed 

to be associated with the loss of enzyme flexibility required in the catalytic steps rather 

than with structural changes.  For HvDHFR1 it has been proposed that the loss of activity 

as salt concentration was lowered was associated to the loss of enzyme flexibility. 

Objectives of This Research 

Very few proteins from different halophilic organisms have been investigated 

with X-ray crystallography at a range of salt concentrations between 0.3 M and  

4.0 M 62-64,125-129. Only Halobacterium salinarum ferredoxin (HsFdx) has been studied 

by NMR at 0.45 M salt, which is far below the optimal salt concentration (~2.5-4.3 M 

NaCl) for this protein. Appropriate salt concentration for halophilic proteins is a vital 

requirement for these proteins to fold in their native forms, and also for structural 

stability and activity.  Studies showed that maintaining less than the required salt resulted 

in destabilization and inactivation of halophilic proteins.34,38,46,50,53,64,83  However, only a 
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few of the reported halophilic proteins have been crystallized at the required salt 

concentration.  Haloferax volcanii flourishes in an extremely high salt environment, the 

Dead Sea, which has 3-4 M monovalent salt concentration.21  Nevertheless, the structure 

of the enzyme was investigated by crystallizing in 2.4 M phosphate buffer.83 There is a 

need for more three dimensional data of halophilic proteins for a better understanding of 

the structural features and how they relate to haloadaptation.  In this study, three 

dimensional liquid state NMR derived structure of HvDHFR1 at 3.5 M NaCl was 

investigated. This study represents the first protein studied by NMR at such an extreme 

salt concentration. Once the solution state structure is completed relaxation studies were 

conducted at 3.5 M and 1.0 M NaCl salt concentrations to probe flexibility.  This research 

will lay the ground work for future studies that will investigate the structures and 

flexibilities of both HvDHFR1 and EcDHFR in their binary and ternary complexes. 
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CHAPTER II 

PROTEIN ISOLATION AND PURIFICATION 

Introduction 

In order to perform any structural studies by nuclear magnetic resonance (NMR) 

spectroscopy it is imperative to produce a highly pure sample.1,2  This is especially true 

for protein samples due to the overwhelming number of NMR peaks and peak shapes.3 

There are variations in peak shape (height/volume) that are due to the tumbling of the 

molecule in solution (i.e. the freedom of individual nuclei’s motion and the environments 

the nuclei are experiencing).4  Molecular tumbling which is characterized by the 

correlation time, is the key factor that affects the signal quality.  Small molecules with 

short correlation times give rise to narrow, sharp peaks.  As the molecular size increases 

correlation times get longer and the individual resonance lines are broadened.  The local 

environment of nuclei can also broadened peaks.  Broader peaks are not easily observed 

since they can be obstructed by the other peaks and result in lower resolution. 

Identification of each peak is important to both chemical shift and structural information.  

Therefore, it is essential to produce a sample that is > 95% pure to take advantage of 

filtering and dispersion gained in three dimensional NMR experiments.5 

All the three dimensional (3D) NMR experiments rely on transferring 

magnetization through either 15N or 13C nucleus. The natural abundance of NMR active 
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nuclei 13C (1.1%) and 15N (0.37%) are extremely low.6  Therefore, data acquisition on a 

natural abundance sample takes a very long time, which is not feasible in terms of sample 

stability and NMR time.  Isotope enrichment offers many advantages such as faster data 

acquisition, information on carbon and nitrogen, and effective means of one, two, and 

three step magnetization transfer (1H-15N, 1H-13C, 13C-13C) among spin systems of amino 

acids.7 

Typically, a 1-2 mM sample is required for NMR protein studies.  For a medium- 

size protein, this corresponds to tens of milligrams of protein that is hard to obtain and 

isolate from natural systems.  Protein stability becomes a problem in the course of NMR 

studies. Some proteins are intrinsically unstable and may only last for a few days. Most 

of the 3D NMR experiments require 3-7 days for data acquisition.  The availability of 

protein should not be a bottleneck during the course of the NMR experiments. 

Recombinant protein techniques provide a means to overexpresses and label a protein in 

a bacterial system.  These techniques also provide a means to obtain many milligrams of 

protein at a moderate cost. Once a protein has been expressed in a bacterial system, some 

type of chromatography must be employed to obtain a highly pure sample.  While the 

choice of the purification technique and the optimum conditions vary for different 

proteins, the most commonly used techniques are size exclusion, ion exchange, 

hydrophobic, and affinity chromatography. 

Purification of HvDHFR1 by Column Chromatography 

The purification protocols used for a protein should be optimized based on the 

proteins solubility and stability.8-13  The protein HvDHFR1 which was grown in bacterial 
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system was found to be in insoluble the minimal media (M9).  In order to solubilize the 

protein, it was denatured with guanidine buffer (CH5N2
.HCl) and rapidly re-folded in 

NaCl buffer.  The folded proteins were soluble in 1 M NaCl and the unfolded proteins 

were precipitated out from the solution.  The folded proteins were purified by 

chromatographic techniques.  The choice of the technique depends on the characteristic 

features of the proteins such as hydrophobicity, charge, and affinity.   

Gel filtration was chosen as the first chromatographic technique in the 

purification of HvDHFR1. Gel filtration technique separates molecules based on 

variations in size.14  Molecules are retarded in the network of pores and elute according to 

their sizes.15  Molecules that are within the range of exclusion limits are excluded from 

the pore matrix and elute with the solvent without retention within the void volume.  The 

rest of the molecules would diffuse into the gel pores where separation would be 

governed by molecular size.  The relatively larger molecules in the pore would not be 

retained as much as the smaller molecules during the elution.  The smaller molecules 

would access more pores and would be trapped more in the gel network which elute last 

from the column.  The size related movement of molecules allows fractionating of 

different sizes of molecules.  In practice, the mixture is eluted isocratically in the column 

where only one buffer system would be run as a mobile phase.  In this study, Sepharose 

CL-6B® was employed as a gel filtration material.16  The column material, Sepharose, is 

in bead shaped produced from agarose.  The repeating units of agarose, modified 

polysaccharides, are cross linked with 2,3-dibromopropanol to generate a continuous 

matrix and also to improve the durability of the material.  The optimal separation range 

for the gel matrix is 10-400 kDa with 45-165 µm bead size.16  Figure 2.1 shows the 
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structure of the cross-linked form of Sepharose CL-6B.  While separating the HvDHFR1 

protein sample, a decreasing concentration gradient of (NH4)2SO4 was applied to elute 

the protein from the stationary phase.  It has been known that the protein irreversibly 

binds this column material at salt concentrations >2.0 M (NH4)2SO4.17  This situation can 

be explained from the chemical features of the column material and the protein features.  

During the manufacturing processing of Sepharose, the content of ionizable groups is 

eliminated.16, 18  However, this removal process may not be complete and the gel matrix 

may still contain some residual charged groups such as sulfate and carboxylic groups.16 

The charged groups on the polysaccarides would bind the ammonium ions by 

electrostatic interaction.  In turn, the ammonium ions can bind the negatively charged 

proteins and retain the proteins in the column.  The decreasing ionic strength gradient 

may facilitate a weakening of the attractive interaction and cause the protein to elute from 

the column.  Figure 2.2-A shows UV-Vis spectrophotometric results for the individual  
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Figure 2.1. The structure of cross-linked Sepharose.16 
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HvDHFR1

25 25 373635343332313024

HvDHFR1

A 

fractions. The fractions with a high absorbance value indicate the presence of proteins. 

For each of the high absorbance fractions, the SDS-PAGE (sodium dodecyl sulfate 

polyacrylamide gel electrophoresis) was run to assure the presence of the protein in the 

fraction. Figure 2.2-B shows the result of the SDS- PAGE for the first 

column of fractions. The first band lane represents the marker proteins which have a 

range of 97-14 kD. The fraction lanes from 24 to 47 between 14 and 21 kDa markers 

represent the enzyme HvDHFR1 (17.9 kDa). Due to very weak residual bands on the 

fraction lines in the gel, a further purification treatment is needed. In order to obtain a 

highly pure sample, the collected sample was submitted to ion exchange chromatography. 

Ion exchange chromatography relies on separating molecules based on their 

charge features.19  The principle of separation is based on adsorbing the molecules on an 

oppositely charged stationary phase through electrostatic interactions and then desorbing 

1 
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Figure 2.2. The UV-Vis measurement at 280 nm of each fraction from Sepharose 
CL-6B column is shown on the left (A). The SDS-PAGE results from high 
absorbance fractions are shown on the right (the fraction numbers are shown 
at the bottom of the gel)(B). The first line in the gel represents the molecular 
weight markers which are in the range from 97 kDa (top marker) and 
14 kDa (bottom marker). 
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the solutes through weakening this interaction.20  Initially, the stationary phase conditions 

would be equilibrated to the sample conditions (i.e. ionic strength, pH, and buffer) to 

facilitate the adsorption process. The oppositely charged molecules would be adsorbed 

by the stationary ion exchanger phase. The adsorbed solute molecules are eluted from 

the column by using a salt or pH gradient.  This provides a means to isolate and purify 

the protein of interest.  As the total charge of the protein HvDHFR1 is negative, a strong 

anion exchanger, DEAE-Sephacel® was employed as the column material in the second 

purification method.  The DEAE (Diethylaminoethyl)-cellulose is a bead shaped 

cellulose produced from microcrystalline celluloses (40-160 µm).19  The microcrystalline 

structure is modified to the form of a bead during processing and the functional charged 

groups are covalently attached.  Figure 2.3 shows the chemical structure of the DEAE. 

Based on the electrostatic interaction between the positively charged quaternary amino 

groups and the negatively charged protein molecules, a reversible and specific binding 

event takes place. The desorption process takes place by running a higher ionic strength 

buffer that exchanges the adsorbed proteins molecules with counter ions.21  In this study, 

a high ionic strength of NaCl gradient was applied to the column.  The interactions of 

counterions with a stationary phase matrix are stronger than the protein molecules.  As 

the concentration of the counter ions increases, the proteins are desorbed and the counter 

ions are replaced.  UV-Vis absorption measurement at 280 nm for each of the collected 

fractions was measured and are plotted in Figure 2.4-A.  It was calculated that 90% of the 

first column sample was recovered at the end of the ion exchange chromatography.  Each 

collected fraction with a high absorbance reading was again analyzed by SDS- PAGE.  

The results are shown the Figure 2.4-B. No other protein band besides the band 
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representing the HvDHFR1 was observed in the gel. After optimizing the purification 

procedures for unlabelled protein samples, the procedure was applied to the triple labeled 

(2H, 15N, 13C) HvDHFR1 protein samples. 

CH2CH3 

Cellulose--O-CH2CH2N+-H Cl-

CH2CH3 

Figure 2.3. The structure of DEAE-cellulose is shown. The cellulose is bonded to 
quaternary amino group by ether linkage.19 

Figure 2.4. The UV-Vis measurement at 280nm for each collected fraction from DEAE-
Sephacel column is shown on the left (A) and the SDS-PAGE results from 
high absorbance fractions are shown on the right (B). The fraction numbers 
are shown at the bottom of the gel. 

Isotope Labeling 

Proteins with molecular size up to 20 kDa require double isotope labeling (15N, 

13C) since chemical shift information is obtained through a series of triple resonance 

41 

https://linkage.19


  

 

 

 

  

 

         

                                                                                               

experiments where the magnetization is transfered through those nuclei.22  It is important 

to label proteins uniformly and establish spin ensembles over the entire protein so that 

heteronuclear spin coupling can effectively be used in triple resonance experiments. 

Molecules with molecular weight >20 kDa require triple labeling (15N, 13C, 2H) because 

the increased proton number can inhibit the effective magnetization transfer and behave 

like a magnetization “sink”.7,23,24  NMR spectra of larger proteins are difficult to study 

due to crowded spectrum with a large number of overlapping signals.  Another problem 

with large proteins is the faster relaxation of transverse magnetization (T2) as a result of 

accelerated spin-spin interactions that result in line broadenings and lower sensitivity.22 

The transverse relaxation time of a protein is proportional to molecular weight and 

inversely proportional to the viscosity of the medium.25  The viscosity of the solvent has a 

profound effect on the rotational motion of proteins and consequently on the relaxation 

properties. Correlation time (τm ) is the time required for a molecule to rotate one radian 

(57º) and is given by the Stock-Einstein equation; 

4πη rH 
3 

τm =  [1]
3 k TB

 whereη is the solvent viscosity (cP), kB is the Boltzman constant (1.380×10−23 J/K), T is 

the temperature (K), and rH is the hydrodynamic radius (Å) of the molecule.  The 

viscosity at 3.5 M NaCl with respect to 0 M NaCl is 1.5 times larger (measured as 1.31 

and 0.87 cP, respectively). The hydrodynamic radius of the enzyme was calculated by; 

1/3
⎡⎛ 3VM ⎞⎤ 

rH = ⎢⎜⎜ ⎟⎟⎥ + rw  [2]
π⎣⎝ 4 NA ⎠⎦ 
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where V is the specific volume constant (0.73 cm3/g), M is the molecular weight of the  

protein (g/mol), NA is Avogadro’s number, and rW is the hydrodynamic radius of water 

(1.6 Å). From this equation the rH  for the HvDHFR1 was approximated as 18.7 Å.  The 

calculated τm  for the enzyme at 3.5 M NaCl was found to be 8.9 ns which correlate to a 

molecular weight of 25.9 kDa at 0 M NaCl.  This suggests that the high viscosity       

(1.31 cP) makes the protein’s correlation time more like a 26 kDa protein.  This results in 

drastically attenuated data in the HNCACB and TOCSY type experiments.  A general 

approach to minimize the spin-spin interactions and enhance the sensitivity of these 

experiments and avoid line broadening due to fast relaxation is the use of 2H isotope in 

order to reduce the number of 1H. In this study, ~70% 2H isotope labeling was used to 

obtain interpretable NMR data.  

Following the procedure outlined above enabled the production and purification 

of 34 mg HvDHFR1 of triple labeled (2H, 13C, and 15N) from 1 L minimal medium.  The 

minimal medium contains 13C6-glucose as a sole source of 13C, 15NH4Cl as a sole source 

of 15N, and 70% D2O as a sole source of 2H in the protein production in bacterial system.  

After completing isolation and purification of HvDHFR1, the initial globular structural 

and stability information were obtained from a two dimensional 1H-15N HSQC 

experiment.  Each residue (except prolines and the first residue in the sequence) is 

represented by a peak in the HSQC spectrum that corresponds to amide nitrogen (15N) 

and the directly attached proton (1HN) on both spectral dimensions.  The dispersion of 

peaks across an HSQC spectrum is an indication of a folded protein.  Figure 2.5 shows a 

1H-15N-HSQC spectrum of 2.0 mM HvDHFR1 recorded at 298 K at 500 MHz in 95% 

H2O/5% D2O, 3.5 M NaCl and 10 mM tris buffer at pH 7. The peaks are well spread 
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over the spectrum, which indicates that the protein is folded at 3.5 M NaCl.  From the 

spectrum, 149 peaks were counted over 154 expected peaks (total 162 reside and 8 

prolines). The shortage may be due to peak overlaps from chemical shift degeneracy. 

The initial structural data obtained from 2D 1H-15N HSQC indicated a folded 

protein of correct size was isolated and purified from optimized physical and 

chromatographic techniques.  The protein sample prepared at 3.5 M NaCl, 10 mM tris 

buffer at pH 7, 95% H2O/5% D2O then was used to collect a series of 3D triple resonance 

experiment and 3D NOESY experiments.  The 3D triple resonance experiment data will 

be used for backbone and side chain chemical shift assignments.  The assigned backbone 

and side chain chemical shift values will then be used to NOE cross peaks in 3D NOESY 

experiments to obtain main geometrical information used in structure calculation.   
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Figure 2.5. 1H-15N-HSQC spectrum of 2.0 mM HvDHFR1 at 3.5 M NaCl and 10 mM 

tris buffer at pH 7 and 25 ºC. 
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CHAPTER III 

CHEMICAL SHIFT ASSIGNMENTS OF THE ENZYME HvDHFR1 

Introduction 

Chemical shift assignments play a key role in structural determinations since they 

are affected by the local chemical environment.  Three dimensional NMR experiments 

simplify the spectrum of proteins with larger molecular weights where a large number of 

resonances can not easily be resolved by 1D or 2D experiments.1,2 15N and 13C isotope 

labeling assist in the interpretation of NMR data for larger proteins by establishing 

correlations between homonuclear and heteronuclear spin systems.3-7  Labeling also 

provides a means of dispersing information since heteronuclei have a larger chemical 

shift range than proton. 

A number of heteronuclear 3D NMR experiments have been developed for 

sequence specific backbone and side chain chemical shift assignments of amino acids.8,9 

Most of these experiments utilize the three nuclei: 1H, 15N, and 13C, therefore termed 

triple resonance experiments.10,11  These experiments typically employ one and two bond 

spin couplings to transfer magnetization via inter- and intraresidue correlations.12 

Complete backbone and side chain assignments require analyzing the experimental data 

from each experiment in a similar manner, very much like solving a puzzle.  The 
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following section will illustrate the chemical shift assignments of HvDHFR1 through a 

series of triple resonance experiments acquired in 3.5 M NaCl.  

The acquisition of NMR data on high salt samples has always been problematic.   

Since the high salt changes the impedance of the coils, even relatively low concentrations 

of salt causes problems in tuning and matching of the probe.  This in turn causes pulse 

widths to become very large, which makes collecting three-dimensional data virtually 

impossible.   

NMR of a High Salt Protein Sample 

Cosolute conditions can have a drastic effect on the quality of NMR data.  Extreme salt 

concentrations have a detrimental effect on NMR spectrometer hardware, specifically on 

tuning and matching of probes, the relaxation properties of proteins and also 

magnetization transfer within a spin system.13  An NMR sample with a highly conductive 

buffer inductively couples to the coils of a probe which can dramatically affect the tuning 

and matching of the probe to the correct frequencies since the high salt buffer changes the 

impedance of the coils.14  The conductivity of the solvent due to high ion mobility causes 

the applied radio frequency (rf) pulse to develop an electric current and causes the sample 

to couple with the receiver coil.15,16 The enzyme HvDHFR1 in this study requires 3.5 M 

NaCl for optimal activity.  Using a regular 5 mm NMR tube with extremely high salt 

does not allow tuning and matching to the correct frequencies; therefore, rf pulses are >5 

times longer which can create Joule heating.17  The electrical field coupling between the 

receiver coil and sample in a high ionic strength solvent was minimized by using an 

NMR reduction sample tube (New Era Enterprises Inc.) which has a 5.0 mm upper 
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section and a 3.0 mm lower section where the sample residues, Figure 3.1.  This 

alternative tube geometry provided excellent tuning and matching of the probes as well as 

rf pulse lengths similar to low salt samples.  This also eliminated any heating problems in 

the spin-lock experiments.13  The reduction in the cross-section of the NMRsample 

results in a low signal/noise (S/N).  The fill factor generated by volume reduction is 

compensated by increasing the protein concentration to 2.0 mM. 

Another difficulty which arises from a high salt sample is magnetization transfer, 

especially in experiments that utilize spin-lock pulses such as TOCSY 18 and DIPSY.19 

Experiments such as (H)C(C-CO)NH-TOCSY,20 H(CC-CO)NH-TOCSY 21,22 and 

HCCH-TOCSY 23 are heavily dependent on the magnetization transfer throughout a spin  

system which is used to obtain complete side chain assignments.  For residues with large 

spin systems like I, R, and K, cross-peaks representing complete magnetization transfer 

Figure 3.1. The NMR tube used for high salt protein sample is shown. The tube 
                     geometry afforded acquisition of interpretable NMR data. The fill factor
                     generated by volume reduction was compensated by increasing the protein 

concentration. 
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were rarely observed in the spectra.  However, one and two step transfers were still 

detected which allowed for complete side chain assignments, see Figure 3.19.   

Three Dimensional NMR Experiments 

The fundamental principle of multidimensional NMR experiments relies on 

manipulating homonuclear and/or heteronuclear spin interactions to move magnetization 

from one nucleus to another and encode multiple frequencies onto one FID.  To acquire a 

3D spectrum, a three dimensional data matrix is obtained through incremented time 

delays embedded into a pulse program.  Figure 3.2 illustrates the HNCA pulse program.  

The specifics of HNCA will be discussed later.  The concept of multidimensional NMR 

will be discussed using this pulse program.24 

It is the combination of pulses and delays that allows for the acquisition of a 

specific set of data.  This combination changes from one 3D pulse program to another 

and will not be discussed here in detail.  What will be illustrated is the concept of 

multidimensional NMR; in other words, how raw data are acquired and converted over to 

a 3D cube. In this example the 1H frequency (f3) is obtained by direct detection.  The 

indirect frequencies, 15N and 13C, are labeled onto the proton frequency by the use of the 

incremented time delays, t1 and t2 respectively.  Since there are two incremented time 

delays this requires the acquisition of many blocks of data.  A single block of data 

represents the FID with these delays set to specific values for a certain number of scans. 

Since there is a t1 and t2 incremented delay for 15N and 13C, discrete blocks must be 

acquired for each dimension.  For example, a typical 3D data set contains 64 blocks in the 

15N dimension and 128 blocks in the 13C dimension.  More blocks are needed in the 13C 
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dimension due to its large chemical shift range.  The size of the resulting matrix is 1024 x 

64 x 128. If each scans takes 1 second this data will take a total of 18 hours to acquire.  

The incrementation of t1 and t2 must be performed in a specific manner.  In the first 

block of data these delays are set to specific values determined by the sweep width of the 

indirect dimensions.  In this matrix, t1 is incremented by a specific value in the first 64 

blocks of data while t2 is kept constant.  In the 65th block of data, t2 is incremented by 

one step and another 64 blocks of data are acquired by incrementing t1.  This is continued 

until 8192 blocks of time domain data are acquired. These blocks of time domain data are 

converted over to frequency domain data through successive Fourier transforms.  The 

first Fourier transform converts the direct detected dimension (t3) to the proton frequency  

Figure 3.2. Schematic pulse diagram illustrations of HNCA experiment. The 
                   timing of the pulses starts from the left where the thickness of vertical  
                   bars (90º and 180º) indicate pulses width (duration) on the related  
                   nuclei frequency. The subscripts on the pulse are used to denote the  
                   applied pulse axes and the pulse delay are denoted as tau,τ .24 
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(f1) for each block of data resulting in the interferograms shown in Figure 3.3. There 

should be 128 columns of data with each column containing 32 proton spectra. The 

process of a Fourier transform converts half the data to imaginary spectra which are used 

for phasing and then discarded. The incrementation of t1 causes the resonances in a 

single column (block) to vary sinusoidally due to the indirect frequencies. A new set of 

FIDs are created from each interferogram by transposing the data along discrete points in 

f1. These FIDs are then Fourier transformed to produce two dimensional planes (f1 and 

f2) where the signals again vary sinusoidally as shown in Figure 3.4. These data are 

transposed to a new set of FIDs by taking discrete points across the plane. A third 

Fourier transform gives the final cube of 3D data as shown in Figure 3.5 that contains 

three frequencies (f1, f2, f3) axes. The x-axis is 1H while 15N is usually placed along the 

z-axis and 13C along the y-axis. It is impossible to interpret data directly from the cube 

therefore it is cut into discrete planes. 
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Figure 3.3. Fourier transform on the second dimension results in a FID form sinusoidal 
function in the t1 dimension. 
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Figure 3.4.   The results of two dimensional Fourier transformations of the first two data 
                     blocks. The result is a series of two dimensional spectrum where the peak  
                     intensity for the same spot vary sinusoidally. The blue and red indicates  
                     positive and negative signals, respectively. 
 

Each plane reveals specific data that are determined by the particular 3D pulse program.  

A single strip of data from the plane represents the correlations from a single amino acid.  

The triple resonance experiments used for backbone and side chain assignments 

rely heavily on magnetization transfer among spin systems of inter- and intraresidues via  

through-bond coupling.6  The polarization of bonding electrons facilitates the spin-spin 

interaction through nuclei which is also known as scalar coupling (or J-coupling).  A 

uniformly 15N and 13C isotope-enriched protein provides spin ensembles (same 

multiplicity) among the nuclei of a protein which enables the use of the heteronuclear 

spin coupling effectively across the peptide backbone and side chains.9,10  This also 
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Figure 3.5. A 3D NMR data, a cross section from a 3D NMR experiment, and a strip 
                    from the cross section are illustrated. The NMR data are analyzed by cross  
                    sectioning the cube to planes at one of the largest frequency axis (typically  

15N) and planes are further analyzed by strips at each recorded 1HN chemical  
shift values. 

Figure 3.6. The one-bond (1J) and two-bond (2J) scalar coupling constants across the 
peptide backbone for a 15N and 13C labeled protein is shown. Correlations 

                     among homonuclear and heteronuclear spins are established through these 
                     couplings in triple resonance NMR experiments.10 
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provides a means to selectively filter the magnetization transfer among certain nuclei in 

triple resonance NMR experiments.  Figure 3.6 shows the typical size of 1J and 2J 

couplings across the peptide backbone and side chains.25-29  Magnetization transfer (i.e 

coherence transfer) among different nuclei is accomplished via applying rf pulses to 

specifically excite the frequency range of the spectrum.  The magnetization of a set of 

nuclei can be transmitted to another set of nuclei through a delay (usually 1/2J or 1/4J) -

180º pulse-delay, in other words magnetization is allowed to dephase during a delay and 

then is refocused onto another nuclei through the second delay.30,31 

A bank of heteronuclear triple resonance experiments has been developed for 

sequence specific backbone and side chain chemical shift assignments of proteins.  These 

experiments use through-bond coupling to establish correlations among 15N, 13C, and 1H 

nuclei for backbone and side chain assignments.32-35  The 3D HNCA,36-39 

HN(CO)CA,36-39  HNCACB,40-42 CBCANH,40,41 HNCO,36,39,41 HN(CA)CO,39,43-45 and 

HN(CA)HA46,47 experiments are used for backbone chemical shift assignments, each of 

which provides chemical shift information for a certain nucleus.  The 3D H(CCO)NH-

TOCSY,48,49 (H)C(CO)NH-TOCSY,48 and HCCH-TOSCY23 experiments are employed 

for side chain chemical shift assignments.  Initially, during the course of assignment the 

backbone atoms (1H, 15NH, 13Cα, C’ (carbonyl carbon)) chemical shifts would be assigned 

and then these data would be used for side chain chemical assignments.  The lists of 3D 

NMR experiments used for backbone chemical shift assignments in this study are given 

in Figure 3.7. The nomenclature of the 3D NMR experiment is informative in terms of 

magnetization transfer pathways and the nuclei involved in the experiment.  The nucleus 

within a bracket indicates only used for magnetization transfer but frequencies are not 
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evolved and are not recorded. The pathways of magnetization among nuclei for inter- 

and intraresidues are illustrated by arrows in Figure 3.7.  The nucleus that the frequency 

is recorded is shown either in blue (positive) or red (negative) circles.  The nucleus that is 

used only for magnetization transfer is illustrated by square boxes. 

Backbone Chemical Shift Assignments 

A 3D HNCA experiment provides alpha carbon (13Cα) chemical shift information 

for inter- and intraresidues to be used in sequence specific backbone assignments.  The 

mechanism of the experiment starts by exciting all protons and transferring magnetization 

through the backbone atoms in the order of:  

15 13 151 N J J α J JHN NC NC NHH (i ) ⎯ ⎯ →  N (i ) ⎯ ⎯→  C (i )[ t1] ⎯ ⎯→  N (i )[ t 2] ⎯ ⎯ →  . 
1H N (i )[ t 3] 

In this experiment, the 1H and 15N chemical shifts of a residue correlate to 13Cα 
i and 

13Cα 
i-1 chemical shifts where the 13Cα 

i chemical shift is observed as a more intense peak 

in the spectrum.  However, since the one-bond coupling constant of 15N-13Cα 
i (1JNC ~11 

Hz) is very close to the two-bond coupling constant of previous residue (2JNC ~7 Hz), the 

magnetization transfer to the previous residue 13Cα 
i-1 will also take places in a similar 

fashion in the order of : 

15 13 15 11 N J J α J J NHN NC NC NH(i) ⎯⎯→ 1[ 1] t ⎯⎯→ .H N (i) ⎯⎯→ C i− t ⎯⎯→ N (i)[ 2] ⎯ H (i)[t3] 

This correlation is observed as a less intense peak in the spectrum as the experiment 

conditions are optimized for the one-bond coupling of 13C-15N. Triple resonance 

experiments like this are referred to as ‘out and back’ because the magnetization is 

returned to 1H for acquisition. 
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Figure 3.7. The list of three dimensional triple resonance experiments for backbone 
                     chemical shift assignments is shown. 
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The 3D HN(CO)CA experiment is a complementary experiment to the HNCA.   

Ambiguities in assignments due to the degeneracy of the 13Cα chemical shifts can be 

resolved by the 3D HN(CO)CA experiment.  This experiment provides only the 

13Cα chemical shift of the previous residue through correlating the 1HN, 15NH, and 13Cα 
i−1 

15 13 131 N J J J α 13 JNC CC '(i) ⎯⎯→ N (i) ⎯⎯→ C ' (i −1) ⎯ C (i −1)[ 1] ⎯ C ' (i −1)H HN ⎯⎯→CC ' t ⎯⎯→ 
CC ' NHJ J N⎯ 15 ⎯⎯→1⎯⎯→ N (i)[t2] ⎯ H (i)[t3]. 

The 13C’ nucleus in this experiment is utilized to transfer the magnetization from 15N 

nucleus to 13Cα 
i−1 nucleus, but the 13C’ frequencies are not evolved and are not detected. 

Figure 3.8 illustrates two strips, one from the HNCA and the complementary 

stripe from the HN(CO)CA.  In the left strip (HNCA), the 15N (127.86 ppm) and 1HN (9.0 

ppm) of a residue correlate to two carbon chemical shifts at 55.3 ppm and 60.9 ppm. 

The strong 13Cα peak at 55.3 ppm was assigned to the 13Cα of the residue i while the less 

intense peak at 60.90 ppm was assigned as 13Cα of the residues i-1. The same 1HN and 

15NH chemical shifts in the HN(CO)CA experiment correlate only to one peak which is 

the less intense peak observed in the HNCA experiment.  The same type of interaction is 

obtained for every 1H-15N pair in the protein. 

Figure 3.9 illustrates the backward and forward 13Cα chemical shift tracking 

strategy in amino acid sequence format.  The 13Cα chemical shift information from strips 

is shown on peptide backbone nuclei which demonstrates how the 13Cα correlation can be 

established across the peptide backbone via HNCA/HN(CO)CA experiments.  It is 

illustrated that 1HN/15NH of a residue correlates to both its own as well as to the shifts of 
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15NH= 127.86 ppm 

1HN= 9.00 ppm 
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Figure 3.8. Strips [f1(1H)-f3(13C)] were taken from 15N plane (127.60 ppm) of HNCA 
                    (left) and HN(CO)CA (right) experiments. In the strip from HNCA, the more  
                    intense peak was assigned as residue’s own 13Cα while the less intense one  

13Cαwas assigned as i-1 chemical shift values. The same 1H/15N chemical 
                    shift pair in HN(CO)CA experiment correlates to only 13Cα 

i-1 (right strip)
                    chemical shift value. 
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Figure 3.9. The figure illustrates the methodology followed to establish the 13Cα 

                     chemical shift correlations among the residues via the HNCA/HN(CO)CA 
                     experiments. 

the previous residues13Cα chemical shift.   In turn, each residue would correlate to the 

previous residue such that the chemical shift correlations across the peptide backbone can  

be established. 

Knowing the sequence of a protein aids in assigning the chemical shift values for 

an individual amino acid, which is termed sequence specific chemical shift 

assigmnets.34,47,50-56  The glycine residue is always a good starting point in sequence 

specific 13Cα chemical assignment since it has a unique 13Cα chemical shift value at ~ 45 

ppm. The protein HvDHFR1 contains 9 glycines where two consecutive glycines were 

chosen as the first starting point in sequential assignments (I100-G101-G102-A103).  

Two correlating 13Cα glycines peaks were easily found on a 15N plane. By backward and 
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forward correlating, a part of the amino acid sequence can be assigned to a specific 1HN, 

15N, and 13Cα chemical shifts.  This process is continued until there was either a break in 

the correlation or until too many 13Cα chemical shifts overlap.  The magnetization 

transfer along the backbone atoms are interrupted at proline residues that do not have an 

amide proton.  In this case, another starting point must be identified to continue 

sequence-specific assignments.  One problem does arise from just using the 

HNCA/HN(CO)CA in which too many residues in a row is the degenerated chemical 

shift values. Therefore, only ~ 70% of the protein can be sequence-specifically assigned, 

additional chemical shift information must be obtained to clarify ambiguous regions.  

Figure 3.10 shows the sequential connectivity through T145-F150 residues of 

HvDHFR1obtained via the HNCA/HN(CO)CA experiments.  The strong peak in each 

strip correlates to the residue’s own 13Cα and the less intense peak correlates to the    

13Cα 
i-1 chemical shift of the previous residues.  The less intense peak in each strip 

becomes the more intense peak in the preceding strip.  However, the complete sequential 

connectivity across the peptide backbone can not be easily established via these two 

experiments. 

There is a need for more data to resolve any ambiguity or uncertainty in the 

chemical shift assignments.  This can be achieved by extending the backbone 

assignments to the 13Cβ nuclei. The 13Cβ chemical shift values of amino acids have a 

broader chemical shift range (~10-80 ppm) and also allow for the identification of some 

residues from their specific patterns.  Residues such as alanine, threonine, and serine have 

unique, distinguishable 13Cβchemical shifts.  Glycine can be easily distinguished from the 

rest of the amino acids because it does not possess a 13Cβ nucleus. The 13Cβ chemical 
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Figure 3.10. Strips (f1-f3) from 1H/15N chemical shifts of the residues T145-F150 of 3D 
                      HNCA experiment is shown. The strips were obtained from different 15N 
                      planes of HNCA experiments. The solid blue lines connect the  
                      intrer-residual 13Cα of residue i with the corresponding 13Cα of residue i -1. 
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shift value of alanine is at ~15 ppm (21 alanine residue in HvDHFR1), threonine at ~63 

ppm (7 threonine residue in HvDHFR1), and serine at ~75 ppm (15 serine residue in 

HvDHFR1) help to continue chemical shift assignments.  The 13Cβ chemical shift values  

were obtained from HNCACB and CBCA(CO)NH experiments. 

The 3D HNCACB experiment provides 13Cα/13Cβ chemical shift information for 

both residue i and residue i-1 through correlating 1HN, 15NH, and 13Cα/13Cβ nuclei. The 1H 

and 15N of a residue in this experiment is correlated to both its own and previous residue’ 

13Cα/13Cβ chemical shifts.  The magnetization transfer pathway in this experiment is as 

follows: 

15 13 15 11 N J J α β J J NHN NC NC NHH (i) ⎯⎯→ N (i) ⎯⎯→ C / C i t ⎯⎯→ N (i)[ 2] ⎯ H (i)[ 3];( )[ 1] t ⎯⎯→ t 

15 13 15 11 N J J α β J J NHN NC NC NH(i) ⎯⎯→ N (i) ⎯⎯→ C / C (i − 1)[t1] ⎯⎯→ N (i)[t2] ⎯ H (i)[t3].H ⎯⎯→ 

The relatively large coupling constant of 1JNCi~11 Hz with respect to the 1JNCi-1~7 Hz 

results in a stronger correlation for residue own 13Cα . This would result in more intense 

peaks for the residue’s own 13Cα/13Cβ peaks. The sign of 13Cα and 13Cβ peaks are 

opposite where typically 13Cα peaks are phased positively and illustrated in black while 

Cβ peaks are negative and illustrated in red.   

The CBCA(CO)NH experiment is a complementary experiment to the HNCACB, 

homologous to the HNCA and the HN(CO)CA pair.  The experiment assists to resolve 

ambiguities in the HNCACB experiment.  The 1HNand 15NH chemical shift values of a 

residue correlate to only the 13Cα/13Cβ chemical shifts of the previous residue.  The 

magnetization transfer mechanism is slightly different from the previous experiment.  

The magnetization of side chain Hβ protons is filtered down to the directly bounded 13Cβ 
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15NH = 113.22 ppm
1HN = 8.74 ppm 

Figure 3.11. Two strips (f1,f3) from the HNCACB and CBCA(CO)HN experiments are 
                       shown. The residue correlates both its own Cα/Cβ chemical shifts at  
                       53.78/42.49 ppm (intense positive and negative peaks) and previous  

residue’s Cα/Cβ at 54.95/19.67 ppm at the HNCACB. The residue only  
correlates to Cα/Cβ of previous residues in the CBCA(CO)NH. The  

                       correlations of nuclei between the two experiments are shown by dashed   
lines. 
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via 1JHC coupling (~130 Hz) and then transferred to 13Cα where carbon frequencies are 

recorded as the first dimension.  The magnetization transfer pathway in this experiment is 

as follows: 

13 13 15 11 β J β α J J J NHC C 'C C ' N NH/ C (i −1)[ 1] ⎯ C ' ⎯ N (i)[t2] ⎯⎯→ H (i)[t3] .H i−1 ⎯⎯→ C t ⎯⎯→  ⎯⎯ →i−1 

Figure 3.11 shows two strips from the HNCACB and CBCAHN experiments.  The 

intense positive and negative peaks in the HNCACB experiment correlate to a residue’s 

own Cα/Cβ chemical shifts at 53.78/42.49 ppm; the less intense positive and negative  

peaks correlate to the previous residue’s 13Cα/13Cβ chemical shifts at 54.95/19.67 ppm.  

The same 1HN and 15NH chemical shifts at CACB(CO)HN experiment correlate only to 

the 13Cα/13Cβ chemical shifts of the previous residue.  The chemical shift patterns of the 

previous residue indicate that the residue is alanine since it is the only residue with 13Cβ 

at ~19 ppm.  The sequential correlation obtained for 13Cα and 13Cβ chemical shift values 

across L3 through A8 residues via the HNCACB/CBCA(CO)NH experiments are shown 

in Figure 3.12. The near complete chemical shift assignments of 1HN, 15N, 13Cα and 13Cβ 

were accomplished by means of four triple resonance experiments: HNCA, HN(CO)CA, 

HNCACB, CBCA(CO)NH.  By using this 1H, 15N chemical shift information, the 

individual peaks in the 1H-15N HSQC spectrum can be identified and assigned to a 

specific residue, see Figure 3.13. 

The 3D experiment HNHA is typically used for the backbone 1Hα chemical shift 

assignments.46  For larger size proteins (>20 kDa), the sensitivity of this experiment is 

very low due to very small 3JHH coupling constants between 1HN and 1Hα (2-8 Hz) which 

results in a loss of magnetization due to the large delays needed for refocusing.  As a 
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Figure 3.12. Strips (f1-f3) from the 3D HNCACB experiments are shown. The strips  
                      illustrate the Cα and Cβ sequential correlations between L3 to A8. The 
                      correlations between Cβ are shown by red line connectivity where a less
                      intense negative peak becomes a strong negative peak in the previous strip. 
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Figure 3.13.   The labeled 1H-15N HSQC spectrum of HvDHFR1 is shown. The 1H/15N 
                       chemical shifts were assigned to individual residue after completing the  
                       backbone chemical shift assignments.  
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result, the 1Hα  chemical shift information was obtained from the 3D 15N-NOESY-HSQC  

experiment.  The detail of this experiment will be given in the next chapter.  After 

predicting the secondary structure elements from the assigned chemical shift values, 1Hα 

resonances were able to be assigned. It has been known that there is a specific 

correlation between the amide protons (1HN) to other protons in the secondary structure 

elements.  The 1HN of a residue always correlates with its own and previous 1Hα, however 

the intensity of the peak varies depending on the secondary structure.  In an α-helix, the 

correlation of 1HN to its own and previous residue’s 1Hα result in a medium intensity 

NOE; whereas in a β-strand, 1HN correlates to its own 1Hα either weakly or very weakly 

and correlates to previous residue’s 1Hα strongly. In a random coil, the intensity of the 

peak correlating to 15NH and its own 1Hα varies from medium to very weak.  By using 

this information it was possible to assign most of the 1Hα chemical shift values. 

A 3D HNCO experiment provides carbon (13C’) chemical shift values for the  

carbonyl group through correlating 1HN, 15NH, and 13C’i-1 nuclei. In this experiment, the  

1H and 15N chemical shifts of a residue correlate to the previous residue’s 13C’ chemical 

shift.  The pathway of the magnetization transfer is as follows; 

15 13 15 11 N J J J J NHN NC ' C ' N NHN (i) ⎯ C ' (i − t ⎯ N (i)[ 2] ⎯ H (i)[t3].H (i) ⎯⎯→ ⎯⎯→ 1)[ 1] ⎯⎯→  t ⎯⎯→ 

The 13C’ chemical shift values of amino acids are confined in a narrow range at 165-190  

ppm.  In order to solve ambiguous chemical shift assignment in this region, a 

complementary experiment, 3D HN(CA)CO was used.  In this experiment, 1H and 15N of 

a residue correlates to its own 13C’i chemical shift where the correlations among nuclei 

are established with the following magnetization transfer pathways: 
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15 13 13 131 N J J α J J αHN NC ' C ' N C ' N(i) ⎯⎯→ N (i) ⎯ C (i) ⎯ C ' (i)[t1] ⎯ C (i)H ⎯⎯ →  ⎯⎯ →  ⎯⎯ →  
J J NC ' N NH⎯⎯ →  15N (i)[t 2] ⎯⎯→  1H (i)[t3].⎯ 

In this experiment, the 13Cα nuclei are used to transfer the magnetization from 15N to 13C’, 

of which the frequencies are not evolved and recorded.  Due to the similar size of the   

1JNCαi (~ 11 Hz) and 2JNCαi-1 (~ 7 Hz) coupling constants, magnetization transfer to 

previous residue’s C’ would also take place in the order of: 

15 13 13 131 N J J α J J αHN NC ' C ' N C ' NH ( ) ⎯⎯→ N i ⎯ C ( −1) ⎯ C ' i −1)[ 1] ⎯ C ( )i ( ) ⎯⎯→ i ⎯⎯→  ( t ⎯⎯→  i 
J J NC ' N NH⎯⎯→  15N (i)[t2] ⎯⎯→⎯ 1H (i)[t3].⎯ 

However, while the HNCO experiment is one of the most sensitive experiments, the 

HN(CO)CA is the least sensitive experiment where only limited information can be 

extracted. Since the experiment involves a large number of one step inter- and 

intraresidue magnetization transfers, the sensitivity is very low due to decay of transverse 

magnetization during the delay periods.  In addition, the peak intensity does not provide a 

specific correlation for inter- and intraresidues in this experiment due to weak coupling.  

Figure 3.14 shows two strips from HNCO and HN(CA)CO experiments, respectively. 

The chemical shifts of 15N (127.14 ppm) and 1H (10.00 ppm) of Q153 correlate to the 

13C’ chemical shift of L152 at 175.97 ppm in the HNCO experiment.  The same 1H and 

15N chemical shifts at the HN(CA)CO experiments correlate to 13C’ of both Q153 and 

L152 residues. The more intense peak at 175.97 ppm refers to 13C’ chemical shift of 

L152 and a less intense peak at 171.13 ppm correlated to the residue own (Q153) 13C’ 

chemical shift.  Even though the coupling between the 15N and its own 13Cα is larger, in 

this example it resulted in a less intense peak for its own 13C’. As a result, the 

connectivity along the peptide backbone shown as in Figure 3.10 and Figure 3.12 could 
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15NH = 127.14 ppm
1HN = 10.00 ppm 
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Figure 3.14. Two strips (f1-f3) from HNCO and HN(CA)CO experiments are illustrated. 
                       The chemical shift correlation between the two experiments is shown. The  

1H/15N chemical shifts of Q153 correlate to 13C’ of L152 in HNCO. Both 
inter- and intraresidue 13C’correlations were obtained in HN(CA)CO 

                       experiment.   
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not be obtained for 13C’ via the HNCO/HN(CA)CO experiments.  As mentioned before, 

the reliability and the sensitivity of the experiment is very low.  In some cases both 

correlations are obtained and the peak intensity may not be rationalized for its own or 

previous residue. 

Side Chain Chemical Shift Assignments 

Side chain chemical shift assignments were initiated once the backbone chemical 

shift assignments were completed.  Assigning 1H and 13C nuclei of the aliphatic side 

chain chemical shift values of amino acids is crucial in order to obtain side chain distance 

restraints from the NOESY experiments.  The aliphatic side chain carbon and proton 

chemical shift assignments were obtained via the 3D H(CCO)NH-TOCSY, 48,49 

(H)C(CO)NH-TOCSY,48 and HCCH-TOCSY 23 experiments.  Due to the large number 

of magnetization transfers in TOCSY step, the sensitivity of these experiments can be 

low for larger proteins.  Figure 3.15 illustrates the mechanism and the nuclei involved in 

the magnetization transfer in these experiments. 

A 3D (H)C(CO)NH-TOCSY experiment is utilized to assign the side chain 13C 

chemical shift values of residues.  In this experiment, 1HN and 15NH of a residue correlate 

to the Cβ, Cγ, Cδ…chemical shifts of the previous residue.  The experiment is not 

designed to detect the 13Cα chemical shift value, but in some cases it may be observed. 

The magnetization on the side chain protons is transferred to the bound carbon nucleus 

and relayed to 13Cα via the TOCSY step. The flow of magnetization transfer during the 

experiment is as follows: 
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Figure 3.15. The list of 3D NMR experiments used for side chain proton and carbon 
                       chemical shift assignments.  

  

   

 

 

 
13 13 131 α 1 β J α 13 β J α J JHC CC CC ' C ' N1)[ 1] 1 ⎯⎯→ i t ⎯H / H (i −1) ⎯⎯→ C / C (i − t ⎯⎯→ C i− ⎯ C ' [ 1] ⎯⎯ →  

15 J NNH 
i [t2] ⎯ 1H [t3].N ⎯⎯→ i 

Figure 3.16 shows a strip from the (H)C(CO)NH-TOCSY experiment.  The 15NH (117.36 

ppm) and 1HN (8.73 ppm) chemical shifts of I100 are correlating to the 13Cβ and 

13Cγ chemical shifts of the previous residue, V99.  The side chain carbon chemical shift 

values for the two methyl groups were assigned as 19.31 ppm and 21.37 ppm.  The CH 
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15NH = 117.36 ppm 

1HN = 8.73 ppm 

Figure 3.16. A strip (f1-f3) from (H)C(CO)NH-TOCSY demonstrates that 1HN/15N 
                      chemical shift pair of the I100 correlating to the side chain carbon chemical  
                      shifts of V99 at 21.37, 19.31 and 32.39 ppm (identified by arrows). 
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group13Cβ chemical shift is assigned as 32.39 ppm by using random chemical shift values 

as a guide. 

A 3D H(C-CO)NH-TOCSY experiment is utilized to assign side chain proton 

chemical shift values.  In this experiment, 1HNand 15NH of a residue correlate to the  

aliphatic side chain protons (Hβ, Hγ, Hδ…) chemical shift values of the previous residue.  

First, the protons’ frequencies are recorded during the first evolutionary time and then 

magnetization is transferred to bonded 13C nucleus where chemical shift information is 

intermixed via the TOCSY step.  The magnetization pathway in this experiment is as 

follows: 

13 13 13 131 aliphatic J aliphatic TOCSY ( J ) J α JHC CC CC ' CC ' 
, [ 1] ⎯⎯→ C , (i) ⎯⎯⎯⎯ C ' ⎯ C ⎯ C 'H i j ,k t i j ,k → ⎯⎯→ i ⎯⎯→ 

⎯ 15 
i 

J J 1 NNC ' HN⎯⎯→ N[t2]⎯⎯→ H [t3]. 

Figure 3.17 shows a strip from H(C-CO)NH-TOCSY experiment at which the 15N and 

1HN chemical shifts of  I100 residue correlate to the side chain proton chemical shifts of 

V99 at 0.43 ppm, 0.87 ppm, and 2.18 ppm.  The methyl groups’ (1Hγ) chemical shift 

values were tentatively assigned as 0.43 ppm and 0.87 ppm, and 1Hβ chemical shift value 

was assigned as 2.18 ppm. The more accurate carbon and proton chemical shifts 

assignment of side chain (CH3, CH2, CH) groups were obtained via the HCCH-TOCSY  

experiment.57 

The HCCH-TOCSY experiment correlates all of the aliphatic side chain 1H and 

13C chemical shifts information of a residue.  The big challenge of this experiment is to  

be able to assign the 1H chemical shift to directly bound 13C nuclei. The flow of 

magnetization transfer is slightly different from the previous experiments which are as 

follows: 
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15NH = 117.36 ppm 
HN = 8.78 ppm 

Figure 3.17. A strip (f1-f3) from H(CCO)NH-TOCSY experiment. The 1HN/15N 
                      chemical shift pair of I100 correlates to three side chain proton chemical  
                      shifts of previous residue, V99, at 0.43 ppm, 0.87 ppm and 2.18 ppm. The  

Hγ chemical shifts were tentatively assigned to methyl groups. The more
 accurate 1Haliphatic-13Caliphatic correlations were accomplished via the 3D   

                      HCCH-TOCSY experiment.  
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1 aliphatic J HC 
13 Isotropic − mixing 13 aliphatic JCH 

1H (i)[t1] ⎯⎯→ C(i) [t2] ⎯⎯⎯⎯⎯→ C i , j ,k ⎯⎯→ H (i)[t3] .i , j ,k i , j ,k 

The frequencies of the protons are recorded during the first evolutionary time (t1) and 

then encoded on the directly attached aliphatic 13C nucleus via one bond coupling (1JHC 

~130 Hz). The frequencies of 13C nuclei are allowed to evolve and are recorded as the 

second dimension before transferring magnetization along side chain 13C nuclei. The 

magnetization information of 13C nuclei along the side chain is intermixed within the spin 

system via the isotropic mixing period which employs one bond 13C-13C (JCC ~ 30-40 Hz) 

coupling interaction. The magnetization is transferred back to aliphatic 1H at which the 

frequencies are recorded as the third dimension.  The accurate isotropic mixing time is 

important for maximum magnetization transfer within the spin system.  An embedded 

isotropic mixing pulse scheme such as DIPSI (DIPSI-1, DISPSI-2, DIPSI-3) is a more 

common tool used in this experiment.58-62  The DIPSI-3 isotropic mixing time was used 

in this study and was set to 18.7 ms.63  The accuracy of the side chain 1H and 13C 

assignments is validated with this experiment.  The 3D spectra are analyzed by cross 

sectioning of 13C nucleus axis.  The diagonal peak in each 2D spectrum represents the 

proton chemical shift of the directly bonded carbon nuclei.  The cross peaks correlate to 

other protons in a single spin system. 

Figure 3.18 shows three strips of 13C planes from the HCCH-TOCSY experiment.  

Previously assigned chemical shift values of 1Hβ and 1Hγ from the H(CCO)NH-TOCSY 

were tentatively assigned to 13C nuclei from which the chemical shifts were obtained 

from (H)C(CO)NH-TOCSY.  The top strip shows the 13Cγ chemical shift value of one of 

the methyl groups at 19.20 ppm.  The diagonal peak at 0.43 ppm in this plane indicates 
77 



  

 

 

 

the methyl 1H chemical shift value is 0.43 ppm and the cross peaks at 0.87 ppm and 2.17 

ppm correlate to the other 1H chemical shifts in the V99 spin system.  Similarly, the 

middle strip is from the other methyl’s 13Cγ plane at 21.45 ppm of which the diagonal 

peak at 0.87 ppm is the chemical shift of the 1H on this 13C nucleus. The bottom strip is 

from the 13Cβ plane where the diagonal peak at 2.17 ppm is the chemical shift of the 1H 

on this nucleus, which is correlated to the 1H chemical shifts on methyl groups.  

In practice, during the course of chemical shift assignments, the HCCH-TOCSY 

experiment would be conducted last.  The sensitivity of the experiment can be 

dramatically increased by substituting the 1H2O with 2H2O by lypholization process. 

Dissolving the powder form of a protein in 2H2O would provide the advantage of 

suppressing the residual water signal with lower power rf pulses instead of applying the 

larger power of rf pulses to 1H2O. This allows saving the chemical shift information of 

the nuclei resonating close to water protons (mainly 1Hα region) from being dissipated 

during water suppression. Since the lyophilized HvDHFR1 were not able to be re-

dissolved in 2H2O, the experiment had to be acquired in 95%1H2O/5%2H2O. 

For residues with longer side chain spin systems, such as such as I, R, P, and K, 

carbon-carbon magnetization transfer, which may not be complete along the side chain 

during the DISPI mixing period or transfer rate, may be attenuated due to high salt 

effect.64,65  However, one and two step transfers were still detected which allowed for 

complete side chain assignments.  Figure 3.19 shows several 13Cα plane strips to illustrate 

the assignment strategy used for residue R46 in the HCCH-TOCSY experiment.  The top 

strip corresponds to the 13Cα chemical shift of R46 at 60.27 ppm.  At this plane, the 

diagonal peak at 4.35 ppm was assigned as the directly attached 1Hα . This diagonal 1Hα 
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Figure 3.18. Strips [f1(1H)-f3(1H)] from HCCH-TOCSY experiment are shown. The 
                       strips were taken from 13Cβ and 13Cγs planes of V99. The diagonal peaks 
                       (indicated by arrows) represent the chemical shift value of the proton  
                       directly attached to carbon nucleus. The cross peaks correspond to proton  
                       chemical shifts of the neighboring carbon nuclei on the same residue. 
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Figure 3.19. Strips [f1(1H)-f3(1H)] from the HCCH-TOCSY spectrum illustrating the
13Cβ 13Cγ 13Cδ                      assignment strategy used for R46. The strips from 13Cα , , , 

                      planes point up that there is no complete magnetization transfer within the
                      spin system. By piecing the data from each plane, the chemical shift   
                      assignments were able to be accomplished.  

peak correlates to two other peaks at 2.07 and 2.30 ppm.  In the next strip, at the 13Cβ 

chemical shift of 30.00 ppm, the two peaks at 2.07 and 2.30 ppm were observed as 

diagonal peaks and were assigned as the directly attached protons’ chemical shifts on the 

13Cβ . In this plane, these two diagonal peaks correlate to a proton resonance at 3.53 ppm.  

Similarly, by tracking the proton resonances on 13Cγ and 13Cδ planes, proton resonances 

of the side chain were able to be assigned through piecing together the chemical shifts. 

Conclusion 

The near complete backbone and side chain chemical shift assignments for the 

enzyme HvDHFR1 at 3.5 M NaCl were accomplished.  By using a sample reduction tube 

the coupling resulted from the high ionic buffer was minimized.  This enables the 
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acquisition of triple resonance experiments with standard experimental conditions.  This 

study represents the first NMR structural study to have ever been done at such high salt.  

Out of a total of 1595, it was able to assign to 1454 of the chemical shifts values.  This 

corresponds to 97% of the backbone amides; the residues A10, E11, R13, D18, and R69 

were unassigned. In total, 98% of 13Cα , 96% of 13Cβ , 92% of 13CO, 97% of 1Hα and 

97% of 1Hβ were assigned. The backbone and side chain chemical shift values for 

individual residues are given in Table 3.1 and have been deposited in the 

BioMagResBank under accession number 6645.  The chemical shift assignments of 

aromatic residues were not conducted because there are a few aromatic residues in 

protein sequence from which only limited information can be obtained.   

The chemical shift information of residues is going to be used to predict the 

secondary structure of the protein.  The chemical shifts are sensitive to the local 

environments nuclei are experiencing.  Certain patterns of deviation of backbone 

chemical shift values of amino acids from their random chemical shift values relate to 

their secondary structure location.  The chemical shifts will also be used to predict the phi 

and psi dihedral angles.  Then the assigned chemical shifts values will be used in the 

NOE cross peaks assignments in 13C-HSQC-NOESY and 15N-HSQC-NOESY 

experiments.  This will enable us obtain proton-proton distance restraints which will be 

used to elucidate the three dimensional protein structure. 
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Table 3.1. The assigned backbone and side chain chemical shift values of HvDHFR1. 

1HN/15NH 1Hα/13Cα 1Hβ/13Cβ 1Hγ/13Cγ 1Hδ/13Cδ 1Hε/13Cε C(Carbonyl) 
M1 4.25 

54.77 

2.13 - 2.30 

25.91 

2.51, 2.76 

30.28 172.31 

E2 8.47 

126.51 

5.08 

54.77 

2.24 

31.76 

2.48 - 2.78 

174.35 

L3 9.91 

125.69 

5.28 

53.53 

1.86 

44.14 

1.56 

26.49 

1.12 

25.04 

0.96 

25.04 176.83 

V4 8.64 

125.65 

5.53 

59.95 

1.99 

35.37 

1.17 

20.91 

0.93 

20.84 176.76 

S5 8.80 

122.49 

5.06 

56.87 

4.37 

64.74 173.35 

V6 8.60 

119.85 

5.50 

60.80 

2.26 

33.85 

0.10 

22.20 

1.12 

22.09 175.79 

A7 8.46 

127.98 

4.87 

51.74 

1.05 

24.51 173.73 

A8 8.19 

123.55 

4.67 

50.62 

1.59 

20.66 175.23 

L9 8.99 

119.98 

5.56 

53.80 

1.91 

45.12 

1.17 

26.71 

0.80 

23.70 

-0.08 

19.03 

A10 9.09 

113.74 

E11 4.23 

54.81 

2.17 

31.53 

2.25 - 2.32 

33.02 174.93 

N12 8.40 

118.50 

4.50 

54.92 

3.01 - 3.51 

41.42 

R13 8.38 

118.19 

4.02 

58.75 

1.22 - 1.56 1.49 2.81 

174.49 

V14 7.13 

119.89 

4.00 

63.87 

2.56 

32.88 

0.84 

20.26 

1.09 

18.97 176.58 

I15 8.31 

115.72 

4.26 

59.29 

2.50 - 2.21 1.57 - 1.98 

25.73 

1.07 

17.06 

1.07 

11.17 176.37 

G16 8.40 

108.80 

4.26 

45.71 175.17 

R17 8.65 

125.96 

5.31 

53.45 

1.82 1.82 2.89 

D18 4.33 2.68 - 3.15 

40.04 176.04 

G19 9.00 

105.33 

3.82 - 4.54 

45.35 174.19 

E20 7.95 

119.66 

4.39 

53.69 

2.01 - 2.16 

31.69 

2.37 

35.50 175.74 

L21 8.55 

124.05 

4.53 

52.43 

1.73 

41.41 

1.49 

25.52 

0.87 

24.89 

1.05 

26.74 

P22 4.55 

65.57 

2.56 - 2.36 

25.44 

2.02 

26.07 

3.93 - 4.09 

46.83 177.73 
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Table 3.1. (continued) 

W23 

HN/NH 

8.78 

123.22 

1Hα/13Cα 

4.55 

57.71 

1Hβ/13Cβ 

3.00 - 3.48 

32.26 

1Hγ/13Cγ 1Hδ/13Cδ 1Hε/13Cε 

9.69 

131.01 

C( Carbonyl) 

P24 4.58 

62.59 

2.56 - 2.02 

31.40 

2.31 

25.32 

3.59 - 3.76 

51.50 176.59 

S25 8.29 

115.72 

4.27 

59.54 

4.00 

63.39 174.66 

I26 8.99 

126.15 

4.55 

58.70 

2.03 

39.10 

1.27 

26.56 

0.90 

16.84 

0.86 

14.24 

P27 4.47 

64.89 

2.23 

28.20 

1.77 

26.05 

3.95 

51.10 179.18 

A28 9.01 

117.97 

4.22 

54.94 

1.94 

19.05 180.71 

D29 7.68 

119.25 

4.45 

56.21 

2.50 

36.47 177.23 

K30 7.58 

119.29 

4.22 

59.05 

2.04 - 1.87 

31.30 

1.65 

26.26 

2.02 3.17 

178.60 

K31 8.15 

116.05 

3.55 

59.15 

2.44 

32.09 

2.01 

22.85? 

2.16 

26.86? 

3.11 

41.02 179.68 

Q32 7.72 

118.35 

3.66 

58.12 

1.73 - 1.96 

31.58 

2.77 

29.89 177.70 

Y33 8.52 

124.14 

4.14 

60.35 

3.28 - 3.23 

37.74 176.23 

R34 8.17 

116.85 

4.36 

57.60 

2.02 

28.33 

1.76 

27.35 

3.44 

41.50 179.50 

S35 7.83 

111.85 

4.11 

60.78 

3.71 

63.07 176.75 

R36 8.13 

121.54 

4.40 

58.47 

1.82 - 2.06 

29.89 

1.16 

26.79 

3.21 

42.19 177.99 

V37 6.93 

107.75 

4.15 

60.66 

1.38 

30.15 

0.15 

14.77 

0.55 

14.33 175.89 

A38 6.83 

119.01 

4.12 

55.38 

1.60 

19.87 178.35 

D39 8.74 

113.31 

5.08 

53.83 

2.64 - 3.12 

42.60 174.92 

D40 7.91 

122.14 

4.82 

53.90 

2.75 

44.80 

P41 5.11 

62.72 

2.10 

31.10 

1.27 - 1.56 

26.45 

3.75 

49.26 175.74 

V42 8.54 

114.27 

5.70 

57.86 

2.23 

34.22 

1.09 

22.48 

0.88 

20.48 174.19 

V43 9.64 

124.99 

5.22 

60.38 

1.64 

32.45 

0.69 

21.86 

0.71 

20.80 174.58 

L44 8.93 

125.37 

5.66 

53.45 

1.96 

43.82 

1.31 

27.10 

0.96 

18.64 

0.96 

18.95 175.59 

G45 8.86 

107.12 

4.44 - 4.82 

44.90 174.74 

R46 8.74 

120.29 

4.35 

60.27 

2.07 - 2.30 

30.00 

1.94 

27.45 

3.53 

43.70 176.37 
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Table 3.1. (continued) 

T47 

HN/NH 

8.80 

116.06 

1Hα/13Cα 

4.29 

66.88 

1Hβ/13Cβ 

4.05 

67.65 

1Hγ/13Cγ 

1.48 

21.82 

1Hδ/13Cδ 1Hε/13Cε C( Carbonyl) 

177.34 

T48 8.14 

122.45 

4.10 

67.23 

4.27 

67.46 

0.98 

22.42 175.99 

F49 8.77 

123.12 

4.05 

62.34 

3.00 - 3.51 

38.93 176.32 

E50 8.71 

116.25 

3.99 

59.00 

2.31 

28.62 

2.73 

31.35 180.00 

S51 8.11 

114.33 

4.51 

60.62 

4.25 

63.15 175.60 

M52 7.71 

119.05 

4.07 

55.58 

1.59 

33.27 

1.80 2.25 

15.10 176.93 

R53 7.01 

119.26 

4.31 

58.97 

1.81 - 1.89 

29.82 

1.63 

26.80 

3.29 

43.33 176.57 

D54 8.54 

116.32 

4.40 

54.94 

2.68 

40.24 175.86 

D55 8.22 

121.15 

4.79 

53.57 

3.43 

40.03 174.96 

L56 8.69 

125.84 

4.38 

59.98 

1.82 

41.88 

1.19 

28.69 

0.91 

26.09 

0.58 

25.03 

P57 4.94 

61.89 

2.06 

32.86 

1.60 

28.35 

3.73 

50.38 176.01 

G58 7.56 

102.73 

4.17 - 4.57 

45.10 174.95 

S59 8.50 

113.30 

5.00 

58.62 

4.55 

62.20 175.23 

A60 7.84 

122.99 

4.80 

51.21 

1.55 

22.61 175.54 

Q61 8.87 

118.64 

5.30 

55.71 

2.06 

28.28 

2.27 

33.98 173.14 

I62 9.98 

127.92 

5.28 

60.99 

2.09 

37.09 

1.28 - 1.50 

26.14 

1.03 

18.03 

0.88 

14.11 173.46 

V63 8.98 

126.70 

4.66 

60.48 

1.78 

31.37 

0.58 

20.51 

-0.05 

20.51 176.64 

M64 8.88 

126.38 52.14 

2.29 

27.90 

2.64 

31.17 176.26 

S65 8.77 

119.01 

4.62 

57.40 

4.02 

64.33 174.73 

R66 
174.69 

S67 7.45 

119.53 

4.93 

58.00 

4.10 - 4.72 

63.91 174.13 

E68 8.19 

123.47 

4.36 

59.88 

1.06 1.57 

R69 
57.36 

2.30 

29.72 176.77 

S70 8.18 

114.37 

4.59 

57.42 

3.98 

63.79 173.76 
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Table 3.1. (continued) 

F71 

HN/NH 

8.72 

121.47 

1Hα/13Cα 

4.64 

57.33 

1Hβ/13Cβ 

2.99 - 3.43 

40.65 

1Hγ/13Cγ 1Hδ/13Cδ 1Hε/13Cε C( Carbonyl) 

176.55 

S72 9.51 

119.66 

5.18 

59.08 

4.23 

62.80 174.69 

V73 7.45 

119.53 

4.35 

61.33 

2.31 

33.35 

1.26 

21.29 

1.31 

20.97 177.62 

D74 9.15 

126.89 

4.67 

56.80 

3.00 

40.81 177.15 

T75 7.28 

105.80 

4.61 

61.49 

4.17 

68.32 

1.48 

21.25 172.82 

A76 7.26 

124.18 

5.72 

50.51 

1.95 

19.85 176.17 

H77 9.09 

119.37 

4.97 

54.39 

2.89 - 3.34 

29.65 173.87 

R78 9.19 

125.13 

5.27 

56.11 

2.11 - 1.88 

31.24 

1.01 

26.24 

3.26 

41.94 174.83 

A79 9.08 

126.71 

4.95 

50.55 

1.55 

22.87 175.79 

A80 9.22 

120.69 

4.19 

51.54 

1.63 

20.42 177.02 

S81 7.61 

109.60 

4.45 

55.80 

4.07 

66.47 174.21 

V82 8.98 

123.76 

3.47 

66.47 

1.76 

30.78 

0.19 

18.46 

0.14 

20.76 177.11 

E83 8.65 

117.38 

4.00 

59.78 

2.09 - 2.14 

28.40 

2.46 

36.77 179.09 

E84 8.07 

118.74 

4.26 

59.03 

2.26 - 1.98 

30.07 

2.49 - 2.42 

36.87 178.38 

A85 8.30 

121.61 

4.06 

55.26 

1.76 

18.31 179.19 

V86 8.49 

116.62 

3.61 

66.80 

2.34 

31.19 

1.19 

21.36 

1.14 

22.82 177.81 

D87 8.16 

120.63 

3.92 

57.34 

2.74 - 2.99 

40.31 180.37 

I88 8.80 

121.89 

3.83 

64.94 

1.94 

37.60 

1.04 - 1.20 

28.72 

0.62 

16.57 

0.55 

14.27 179.53 

A89 8.47 

123.16 

3.90 

55.95 

1.45 

16.14 179.17 

A90 8.87 

119.85 

4.22 

54.90 

1.69 

17.44 182.53 

S91 8.43 

118.73 

4.58 

61.01 

4.28 

62.60 175.11 

L92 7.59 

122.45 

4.22 

54.44 

1.87 

40.89 

1.85 

25.51 

0.63 

23.33 

0.86 

20.83 176.77 

D93 8.44 

117.73 

4.58 

55.11 

2.78 - 2.31 

38.65 175.13 

A94 7.58 

119.97 

4.38 

52.13 

1.48 

20.45 177.77 

85 



  

 

Table 3.1. (continued) 

A97 

HN/NH 

8.44 

123.40 

1Hα/13Cα 

5.02 

50.22 

1Hβ/13Cβ 

1.07 

19.67 

1Hγ/13Cγ 1Hδ/13Cδ 1Hε/13Cε C( Carbonyl) 

173.37 

Y98 8.60 

120.17 

5.29 

56.76 

2.89 

40.74 175.34 

V99 9.85 

125.63 

6.11 

61.69 

2.18 

32.39 

0.43 

19.31 

0.87 

21.37 177.51 

I100 8.73 

117.36 

5.68 

61.67 

2.20 

37.91 

1.16 

25.20 

0.47 

18.91 

0.98 

10.10 174.93 

G101 6.13 

102.73 

4.34 - 4.36 

42.04 174.84 

G102 8.03 

108.62 

4.25 

45.81 175.19 

A103 9.31 

125.02 

4.23 

57.23 

1.70 

19.43 182.49 

A104 8.42 

118.33 

3.94 

55.13 

1.74 

18.01 180.39 

I105 7.58 

120.11 

4.14 

61.70 

2.26 

34.79 

1.39 - 1.19 

22.11 

0.93 

18.17 

1.00 

9.85 179.23 

Y106 8.83 

119.36 

4.42 

60.36 

2.77 - 3.02 

37.72 179.59 

A107 8.42 

119.45 

4.17 

55.38 

1.72 

17.55 179.66 

L108 7.91 

118.97 

4.23 

57.31 

2.04 

42.88 

1.52 

25.53 

0.96 

25.53 

1.06 

23.13 178.45 

F109 8.21 

111.26 

4.40 

61.21 

3.31 - 2.52 

40.73 177.20 

Q110 8.30 

122.09 

3.98 

60.38 

2.11 

24.32 

2.28 

36.58 

P111 
62.57 30.90 26.30 -27.28 50.07 176.93 

H112 8.47 

114.94 

4.60 

55.33 

3.26 - 3.48 

31.76 175.74 

L113 7.60 

116.49 

4.37 

55.84 

2.18 - 1.41 

43.85 

1.51 

25.99 

1.26 

22.70 

1.12 

22.09 177.38 

D114 9.85 

117.87 

4.85 

56.33 

2.81 - 2.72 

44.95 176.58 

R115 8.33 

116.54 

5.02 

55.49 

2.11 - 2.41 

29.19 

1.47 - 1.24 

28.50 

3.49 

43.42 175.88 

M116 7.75 

121.65 

5.23

55.53 

 2.25 - 2.56 

29.01 

2.65 

31.52 174.78 

V117 9.44 

126.13 

5.03 

62.28 

2.52 

30.85 

0.88 

20.80 

1.10 

19.89 175.19 

L118 9.30 

125.36 

5.54 

52.11 

0.12 - 1.14 

43.97 

0.41 

26.38 

0.20 

20.84 

0.11 

19.47 176.56 

S119 9.69 

122.67 

5.23 

57.32 

3.85 

61.33 172.95 

R120 9.93 

124.19 

5.48 

52.35 

1.51 

26.05 

1.11 - 1.03 

25.06 

3.28 

41.94 175.85 
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Table 3.1. (continued) 

S119 

HN/NH 

9.69 

122.67 

1Hα/13Cα 

5.23 

57.32 

1Hβ/13Cβ 

3.85 

61.33 

1Hγ/13Cγ 1Hδ/13Cδ 1Hε/13Cε C( Carbonyl) 

172.95 

R120 9.93 

124.19 

5.48 

52.35 

1.51 

26.05 

1.11 - 1.03 

25.06 

3.28 

41.94 175.85 

V121 8.80 

132.22 

6.09 

59.73 

2.12 

33.06 

-0.10 

18.95 

1.02 

19.31 

P122 4.61 

63.10 

2.15 

31.89 

1.99 - 2.25 

27.70 

3.52 - 3.60 

50.83 177.22 

G123 8.85 

109.35 

3.89 - 4.48 

44.05 172.23 

E124 8.02 

117.83 

4.37 

55.01 

1.96 

30.45 

2.44 

34.71 174.29 

Y125 8.80 

118.62 

4.30 

55.77 

2.64 - 3.28 

42.09 173.75 

E126 8.95 

122.67 

4.23 

56.07 

2.24 

29.92 

2.50 

36.35 176.37 

G127 8.39 

108.54 

4.22 

45.50 171.28 

D128 8.76 

115.48 

4.50 

53.35 

2.96 

42.32 175.99 

T129 7.76 

113.20 

4.98 

60.56 

4.16 

72.08 

1.46 

22.87 173.74 

Y130 8.95 

122.67 

4.60 

57.28 

2.84 - 3.14 

41.86 175.24 

Y131 9.14 

125.05 

4.71 

57.39 

3.02 

39.90 

P132 4.40 

63.10 

2.18 -2.21 

31.89 

2.02 

26.67 

3.67 - 3.71 

50.41 174.27 

E133 8.09 

118.76 

3.94 

56.84 

1.86 - 1.99 

29.94 

2.15 - 2.12 

36.38 175.79 

W134 7.36 

121.76 

5.20 

55.64 

2.89 - 3.06 

30.54 

10.20 

131.00 174.45 

D135 9.18 

122.70 

4.54 

53.48 

2.87 

41.73 177.80 

A136 9.04 

130.54 

4.58 

55.06 

1.78 

18.61 178.76 

A137 8.80 

117.58 

4.63 

53.83 

1.75 

18.74 179.73 

E138 8.15 

114.91 

4.56 

55.96 

2.29 

31.62 

2.52 

36.27 175.49 

W139 7.64 

119.25 

5.33 

56.68 

3.89 - 3.59 

34.17 

10.64 

130.25 174.67 

E140 9.86 

119.98 

5.29 

54.17 

2.17 

32.65 

2.41 

35.84 175.09 

L141 8.85 

128.16 

4.84 

54.90 

1.57 

40.05 

1.56 

25.52 

0.60 

25.52 

-0.03 

22.02 175.52 

D142 9.34 

131.87 

4.83 

55.61 

2.67 

44.52 176.05 
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Table 3.1. (continued) 

A143 

HN/NH 

7.73 

117.07 

1Hα/13Cα 

4.72 

51.89 

1Hβ/13Cβ 

1.49 

22.21 

1Hγ/13Cγ 1Hδ/13Cδ 1Hε/13Cε C( Carbonyl) 

174.98 

E144 8.48 

120.93 

5.65 

55.48 

1.97 2.08 

33.59 

2.14 - 2.18 

37.87 175.29 

T145 9.06 

119.82 

5.53 

60.91 

4.11 

71.33 

1.15 

21.50 173.22 

D146 9.00 

127.83 

4.85 

55.29 

2.72 2.74 

41.06 174.70 

H147 8.16 

123.16 

4.92 

54.66 

2.88 - 3.00 

32.73 174.64 

E148 8.81 

122.00 

4.30 

57.59 

2.25 

30.48 

2.54 

36.00 176.34 

G149 8.78 

114.71 

4.04 - 4.55 

45.23 173.14 

F150 7.35 

111.28 

5.20 

56.52 

2.57 - 3.55 

38.65 172.65 

T151 8.55 

116.08 

4.67 

61.73 

4.36 

71.02 

1.30 

21.70 173.06 

L152 9.51 

130.54 

5.31 

54.07 

2.03 

42.42 

1.49 

26.12 

1.02 

25.56 175.97 

Q153 10.00 

127.14 

5.19 

54.34 

2.05 - 2.17 

31.57 

2.32 

35.57 171.13 

E154 8.91 

121.72 

5.43 

55.21 

2.14 

30.48 

2.33 2.22 

36.86 174.89 

W155 9.85 

125.99 

5.56 

55.89 

2.85 3.38 

32.39 

10.30 

130.53 177.02 

V156 10.09 

118.14 

5.50 

60.00 

2.44 

35.35 

1.18 

19.76 

1.24 

21.23 174.79 

R157 8.05 

126.73 

5.47 

56.06 

2.11 1.19 

28.76 

1.68 1.70 

29.22 

3.34 3.37 

42.40 177.42 

S158 8.54 

121.23 

4.51 

58.43 

3.90 

63.72 174.82 

A159 8.65 

126.48 

4.59 

52.81 

1.63 

19.31 178.06 

S160 8.40 

114.62 

4.71 

58.49 

4.14 

63.81 175.19 

S161 8.41 

118.19 

4.57 

57.23 

4.09 

63.87 173.97 

R162 8.11 

128.14 

4.39 

57.74 

1.97 2.08 

31.01 

1.80 

27.24 

3.43 

43.75 
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CHAPTER IV 

NMR STRUCTURE CALCULATION OF HvDHFR1 FROM 

EXPERIMENTAL RESTRAINTS 

Introduction 

NMR data provide experimental constraints that allow the calculation of the three 

dimensional structure of a protein.1-9  Without supplying experimental restraints, the 

molecular modeling calculation program would result in an infinite number of different 

conformers.  The major experimental constraints derived from NMR are proton-proton 

distances, backbone dihedral angles and H-bonding information.  The distance restraints 

are obtained through the 3D NOESY experiments.3,10-25  These experiments rely on 

through space interactions from which proton-proton distances are derived.  The intensity 

of the NOE (nuclear Overhauser effect) cross peaks provides a means to assign the 

distances. The backbone dihedral angles can be calculated from five backbone chemical 

13Cα 13Cβshift values (15N, 1Hα , , , 13C’) using the program TALOS.10  Identification of 

H-bonding is important because most of the secondary structure elements are 

characterized by their specific hydrogen bonding patterns.  Lyophilisation is the process 

during which the protein sample is dried to powder form and then re-dissolved in D2O for 

the NMR study. The protons involved in hydrogen bonding will be replaced by 

deuterium atoms and this process can be observed from peaks disappearing in 2D 1H-15N-
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HSQC spectrum.  It is crucial to obtain as much experimental data as possible, since the  

quality of the NMR structures are highly dependent on the number of restraints.  

Molecular Modeling: There are a few molecular modeling programs that have been 

developed to calculate NMR derived protein structure such as CNS,11 XPLOR,12 

CYANA,13 AMBER,14 CHARM,15 GROMOS,16 DIANA,17DIG-II,18 and DYANA,19 

using experimental restraints.  These programs rely on Distance Geometry (DG), 

restrained Molecular Dynamic (rMD), and Simulated Annealing (SA) methods.20-24  Two 

algorithms have been developed in the DG method: Variable Target Function (which is 

implemented by the program DIANA) and Metrics Matrix (which is implemented by the 

program DIG-II).  The DG method is based on generating distance matrices for every 

pair of atoms from experimental restraints.  During the refinement, these matrices are 

reduced to Cartesian coordinate arrangements where the structure of the protein is to be 

calculated.  Molecular Dynamics and Simulated Annealing are two closely related 

algorithms that minimize the total energy (energy resulted from deviation of ideal 

covalent geometry, Eempirical, and the energy resulted from experimental restraints, Eexp) of 

the structure using potential energy functions.25  The algorithms use two techniques: 

Cartesian Space or Torsion Angle Space which are employed by the programs CNS, 

XPLOR, CYANA, AMBER,26, 27 and GROMOS. DG and SA algorithms use covalent 

structure information such as torsion angles, dihedral angles, bond distances, and 

attractive/repulsive van der Waals interactions in the structure calculation.  The atoms are 

exposed to a gradient of force to oblige the ideal covalent geometry.  The ideal geometric 

information (protein parameters) is embedded in libraries such as CHARMM,28 which is 
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used by the programs.29  Besides the empirical energy contribution, the energy resulting 

from experimental distance and dihedral angle restraints (Eexp) are also added to the total 

energy. Similar to the DG algorithms, in the SA, the calculation takes place in Cartesian 

space. Unlike the DG, which involves many heating and cooling steps to minimize the 

penalty terms, SA involves a single high temperature dynamic phase followed by a slow 

cooling to a final temperature to arrive at a low energy structure.30  The supplied heat 

enables the molecule to overcome the local energy barriers during molecular dynamic 

simulations.   

In the rMD method, NMR derived structures are calculated with supplemental 

experimental restraints that are embedded in the energy function.  The Eempirical term 

includes Ebond, Edihedr, Eangle, Eimproper, and Enon-bonded potentials.31-37  The empirical energy 

function can be extended as follows and is the calculation of the cost of the deviations 

from ideal covalent geometries:38-40 

2 2 2Eemp = ∑ k b ( r − r0 ) + ∑ k φ (1 + cos( n φ + δ ) + ∑ k θ (θ − θ 0 ) 
bonds dihedral angles 

+ ∑ k φ ( r φ − δ ) 2 + ∑ k repel ( r φ − δ ) 2 

improper non − bonded 

[1] 

where kb, kø, kθ, krepel stands for force constants, r , φ , θ , δ  are the resulted distance, 

dihedral angles, bond angles, and offset value for dihedral and angles; r0 , φ0 , θ 0  are the 

ideal bond length, dihedral angles, and bond angles.41  Similarly, the experimental energy 

function (a pseudo-potential energy term 42-45) can be extended as follows and is the 

calculation of violations resulted from the experimental restraints: 31-37 

Eexp = ∑kd (Δd)2 + ∑ka (Δa)2  [2] 
dis tance−restraint s angle−restraint 
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⎪

The potential energy function (or penalty function) is a square-well function 

which calculates the cost of energy resulting from the supplied 1H-1H- distance restraints 

and dihedral angle restraints. The potential function is given by 31-37 

upper upper⎧kNOE [(r − (rij ) ] rij > (r )ij ij
⎪ lower upper [3]Edis tan ce−restraint s = ⎨0 rij < rij < rij

⎪ lower lower⎪kNOE [(rij − (rij ) ] rij < (rij )⎩ 

where the kNOE is the force constant of the NOE potential function (also sometimes 

upperreferred to as the target function), rij is the distance between two atoms, (  andrij ) 

lowerr( ij )  are the upper and lower limit distance restraints defined experimentally. The 

potential function for the dihedral angle restraints is given by 31-37 

upper 2 upper⎧kφ [(φ − (φ) ] (φ) > φ 
⎪ 

lower upper  [4]Edihedral−angle = ⎨0 (φ) < (φ) < (φ) 
⎪ lower 2 lower upperk [((φ) −φ] (φ) < (φ)⎩ φ 

In this study, the molecular dynamic program CNS (Crystallography and NMR 

System) Version 1.111 was employed in the structure calculations of the enzyme 

HvDHFR1. It is a versatile program which uses various algorithms for structure 

calculations.  The calculated NMR structures are reported as an ensemble of structure 

since the input restraints are defined in a range. Structure calculations continued until a 

family of structures is obtained which are both low in energy and best fit the 

experimental data. PROCHECK was used to check the structure quality based on how 

the dihedral angles fit to a Ramachardran plot. 
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Secondary Structure Prediction Using Chemical Shift Values 

In three dimensional structure calculations, it is possible to estimate the secondary 

structure elements by using backbone chemical shift values.46-52  It is known that there is 

a correlation between the backbone chemical shift deviations and the local protein 

conformation.38,50,53  The deviation from standard random coil chemical shift values of 

13Cα , 13Cβ, C’ and 1Hα is known to correlate with the presence of secondary structure 

elements.50, 54-57  Helices are predicted from the negative deviation of the 1Hα and 13Cβ 

and the positive deviation of 13Cα and 13C’ chemical shift values.  The opposite trend is 

true for a β-strand. Figure 4.1 shows the plot of deviations of the assigned chemical shift 

13Cβvalues (1Hα , , 13Cα, and 13C’) of HvDHFR1 from random coil chemical shift values.  

Generally, four or more deviations in the same direction warrant presence of secondary 

structure, with the requirement that three of the four chemical indices be in agreement.  

Termination points were defined by junctions where the chemical shift deviation changed 

direction or became null.  The resulting chemical shift deviations, which are plotted and 

shown in Figure 4.1, indicate the presence of four helices and eight β-strands in the 

protein structure. 

Secondary structure prediction for an individual residue can also be accomplished 

using the program TALOS (Torsion Angle Likelihood Obtained from Shift and sequence 

similarity).10  The program is a database program that searches for similar chemical shift 

13Cα 13Cβvalues and residue types in the database.  This database contains 15N, 1Hα , , , 13C’ 

chemical shift values for 20 proteins as well as the high resolution X-ray crystallography 

13Cα 13Cβstructures. The 15N, 1Hα , , , 13C’ chemical shift values of HvDHFR1 are used as 
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Figure 4.1. Deviation of Hα, Cβ, Cα, and C’ values from the random coil values are 
                    shown. The arrows indicate the presence of β-strands and tubes indicates 

helices. 
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input in the program TALOS.  The program searches 10 times for the closest matches of  

three consecutive residues in the sequence and provides a prediction for the secondary 

structure location as well as the phi (Φ) and psi (Ψ) dihedral angles for individual 

residues. A dihedral angle can be defined as the bond rotation between two set of atoms 

along the peptide backbone. The Φ dihedral angle defines the bond rotation about 15NH 

15Ni, 13Cαand 13Cα atoms and is assigned from the four atoms 13Ci-1, i, and 13C’. The Ψ 

dihedral angle defines the bond rotation about 13Cα and 13C’ and is assigned from 15Ni, 

13Cα 
i, 13C’i, and 15Ni+1 atoms.  The secondary structure prediction is plotted in a 

Ramachadran diagram for an individual residue where the allowed region for α-helices 

and β-strands are defined from characteristic dihedral angles.  An average dihedral angle 

for Φ and Ψ is reported based on the distribution.  Any residue in a β-strand falls in the 

upper left region (Φ = -120º, Ψ = 120º), a residue in right handed helices (Φ = -57º, Ψ = -

47º) falls in the bottom region and any residue with left handed helices (Φ = 75º, Ψ = 

150º), falls in the right circled regions.  The display shows the most energetically favored 

regions for the secondary structure elements with the dihedral angles.  Figure 4.2 shows 

the display of TALOS for residue L118.  The secondary structure for this residue was 

predicted to be in a β-strand with a Φ angle of 105 ± 9º and Ψ angle of 132 ± 14º.  Φ and 

Ψ dihedral angles are another important restraints in the structure calculations of proteins.  

In order to determine a high resolution NMR structure, the NOE restraints should also be 

supplemented by dihedral angle restraints.  A total of 185 Φ (93) and Ψ (92) dihedral 

angles were obtained from TALOS and used in the structure calculations.  The dihedral 

angles were only used for the residue that fit best on a value or displayed a good  
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β-sheet 

Left handed helix 

α-helix 

Figure 4.2. The screen of TALOS program illustrating predicted both the phi and psi 
                     angles for the residue L118 and secondary structure region. The X-ray  

structure of HvDHFR1 was used as reference shown in blue dot, and the  
                     predicted region from the chemical shift values matching the database 

values are shown in green dot. 

agreement among the predicted angles.  The predicted dihedral angles were restricted 

within the intervals of ±20° in the structure calculation. 

Distance Restraints Through 3D NOESY Experiments 

The major experimental constraints used in NMR structure calculation are 1H-1H 

distances which are derived from NOESY data.  The distance restraints between proton 

pairs are obtained from NOE cross-peaks.  NOEs provide important structural 

information for the secondary and ternary structure of a protein.22,58  NOEs result from 

the through-space dipolar coupling of nuclei at a distance of <5-6 Å.  Nuclei that are 

involved in dipolar coupling relax through cross relaxation which can be measured in the 

NOESY experiments.59-70  This process yields cross-peaks between the interacting nuclei 
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in the NOESY spectrum at which the intensity (I) or the cross-peak volume is a function 

of the distance between the nuclei and can be stated as; I ∝ f (τ m ) < r −6 >  where r is the 

average distance between the interacting nuclei and the f (τ m ) is the correlation function 

21,71,72 of protein and depend on correlation time,τ m . 

NOE distance restraints are obtained from the 3D 15N and 13C- filtered NOESY- 

HSQC experiments.  The first 3D NOESY experiment used in this study is 15N-NOESY-

HSQC. This experiment provides through-space correlations from the amide protons 

(1HN) of a residue to all inter- and intraresidue protons that are in close proximity.  The 

first part of the experiment (NOESY) establishes through-space correlations between 

proton nuclei while the second part, HSQC, filters the proton magnetization between 1H-

15N pairs. The most important factor in NOESY experiments is setting the right mixing 

time.  A short mixing time may result in the loss of NOE intensity while a long mixing 

time may result in spin-diffusion which generates NOEs for nuclei <5-6 Å.  For small to 

medium size proteins, the optimum mixing time is typically set to 100-200ms.  In this 

study, the mixing time in 3D NOESY experiments was set to 150 ms. 

Chemical shift information is used to assign the NOE cross-peaks in the 15NH 

plane of the 15N-NOESY-HSQC experiment.  Figure 4.3 shows three strips selected from 

different 15NH planes of the 15N-NOESY-HSQC experiment.  The first strip corresponds 

to L118, the second to A85 and the last one to L9.  The diagonal peak in each strip 

(indicated by blue arrows) refers to the amide proton (1HN) of the residue.  The cross-

peaks that correlated with the diagonal peaks are the NOEs resulted from through-space 

interactions of amide protons to other protons close in space.  The assignments of the 

cross peaks are shown on the left.  The first strip shows the NOEs for the 1HN of L118 
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Figure 4.3. Three strips from different 15N planes of the 15N-NOESY-HSQC experiment 
                     belonging to residues L115 (from a β-strand region), A85 (from a α-helical 
                     region), and L9 (from a random coil region) are shown. The diagonal peaks  
                     in each strip are indicated by arrows which correspond to 1HN of the residue. 
                    The peaks that are not in the plane or are not assigned are highlighted in  
                     green. The peaks that correlate different protons chemical shifts are labeled 

in red. 
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which is in a β-strand. A residue in a β-strand is known to correlate strongly to the 1Hα of 

the previous residue. The 1HN (9.30 ppm) of L118 shows a strong correlation to the 

Hα (5.03ppm) of the V117.  The 1HNof a residue in a β-strand can show correlations to 

1HN, 1Hα, and side chain protons of residues in other β-strands across the β-sheet. 

The1HN of the L118 shows correlations to 15NH of the Q153 and 1Hα of E154, two 

residues in another β-strand. Due to chemical shift degeneracy of nuclei belonging to 

different residues, some peaks may correlate to two or more nuclei such as the cross peak 

at 0.88 ppm correlating to both 1Hγ of V117 and 1Hδ of L152 (highlighted in red).  In such 

cases, the restraints were not employed in initial structure calculations due to ambiguities 

but as the calculations proceded it was input if the calculated structure supported the 

correlation. The second strip, belonging to the 1HN of A85, shows an example from a 

helical region. The 1HN of a residue in a helical region is known to strongly correlate to 

the 1HN of residue i-1 and residue i+1. The 1HN of A85 (8.30 ppm) shows a strong 

correlation to 1HN of E84 and (8.07 ppm) as well as V86 (8.49 ppm).  The 1HN of a 

residue in a helical region can correlate to 1Hα of the residues i-1, residue i-2, and residue 

i-3. The 1HN of A85 shows correlations to 1Hα of V82 and (8.07 ppm) and E84 (8.49 

ppm).  As seen from the strip, typically a residue in a helical region only shows medium-

range (± 4 residue) correlations. The last strip belongs to 1HN of L9, is an example from 

a loop region where the minimal distance restraints are obtained.  The 1HN of L9 (8.98 

ppm) shows only correlations to its own and previous residue.  

A total of 944 proton-proton distance restraints were defined via the 3D                    

15N-NOESY-HSQC experiment.  The global secondary and ternary structure of a protein  
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can be calculated via the restraints from the 15N-NOESY-HSQC experiment.  However, 

these restraints may not be sufficient to fold the protein correctly due to lack of distance 

information defining the core of the protein.  As a rule of thumb, more than 10 distance 

restraints per residue is ideal for NMR structure calculations.73,74  The number of distance 

restraints obtained from the 15N-NOESY-HSQC experiment was 944 which result in 6.2 

restraints per residue. In order to calculate a good converged structure more distance 

restraints are required. 

Additional NOE restraints are obtained from the 3D 13C-NOESY-HSQC 

experiment which provides side chain inter-proton distances.  The experiment supplies 

essential distance restraints to fold the protein correctly.  The majority of the side chain 

restraints would reflect the hydrophobic core.  The hydrophobic groups tend to bury in 

the core of the protein from which the distance restraints assist to fold the protein 

correctly in the molecular dynamic calculations.  The principle of the experiment is 

similar to 3D 15N-NOESY-HSQC.  The first part of the experiment, NOESY, establish 

through space correlations among the protons while the second part, HSQC, filters the 

correlations to 1H- 13C pairs. Figure 4.4 shows a strip from the 13C-NOESY-HSQC 

experiment at a 13C plane of 16.14 ppm which has been assigned to 13Cβ of A89. The 

diagonal peak (colored in blue) at 1.40 ppm corresponds to 1Hβ chemical shift value of 

methyl protons of A89.  The methyl group protons of A89 show correlations to other side 

chain methyl and methylene protons belonging to the residues: I88, I62, A97, A90, P41, 

and L92. The assignments of the cross peaks are shown on the left.  As seen from the 

strips, the experiment provides long range proton-proton distances.  The methyl group 

region in this experiment has severe overlap due to degeneracy of chemical shift values.   

104 



  

   

 

1Hγ I62, 1Hγ P4, 1Hβ A90, 

Cβ = 16.47 ppm 
Hβ = 1.40  ppm  
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Figure 4.4. A strip from the 13C-NOESY-HSQC experiment belonging to 1Hβ of A89 at 
1.40 ppm is shown. The diagonal peak belonging to methyl group protons  

                     (highlighted in blue) correlates to other side chain protons of different  
                     residues. The assignments in red indicate the peak overlaps. The 13C-
                     NOESY-HSQC experiment provides long-range proton restraints. 
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The 1Hβ correlation of A90 and 1Hγ of P41 overlap with the diagonal peak. These 

restraints were not used in structure calculation since the peak intensity can not be 

assigned specifically. A total of 427 side chain proton-proton distance restraints were 

defined via the 3D 13C-NOESY-HSQC which raised the restraint to residue ratio to 8.5.  

The detail and category of distance restraints are given in Table 4.2.  A total of 1556 

derived restraints from the 15N-NOESY-HSQC, 13C-NOESY-HSQC, and TALOS were 

employed in the CNS structure calculation.  The number of restraint per residue is 9.6.  

The NOE peak intensities (or peak volumes) are quantified to elucidate the proton-proton 

distance information.  The intensities are quantified into distance limits by using the 

strong, medium, weak, and very weak method described by Clore et al.21  The peaks with 

intensity (volume) > 10 were defined as strong, 10-5 were defined as medium, <5 weak 

and low peak intensities were defined as very weak.  The peak intensity categories were 

used to classify the upper and lower bounds of the proton-proton distances; strong (1.8 - 

2.7 Å), medium (1.8 – 3.7 Å), weak (1.8 - 4.0 Å), and very weak (1.8 - 4.5 Å).  The 

lowest distance range represents the sum of the van der Waals radius of two atoms.     

Table 4.1. The statistics of the experimental distance restraints obtained from the  
15N-NOESY-HSQC and 13C-NOESY-HSQC used in structure calculation by 
CNS 

distance constraints 
no. of total restraints 1371 

no. of intra residue (i=j) 335 
no. of inter residue ((i-j)=1,(i+j)=1)                  393 
no. of medium (1<(i-j)≤5) 211 
no. of long ((i-j)>5) 432 

no. of hydrogen bond *     24  
*Added through the last few calculations. 
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It has been known that there is a correlation between the NOE intensity and 

presence of the secondary structure elements.  A motif in a protein sequence can be 

predicted from the NOE correlations.53, 75, 76  A α-helical region can be predicted when 

the following NOEs are observed: dNN(i, i+1): strong, dNN(i, i+2): very weak, dNN(i, i+3): 

medium, dαN(i, i+1): weak, dαN(i, i+3): medium, and dβN(i, i+3): medium. 53, 75, 76  A β-

strand can be predicted from dΝN(i, i+1): weak, dαN(i, i+1): strong, and dΝα(i, i) medium. 

53, 75, 76  The NOE correlations and the predicted secondary structures for the T75-E125 

region of HvDHFR1 are shown in Figure 4.5. The bar height or color specifies the 

Figure 4.5. The figure illustrates the identification of the secondary structure elements 
                     from the analysis of short range NOE data in T75-Y125 region.53,75,76 The 
                     bar height specify the intensity of the observed NOE peak and length 
                     specify the range of correlations. Similarly, the strength of long range 
                     interactions are showed by colored lines where red indicates strongest and 

yellow indicates the weakest interactions. 
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strength of correlation and the bar length specifies the range of the correlation between  

residues. The analysis of short and medium range NOE peaks from 15N-NOESY-HSQC 

revealed the presence of 8 β-strands and 4 helices. The resulting secondary structure 

elements from NOE data are shown on the top of the figure where the spring indicates the 

helical regions and an arrow indicates the β-strands. Further, by analyzing the β-strand 

regions, the long range 1H-1H NOE cross peaks revealed that the 8 β-strands form a 

central β-sheet from specific NOE patterns, Figure 4.6.  The long range 1HN-1HN and 

1HN-1Hα NOE correlations across the β-strands indicate the presence of interactions 

between residues in the β-strands. 

Structure Calculation Using CNS 

In this study, the CNS (Crystallography and NMR System) program was used for 

the NMR structure calculations.  Commonly, the algorithms implemented with this 

software are Distance Geometry (DG) combined with Simulated Annealing (SA), 

Simulated Annealing in Cartesian Space, and Simulated Annealing using Torsion Angle 

Dynamics (TAD).77,78  It has been reported that the last combination is more successful in 

the structure calculation of biological macromolecules.78  In this combination, Φ and Ψ 

dihedral angles are restricted to those allowed for each amino acid (degree of freedom).  

Figure 4.7 shows the SA protocol used in CNS and steps followed during the  

structure calculation of HvDHFR1. The proteins are folded toward the supplied 

experimental restraints during the annealing process (cooling) under the effect of gradient 

force constant.20,22,41  In the SA protocol used in this study, initially the generated 

structures were selected by a randomization process and were subjected to an increasing  
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Figure 4.6. The β-sheet is characterized by long range HN-HN (dashed lines) and 
HN-Hα (solid lines) correlations. The dαN(i, i+1) correlations along the β-
strands are shown by the dashed red lines. 
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Figure 4.7. The structure calculation steps and TAD phase used in the CNS program are 
shown. 

  

 
 temperature with 1000 steps, each of which is 15 femtosecond to a final temperature of 

50000 K. The high temperature provides the required velocities for atoms to overcome 

the local energy barriers and facilitates the molecule to reach the global minimum energy 

conformation during the cooling (annealing) steps. Typically during the initial phase of 

the SA, the force constants are set to low values (to successfully overcome the energy 

barriers and are proportional to kT) to maintain the experimental restraints and are 

gradually increased as the temperature decrease.36  The force constants can be considered 

to be the scale factors to maintain the experimental restraints during the structure 
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 simulations.  The force constant for NOE restraints  is in the range of 30-50 kcal mol-1Å-2 

and for dihedral angles it is in the range of 5-10 kcal mol-1rad-2.36  During the cooling 

process, the force constants were ramped to those values starting from unit values.  The 

covalent structure parameters of amino acids in torsion angle space are set to standard 

values for bond length, bond angles, planarity, etc.  The program uses a library that 

contains all the required covalent information of the amino acids.  

As the structure calculations proceeded, resulted violations were fixed in the next 

rounds of calculations. A violation can be defined as the deviation of restraints between 

the defined range and that result in the structure.  In the first round of structure 

calculations of HvDHFR1, only unambiguous NOEs and dihedral restraints were 

employed.  In subsequent calculations, the distance restraint range was moved to the next 

upper category for any NOE that was violated by more than 0.5 Å.  Similarly, the 

variation in any dihedral angle was increased by 5°.  As structural refinement proceeded, 

many of the ambiguous NOEs were clarified and used in the subsequent structure 

calculations unless it contradicted the generated structure.  This iterative approach was 

repeated ~60 times.  Hydrogen bonds were added (based on previous calculations) in 

secondary structure regions for the last few rounds of calculations.  Lyophilized 

HvDHFR1 cannot be redissolved in 2H2O; therefore H/D exchange experiments were not 

obtained. The structure calculations were continued and finalized until no NOE distance 

was violated by >0.5 Å, no dihedral angle violated by >10°, and low energies were 

obtained. Obtaining a good convergence among the generated structures is another 

important criterion.  The degree of the good convergence is a measure of the precision of 

experimental restraints used in structure calculations.74,79-81  This is achieved by 
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calculating the root mean square (rms) deviation of the backbone and heavy atom 

coordinates among the calculated NMR structures.  This process also measures how 

similar structureare reproduced from the supplied restraints from the molecular modeling 

program.  The rms deviations were achieved by superimposing atomic coordinates of the 

generated structures by the program MOLMOL.82  This program computes the pairwise 

rmsd values for each structure with respect to the rest of the structures.  A low rmsd value 

for backbone and heavy atoms superimposition indicates the accomplishment of good 

convergence. Once all violations were eliminated, one hundred structures were generated 

for final analysis. The presence of a cis-peptide bond between two glycine residues has 

been identified in other DHFR enzymes by X-ray crystallography.83 This cis peptide 

geometry was maintained by defining a restraint of 0° for the dihedral angle from Cα 

G101 to Cα G102, with an energy constant of 5 kcal mole-1rad-2. This constraint caused 

an improper violation in the structures output from CNS.  The resultant structures were 

subjected to a further energy minimization due to high improper energy from imposing 

cis peptide geometry between two glycine residues.  A fifty step conjugated minimization 

was performed on each structure using the program InsightII (Version 2005, Accelrys 

Inc, San Diego, CA) in the Discover Module (Version 2005, Acceryls).  The InsightII  

software was used for graphical visualization. 

The 20 lowest energy structures for HvDHFR1 are shown in Figure 4.8 and the 

statistics are given in Table 4.2. The resulted penalties due to deviation from the ideal 

bond lengths, angles, and improper torsion angles are listed in Table 4.3.  The final 

family of structures exhibits a good convergence with an rms deviation of 0.83±0.27 Å 

for all backbone atoms (Cα, NH, C’) and 0.37±0.12 Å for secondary structure regions. 
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The heavy atoms (all atoms except hydrogen) superimposition in backbone and 

secondary structure regions resulted in an rms deviation of 1.52±0.26 and 0.82±11, 

respectively.  The total average energy for a structure is calculated as 1640 kcal/mol 

which includes the energy contributions from both empirical and experimental but not 

electrostatic contributions.  The average number of distance restraints per residue in the 

secondary region is 11 and that for the loop regions is only 5.  The low number of 

distance restraints in the loop regions resulted in relatively poor convergence (the fuzzy 

region in the structures) and these regions account for 25% of the number of the amino 

acid in the structure. The last few residues of C-terminus (A159-R162) resulted in 

random structure.  The atomic coordinates of the 20 structures and the experimental 

restraints have been deposited in the RCSB Protein Data Bank under the code of 2ITH.  

A representative NMR structure is shown in Figure 4.9.   

The calculated NMR structures reveal that four helixes are packed across a central 

β-sheet with eight β-strands in the order of β1α1β2α2β3β4α3β5α4β6β7β8. The helical 

regions are α1: 27-37, α2: 46-52, α3: 83-92, α4: 105-112 and β-strands regions are β1: 3-

9, β2: 42-44, β3: 61-64, β4: 76-79, β5: 97-99, β6: 115-120, β7: 139-147, β8: 151-157. The 

eight β-strands form a central β-sheet. 

The structure quality of the generated structures were analyzed by the program 

PROCHECK.84  Figure 4.10A and Figure 4.10B show the Ramachandran plot obtained 

from program PROCHECK.  Figure 4.10A represents the Ramachandran plot for a 

representative NMR structure for clarity of view and Figure 4.10B represents the  
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Table 4.2. Statistics of the 20 lowest-energy structures calculated by CNS 

energy (kcal/mole) 
Etotal       1689 ± 33 
Ebond       134.6 ± 3.0 
Eangle       399.2 ± 6.4 
Eimproper      67.4 ± 2.2 
ENOE       659.6 ± 12.6 
Evdw       379.9 ± 6.9 

rmsds from experimental restraints 
bonds (Å)      0.074 ± 0.001 

 angles (°)      0.731 ± 0.150 
 impropers (°)      0.576 ± 0.013 

NOEs (Å)      0.083 ± 0.0010 
 dihedrals (°)      1.053 ± 0.0310 
PROCHECK 

% residues in most favorable region 73.7 ± 1.72 
% residues in additionally allowed region 22.5 ± 2.70 
% residues in generously allowed region 2.9 ± 1.48 
% residues in disallowed region 0.8 ± 0.8 

coordinate superimpose 
 backbone (Å) (2-157) 0.83 ± 0.27 
 backbone heavy (Å)     1.52 ± 0.26 
 secondary backbone (Å)    0.37 ± 0.12 

secondary backbone heavy (Å) 0.82 ± 0.11 
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Figure 4.9.   A representative NMR derived structure of HvDHFR1 is shown in ribbon 
diagram. The helices and b-strands are numbered in the order of sequence. 
The structure is generated by the program MOLMOL.82 
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result from 20 structures submitted to the Protein Data Bank.  The helical and β-strand 

regions display specific Φ and Ψ dihedral angles. The dark red, yellow and pink regions 

represent the most favorable, allowed region, and the additionally allowed regions, 

respectively.  Overall 96.2% of the residues of HvDHFR1 are found in allowed and 

additionally allowed regions, see Table 4.2, which suggest well-calculated structures.  

Comparisons of NMR derived HvDHFR1 Structure to Crystal HvDHFR1 and EcDHFR 

Structures: The overall fold of the NMR and crystal (1vdr 85) structures are similar with 

a rms deviation of 1.35 Å, Figure 4.11.  Two different segments of the NMR structures 

did show a deviation from the crystal structure.  First, there was a deviation in the 

secondary structure at the N-terminal residues of β3 (S59-M64). The 1HN of A60 shows 

a strong NOE to both the 1HN of S59 and the 1HN of G58. Similarly, a strong NOE 

between the 1HN of S59 and the 1HN of G58 was observed in this region; however, these 

distances were not supported by the crystal structure.  This divergence is considered to 

arise from the flexibility of the loop α2-β3. The difference in the secondary structure at 

the N-terminal residues of β3 (59-64), causes a slight kink in the overall structure.  The 

adenosine binding domain of the structure has a secondary backbone superimpose of 0.83 

Å while the major is 0.66 Å.  If either end of the molecule is superimposed it causes the 

whole other end of the molecule to deviate by as much as 2.5 Å.  The deviation between 

the two structures in the N-terminus residues of β3 is shown in Figure 4.12. 

Secondly, there was a difference in the type of β-turn connecting β7 and β8 

(H147-F150). The dihedral angles of the crystal structure define a Type-II β-turn 85 
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A 

Figure 4.10A.  The results of PROCHECK is shown for one of the submitted structures. 
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Figure 4.10B.  The results of PROCHECK is shown for the 20 submitted structures. 
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Figure 4.11. Superimpose of the X-ray crystallography structure (1vdr) of HvDHFR1 
           (red ribbon) with the liquid state NMR structure (gray ribbon) resulting in 
           a 1.35 Å rms deviation. 
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59

Q61 
V63 

S59 A60 

I62 
M64 

Figure 4.12.  One variation between the NMR (yellow) and X-ray crystallography 
structures (maroon) is in the β3 region. Key NOEs were obtained for S59 
and A60 that are not supported by the crystal structure. 

while the NMR structures define a Type-I β-turn. This Type-I β-turn is supported by the 

presence of an NOE from the 1HN of F150 to the 1Hα of H147 which should not be 

observable for a Type-II β-turn. This places this turn in closer proximity to the  

N-terminus of α1 which is supported by an NOE from the 1HN of F150 to the δCH3 of 

I26. It is possible that there may be a hydrogen bond between A28, a residue in α1 helix 

and E148, a residue in this TypeI β-turn. The 1HN of A28 is at a distance of 2.7 Å to 

carboxylic group oxygen, Figure 4.13. The presence of a hydrogen bond is supported 

 from the NOE between side chain groups of the two residues.  An NOE between βH 

(methyl group) of A28 correlates to γH (methenyl) group of E148.  This TypeI β-turn is 

the main structural differences compared to other DHFR variants showed similar folding.  

There is a major sequence difference between EcDHFR (159 aa) and HvDHFR (162 aa) 

in this loop. This is a loop region in EcDHFR which is termed the G-H loop (D142- 
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Figure 4.13. It is shown that HN of A28 is at a close enough proximity to carboxylic 
oxygen of E148. 

S150) and bears an important role in catalytic events.86  In EcDHFR, the residues in 

thisloop form hydrogen bond, with the residues of M20 loop in the occluded 

conformation.86  However, this loop is truncated in HvDHFR1 by the deletion of six 

residues, (Figure 4.14) and there are no direct interactions with the L21 loop.  This 

suggests (and as speculated by Pieper at al 85) that HvDHFR1 may be using different loop 

motions than homologous mesophilic EcDHFR. Based on the NMR derived structures, it 

can be speculated that the substrate binding may facilitate the motion of α1 helix to form 

and deform a hydrogen bond.  The NMR derived structures showed variations in the L21 

and adenosine binding loop (ABL) regions. The loop regions are not defined well due to 

low NOE restraints derived from this region, Figure 4.15.  The L21 loop which is the 
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Figure 4.14. The superimposition of NMR derived structure of HvDHFR1 (yellow) 
versus EcDHFR (grey) (pdb code: 1RA986) is show. The loop GH of 
EcDHFR is truncated by deletion of six residues in HvDHFR1. 

equivalent of M20 in EcDHFR was found as time averaging between the three 

conformational (closed, open, and occluded) states.86 

Conclusion 

The liquid apo state NMR structure of HvDHFR1 was calculated from the proton-

proton distance restraints derived from 15N-HSQC-NOESY and 13C-HSQC-NOESY 

experiments in which the data have been collected at 3.5 M NaCl.  The distance restraints 

are supplemented by the dihedral angle restraints which are derived from the program 

TALOS by using the backbone chemical shift values.  The molecular dynamic program 

CNS has been used to calculate the NMR derived structures.  The precision of the 
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Figure 4.15. The L21 and adenosine binding loop regions of HvDHFR1 from NMR 
derived study are shown. The loop conformation is a time average 
conformation of the open, occluded, and closed conformation of 
EcDHFR.86 The adenosine binding loop displayed no specific 
conformation. 

final family of structures are tested by measured rms deviations for backbone and side 

chain atoms. The low rmsd values of 0.83±0.27 Å and 1.52±0.26 Å for all backbone 

atoms and side chain atoms are also an indication of the accuracy of the experimental 

data. The overall protein folding, which is termed the Rosmann fold, was found to be 

similar to other DHFR variants. The NMR derived structure of HvDHFR1 is comparable 

with that of the crystal structure with rms deviation of 1.35 Å for backbone 

superimposition.  The two structures are very similar in terms of the backbone fold and 
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secondary structure elements. The mainly differences are observed at loops region in the 

NMR structures which are considered to arise from the motion in this region.  The 

noticeable difference in the N terminus of β3 causes a slight kink in the overall structures 

as compared to the crystal structure. The G-H loop region of EcDHFR is a β-turn in the 

NMR derived structure. In the crystal structure, it is defined as Type II β-turn, in the 

NMR derived structures, it is defined as Type I β-turn. The NMR derived structure is 

comparable to the crystal structure of the EcDHFR:folate binary complex (1rx7)  with an 

rms deviation of 1.03 Å for the secondary structure elements of the backbone atoms.  In 

order to have a more complete understanding of the loop motions in HvDHFR1, more 

structural studies must be carried out on the binary and ternary complexes.    

The calculated NMR derived structures were used in relaxation studies.  It has 

been speculated that the decrease of in activity of the enzyme as a response to lowered 

salt concentration may relate to changed inherent protein flexibility. This hypothesis was 

be tested by carrying out relaxation measurements at two salt concentrations.  
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CHAPTER V 

INVESTIGATION OF ENZYME FLEXIBILITY THROUGH NMR 

RELAXATION MEASUREMENTS 

Introduction 

NMR Spectroscopy not only provides structural information it also provides a 

wealth of information about the internal motions of a protein.1  These data are encoded 

onto the relaxation properties T1, T2 and heteronuclear 1H-15N NOE.2  By analyzing the 

NMR relaxation properties of a protein, information about the timescale of motion on the  

picosecond to nanosecond range and microsecond to millisecond timescales can be 

extracted.2-5,6,7  A popular approach, Modelfree formalism, can be used to characterize 

the amplitude of motion from the generalized order parameter (S2) which is the measure 

of the spatial restriction to motion.2,5,6,8 

The activity of HvDHFR1 is salt concentration dependent.9  By analyzing the 

relaxation data of HvDHFR1 at different salt concentrations, it may be possible to obtain 

the relationship between the activity and flexibility of the enzyme.  The enzyme 

HvDHFR1 showed optimal enzymatic activity at a salt concentration of 3.5 M.9  As the 

salt concentration was decreased, there was a reduction in the activity.  Spectroscopic 

studies (FL, CD) showed that the structure of the enzyme was stable at the range of 3.5-

0.6 M salt concentration, below 0.6 M salt concentration the enzyme unfolds.9  Binding 
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studies (FL-based determination of KD) of HvDHFR1 exhibited an interesting affinity 

trend for substrate and cofactor as a function of salt concentration.  There was a loss of 

affinity for DHF as salt concentration is lowered; however, the affinity for NADPH 

became stronger.9  However, these changes in affinity can not account for the dramatic 

decrease in activity. On the other hand, the homologous enzyme, EcDHFR, revealed no 

significant affinity change for DHF or NADPH as salt concentration was increased to   

1.0 M, the concentration at which 80-90% of activity was lost.9,10  The loss in the activity 

of EcDHFR was speculated to be due to reduction in the internal flexibility over the salt 

concentration range. For EcDHFR it has been shown that the loop motions are key 

factors that facilitate the catalytic activity.11-13  It has been proposed that the activity lost 

for HvDHFR1 may also be due to the changes in the inherent protein flexibility that 

facilitate the catalytic activity through either gaining excessive motion or losing motion.9 

This may affect the binding events, halt the catalytic activity, and unfold the enzyme as 

the salt concentration is decreased.   

In order to investigate the relation between activity loss and flexibility 

dependence as a function of salt concentration, 15N NMR spin relaxation studies of 

HvDHFR1 at two different salt concentrations have been conducted.  The 3.5 M salt 

concentration is the condition where the maximum activity was observed for this enzyme 

and 1.0 M salt concentration is the condition at which the enzyme activity was decreased 

by 80-90% but the ternary structure was retained.  The enzyme HvDHFR1 can be used as 

a model halophilic protein to give an explanation about the relationship between stability, 

flexibility, and activity as a function of salt concentration.  This is the first NMR  

relaxation study performed for a halophilic protein at 3.5 M and 1.0 M salt conditions. 
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Protein Dynamics 

Proteins are dynamic systems in solution.1,8,14-24  The internal flexibilities of 

proteins usually allow them to accomplish their biological activity.  Commonly, the 

flexible regions of proteins are the catalytic regions.  Characterizing the mobile regions of 

proteins is important in order to understand and identify their functions.25-30  There are a 

few experimental techniques that can be employed to study protein motions in the 

picoseconds to millisecond timescales.  Time-resolved fluorescence anisotropy 

techniques provide information on mobility of a dye labeled sample.31-37  A covalently 

attached dye reports the protein mobility and conformational changes.  Solid state NMR 

also provides molecular motion data of a isotope labeled crystalline protein on the  

millisecond to nanosecond range.38-41  X-ray crystallography can also yields information 

about the possible regions of a protein which undergoes motion.  Regions with high 

temperature factors suggest the presence of motion.  A recent crystallographic technique, 

time-resolved X-ray crystallography yields data for the regions undergoing motions in the  

ms-ns timescale.42-45  Molecular dynamic (MD) modeling is another technique that can be 

used to probe protein motions.46-48  The motion of protein modeling is simulated in the 

computer by the use of X-ray crystallographically or NMR-derived structure to elucidate 

the possible regions with motions.  NMR spectroscopy, which is a powerful technique for 

investigation of protein flexibility, provides picoseconds-nanosecond and microsecond-

millisecond timescale of the motions for individual residue in a protein.  The dynamics of 

a protein can be analyzed either via backbone (15N or C’) or side chain motions (13C), 

respectively. 
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Most molecular dynamic studies have focused on the analysis of backbone  

motions.6,7  The internal backbone motions of a protein can be investigated through the 

analysis of 15N relaxation parameters.7,12  The 15N-1H bond vector is very sensitive to 

molecular motion under external magnetic fields and the local environmental conditions.  

The motion of each bond vector is hypothesized to be limited in a cone which is called 

“wobble in a cone” motion, Figure 5.1.49  The magnitude of the bond motion is 

characterized from the order parameter, S2, and the internal effective correlation time, τ e . 

The order parameter quantifies the restriction or freedom of the motion in the cone which 

is also a function of the angleθ  and is given by the following equation:50-56 

2 ⎡ ⎛1+ cosθ 0 ⎞⎤
2 

S = cosθ ⎜ ⎟ .     [1]  ⎢ 0 ⎥
⎣ ⎝ 2 ⎠⎦ 

The value of S2 indicates the freedom of motion which ranges from 0 to 1.  For a totally 

15N 

1H 
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Average orientation 

S 2 ,τe 

S 2 = 1 Restricted 
S 2 = 0 Free 

τm 

Figure 5.1 Illustration of 15N-1H bond vector motion relative to a reference frame. The 
                   protein molecule is illustrated by gray region. The amplitude of motion is  

characterized by S2 where S2=1 indicates rigid, S2=0 indicates isotropic 
motion.49 
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restricted motion S2 = 1 and for an unrestricted motion S2 = 0. The backbone dynamics of 

proteins are analyzed through their relaxation parameters.  The required relaxation data 

are obtained through manipulating the spin interactions between 15N and the directly 

bonded 1H. The relaxation mechanism is mainly governed by dipolar interactions 

between the two nuclei. Analysis of the 15N longitudinal relaxation (T1), transverse 

relaxation (T2) and heteronuclear 1H-15N NOE parameters from a series of modified 1H-

15N-HSQC spectrum provide the required relaxation parameters and enable the 

investigation of the timescale and the nature of the backbone motions.  The analysis of 

the relaxation parameters are achieved by the Modelfree formalism which allow the 

characterization of protein motions.57-58 

Spin Relaxation and Motion of Molecules in Liquid: Molecules in solution have three 

modes of motion: internal molecular motion, molecular translation, and molecular 

rotation. Internal molecular motion includes the vibrational motion of individual nuclei 

which is on the picosecond timescale.59  Molecular transitions arise from the transport 

process of molecules in solution with two modes: diffusion and flow which is quantified 

by the diffusion coefficient, D.59  The D value is size dependent: a large D value indicates 

relatively rapid motion and a low D value indicates slower motion.59  Typically, the 

timescale of motion for small molecules in solution is in the picoseconds range and that 

for proteins is in the nanosecond range.5,7  Rotational motion is another form of 

molecular motion in solution which is defined as the rotation of a molecule in a random 

fashion around its center.8  Both diffusion and rotational motion are particularly  
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important in NMR studies of proteins since they are the key stimulators of intermolecular  

interactions and are the source of the relaxation phenomena.  

Spin population between Zeeman states can be manipulated by the application of  

rf pulses.54  The spin relaxation phenomena describe the re-establishment of the perturbed 

spin population back to thermal equilibrium.  Two mechanisms govern spin relaxations: 

spin-lattice and spin-spin. The spin-lattice relaxation refers to exchange of energy of a 

nucleus with the surrounding fluctuating magnetic field that is generated by the other 

spins.53  The rf pulse moves the net spin magnetization from the z-direction into the 

transverse plane (x-y plane).  This is typically accomplished by a 90º pulse which 

perturbs the spin population between spin states.53  Dipolar interaction and chemical shift 

anisotropy mechanisms act to re-establish the population distribution.  Spin–lattice 

relaxation time (T1) describes the rate of re-establishing the magnetization along the z-

direction and relates to molecular tumbling.  Spin-spin relaxation relates to dipolar spin 

interactions of nuclei.  The time T2 describes the rate of loss of magnetization in the 

transverse (x-y) plane.52 T2 relates to molecular motion and is inversely proportional to 

molecular size. Larger molecules relax faster with shorter T2 which is an undesirable 

feature in relaxation studies of large size proteins.  Both spin-spin and spin-lattice 

relaxation processes are single exponential functions.52  Molecules with molecular weight 

<1 kDa have similar T1 and T2 values, typically at several seconds.52  For molecules with 

5-30 kDa, typically T1 is in 0.2 - 1.0 s and T2 is in millisecond ranges.  The time constant 

for spin-lattice relaxation rate (R1) and spin-spin relaxation rate (R2) are given by 1/T1 and 

1/T2.52 
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Nuclear Overhauser Effect (NOE): Dipole-dipole interactions, chemical shift anisotropy, 

spin rotation relaxation, and quadrupolar relaxations are the possible mechanisms that 

take place to re-establish the ground state equilibrium population when a spin state is 

perturbed.51  Nuclei with spin ½ relax predominantly by dipolar interactions.  

Additionally, to a smaller extent, the chemical shift anisotropy (CSA) also contributes to 

the relaxation process which is the chemical shift differences of amide group being 

oriented parallel and perpendicular to the external magnetic field.60-65  One of the very 

important NMR phenomena arising from the dipolar interaction is the nuclear Overhauser 

effect (NOE). The NOE originates from dipole-dipole interactions of nuclear spins.51 

The magnetically interacting spins affect the spin relaxation property of each other.  The 

dipole interaction between the 15N and its bonded 1H are manipulated to study the spin 

relaxation properties of the 15N nucleus.51  The magnitude of dipole-dipole coupling at 

the site of each 15N nucleus is given by:50-56 

3cos3 θ −1BN ∝ −γ N γ H [ 3 ]     [2]  
r NH 

where θ  is the angle between the N-H vector with respect to the direction of the static 

magnetic field vector, and γH  andγN  are gyromagnetic ratios of 1H and 15N. The 

fluctuating magnetic dipole-dipole interactions of the coupled spins induce a transition 

between the energy levels under the influence of external magnetic filed.  This is 

observed as signal enhancement in some spectrum.50  This process also depends on the 

rotational correlation time of the protein.  Once the spin population is perturbed for a set 

of nuclei, the relaxation processes result in building up of an NOE for the coupled 

nuclei.50  Practically, transient and steady-state NOE are two NMR techniques used in 
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βΙαS αΙβS

βΙβS

structure and relaxation studies of proteins. The transient NOE technique is used in 

NOESY experiments to obtain distance restraints for structure elucidation.66  The NOE 

build up rate is distance dependent. NOE peak intensity is a means to quantify the 

distance between the interacting nuclei.66  The steady-state NOEs are obtained by 

manipulating the spin population for one set of nuclei by selectively saturating and 

detecting the response on the coupled nuclei. Figure 5.2 represent the energy level for a 

coupled spin system for I and S nuclei.67  W stands for transitions rate between the 

energy states, and W0, W1, W2 are zero, single and double quantum transitions. W0 and 

W2 are also called cross-relaxation. The figure reveals that at equilibrium all possible 

transitions across the spin states can take place. The spin population of I nucleus between 

the α and β states is saturated (in case of H-N couples: I is 1H and S is 15N nucleus) via 

applying weak radio frequency pulses at frequency of spin I. Once the spin population is 

WS

WI

W2IS

W0IS

WS

WI

αIαS 

βΙαS αΙβS 

βΙβS 

WS 

WI 

W2IS 

W0IS 

WS 

WI 

Figure 5.2. The energy level diagram for two spin system is shown. The probabilities of 
transition across the spin states are shown. WS and WI are single quantum 
transition rates; W0, and W2 are zero and double quantum transitions rates.64 
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Figure 5.3. The transition probabilities after spin saturation of I is illustrated. The cross 
relaxation rate for zero quantum transition is proportional to WI-WS and for 
double quantum transition transition is proportional to WI+WS.64 

saturated for I, the only mechanism that will act to reestablish the equilibrium is the zero-

and double-quantum transitions (i.e. cross-relaxations mechanism will act), Figure 5.3.68 

As theequilibrium is establishing via these cross relaxations, NOEs are observed in the 

spectrum.  This process is also molecular tumbling (τm ) rate and γ dependent. 

Molecular size controls the τm  and dictates the type of cross-transition. For small organic 

molecules with shorterτm , the W2 transition pathway dominates. On the other hand, for 

larger molecules such as proteins with longerτm , the W0 transition pathway dominates. 

The zero (W0) and double (W2) quantum transition rates are given by the relation:50-56 

12τ mW ∝ [3]
0 6 2 2r (1+ (ω + ω ) τ )I S m 

12τ mW ∝ [4]
2 6 2 2r (1+ (ω − ω ) τ )I S m 

where τm  is the overall correlation time, r is the distance between spin I and S and ω  is 
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k1

A B
k-1

the Larmor frequency of I and S nuclei.  The competition between zero and double 

transitions determine the NOE enhancement and also the sign of the NOE.  If the double 

quantum transition is dominant during the relaxation process, NOE signal enhancements 

will result. If the zero quantum transition is dominant, there would be a decrease in 

signal intensities. The signal enhancement is given by;50-56 

γ (W −W )I 2 0η =  [5]S γ (2W S + W + W )S 1 2 0 

where ηS  is signal enhancement, γ I , and γ S are gyromagnetic ratio for spin I and S. 

Microsecond-Millisecond Time Scale Motion: NMR spectroscopy is sensitive to ns-ps 

timescale backbone and side chain motions of proteins (which are at the rate of Larmor 

frequencies of nuclei). Some biochemical events such as conformational exchanges 

(sometimes referred as chemical exchange), substrate binding, and substrate release 

events may take place at slower timescales such as microsecond-millisecond (μs-ms). It 

is also possible to detect μs-ms timescale motions by NMR Spectroscopy. Figure 5.4 

illustrates a nucleus experiencing two different chemical environments.50-56 

The presence of any chemical exchange event affects the R2 rate. A two sites 

conformational exchange between A and B states can be stated as50-56 

k1  [6]A B 
k-1 

where A and B denote the population of a nucleus (i.e 15N nucleus) at A (pA) and B (pB) 

states and the constant k1  and k−1 are the forward and backward rate constants. The rate 

constant for the exchange process is given by kex which is k1 + k−1 . Two different 
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cτ 
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Figure 5.4. The figure illustrates the N-H bond vector experiencing two sites with an 
exchange rate of kex. 

chemical shift values or single chemical shift value can be detected for a nucleus 

experiencing two different environments. The transverse relaxation time constant and 

chemical shift difference Δν (ωA −ωB )  of the nucleus between the two conformations is 
AB 

a rate dependent process. The relationship between the ΔνAB  and chemical exchange can 

be simplified as:50-56 

kex > Δν AB  fast exchange, 

kex ~ Δν AB  intermediate exchange, 

kex < Δν AB  slow exchange. 

The measured R2 relaxation rate bears the chemical exchange information and is given 

by: 50-56 

R2 = R2
0 + Rex [7] 

where 0 is the inherent transverse relaxation rate which originates from dipolarR2 

interaction and to a lesser extend from CSA. The Rex term is the contribution from the 

chemical exchange process. The R2 relaxation rate is given by the equation:50-56 
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0 0 2 ⎡ kex + Δω 2 ⎤
R2 = pA R2 A + pBR2 B + pA pB Δω kex ⎢ 2 2 2 2 ⎥ [8] 

⎣(kex + Δω ) − pA pB (5k ex + Δω )Δω ⎦ 

where the R2
0 

A  and R0
2 B  are inherent R2 rate constants at the conformational sites A and 

B. A detailed analysis of chemical exchange analysis requires separate and complicated 

NMR experiments to be run.  The advantage of the use of the Modelfree protocol would 

also provide the Rex term from the analysis of T2 data. 

Relaxation Theory: Relaxation properties of proteins are strongly relate to their local and 

globular motions and can be quantified from the analysis of R1 and R2, and steady-state 

NOE parameters.  NMR provides dynamic information of a protein in two timescales:  

ps-ns and μs-ms from the analysis of R1 (1/T1), R2 (1/T2), and heteronuclear 1H-15N NOE 

parameters.  In an isotropic liquid, molecules tumble and exhibit random Brownian type 

motions for which the time dependent fluctuation between two points is given by the 

:50-56 correlation function, C(τ ) 

C(τ m ) = f (τ m ) f (t +τ m )  [9] 

where f (τ m )  and f (t + τ m )  refer to the position of a molecule between two points in 

time.  The f (τ m )  is an exponential function of rotational correlation time (τm ). For an 

isotropic molecular motion f (τm ) is given by:50-56 

1 (− t /τ m )f (τ m ) = e     [10]  
5 

The correlation function is a time domain function and the Fourier transformation gives 

the frequency domain function which yields a Lorentzian shaped curve. The area under  

;50-56 the curve is called the spectral density function, J (ω) 
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2τ mJ(ω,τ ) = .    [11]  
m 2 25(1+ ω τ m ) 

J (ω) describes the probability of a particular motion at a given frequency.69  In this 

expression, the molecule is assumed to be completely rigid with an isotropic rotational 

diffusion model.70-73  The spectral density function includes the effect of the lattice on 

relaxation of nuclei as proteins tumble in solution and identifies the reorientation of 

individual N-H bond vectors during the tumbling process.  The link between the R1 and 

R2 relaxation rates, heteronuclear NOE, and spectral density functions for 15N spin is a 

linear combination of spectral density functions at five frequencies and given by 66 

1 d 2 2R = = [J (ω − ω ) + 3J (ω ) + 6J (ω + ω )]+ C J (ω ) [12]1 H N N H N NT1 4 

R2 = 1 
= d 2 

[4J (0) + J (ωH − ωN ) + 3J (ωN ) + 6J (ωH ) + 6J (ωH + ωN )]T2 8 [13] 

+ C 
6

2 

[4J (0) + 3J (ωN )]+ Rex 

d 2 ⎞ H ⎞⎛ ⎛ γNOE = 1 + ⎜⎜ ⎟⎟⎜⎜ ⎟⎟[6J (ωH + ωN ) − J (ωH − ωN )]4R γ⎝ 1 ⎠⎝ N ⎠

 [14] 

   and  

[15]

where μ0  is the permeability of free space (4πx10-7 NA-2), h is Plank’s constant, γ H and 

γ N   are gyromagnetic ratios of 1H and 15N nuclei, rH −N  is internuclear distance (1.02 Å), 
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ωH , and ωN  are Larmor frequencies of 1H and 15N nuclei, Δσ is the chemical shift 

anisotropy (CSA) of 15N nucleus (~172 ppm). 

Modelfree Theory: Protein dynamic information from the relaxation studies can be 

accomplished by two methods: either treating the spectral density directly or indirectly.  

Direct spectral density mapping involves the direct determination of the spectral density 

from experimental relaxation data without prior assumptions.74  The method necessitates 

the determination of five relaxation rates at J (0) , J (ωH ) , J (ωN ) , J (ωH + ωN ) , and 

J (ωH − ωN )  frequencies, which is practically not feasible.4-6,75  An alternative and 

popular method, the Modelfree formalism, has been utilized in the analysis of NMR 

relaxation parameters to address the motion of the N-H bond vector by using  

models.57,58,76-78  In the Modelfree approach, the molecular motion of protein is assumed 

to be isotropic and characterized by the total correlation time,τm . The correlation 

function for internal motion is assumed to be a single exponentially decaying function 

2and reaching a value of S2 as τ → ∞  (C(∞) = S ). The correlation function can be re-

stated as:79 

1(− )
2 2 tf (t +τ ) = S + (1− S )e . [16] 

The Fourier transform of the correlation function (C(τ ) = f (τ ) f (t +τ ) ) yields the 

spectral density function in the form of:50-56 

2 S 2τ m 
(1− S 2 )τ

J(ω) = [ + ]  [17]
2 2 2 25 1+ ω τ m 1+ ω τ 

in which τ  is given by 
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1 1 1 
= + . [18]

τ τ m τ e 

The term τe  describes the effective intermolecular correlation time for motion of an 

individual H-N bond vector.  For the relation between the correlation times given above, 

τe  is faster than τ m  but slower than 10 ps. The order parameter, S2, emphasizes the 

degree of N-H bond freedom as a result of motion and its value ranges from 0 and 1.  For 

a completely restricted motion, S2 is 1 and for fully non-restricted motion it is 0.  The 

general order parameter has been extended by Clore et al.78  In this extension, the general 

order parameter S2 is split into a two-order parameters in which Sf
2 reveals the faster 

timescale motion (picoseconds range) and Ss
2 reveals the slower timescale internal 

motion (nanosecond range). The relation between the two parameters is S2= Sf
2 Ss

2. The 

extended spectral density function is given by the equation:80 

2 ⎡ S 2τ m (1− S2 
f )τ ' f (S f − S 

) 
) 

⎥
⎤

 [19]( ) = ⎢ + 
2 2 

J ω +2 2 25 ⎣1+ (ωτ m ) 1+ (ωτ ' f ) 1+ ( ωτ ' ⎦s 

in which 
1 1 1 1 1 1 

= + = +
τ ' τ m τf τ ' τ m τ  [20]

f s s 

In the Lipari-Szabo Modelfree approach, five models are used to fit the relaxation 

data, and each of the model describes the motion of an H-N bond vector in the protein 

structre.81  In Model 1, only the order parameter,S2 is optimized; in Model 2, S2 and τe 

(the internal correlation time) are optimized. Model 3 is identical to Model 1 with the 

addition of Rex term to R2; similarly, Model 4 is identical to Model 2 with the addition of 
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Rex term to R2. In Model 5, S2
f, S2

s, and τe  are optimized. The Modelfree formalism 

treats the internal motion and overall motion separately in which the generalized order 

parameter S2, quantifies the spatial limitation of the N-H bond vector.82  The reported S2 

values in Modelfree calculations are motions that faster than τm .
49  Model 1 only includes 

very fast timescale motion < 20ps and ignores slower timescale motion.  The assumptions 

2made in Model 1 are SS =1 (i.e. S2=S2
f), τe  = τ f → 0, and Rex= 0. In Model3 and 

Model5, it is also assumed that τ f →0. The SS 
2 =1 is the assumption made in Model 1, 

Model 2, Model 3 and Model 4. Model 2 ignores the slower timescale motion and 

considers only fast timescale motion.  In this model, 2  and theτ  are optimized where S f e 

the timescale of motion for τe  is assumed in 20-500 ps range. Model 3 and Model 4 are 

Models Parameter(s) 

S 21 

2 S 2 , τe =τ f 

3 S 2 , Rex 

4 S 2 ,τe , Rex 

5 S 2 
f , Ss 

2 τe 

equivalent of Model 1 and Model 2, respectively.  Additionally these models include 

the Rex term.  The Rex term does not represent the spectral density value but originates 

from extremely large R2 values.83  It is not accepted as fast timescale motion since it 

results from chemical exchange process that takes place at the μs-ms range.  In the 

Modelfree calculations, any fitting to Model 3 and Mode 4 suggest the existence of 
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chemical exchange.  Model 5 characterize two different timescale motions: fast ( S 2 
f ) and 

slow ( SS 
2 ). The timescale for fast motion is faster than 20 ps and for slow motion it is 

slower than 500 ps. 

The Modelfree 4.14 (http://cpmcnet.columbia.edu/dept/gsas/biochem/lab/palmer.) 

program extracts the order parameters of individual residues by fitting the experimental 

data to simulated data via minimization of the χ 2 (sum square error function) function for 

each 15N nuclear spin50-56 

T E T E NOE T − NOE E 

χ 2 ( R1 − R1 + R2 − R2 + )  [21]= ∑ 2 2 2σ σ σR R NOE1 2 1 

where in the relaxation parameters T stands for the theoretical value (simulated value) 

2and E stands for the experimental value.81  Theσ R  is the experimental uncertainty for 

each parameter.  F tests are used to choose the best model using the selection criteria 

described by Mandel et al.81 

Extracting the Relaxation Rate Constants with the Software Felix: A series of spectrum 

were recorded at relaxation delays of 50 ms, 100 ms, 200 ms, 400 ms, 700 ms, 1000 ms, 

1500 ms for R1 experiment at 3.5 M and 1.0 M NaCl.  Figure 5.5 shows the spectra 

collected at 50 ms, 700 ms, and 1500 ms time delays in 3.5 M NaCl.  In the same way, 

seven spectrum were recorded with variable CPMG 84 (Carr, Purcell, Meiboom and Gill) 

delays at 50 ms, 70 ms, 90 ms, 110 ms, 150 ms, 150 ms, 190 ms, 250 ms for R2 

experiment at 3.5 M and 1.0 M NaCl.  The 1H-15N steady-state NOE experiments were 

carried out with and without proton saturation at 3.5 M and 1.0 M NaCl.  Figure 5.6 
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shows the spectrum sections from with and without proton saturation spectrum at 3.5 M 

NaCl. The relaxation data were analyzed by using the software Felix.  

The peak heights or volumes wer calculated for each residue.  The R1 relaxation 

rates wer calculated by fitting the peak heights for each residue to the following equation: 

1I = I0e
R t     [22]  

The relaxation rate R1 for each of the residues is derived from the exponential term by 

fitting the height of each peak with respect to delay time to the least square function.  

Figure 5.7 represents the time course measurements of peak intensity changes for residue 

W134 at 3.5 M NaCl. The R2 rate was calculated by fitting the peak heights at the time  

course to the equation: 
2I = I0e

R t     [23]  

Figure 5.8 represents the time course measurements of peak intensity changes for residue  

L21 at 3.5 M NaCl. The 1H-15N nuclear NOE for individual residue can be calculated 

from the peaks intensity with and without proton saturation by the equation: 

sINOE =     [23]  
I 0 

where I s is the peak intensity with proton saturation (noe_on) and I 0 is the peak intensity 

without proton saturation (noe_off). Figure 5.9 and Figure 5.10 show the derived T1, 

T2and heteronuclear 1H-15N NOE values for the enzyme HvDHFR1 at 3.5 M and 1.0 M 

NaCl conditions. There is no specific relationship between T1 and T2 and flexibility. 

However, the 1H-15N NOE values are indicative of the flexibiliy.  The residues with low 

heteronuclear 1H-15N NOE values (~<0.7) are considered to be the flexible residues.   
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Figure 5.5. The 1H-15N HSQC spectrum of HvDHFR1 at 3.5 M salt concentration 
recorded for R1 experiment at the relaxation delay times: 50 ms, 700 ms and  

                    1500 ms. 
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Figure 5.6. A spectrum region from the 1H-15N HSQC of HvDHFR1 at 3.5 M NaCl is 
                    shown. The spectra with proton saturation (noe_on) and without saturation

 (noe_off) are shown. 
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W134 

relaxation time (s) 

Figure 5.7. The R1 time course measurements for W134 of HvDHFR1 at 3.5 M NaCl are 
shown. 

L21 

relaxation time (s) 

Figure 5.8. The R2 time course measurements for L21 of HvDHFR1 at 3.5 M NaCl are 
shown. 
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Initially, theτm was approximated from R2/R1 ratio for individual 15N nuclei since this 

parameter is closely relate to the overall tumbling part of spectral density function.  

Isotropic diffusion model was verified by using the diffusion protocol where 

Dparallel/Dperpendicular was calculated as 1.19. 

Results 

The resulting order parameter (S2) from the analysis of T1, T2, and hetereonuclear 

1H-15N NOE data through the Modelfree approach at 3.5 M NaCl and 1.0 M NaCl are 

shown in Figure 5.11. The mobile regions are defined based on the S2 values for which 

S2 =1 indicates totally restricted motion and S2 = 0 indicates totally free motion. 

Typically for proteins the S2 values average to 0.8 and regions below this value are 

considered as flexible. Based on the S2 values, four mobile regions are defined as L21, 

α2-β3, adenosine binding (ABL), and β6-β7 loops. These flexible regions are labeled on 

an NMR derived structure and shown in Figure 5.12.  The backbone-dynamic results of 

HvDHFR1 at 3.5 M NaCl are comparable to the relaxation data of the EcDHFR:folate 

binary complex.11  Based on the crystal structure and NMR dynamic studies of EcDHFR, 

four loop regions were defined, each with a specific role in the catalytic events.11 Among 

the loops region of HvDHFR1, the adenosine binding loop (S65 to T75) exhibited 

relatively highest mobility based on the lowest S2 value obtained at 3.5 M NaCl. The 

loop β6-β7 (P122- E138) region displayed moderate mobility. The magnitude of the L21 

loop motion of apoenzyme HvDHFR1 is slightly larger than the equivalent M20 loop of 

the EcDHFR:folate complex. This can be explained from the interaction of residues at 
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Figure 5.9. The calculated T1, T2 and heteronuclear 1H-15N NOE values for the enzyme 
HvDHFR1 at 3.5 M NaCl is shown. 
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Figure 5.10. The calculated T1, T2 and heteonuclear 1H-15N NOE values for the enzyme
 HvDHFR1 at 1.0 M NaCl is shown. 
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Figure 5.11. The superimposed of order parameters of backbone 15N resulting from
 3.5 M (red) and 1.0 M NaCl salt (blue) concentrations. The order 
parameter varies between 1 and 0 where S2 =1 indicates completely 
restricted motion and the S2 =0 indicates large amplitude of motion. The 
flexible loop regions at 3.5M NaCl are defined from their low S2 values: 
L21 loop, α2-β3, adenosine binding loop (ABL), and β6-β7 loop. 

the M20 loop with folate, such as the E17 side chain being close to the benzoic acid 

moiety of folate. This proximity may be causing attenuation in flexibility of the M20 

loop in EcDHFR:folate complex. The flexibility of the L21 loop was also supported by 

the high crystallographic temperature factors obtained from the crystal structure study.85 

If data were available for apoenzyme EcDHFR, this loop may exhibits a larger magnitude 

of flexibility. The residues of the β6-β7 loop of HvDHFR1 exhibited relatively low 

amplitude motion with respect to the equivalent F-G loop in EcDHFR binary complex. 

The glycine residue is found to the most flexible residue in both enzymes (Gly123 

inHvDHFR1 and Gly121 EcDHFR binary complex). This residue is known to play an 
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Figure 5.12. The four flexible loop regions L21, adenosine binding, α2-β2, and β6-β7 
are shown on an NMR derived structure. 
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important role in the catalytic activity for EcDHFR. The mutation of G121 to valine in 

EcDHFR resulted in 40 fold decrease in NADPH binding and 200 fold decrease in the 

hydride transfer rate.86-88  The backbone dynamic data of HvDHFR1 at 3.5 M NaCl 

concentration suggest the existence of an additional flexible region, α2-β3 loop (R53-

G58), whereas, in the EcDHFR binary complex this flexibility is missing.  The flexibility 

of S51 and R53 at this region may be the major reason causing the divergence between 

the NMR solution structures and the crystal structure.  The last loop region (GH loop) 

defined for EcDHFR compromising the residues 142-150, is a Type-I β-turn in 

HvDHFR1 (D146-F150). In EcDHFR, the residues of the GH loop form a hydrogen 

bound with residues of the M20 loop resulting in the occluded conformation of the M20 

loop in substrate and cofactor complexes.89,90  It is not possible for there to be an 

interaction of this β-turn in HvDHFR1 with the L21 loop due to deletion of six residues 

in this loop region. Instead, this turn was found to be close to the N-terminus of α1 helix 

and the presence of a possible hydrogen bond between the residues in this turn (E148) 

and the α1 helix (A28) was determined.  The residue A9 in EcDHFR:folate was 

determined with high Rex term with > 5.5s-1.11  The Rex terms indicate the presence of 

conformational exchange where a residue experiences two different chemical 

environments.  The calculations for the 3.5 M salt concentration data resulted in Rex term 

of 0.845 s-1 for residue A10 of HvDHFR1. The residue Y128 of EcDHFR:DHNADPH 

was found with Rex term and the calculation for 3.5 M NaCl concentration resulted in Rex 

term of 0.895 s-1 for HvDHFR1 for the corresponding residue W134.   

The enzyme HvDHFR1 showed decreased enzymatic activity as salt 

concentration was decreased from 3.5 M to 1.0 M NaCl.9  It has been proposed that the 
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activity lost for HvDHFR1 may be due to the changes in the inherent flexibility that 

facilitates the catalytic activity.9  This hypothesis was tested by carrying out the 15N 

relaxation studies of HvDHFR1 at 1.0 M NaCl. Figure 5.14 shows the calculated order 

parameters for the enzyme in 1.0 M NaCl concentration (blue graph).  The figure 

illustrates that there is a general decrease in the order parameters for 1.0 M NaCl 

concentration data.  This indicates that the enzyme loses its flexibility across the peptide 

backbone particularly at loop regions as the salt concentration is lowered.  This may 

connect to the activity loss as salt concentration is lowered. 

The question to be answered now is how low salt concentration reduces the  

flexibility at the loop regions and which type of molecular interactions cause this loss in 

flexibility. The structural data for halohilic proteins illustrate that the surface of these 

proteins are mainly covered with negatively charged residues.91  The positively charged 

patches are centered at the substrate binding sites.  The residues at the surface of the 

protein coordinate large amounts of water molecules which enable the proteins to be 

soluble and active in aqueous medium.  It has been stated that the charged groups also 

coordinate a limited number of counterions.92-94  Yet, there has been no complete 

explanation about how halophilic enzymes retain their activities and flexibilities at such a 

high salt concentration.  The reduction in enzymatic activity will be explained from 

changing the weight of two forces. One is the decreased hydrophobic interaction and the 

other is the increased electrostatic interactions.  Figure 5.13 shows the electrostatic 

potential of the surface of an NMR derived structure where the negatively charged 

regions are shown in red and the positively charged regions are shown in blue.  The loop 

regions are solvent exposed and generally rich in charged residues.  One feature of the 
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L21 loop is the distribution of hydrophobic residues (A9, V14, I15, L21, W23, and I26) 

across the loop with separation by the charged residues.  As the salt concentration is 

decreased, i.e. as the water activity is increased, the hydrophobic interaction may weaken 

in this region and cause the reduction in the flexibility.  The increased number of water 

molecules around the hydrophobic residues can decrease the freedom of motion in the 

vicinity of these residues. The P22-W23-P23 combination in the L21 loop region may 

also intensify the rigidity due to hydrophobic effect on tryptophan and the additional 

constraints introduced from being between two prolines.  The hydrophobic interaction 

between the aliphatic side chains are enhanced at high salt due to scarcing of water 

molecules. The hydrophobic interaction may be interrupted at low salt conditions by 

coordinating more water molecules around the residues.  On the other hand, the 

electrostatic interaction between the charged residues in the M20 loop (E11, R13, R17, 

D18, and E20) and solvent molecules may be enhanced in the presence of increased 

water molecules.  The carboxylic groups are known to coordinate a large amount of water 

molecules which facilitate the protein solubility at high salt media.  The crystal structure 

of halophilic proteins showed that only small numbers of counterions are found at the 

surface.92,93,95-100  The decreased numbers of counter ions may cause an increase in 

repulsive interaction between similarly charged.  At optimum salt concentration there 

may be a balance between repulsive interactions or/and both repulsive and attractive 

interaction that facilitate the flexibility of the enzyme.   

The ABL facilitates the binding of cofactor (NADPH). The flexibility reduction in 

this region seems to be favoring the NADPH affinity.  The phenylalanine (F71) is the 

largest hydrophobic residue residing at the center of this loop which may contribute to the 
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reduced flexibility.  There are four serine residues in this loop; each of the hydroxyl side 

chain groups of the residues can form hydrogen bonds with water molecules.  It has been 

shown that the enzyme HvDHFR1 retains enzymatic activity at low pH even at low salt 

concentration.101  The protonation of the carboxylic and hydroxyl groups can screen 

electrostatic interaction between the ionizable charged groups.101 

The flexibility at β6-β7 loop is reduced overall.  This loop encompasses 

hydrophobic residues, W134, A136, and A137 which may result in reduced flexibility.  

The loss of flexibility for the most flexible residue, G123, in the β6-β7 loop can be 

explained from the rigidity resulting from P122 at low salt.  The hydroxyl side chain of 

Y125, T129, Y130, Y131, may form extensive hydrogen bonding with water molecules 

which may play a role in the reduction of flexibility in the loop.  

Overall Conclusion 

The proteins from halophiles have adapted to challenging environmental 

conditions and require salt for their structure and function.  How halophilic proteins 

adapted to a hypersaline environment is still an intriguing question. In this study, the 

enzyme HvDHFR1 was used as a model enzyme to exploit the relationship between the 

activity and flexibility. The 15N relaxation studies at 3.5M and 1.0M NaCl concentrations 

address the effect of low salt concentration on enzyme flexibility, in turns enzymatic 

activity.   

The enzyme HvDHFR1 was produced in bacterial system by the recombinant 

protein techniques. It is important to label proteins uniformly and establish spin 

ensembles over the entire protein so that heteronuclear spin coupling can effectively be 
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used in triple resonance experiments.  Double isotope labeling (15N, 13C) is required for 

proteins with molecular size <20 kDa.  However, the viscosity of 3.5 M NaCl buffer has 

a significant effect on the correlation time of the proteins and makes the HvDHFR1 to 

more like a 26 kDa proteins. The proteins with molecular weight > 20 kDa require triple 

labeling (15N, 13C, 2H) due to short spin-spin relaxation times and peak broadening.  

Triple labeled enzyme HvDHFR1 was successfully produced and purified by using size 

exclusion and anion exchange chromatographic techniques.  Appropriate molar salt for 

halophilic proteins is a vital requirement for these proteins to fold in their native forms, 

and also for structural stability and activity.  It is important to mimic the environmental 

conditions of the sample under investigation with experimental techniques.  The 

acquisition of NMR data in high ionic strength buffers has been problematic.  The 

electrical current generated by high ionic strength sample inductively couples with the 

radio frequency coils which make it impossible to tune and match the probe to the correct 

frequency. The inductive coupling between the receiver coil and sample in a high ionic 

strength solvent was minimized by using an NMR reduction sample tube.  This tube 

geometry provided excellent tuning and matching of the probe.  The fill factor generated 

by volume reduction is compensated by increasing the protein concentration to 2.0 mM.   

Proton-proton distance restraints are the main geometrical information used in 

structure calculations and the derived via NOESY experiments.  In order to obtain these 

restraints, backbone and side chain atoms chemical shifts must be assigned.  For 

backbone atoms (1HN, 15NH, Cα, C’) chemical shift assignments were accoplished by 

suing 3D HNCA, HN(CO)CA, HNCACB, CBCA(CO)NH, HNCO, HN(CA)CO 

experiments.  The assigned chemical shifts were deposited to Biological Magnetic 
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Resonance Bank (BMRB) under the accession code of 6645. This chemical shift values 

were used in 3D 1H-15N NOESY-HSQC and 1H-13C NOESY-HSQC experiments to 

obtain the proton-proton distance restraints.  A total of 1371 distance restraints were 

obtained. Using the chemical shift information, 185 dihedral angle restraints were 

obtained via program TALOS.  These restraints were used in the structure calculation 

program CNS.  The calculated structure showed similar folding other DHFR variants 

where four helices are packed across a central β-sheet composed from eight β-strands. 

The atomic coordinates have been deposited in the RCSB Protein Data Bank under the 

code of 2ITH.  The quality of the structures were checked by superimposing the atomic 

coordinates and the program PROCHECK.  The final family of structures exhibits a good 

convergence with a root-mean-square-deviation of 0.83±0.27 Å for overall backbone and 

0.37±0.12 Å for the secondary structure regions. The quality of the structures was 

evaluated using PROCHECK which showed that 96.2% of the residues fall in allowed 

and additionally allowed regions of the Ramachandran plot. 102  Two different segments 

of the NMR structures did show a deviation from the crystal structure.  First, there was a 

deviation in the secondary structure at the N-terminal residues of β3 (S59-M64). This 

divergence was considered to arise from the flexibility of the α2-β3 loop. Secondly, 

there was a difference in the type of β-turn connecting β7 and β8 (H147-F150). The 

dihedral angles of the crystal structure defines a Type-II β-turn85 while the NMR 

structures define a Type-I β-turn. This places this turn in closer proximity to the           

N-terminus of α1. The Type-I β-turn in the NMR structures causes the side chain of 
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E148 to come in close proximity to α1 while in the crystal structure this residue points 

away from α1 which could play a role in DHF binding. 

It has been proposed that the activity loss for HvDHFR1 as the salt concentration 

is decreased from 3.5 M to 1.0 M NaCl is due to the changes in the inherent enzyme 

flexibility that facilitates the catalytic activity.9  This hypothesis was tested by carrying 

out the 15N relaxation studies of HvDHFR1 at both 3.5 M and 1.0 M NaCl. At both salt 

concentrations, the relaxation parameters T1 and T2 for individual residues were derived 

from a series of modified 1H-15N HSQC spectrum acquired at different relaxation delay 

times.  The 1H-15N heteronuclear NOE parameters were obtained with the proton 

saturated and non-saturated HSQC experiments.  Those parameters were input into the 

Modelfree program to calculate the squared order parameter for individual 15N nuclei. 

The magnitude of order parameter specifies the degree of motion.  The calculation for 3.5 

M NaCl salt condition showed that there are four mobile regions the L21, α2-β3, ABL, 

and β6-β7 loops. From both the crystal and NMR dynamic studies of EcDHFR, it is 

known that the loop region motion plays a key role in the catalytic activity.  The 

calculation at 1.0 M NaCl concentration showed that there is a decrease in the magnitude 

of motion at the loop regions which can be account for the loss of activity.  The 

weakened interaction of hydrophobic residues at the loop regions can be the one of the 

reason causing the decreased flexibility. The other possible interaction that plays a 

significant role in the decreased flexibility is electrostatic interaction. Halophilic enzyme 

studies stated the significance of electrostatic interaction and its effect on the halophilic 

enzyme stability and activity.9  However, these studies have not been able to quantify the 

role of electrostatic interaction on enzyme structre and activity at low salt concentration.  
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The effects of low salt concentration on halophilic enzyme structures have not been 

studied and explained at the molecular level.  The 15N relaxation studies at 1.0 M NaCl 

concentration address the lack of information regarding the loss of activity at low salt 

concentration. It was believed that as salt concentration is lowered, the enzyme structure 

destabilizes and this causes the deactivation of halophilic enzyme.  The 15N relaxation 

studies in this work showed that the enzyme can tolerate low salt concentration (retain 

ternary structure) and the repulsive electrostatic interaction between similarly charged 

groups results in the loss of flexibility. 

Understanding the role of different salt concentration on halopilic enzyme 

structure and activity will assist in the design and modification of an enzyme to be 

utilized in different biotechnological and industrial applications in the area of 

fermentation, waste water treatment, environmental protection and novel medical 

applications.  Since the enzyme HvDHFR1 function at low water activity, it can be used 

in reduction processes in non-aqueous medium in relevant industrial applications. 

These studies set the framework for further studies to elucidate the salt dependent 

activity of HvDHFR1. This is an apo-state structure and relaxation study.  For a more 

detailed understanding, more relaxation studies at salt concentration between 3.5 M and 

1.0 M salt concentration are required. The structure and relaxation studies with 

HvDHFR1:folate, HvDHFR1:NADPH and ternary HvDHFR1:folate:NADPH will give 

a complete understanding of protein activity at extreme salt condition and the relation 

between the activity and salt dependence.  Relaxation measurements at different salt 

concentrations of these complexes will aid in understanding the salt dependent flexibility 

which could be linked to activity, electrostatics, and halophilic adaptation. 
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CHAPTER VI 

EXPERIMENTAL 

Protein Production and Purification 

The expression vector pET-11d containing DNA of HvDHFR1 (obtained from Dr 

Lisa M. Gloss, Washington State University) was transformed to Escherichia coli strain, 

Rosetta(DE3)pLysS (Novagen) via CaCl2 procedure. Antibiotics Ampicillin (Rpi) and 

Chloramphenicol (Rpi) were prepared at a concentration of 34 mg/ml and used at a ratio 

of 1/1000 for all Luria-Bertani (LB) and minimal media (M9) mediums.  The cells were 

grown in 3L of LB medium, with appropriate antibiotics, at 37 °C until OD600 reached 

0.4. The growth was then spun down at 15000 rpm and resuspended in 1L of minimal 

media to produce 2H/13C/15N labeled protein. The minimal media contained 1L of D2O 

(70%) as 2H source, 2.0 g/L of 13C6-glucose (Cambridge Isotope Inc.) as the sole source 

of 13C and 0.5 g/L of 15NH4Cl (Cambridge Isotope Inc.) as the sole source of 15N 

isotopes. This media was allowed to grow for 1 hour, induced with 0.4M IPTG 

(isopropyl β-D-1-thiogalactopyranoside) and grown overnight.  The cells were 

precipitated by centrifugation. After the cell pellet was stirred in the presence of 

DeoxyribonucleaseI (Rpi) in 10 mM phosphate buffer for 20 min., it was lysed by 

sonication five times each of which was 1 min.  The cell debris was removed from the 

lysate by centrifugation at 15000 rpm and the precipitate was dissolved in 6 M guanidine 
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buffer (CH3N3
.HCl, pH=8.0). The unfolded proteins were refolded by adding in 1 M 

NaCl buffer dropwise. This solution was dialyzed against 4 L of 2.5 M (NH4)2SO4 and 

10 mM tris-HCl buffer at pH =7.0 in dialysis tubes with MWCUT of 10000 for overnight 

at 4 ºC. The solution was centrifuged at 15000 rpm and the supernatant containing the 

proteins was further purified by column chromatography.  Initially, size exclusion 

chromatography was accomplished using the column material Sepharose CL-6B as a gel 

matrix (Sigma-Aldrich).  A 2.5 M (NH4)2SO4 (100 ml)/1.2 M (NH4)2SO4 (200 ml) 

gradient was run.1  The fractions were collected at 50 ml solution and for each fraction 

the UV-Vis absorbance (Varian Cary1.0) at 280 nm was measured.  The fractions with 

high absorbance were subjected to SDS-PAGE (Sodium Dodecyl Sulfate Polyacrylamide 

Electrophoresis) techniques. The fractions with the protein sample were collected and 

submitted to a second column.  As a column material DEAE-cellulose (diethylamino 

ethyl)( Sigma-Aldrich) was used as an anion exchanger.1  A 3.5 M NaCl buffer was run 

to elute the bound proteins from the column.  For each fraction, UV-Vis absorbance at 

280 nm was measured and the fractions with high absorbance were subjected to SDS-

PAGE electrophoresis. The factions with protein samples were pulled together and 

sample concentration was brought down to the desired levels using concentrators             

(Centricon Plus-80 and Centriprep from Amicon Inc with 10,000 MWCO).  10% of 

sample volume of D2O (Sigma) was added to the protein sample for deuterium lock 

during the data acquisition. The final protein sample was concentrated to 2.0 mM and the 

solvent exchanged to 3.5 M NaCl in 10 mM tris at pH 7.0 in 95 % H2O/5 % D2O. 
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NMR Data Collection 

All NMR data were collected either on a Varian Inova spectrophotometer 

operating at the base frequency of 499.86 MHz with a triple resonance (1H, 13C, 15N) 

z-gradient probe or Bruker Avance spectrometer operating at the base frequency of 

600.133 MHz with triple resonance (1H, 13C, 15N) z-gradient probe at the Center for 

NMR Spectroscopy at Washington State University at 25 °C.  All NMR data sets were 

processed and analyzed using the NMRPipe software 2 and viewed with PIPP 3 on a 

Silicon Graphics Octane workstation.  A 90º shifted sine-bell squared window function 

was applied in all dimension data.  Prior to Fourier transformation, all data were zero-

filled to 2048, 512, and 126 in each dimension except the HCCH-TOCSY experiment. 

The data were zero filled to 2048, 512, and 256 data points in the HCCH-TOCSY 

experiment. 

• HSQCs:4  The 2D 1H-15N-HSQC experiment was acquired with a total of 1024 

complex data points in t2 (1H) and 128 data blocks in t1 (15N).  For each data block 32 

scans were recorded at spectral widths of 9614.385 (1H) and 2149.96 Hz (15N) in each 

dimension, respectively.  The carrier frequencies were set to 4.773 ppm (1H) and 117.87 

ppm (15N). The 2D 1H-13C HSQC experiment was acquired with a total of 1024 complex 

data points in t2 (1H) and 128 data blocks in t1 (13C). For each data block 32 scans were 

recorded at spectral widths of 8000.00 (1H) and 17597.095 Hz (13C) in each dimension, 

respectively. The carrier frequencies were set to 4.773 ppm (1H) and 37.058 ppm (13C). 

• HNCA and HN(CO)CA:5, 6  The 3D HNCA experiment was acquired with a total of 

1024 complex data points in t3 (1H) for 64 data blocks in t2 (15N) and 128 data blocks in 

t1 (13C). The 3D HN(CO)CA experiment was acquired with a total of 1024 complex data 
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points in t3 (1H) for 112 blocks of data in t2 (15N) and 64 data blocks in t1 (13C). For 

both experiments each block of data were recorded for 32 scans at spectral widths of 

9615.400 (1H), 2150.075 (15N), and 6036.825 Hz (13C) in each dimension, respectively.  

The carrier frequencies were set to 4.772 ppm (1H), 117.086 ppm (15N), and 56.738 ppm 

(13C). The quadrature data were acquired in State-TPPI mode and MLEV pulse train 

used for decoupling during the data acquisition.  The data acquisition was completed in 

72.8 h (3 days, 50 min.) for HNCA and 91.0 h (3 days, 50 min.) for HN(CO)CA. 

• HNCACB and CBCA(CO)NH:7, 8  Both the 3D HNCACB and 3D CBCA(CO)NH 

experiment were acquired with a total of 1024 complex data points in t3 (1H) for 64 data 

blocks in t2 (15N) and 128 data blocks in t1 (13C).  For each block of data 32 scans for 

HNCACB and 40 scans for CBCA(CO)NH were recorded at spectral widths 9615.385 

(1H), 2150.075 (15N), and 11312.217 Hz (13C) in each dimension, respectively.  The 

carrier frequencies were set to 4.773 ppm (1H), 41.740 ppm (13C), and 117.086 ppm 

(15N). The quadrature data were acquired in State-TPPI mode and MLEV pulse train 

used for decoupling during the data acquisition.  The data acquisition was completed in 

72.8 h (3 days, 50min.) for HNCACB and 91.0 h (3 days, 19.0h.) for CBCA(CO)NH. 

• HNCO and HN(CA)CO:5  The 3D HNCO experiment was acquired with a total of 

1024 complex data points in t3 for 64 data blocks in t2 (15N) and 100 data blocks in t1 

(13C). The 3D HN(CA)CO experiment was acquired with a total of 1024 complex data 

points in t3 (1H) for 64 data blocks in t2 (15N) and 96 (13C) data blocks in t1. For each 

block of data 20 scans for HNCO and 32 for HN(CA)CO were recorded at spectral 

widths of 9615.385 (1H), 2150.075 (15N), and 2399.952 Hz (13C) in each dimension, 

respectively. The carrier frequencies were set to 4.773 ppm (1H), 117.086 ppm (15N), and 
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176.714 ppm (13C). The quadrature data were acquired in State-TPPI mode and MLEV 

pulse train used for decoupling during the data acquisition.  The data acquisition was 

completed in 35.5 h. (1 day, 11.5 h.) for HNCO and in 72.8 h (3 days, 50 min.) for 

HN(CA)CO. 

• (H)C(CO)NH-TOCSY:9-12  The 3D (H)C(CO)NH-TOCSY experiment was acquired 

with a total of 1024 complex data points in t3 (1H) for 64 dat blocks in t2 (15N) and 128 

data blocks in t1 (13C). For each block of data 32 scans were recorded at spectral widths 

of 9615.400 (1H), 2150.075 (15N), and 11318.619 Hz (13C) in each dimension, 

respectively. The carrier frequencies were set to 4.773 ppm (1H), 150.911 ppm (13C), and 

117.086 ppm (15N). The quadrature data were acquired in State-TPPI mode and MLEV 

pulse train used for decoupling during the data acquisition.  The data acquisition was 

completed in 91.0 h (3 days, 50min.). 

• H(C-CO)NH-TOCSY: 9-12 The 3D H(C-CO)NH-TOCSY experiment was acquired 

with a total of 1024 complex data points in t3 (1H) for 64 dat blocks in t2 (15N) and 200 

data blocks in t1 (1H). For each block of data 64 scans were recorded at spectral widths 

of 8000.00 (1H), 1800.018 (15N), and 7800.00 Hz (1H) in each dimension respectively.  

The carrier frequencies were set to 4.773 ppm (1H), 119.800 ppm (15N), and 4.77 ppm 

(1H). The quadrature data were acquired in Rance-Kay mode and MLEV pulse train used 

for decoupling during the data acquisition.  The data acquisition was completed in 5 days,    

9 h. 

• HCCH TOCSY:5, 13  3D HCCH-TOCSY experiment was acquired with a total of 1024 

complex data points in t3 for 96 data blocks in t2 (13C) and 256 data blocks in t1 (1H). 

For each block of data 64 scans were recorded at spectral widths of 8000.00 (1H), 
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10055.30 (13C) and 6600.00 Hz (1H) in each dimension respectively.  The carrier 

frequencies were set to 4.773 ppm (1H), 37.078 ppm (13C), and 4.77 ppm (1H). The 

quadrature data were acquired in Complex mode and MLEV pulse train used for 

decoupling during the data acquisition. The data acquisition was completed in 126 h (5  

days, 6h). 

• 15N NOESY-HSQC: 9, 14 The 3D 15N NOESY-HSQC experiment was acquired with a 

total of 1024 complex data points in t3 (1H) for 64 dat blocks in t2 (15N) and 128 dat 

blocks in t1 (1H). For each block of data 32 scans were recorded at spectral widths of 

9615.400 (1H), 2150.075 (15N), and 8000.00 Hz (1H) in each dimension, respectively.  

Mixing time was set to 150 ms. The carrier frequencies were set to 4.773 ppm (1H), 

117.086 ppm (15N), and 4.773 ppm (1H). The quadrature data were acquired in State-

TPPI mode and MLEV pulse train used for decoupling during the data acquisition.  The 

data acquisition was completed in 91.0 h (3 days, 50 min.).  

• 13C NOESY-HSQC:9, 14  The 3D 13C NOESY-HSQC experiment was acquired with a 

total of 1024 complex data points in t3 (1H) for 96 data blocks in t2 (13C) and 224 data 

blocks in t1 (1H). For each block of data 16 scans were recorded at spectral widths of 

8000.00 (1H), 10055.304 (13C), and 8000.00 Hz (1H) in each dimension, respectively.  

The carrier frequencies were set to 4.773 ppm (1H), 37.090 ppm (13C), and 4.773 ppm 

(1H). Mixing time was set to 150 ms.  The quadrature data were acquired in Complex 

mode and MLEV pulse train used for decoupling during the data acquisition. The data 

acquisition was completed in 124 h (5 days, 4h.).   
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Protocols for Structure Calculation by CNS 

The following steps were followed in order to calculate the protein structure using  

the CNS program.15  The one letter codes of amino acids sequence were edited in a file 

under the name of hv.seq to generate protein topology file for the structure calculation. 

This was done using the generate-seq.inp protocols. A protein topology file under the 

name of hv.mtf was generated and used in the next step. The generated hv.mft file 

includes molecular connectivity information which was used as an input file in the next 

step. An extended protein structure data file was generated by using the generate-

extended.inp protocol. The generated structure file, hv.pdf, is energy minimized starting 

structure which bears the covalent geometric information (bond lengths and bond angles) 

to be used during the Torsion Angle Dynamic phase in the CNS protocol.  The CNS 

structure calculation was implemented by running the anneal.inp protocol. The protocol 

anneal.inp contains input file names of the NOE and the dihedral restrains, and the 

temperature program used in simulated annealing method.  The calculation started from 

an extended conformation based on the amino acid sequence followed by an initial Powel 

minimization to normalize the geometry.  Structures were then input into torsion angle 

dynamics (TAD).  This TAD phase was performed at 50000 K for 1000 molecular 

dynamics steps, each at 15 fs, using the default force constant for the energy and the 

experimental functions.  The structures were then cooled using TAD from 50000 K to 

2000 K over 60000 steps, each at 5 fs while ramping the force constant with default 

values. Further cooling from 2000 K to 0 K was performed at 1000 steps, each at 2 fs in 

cartesian space.  Again, default CNS values were used to ramp the force constants.  The 

final stage of structure calculation employs Powell minimization. 
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Extraction of Relaxation Data with the Software Felix and 

Protocols for the Modelfree Formalism 

NMR measurements were performed on a Varian Inova 500 MHz 

spectrophotometer at the Center for NMR Spectroscopy at Washington State University 

at 25 °C. A series of modified 2D 1H-15N-HSQC spectrum were recorded.  A total of 

1024 complex data points in t2 were acquired for 128 data blocks in t1.  For each data 

block 32 scans were recorded at spectral widths of 8000.00 and 2000.00 Hz in each 

dimension, respectively.  The carrier frequencies were set to 4.773 ppm (1H) and 117.87 

ppm (15N). A Gaussian window function was applied to 1H dimension and zero filled 

prior to Fourier transformation. The T1, T2 and heteronuclear NOE relaxation data were 

processed and analyzed based on their volumes by the software Felix and converted to 

*.mat format.  The R1 and R2 parameters were extracted by processing the seven spectra 

(for T1:50*, 100, 200*, 400, 700, 1000, and 1500 ms; for T2: 50, 70*, 90, 110*, 150, 190, 

250 ms).  The steady-state heteronuclear NOEs were calculated from processing the 

spectra with and without proton saturation.  The uncertainties in peak intensities were 

evaluated from duplicate measurements (indicated with *).  The derived relaxation 

parameters, R1, R2, and 1H-15N heteronuclear NOE, were used in Modelfree program. 

The PERL scripts provided by Dr Scott Scowalter (Florida State University) were used to 

prepare and evaluate the data for Modelfree analysis.  All calculations were performed on 

a SGI workstation. Initially, overall molecular correlation time,τm , was approximated 

from R2 and R1 relaxation data. The τm  was calculated from R2/R1 ratio of the individual 

15N nucleus since this parameter is closely relate to the overall tumbling part of spectral 
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density function. Any residue was excluded if NOE < 0.65, 〈T1 〉 − T1 ,n >1 SD, and 

〈T2 〉 − T2 ,n >1 SD where SD is the standard deviation, and 〈T1 〉  and 〈T2 〉  are the average 

values. For the subset residues the r1r2_diffusion protocol was used to estimateτm . The 

overall correlation time was estimated as 9.0 ns at 3.5 M NaCl and 8.8 ns at 1.0 M NaCl.  

The isotropic diffusion model was verified using the diffusion protocol. The 

Dparallel/Dperpendicular ratio was calculated as 1.1 at 3.5 M NaCl and 1.3 at 1.0 M NaCl.  The 

mfdata.pl and mfpar.pl scripts were used to generate data and parameter files for 

individual residue. The Modelfree program was run for five models.  Model selection for 

individual residue was accomplished by running the mod_sel.pl scripts. Thre Modelfree 

program was run for the optimized selection to derive the order parameters.  
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