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Abstract  

Structural Studies of Proteins Involved in Diseases of Protein Deposition and  

a Protein Involved in Nitrogenase Assembly 

by  

Aaron Hale Phillips 

Doctor of Philosophy in Chemistry  

University of California, Berkeley  

Professor David E. Wemmer, Chair  

 

 The work presented in this thesis describes structural investigations of proteins 
implicated in diseases of protein aggregation and a protein involved in the maturation of the 
nitrogenase enzyme complex.  Each experimental chapter is full self-contained.   
 
 Protein aggregation into plaques has been identified as a central event in many human 
diseases such as Alzheimer’s disease, type II diabetes, and the spongiform encephalopathies.  
Generally, the protein plaques display a common morphology consisting of long unbranched 
proteinaceous fibrils commonly referred to as amyloid.  The intrinsically insoluble nature of 
proteins contained within amyloid fibrils has greatly impeded high resolution structural studies 
utilizing single crystal X-ray diffraction and high-resolution liquid NMR spectroscopy.  Amide 
hydrogen exchange is often used to probe hydrogen bonding in proteins and does not strictly 
require soluble protein for study.  In the first chapter of the thesis, I present an amide hydrogen 
exchange study conducted on an amyloid forming fragment of the protein implicated in the 
spongiform encephalopathies, PrP(89-143).  These experiments identify the strongly hydrogen 
bonded fibrillar core.   
 
 The next section of the thesis contains work conducted on Aβ, the amyloid forming 
protein implicated in Alzheimer’s disease.  Due to increasing lines of evidence that the Aβ fibrils 
themselves do not cause neurodegeneration, much effort has been directed into studying the 
monomeric and pre-fibrillar oligomeric states of Aβ.  This work is greatly impeded by both Aβ’s 
strong propensity to aggregate as well as the inherent heterogeneity of the molecules in solution.  
In order to circumvent these issues the experiments presented herein are interpreted with respect 
to models of the structural ensemble obtained via molecular dynamics calculations, thereby 
yielding a model of the structural ensemble that is validated to an extent unavailable to either 
technique alone. 
 
 The final section of this thesis describes work conducted on the γ-subunit of nitrogenase, 
the enzyme complex responsible for the entry of nitrogen into the biosphere.  The γ-subunit’s 
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poposed role in the cell is to deliver the cofactor present at the active site of nitrogenase that is 
required for activity.  I present biochemical experiments that demonstrate that the N-terminal 
domain of the γ-subunit is responsible for mediating the interaction between the γ-subunit and 
apo-nitrogenase, the solution structure of N-terminal domain of the γ-subunit, and NMR 
experiments that characterize the cofactor binding site on the C-terminal domain of the γ-subunit.   
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Chapter 1 
 

Preface 
 
 The work presented in this thesis describes structural investigations of proteins 
implicated in diseases of protein aggregation, and a protein involved in the maturation of the 
nitrogenase enzyme complex.  Each of the three experimental chapters is fully self-contained.  
 Protein aggregation into plaques has been identified as a central event in many human 
diseases.  These include Alzheimer’s disease, type II diabetes, the spongiform encephalopathies, 
Parkinson’s disease and Huntington’s disease and can generally be categorized as diseases of 
protein deposition.  With the exception of the spongiform encephalopathies, all of the plaques 
associated with these disorders are composed of long unbranched proteinaceous fibrils 
commonly referred to as amyloid (although the fibrils involved in Parkinson’s and Huntington’s 
disease are present within the intracellular space and therefore do not meet the most stringent 
definition of amyloid) [1, 2].   Upon treatment with proteases, plaques obtained from patients 
with spongiform encephalopathy readily form amyloid rods [3].  In addition to their common 
morphology the fibrils associated with all of these diseases all seem to have a common ‘cross-β’ 
architecture composed of β-strands running perpendicular to the axis of the fibril as characterized 
by X-ray fiber diffraction [4].  In recent years it has been shown that many proteins not known to 
form amyloid in vivo can form amyloid fibrils under non-native conditions, thus it has been 
proposed that the ability to polymerize into amyloid may be a general feature of polypeptides [5, 
6].  Interestingly, the X-ray diffraction pattern of cooked egg whites shows the same 
characteristic cross-β diffraction pattern [7].  Due to both their prevalence in human disease and 
the intriguing notion that the ability to form amyloid fibrils may be a general aspect of 
polypeptide chains, understanding the structure of proteins within amyloid fibrils has been an 
intense area of research over the past few decades.  The intrinsically insoluble nature of proteins 
contained within amyloid fibrils has greatly impeded high resolution structural studies utilizing 
single crystal X-ray diffraction and high-resolution liquid NMR spectroscopy, the common 
workhorses of structural biology.  Amide hydrogen exchange is used to probe hydrogen bonding 
in proteins and has been used to probe protein conformation in several fibril forming peptides [8-
10].  In chapter 2 of this thesis I present amide hydrogen exchange experiments on amyloid 
fibrils of a fragment of the protein implicated in the spongiform encephalopathies, PrP(89-143) 
[11].  The experiments presented here identify the location of the fibrillar core.   
 Chapter 3 of this thesis contains work conducted on Aβ, the amyloid fibril forming 
protein implicated in Alzheimer’s disease.   Due to an increasing number of lines of evidence 
that the plaque burden in the brains of patients affected with Alzheimer’s disease does not 
correlate with the severity of disease symptoms, much effort has been directed into studying the 
monomeric and pre-fibrillar oligomeric states of Aβ [12-14].  The study of monomeric and 
oligomeric Aβ is impeded by the peptide’s strong propensity to aggregate as well as the inherent 
heterogeneity of the molecules in solution, both with respect to peptide conformation and the 
specific stoichiometry of the oligomeric state.  My coworkers and I have addressed this issue by 
using molecular dynamics calculations to generate models for conformational ensembles of Aβ 
and fragments, then using these ensembles to predict NMR measurables which are subsequently 
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compared to their experimental values thereby validating the model of the structural ensemble to 
an extent unavailable to either technique alone.   
 Chapter 4 describes studies on the γ-subunit of nitrogenase, the enzyme that, prior to the 
introduction of industrial fertilizers, was the central node for the entry of nitrogen into the 
biosphere.  The nitrogenase enzyme complex consists of two proteins: dinitrogenase, which is 
responsible for the reduction of N2 and dinitrogenase reductase, which provides electrons to 
dinitrogenase [15].  Dinitrogenase is an α2β2 tetramer that contains four metalloclusters: two P-
clusters and two copies of FeMo-co, present at the active site of the enzyme.  FeMo-co contains 
iron, sulfur, molybdenum and R-homocitrate and is synthesized by the cell in a tightly regulated 
process [16].  Inactive dinitrogenase obtained from mutant strains of diazotrophic bacteria that 
cannot synthesize FeMo-co purifies as an α2β2γ2 hexamer.  Upon the addition of FeMo-co in 
vitro the γ-subunit (NafY) dissociates from dinitrogenase leaving fully active dinitrogenase [17].  
NafY is known to bind one molecule of FeMo-co tightly and has been proposed to function as a 
FeMo-co chaperone/insertase [18, 19].  In chapter 4 I present work that further refines the 
cellular function of NafY, including determining the solution structure of the N-terminal domain 
and characterizing the FeMo-co binding site on the C-terminal domain. 
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Chapter 2 
 

Probing the Conformation of a Prion Protein Fibril 
with Hydrogen Exchange 

 
2.1 Summary 
 
 A fragment of the prion protein, PrP(89-143, P101L), bearing a mutation implicated in 
familial prion disease, forms fibrils that have been shown to induce prion disease when injected 
intracerebrally into transgenic mice expressing full-length PrP containing the P101L mutation 
[1].  In this study amide hydrogen exchange measurements were used to probe the organization 
of the peptide in its fibrillar form. The extent of hydrogen exchange at each time point was 
determined first by tandem proteolysis, liquid chromatography and mass spectrometry (HXMS) 
and then by exchange-quenched NMR.  While single amide resolution is afforded by NMR 
measurements, HXMS is well suited to the study of natural prions because it does not require 
labeling with NMR active isotopes.  Thus, natural prions obtained from infected animals can be 
compared to model systems such as PrP(89-143, P101L) studied here.  This work reveals two 
segments of sequence that display a high level of protection from exchange, residues 102-109 
and 117-136.  There is in addition a region that displays exchange behavior consistent with the 
presence of a conformationally heterogeneous turn.  The data are discussed with respect to 
several structural models proposed for infectious PrP aggregates. 
 
2.2 Introduction 
 
 Prion diseases lead to neurodegenerative processes that result in spongiform degeneration 
and astrocytic gliosis in the central nervous system and are known to exist in genetic, sporadic 
and transmissible forms [2].  The agent that is implicated in initiating disease is the protein PrP, 
which can exist in two isoforms: the benign, native form PrPC (PrP Cellular) and the infectious 
and neurotoxic form PrPSc (PrP Scrapie) [3].  The idea that a protein alone could transmit disease 
pathology was initially greeted with skepticism but is now generally accepted through the 
accumulation of a large body of evidence, culminating in the generation of disease symptoms in 
mice by inoculation with PrP aggregates formed from recombinant protein purified from E. coli 
[4].  PrP is found in all mammalian and avian genomes and, after maturation, consists of 
approximately two hundred residues with one disulfide bridge, two glycosylation sites, and is 
attached to the membrane via a C-terminal glycosylphosphatidylinositol (GPI) anchor.  Solution 
structures of PrPC, without post-translational modifications, from several organisms have been 
solved, showing it to be largely α-helical with an unstructured N-terminus of approximately one 
hundred residues [5-10].  Experiments have shown that PrP binds copper and may be involved in 
copper homeostasis [11-13]; however, PrP’s precise biochemical functions remain unclear.  For a 
detailed discussion see Aguzzi’s review [14].  In contrast to the mostly α-helical, soluble PrPC, 
PrPSc is β-rich, with a protease resistant core, and is present as an aggregate [15].  When PrPSc is 
proteolytically cleaved at its N-terminus, it readily associates to form fibrils or rods that retain 
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high levels of infectivity [16].  Both electron microscopy and molecular mechanics calculations 
have been used to generate model structures for infectious PrP [17-20]; however, due to their 
propensity to aggregate and intrinsic insoluble nature, it has been difficult to obtain any high 
resolution structural information on infectious PrP with which a single model can be validated.   
 Determining rates at which amide hydrogens exchange with solvent hydrogens provides a 
useful probe for hydrogen bonding in proteins.  Exchange requires contact between the amide 
and solvent, and catalysis by an acid or base (which dominates at neutral pH).  Amides involved 
in hydrogen bonds thus cannot exchange without first fluctuating to an ‘open’ state.  Simple 
kinetic theories show that in the EX2 limit and at neutral pH rates of exchange are determined by 
the equilibrium constant for opening and the intrinsic rate of exchange of the amide (determined 
by the identity of the amino acid and its sequence context) [21].  Intrinsic exchange rates have 
been tabulated [22], so that observed exchange rates can be interpreted in terms of opening 
equlibria.  At pH 7 and 25 °C, the intrinsic fully exposed amide hydrogen exchange rate is on the 
order of 10s-1.  Recently, numerous groups have employed hydrogen exchange based 
experiments to study amyloid fibrils formed from a number of different proteins [23-32].  
Interestingly, in each case it was shown that only subsets of residues in the protein were 
protected from exchange with solvent, with rather different patterns of protected residues for 
different proteins.  The remaining residues exhibited rapid exchange behavior characteristic of 
exposed amide groups.   
 Work from Prusiner’s lab to reconstitute prion infectivity from a synthetic protein 
identified a 55-residue PrP fragment, PrP(89-143, P101L), that readily associated into amyloid 
fibrils.  Intracerebral injection of the aggregated fibrillar peptide initiated disease in mice that 
express full length PrP bearing the sensitizing mutation, identified in a familial form of prion 
disease, while the non-aggregated peptide did not initiate disease [1].  The amide hydrogen 
exchange behavior in the fibrillar form of PrP(89-143, P101L) was obtained first at medium 
sequence resolution with tandem proteolysis, liquid chromatography and mass spectrometry 
(HXMS) and then at single amide resolution with NMR spectroscopy.  The HXMS technique has 
been described in detail in the literature previously [33].  It is clear that there are regions of the 
peptide which are highly protected from exchange and others that are not.  The strongly 
protected regions identify the residues in the hydrogen bonded core of the amyloid fibril.   
 
2.3 Materials and Methods 
 
2.3.1 Amyloid Fibril Formation 
 Amyloid fibrils of PrP(89-143, P101L) were formed by dissolving 10 mg of peptide into 
500 µL of 20 mM sodium acetate, 100 mM NaCl, pH 5 and adding 500 µL of acetonitrile.  
Samples were taken at several time points, and EM images were collected.  Small fibrils were 
seen even a short time after preparing the sample.  At longer times primarily longer fibrils with 
more clearly defined edges were seen.  Fibrils used in hydrogen exchange experiments were 
collected after three weeks of incubation in the acetonitrile solution.   
 
2.3.2 Electron Microscopy 
 Samples were loaded onto 1000 mesh copper grids, coated with formvar and glow 
discharged prior to use.  The samples were negatively stained with 3% aqueous uranyl-acetate 
and images were collected on a FEI Tecnai 12 operating at 120 kV. 
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2.3.3 Hydrogen Exchange Mass Spectrometry 
 PrP(89-143, P101L) peptide used in MS analysis was synthesized using standard Fmoc 
chemistry and subsequent cleavage with trifluoracetic acid.  PrP(89-143, P101L) fibrils were 
collected by centrifugation at 1300g in an Eppendorf tube and washed twice with 10mM sodium 
phosphate, pH 7.5.  Deuterium exchange was initiated by resuspending the fibrils in 100% D2O 
buffered with 10mM sodium phosphate at a pH* of 7.5 (pH* is the reading of a pH meter, 
uncorrected for isotope and solvent effects) to a final peptide concentration of 50 mg/mL.  5 µL 
aliquots of the peptide suspension were removed after 1 hour, 6 hours, 21 hours, 1 week, 3 weeks 
and 6 weeks.  5 µL of the peptide slurry was removed before exposure to deuterium to serve as 
the zero hour time point.  Exchange samples were prepared for MS analysis by dilution with 55 
µL of ice-cold 10 mM sodium phosphate buffer and rapid addition of 90 µL of quench buffer 
(6.8 M guanidine hydrochloride (GuHCl), 16.6% glycerol and 0.8% formic acid), yielding a final 
pH* of 2.1, followed by 5 minutes of incubation over thawing ice to fully dissolve the fibrils.  
Each solution was then divided into 50 µL aliquots in individual autosampler vials and rapidly 
frozen over powdered dry ice.  Samples were stored under powdered dry ice in -80 ºC freezers. 
 The extent of deuteration was determined by quickly thawing the frozen samples over 
melting ice and passing the solution through two immobilized protease columns (pepsin and 
fungal protease XIII from Sigma, 100 µL/min, 0.05% TFA).  Peptides were separated by reverse-
phase high pressure liquid chromatography (HPLC) (Vydac C-18 300A, 50 µL/min with a 6.4-
38.4% acetonitrile gradient over 30 min, 4 ºC).  The effluent was directly injected into a mass 
spectrometer (ThermoFinnigan LCQ, capillary temperature of 200 °C).  Initial identification of 
proteolytic fragments was determined by tandem MS followed by data analysis using the 
SEQUEST and DXMS software programs (ThermoFinnigan, San Jose, CA and Sierra Analytics, 
Modesto, CA; respectively) [34, 35].  Peptide deuteration levels were extracted from the centroid 
of individual mass-envelopes according to the method of Zhang and Smith [36] after accounting 
for end effects and proline residues [22].  Peptide deuteration levels were corrected for back 
exchange during proteolysis and chromatography based on their retention time in the 
chromatography step.  Back exchange at the beginning of chromatography was found to be 15% 
and 20% at the end according to fully deuterated reference protein samples.   
 
2.3.4 Cloning, Expression and Purification 
 A synthetic gene for PrP(89-143, P101L) with an N-terminal six residue histidine tag and 
TEV cleavage site was designed based on E. coli optimum codon usage and synthesized by 
Genscript (Piscataway, NJ) in a pUC19 plasmid.  This gene was subcloned into the pIVEX 2.4c 
vector between the NdeI and BamHI sites. 
  E. coli cells [BL21 (DE3)] containing a plasmid, pACYC, that constitutively expresses 
LacI were transformed using the hexaminecobalt chloride method [37] and grown on MDG [38] 
agar plates (1.5%) containg ampicillin and kanamyacin at 37 ºC for 12 hours.  A single colony 
was then picked and inoculated into 2 mL of MDAG media [38] (100 µg/mL ampicillin, 50 
µg/mL kanamyacin) and allowed to grow at 37 ºC for 6 hours. To obtain 15N labeled protein, one 
mL of this starter culture was used to inoculate 1L of N-5052 media [38] contained in a 2.8L 
Fernbach flask.  Cells were allowed to grow for 48 hours at 37 ºC with shaking at 240 rpm.  
Cells expressing 13C, 15N labeled protein were obtained according to the method of Marley et al. 
[39] with the substitution of MDAG media for LB.  
 The cells were recovered by centrifugation at 5,000 rpm for 10 minutes and resuspended 
in ca. 40 mL of 50 mM KPi, pH 8.0, and lysed by sonication at 4 ºC.  The resulting suspension 
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was centrifuged for 30 min at 30,000 rpm.  The supernatant was discarded and the inclusion 
body was resolubilized by applying three rounds of resuspension in 6 M GuHCl, 200 mM NaPi 
pH 8.0, 300 mM NaCl, 5 mM β-mercaptoethanol followed by centrifugation for 30 minutes at 
30,000 rpm.  The supernatants were pooled together and loaded onto Ni-NTA resin (6 mL).  The 
column was then washed with a linear gradient from 6 to 0 M GuHCl, 50 mM NaPi pH 8.0, 300 
mM NaCl and 15 mM imidazole.  The protein was eluted from the column with 50 mM NaPi pH 
8.0, 300 mM NaCl and 500 mM imidazole then dialyzed extensively against 50 mM Tris pH 8.0, 
1 mM DTT, 1 mM EDTA at 4 ºC.  One milligram of TEV protease was added to the dialysis 
bag, and the cleavage reaction was monitored by HPLC.  After complete proteolysis to remove 
the His-tag, the solution was dialyzed against 50 mM NaPi pH 8.0, 300 mM NaCl and 15 mM 
imidazole then passed over Ni-NTA resin to remove both the His-tag fragment and TEV and 
desalted using a C18 sep-pak cartridge (Waters).  The solution was frozen and lyophilized.  Dry 
peptide was stored in a desiccator.  On average, 15 mg of purified 15N labeled PrP (89-143, 
P101L) was obtained per 1 L growth.  0.5 mg of purified 13C, 15N labeled PrP (89-143, P101L) 
was obtained from 0.5L of M9 media. 
 
2.3.5 NMR experiments (assignments) 
 All data were collected on a Bruker Avance DRX-500 or Avance DRX-800 
spectrometers equipped with a cryogenic probe, with samples kept at 25 ºC.  A single 15N, 13C 
labeled sample of PrP(89-143, P101L) consisting of 0.5 mg of protein dissolved in 500 µL of 
DMSO (5% H2O, 0.03% TFA) was used for backbone assignments.  Assignment of the 1H15N 
HSQC spectrum was accomplished via interresidue connection of the Cα, Cβ, and N chemical 
shifts using the HNCA, CBCA(CO)NH, and HNCACB experiments [40-42].  Data were 
processed with NMRPipe [43].  For the 3D experiments, data were linear predicted to 128 pts in 
the 15N dimension. Analysis and integration of data were performed with NMRView or CARA 
[44, 45]. 
 
2.3.6 Hydrogen Exchange NMR Spectroscopy 
 Fibrillization of 15N labeled PrP(89-143, P101L) was performed as outlined above.   
Approximately 0.5 mg of fibrillized 15N labeled PrP(89-143, P101L) was aliquotted into a 
separate Eppendorf tube for each exchange time point.  Fibrils were resuspended in 10mM KPi 
pD 7.5 and incubated at room temperature for varying periods of time.  At the end of each time 
point, the fibrils were pelleted by centrifugation and washed twice with D2O at 4 ºC.  After 
removing the supernatant, the fibrils were frozen over dry ice and lyophilized.  Lyophilized 
fibrils were dissolved in DMSO containing 5% D2O and 0.03% TFA-D, pH* 5.  A series of 
1H15N HSQCs was collected over 8 hours to correct for exchange with solvent under the 
quenching NMR sample conditions [25].  The dead time from the addition of 
quenching/denaturing solvent to the fibrils to the acquisition of the first time point of the 2D 
experiment was approximately 10 minutes (allowing for mixing to aid fibril dissolution and 
optimizing parameters for the NMR experiment).  Each 1H15N HSQC signal was the average of 4 
transients, with 128 complex points acquired in the t1 dimension, for a total acquisition time of 
20 minutes per 2D data set. 
 The intrinsic exchange rate in DMSO was determined by first integrating the volumes for 
each peak in each 1H15N HSQC spectrum acquired over the 8 hours.  These individual volumes 
vs. time were then plotted and fitted to single exponentials.  The calculated rates from the 
exponential fits were then used to account for exchange during the dead time of the experiment. 
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The intrinsic exchange rates are shown in table 2.1.  A 1-1-echo one-dimensional 1H NMR 
spectrum was acquired for each sample and the methyl region of the spectrum integrated to 
normalize sample concentrations, which did not deviate by more than 3% between samples.  
Hydrogen exchange incubation times were 0 hours, 1 hour, 6 hours, 21 hours, 1 week and 6 
weeks. 
 
2.4 Results 
 
2.4.1 Hydrogen Exchange Mass Spectrometry of PrP(89-143, P101L) fibrils  
 Synthetic PrP(89-143, P101L) fibrils that had been grown in H2O were incubated in D2O 
(buffered with sodium phosphate at pD 7.5) and aliquots removed after incubation for 1 hour, 6 
hours, 21 hours, 1 week, 3 weeks, and 6 weeks.   In order to determine the deuterium content of 
the fibrils using electrospay ionization mass spectrometry the fibrils were redissolved by the 
addition of an aqueous buffer containing guanidine hydrochloride at low pH to quench hydrogen 
exchange, limiting back exchange during the mass analysis.  To identify sites retaining 
deuterium in the primary sequence, exchange quenched peptide solutions were fragmented using 
two protease columns containing immobilized pepsin and fungal protease XIII.  Both proteases 
retain activity under quenching conditions.  The peptide fragments were then separated by 
reverse phase HPLC with the eluent running directly into the mass spectrometer.  The ability to 
resolve slowly exchanging sites depends on the degree of fragmentation obtained, which in 
optimal circumstances can discriminate single amides.  Peptides were identified in a reference 
experiment in which non-deuterated PrP(89-143, P101L) was proteolyzed in the same manner 
and eluting fragments were then analyzed by tandem MS [46].  Peptides in the deuterated 
samples were then identified by matching both mass and retention time.   
 Figure 2.1 shows the extent of amide exchange of PrP(89-143, P101L) in fibrils after 
incubation in D2O for six weeks observed using mass spectrometry.  34 ‘primary’ peptide 
fragments were obtained with good signal to noise ratios in repeated experiments at each time 
point studied.  Exchange in 23 additional ‘secondary’ peptide segments could be analyzed via 
deuterium-level subtraction of N-terminally aligned peptides of different length; N-terminal 
alignment of peptides is required to correct for end effects.  Although PrP(89-143, P101L) was 
not proteolyzed sufficiently before mass spectrometry to afford single site resolution, a 
consensus exchange behavior can be approximated by calculating an average of the exchange 
behavior in which the contribution from each observed peptide is weighted according to the 
information content of the peptide.  The longer the peptide, the less information for localization 
of exchange it contains.  The averaging is performed according to  
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                        (Equation 2.1) 

 
where HX is the averaged percent protection, hxi is the percent protection of each peptide i, n 
represents the number of peptides in which a given residue is observed, and lengthi is the length 
of each peptide i.  Although the data do not afford single amide resolution, it is clear that there is 
a strongly protected region between residues 119 and 130, increased protection at the C-
terminus, and two regions from 99 to 107 and 133 to 139 that show significantly lower 
protection from exchange with solvent.   
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Figure 2.1  Exchange behavior of PrP(89-143, P101L) fibrils observed by mass spectrometry.  A) Shows 
the mass envelope of the 1+ charge state of the proteolytic fragment of PrP(89-143, P101L) 
corresponding to residues 133-139.  B) The mass envelope of the same peptide obtained from PrP fibrils 
that had been incubated in D2O for one week.  C)  Exchange behavior of proteolytic fragments of PrP(89-
143, P101L) after six weeks of incubation in D2O.  The extent of exchange is depicted as a percent 
protection of exchangeable backbone amides.  Each ‘primary’ peptide is numbered.  The identity of the 
two primary peptides used to obtain each ‘secondary’ peptide is indicated to the left of the ‘secondary’ 
peptides.  D) Consensus exchange behavior calculated according to equation 1. 
 
 
2.4.2 Recombinant Expression and Fibrillization of PrP(89-143, P101L) 
 Amide hydrogen exchange at individual sites can be detected with NMR, but requires 
isotopically labeled protein.  In order to obtain uniformly isotopically labeled PrP(89-143, 
P101L) for heteronuclear NMR experiments an E. coli expression system was developed in 
which purification of the peptide was expedited by the presence of an N-terminal 6-His tag.  
Fibrils were grown with the same procedure used to fibrillize synthetic peptide that initiated 
prion disease in sensitized transgenic mice [1]. 
 
2.4.3 Sequence Specific Detection of Hydrogen Exchange in PrP(89-143, P101L) fibrils 
 As in the mass spectrometry exchange experiments, detecting the extent of hydrogen 
exchange in amyloid fibrils with NMR requires the denaturation of fibrils under exchange 
quenching conditions prior to data collection.  Acidic dimethyl sulfoxide (DMSO) is an excellent 
quench solvent to dissolve amyloid fibrils [24, 25, 27, 47, 48].  The minimum rate for amide 
hydrogen exchange in DMSO occurs at pH* 5 and is typically on the order of 10-5 s-1 [49].  All 
non-proline residues have been assigned for the 55-mer with the exception of the N-terminal 
glycine that exchanges too quickly to be observed in the NMR experiment and four ambiguous 
glycine residues that occur in glycine-glycine pairs in the sequence.  These residues have very 
similar exchange behavior; therefore, it is not important to assign them individually.      
 Dissolution of the fibrils and optimization of the NMR experiment lead to a ‘dead time’ 
of approximately ten minutes for each sample before NMR data collection.  Since the DMSO 
contains a small amount of D2O, multiple 1H15N HSQC spectra were collected over a period of 
six to eight hours after dissolving for each exchange time point to determine the intrinsic rate of 
exchange in DMSO for each amide.  This allows one to discriminate between the exchange that 
is measured due to the exchange-in step of the fibrils and the exchange-in that occurs during the 
dead time for handling the sample.  A 0-hour (fibrils treated with protonated buffer only) time 
point was utilized to confirm that the intrinsic rate of deuterium exchange-in under NMR 
conditions was slow for all residues.  The measured rate of exchange for all residues was on the 
order of 10-5 s-1 (data not shown) which corresponds to a half-life of hours, so that little exchange 
occurs during the measurement time of the experiment.   
 Given the small number of time points in the experimental data set and the limited range 
of time sampled, the slow exchange rates of the backbone cannot be quantified with certainty.  
Therefore, the exchange data were analyzed using a percent intensity (IP) given by 
 

IP = It/I0 x 100%             (Equation 2) 
 
where It is the integrated intensity (corrected for back exchange and normalized by 
concentration) for a given amide cross peak at time t and I0 is the integrated intensity (corrected 
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for back exchange and normalized by concentration) for the 0-hour time point.  The calculated IP 
values for each residue for each experimental time point are shown in Table 2.2.  Four types of 
exchange behavior were observed and are summarized in figure 2.2.  The amide hydrogens of 
residues 90 and 143, the terminal amides, exchange completely before the first time point.  
Residues 95-101 and residues 137-141 exchange more slowly, with a half-life of approximately a 
week, but are completely replaced after six weeks.  Residues 110-116 exchange slowly as well, 
with similar extents of exchange after a week as residues 95-101, but retain IP ~50 even after six 
weeks, which implies a multi-exponential behavior in the rates.  Finally, residues 102-109 and 
117-135 remain highly protected even after six weeks (IP > 90). 
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Figure 2.2   Exchange behavior of PrP(89-143, P101L) fibrils observed with NMR.  A) Shows the 
assigned 1H15N HSQC spectrum of PrP(89-143, P101L) under the conditions of a typical 0-hour time 
point, dissolving fibrils that had not been exposed to deuterium in DMSO containing 5% D2O and 0.03% 
TFA-D, pH* 5.  The four ambiguous glycine residues are denoted with an asterisk.  B)  A summary of the 
exchange behavior of PrP(89-143, P101L) fibrils. 
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Table 2.1.  Intrinsic Exchange Rates (1/s) 

Residue DMSO pH* 5 H2O pH 3.0 H2O pH 7.5 
G89 - 
Q90 1.1E-03 4.9E-02 3.1E+02 
G91 8.0E-05 2.9E-03 6.4E+01 
G92* 2.4E-04 3.1E-03 6.0E+01 
G93* 2.4E-04 3.1E-03 6.0E+01 
T94 3.0E-05 1.7E-03 2.7E+01 
H95 7.0E-05 7.6E-03 3.1E+01 
N96 9.6E-05 1.5E-02 1.0E+02 
Q97 1.6E-04 2.5E-03 5.2E+01 
W98 6.0E-05 1.3E-03 1.3E+01 
N99 9.7E-05 2.5E-03 5.2E+01 
K100 2.2E-04 2.2E-03 4.1E+01 
L101 4.0E-05 1.1E-03 7.5E+00 
S102 2.9E-04 1.9E-03 3.1E+01 
K103 4.0E-05 2.1E-03 3.9E+01 
P104 - 
K105 4.2E-04 1.2E-03 1.1E+01 
T106 3.0E-05 1.6E-03 2.4E+01 
N107 9.0E-06 4.2E-03 1.1E+02 
L108 1.0E-03 1.2E-03 1.2E+01 
K109 8.0E-06 1.2E-03 1.2E+01 
H110 2.0E-05 6.5E-03 2.6E+01 
V111 7.6E-05 1.7E-03 6.6E+00 
A112 4.0E-05 1.5E-03 1.6E+01 
G113 3.0E-06 2.3E-03 4.0E+01 
A114 3.0E-05 2.5E-03 3.2E+01 
A115 1.6E-04 1.9E-03 2.2E+01 
A116 3.3E-04 1.9E-03 2.2E+01 
A117 3.0E-05 1.9E-03 2.2E+01 
G118 5.0E-05 2.3E-03 4.0E+01 
A119 6.0E-05 2.5E-03 3.2E+01 
V120 1.0E-05 9.8E-04 4.3E+00 
V121 4.0E-05 9.0E-04 3.1E+00 
G122 1.3E-04 1.8E-03 2.9E+01 
G123* 2.4E-04 3.1E-03 6.0E+01 
L124 1.2E-04 1.2E-03 8.4E+00 
G125 1.4E-04 1.7E-03 2.5E+01 
G126* 2.4E-04 3.1E-03 6.0E+01 
Y127 2.8E-04 1.6E-03 1.7E+01 
M128 1.5E-04 1.6E-03 2.4E+01 
L129 1.4E-04 1.1E-03 7.3E+00 
G130 9.0E-05 1.7E-03 2.5E+01 
S131 5.0E-05 3.4E-03 7.5E+01 
A132 9.7E-05 2.3E-03 4.3E+01 
M133 3.8E-04 1.5E-03 2.1E+01 
S134 3.0E-05 2.9E-03 6.5E+01 
R135 2.2E-04 2.5E-03 5.2E+01 
P136 - 
M137 2.0E-05 1.2E-03 1.2E+01 
L138 3.2E-05 9.6E-04 5.2E+00 
H139 3.0E-06 3.3E-03 1.2E+01 
F140 3.0E-06 3.5E-03 1.9E+01 
G141 5.0E-05 2.3E-03 4.6E+01 
S142 6.0E-05 3.4E-03 7.5E+01 
D143 1.0E-03 2.3E-03 3.4E+01 

 

Table 2.1  Experimental amide exchange rates for all the residues of DMSO-denatured PrP(89-143, 
P101L) and, for comparison, the calculated exchange rates in water at pH 3.0 where exchange rate is at 
the minimum [50] and at pH 7.5.  It is evident that the quenching in DMSO is much more efficient than in 
water. 



 

14 

Table 2.2.  Ip as a function of time                      

Residue 0-hour 1-hour 6-hour 21-hour 1 week 6 weeks 
G89 - 
Q90 100 0 0 0 0 0 
G91 100 103 0 0 0 0 
G92* 100 99 96 89 89 80 
G93* 100 99 96 89 89 80 
T94 100 87 93 85 87 75 
H95 100 86 80 75 38 0 
N96 100 89 89 82 68 3 
Q97 100 93 82 80 59 0 
W98 100 95 94 80 52 0 
N99 100 95 96 79 54 0 
K100 100 100 99 83 55 0 
L101 100 108 99 90 61 6 
S102 100 100 99 93 90 80 
K103 100 92 97 80 86 85 
P104 - 
K105 100 100 100 87 82 79 
T106 100 99 99 99 96 88 
N107 100 97 99 92 80 84 
L108 100 92 96 93 93 90 
K109 100 100 102 99 90 79 
H110 100 93 99 82 50 52 
V111 100 82 90 90 44 38 
A112 100 91 88 93 49 43 
G113 100 100 92 87 58 53 
A114 100 95 101 90 47 41 
A115 100 100 95 97 50 30 
A116 100 99 104 95 60 58 
A117 100 101 99 88 85 80 
G118 100 99 90 93 89 87 
A119 100 100 103 95 90 90 
V120 100 96 101 85 90 88 
V121 100 92 92 86 90 82 
G122 100 103 92 90 90 83 
G123* 100 99 96 89 89 80 
L124 100 100 85 95 90 95 
G125 100 103 90 89 90 83 
G126* 100 99 96 89 89 80 
Y127 100 100 93 81 77 72 
M128 100 89 85 80 80 65 
L129 100 92 90 86 81 69 
G130 100 100 99 94 89 81 
S131 100 93 93 89 80 76 
A132 100 99 100 90 90 88 
M133 100 88 93 82 91 86 
S134 100 99 94 92 84 82 
R135 100 99 88 87 75 81 
P136 - 
M137 100 97 94 90 56 0 
L138 100 100 100 89 60 2 
H139 100 97 93 95 49 0 
F140 100 98 92 88 59 4 
G141 100 103 100 85 43 0 
S142 100 92 92 83 84 78 
D143 100 0 0 0 0 0 
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Table 2.2  A listing of measured IP (equation 2) values for each residue of PrP(89-143, P101L) amyloid 
fibrils from the hydrogen exchange experiment.  The exchange behavior of the four ambiguous glycine 
residues (marked by an asterisk) is reported as an average, the exchange behavior of each was similar.   
 
2.5 Discussion 
 
 Previous solid-state NMR studies of selectively isotopically labeled PrP(89-143, P101L) 
fibrils from the Wemmer laboratory have demonstrated that residues 112 to 124 adopt an 
extended β-sheet conformation with evidence for conformational heterogeneity between residues 
112-114.  Furthermore, multiple quantum NMR experiments indicated that PrP(89-143, P101L) 
does not adopt an in-register parallel β-sheet [51].  To extend the current knowledge of the 
conformation of fibrillar PrP(89-143, P101L) the extent of backbone hydrogen exchange was 
measured at various time points up to 6 weeks of exchange.  In the most favorable cases, 
following hydrogen exchange with tandem proteolysis and LC-MS (HXMS) can lead to single 
amide resolution.  Moreover, HXMS is ideally suited to study prions as it does not require 
isotopically labeled samples; thus it is one of the few techniques suited to studying the 
conformation of PrPSc obtained directly from infected animals.  The exchange behavior of 
natural PrPSc could then be compared to that of different constructs of recombinant PrP, which 
are much more tractable to analysis.    
 In the MS study of exchange in fibrillar PrP(89-143, P101L) the limited number of 
peptide fragments observed with sufficient signal to noise for analysis precluded single amide 
resolution of exchange behavior.  However, the data from mass spectrometry clearly demonstrate 
that there are regions of it that are strongly protected from exchange with solvent, while other 
regions are much less protected from exchange.  This is expected as the 55 residue peptide is too 
long to exist as a single, stably hydrogen-bonded, extended strand within the fibril as the fibril 
diameter is known to be approximately 8 nm.   The exchange profile reveals a highly protected 
β-strand region with residues 119-130, flanked by two segments which are within a less 
protected region, encompassing residues 99 to 107 and 133 to 139.  Fragmentation was poor near 
the N-terminus preventing analysis of that region.   
 To generate a higher resolution map of protection more detailed exchange data were 
required.  After assigning the resonances of PrP(89-143, P101L) amide exchange profiles were 
collected by following exchange with NMR.  Many of the residues show the slow exchange 
behavior expected from amides involved in stable hydrogen bonds.  Two regions, encompassing 
residues 102-109 and 117-135, remained protected from exchange after 6 weeks and likely 
constitute the beta sheet core of the fibrils.  The high degree of protection is not surprising in that 
some residues in β2-microglobulin amyloid have been shown to have exchange half-lives of 
weeks [32] and some residues in Aβ amyloid have been shown to have half-lives of months [26, 
27].  Another set of residues, close to the N-terminus and at the C-terminus, were completely 
exchanged after six weeks of incubation in D2O.  While residues 95-101 and 137-141 are 
moderately protected from exchange with half-lives that are typically afforded by secondary 
structure conformations in soluble proteins, but they exchange more rapidly than the β-sheet core 
residues of other reported amyloid fibrils.  The lower protection in these two regions is consistent 
with the mass spectrometry measurements.   
 Interestingly, residues 110-116 show exchange behavior characteristic of multiple 
exponentials.  This group of residues undergoes exchange to ~50% after 1 week.   However, after 
six weeks, no further exchange has occurred.  This behavior can be explained by the presence of 
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two (or more) conformations for these residues present in the sample with different exchange 
rates.  One component has a half-life of approximately one week and the second component has 
a much longer half-life.  The mass spectrometry data in this region are also consistent with 
intermediate protection, but the data lack sufficient sequence resolution to observe a bimodal 
deuterium distribution for this region of the peptide that would confirm the presence of two 
populations of conformers, one more accessible to exchange with solvent than the other.  
Furthermore, the residues 110-116 encompass the region of the peptide that displayed 
conformational heterogeneity in past solid-state NMR experiments [51].  
 Currently, there are several different models for the conformation of PrP in prions [52].  
One is a left handed β-helix proposed by Govaerts and coworkers from 2D electron 
crystallography data on proteolyzed native PrPSc [17].  Another is a ‘spiral’ model identified in a 
molecular dynamics study of PrP fibrillization that was also shown to be consistent with the 
electron crystallography data [20].  Neither the β-helix or ‘spiral’ model requires the fibril to be 
formed by an in-register parallel β-sheet as seen in Aβ fibrils [27], consistent with previous 
observations from solid state NMR [51].  Additionally, solid-state NMR work on fibrils of 
another prion variant, human PrP(Y145Stop), has demonstrated that the N-terminus of the 
protein, up to residue 112, remains highly mobile in the fibril and that residues 112-115, 118-122 
and 130-139 form β-strands [53]; the corresponding regions in the mouse protein are residues 
111-114, 117-121 and 129-138.  Lastly, a low-resolution model has been generated from 
hydrogen exchange experiments on prion fibrils that reproduced prion disease; protection from 
exchange is only observed in the C-terminal region of the protein, residues ca. 169-221 [4, 54].  
This in disagreement with the previous models and will not be considered in this discussion as 
the region of interest in this work, residues 89-143, is completely outside of the protected region 
deduced from that work. 
 In the β-helical model, three 5-residue strands are joined by a single residue that has  
torsion angles characteristic of a left-handed helix to form a triangular 18-residue ‘rung’, these 
rungs are then stacked in a stably hydrogen bonded network, including a hydrogen bond at each 
residue, to form the β-helix.  The exchange data shows that the region from 102-136 is resistant 
to exchange with some degree of conformational heterogeneity from 110-116.  This span of the 
peptide is essentially long enough to support two rungs of a β helix; but, PrP(89-143, P101L) is 
rather unlikely to adopt this conformation as in nature the minimal number of ‘rungs’ found 
experimentally to date is four (seen in the structure of the C-terminal domain of N-
acetylglucosamine 1-phosphate uridyltransferase from E. coli, PDB ID code 1FXJ).  However, in 
the fibril, monomers could be packing against each other to extend the helix.  More difficult to 
reconcile than the length issue is the fact that the previous solid state NMR experiments on 
PrP(89-143, P101L) did not find any evidence of turn conformations between residues 112-118 
and between residues 122-124 [51].  If the core of the fibril is formed by a β-helix, some of these 
residues should be clearly involved in turns. 
 The core of the ‘spiral’ model of PrPSc consists of four short β strands in which three 
short strands (E1, E2, E3; residues 115-118, 128-131, 159-163, respectively) form an anti-
parallel intra-molecular sheet where the extra strand (E4, residues 134-139) adds to the sheet on 
an adjacent molecule through a parallel E1:E4 interface.  E3 is not essential for the formation of 
the inter-molecular interface; however, the position of the protected residues in PrP(89-143, 
P101L) fibrils are not consistent with the location of E1, E2 and E4 in the model although the 
spiral architecture could explain the protection factors and the observation that PrP(89-143, 
P101L) fibrils do not form an in-register β-sheet. 
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2.6 Conclusion 
 
 This study has utilized amide hydrogen exchange to study the conformation of a model 
prion, PrP(89-143, P101L), in its fibrillar state.  Two regions of the protein between residues 
102-109 and 117-135 have high protection from exchange with solvent even after six weeks and 
are likely to constitute the core of the fibril.  The high degree of protection is comparable to that 
observed in the core of Aβ fibrils [26, 27].  Two other regions, encompassing residues 95-101 
and 137-141, exchange completely with solvent after 1 week, an exchange time expected for 
residues involved in hydrogen bonds but not in the amyloid core.  Interestingly, the region of the 
protein between residues 110-116 exhibits intermediate exchange behavior that can be explained 
by the existence of two populations of conformers in the fibril which exchange with solvent at 
different rates.  This interpretation of the intermediate protection factors is corroborated by the 
previous finding that this region possesses some conformational heterogeneity [51].  The core of 
the amyloid fibril consists of two highly protected β-strands (β1 and β2, residues 102-109 and 
117-136, respectively) which are joined by a hydrogen bonded, yet conformationally 
heterogeneous turn.  The overall fibril architecture must be different than that seen in fibrils of 
Aβ as the PrP fibrils have been shown to not be in register.  Assuming slightly different locations 
of strands E1, E2, and E4 from the ‘spiral’ model, the core of the fibril could form from an 
intramolecular sheet between β1 and the first section of β2 where the intermolecular interface is 
between the second section of β2 and β1 on the adjacent molecule. 
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2.8 Abbreviations Used  
 
HXMS  tandem proteolysis, liquid chromatography and mass spectrometry 
PrP  Prion Protein 
PrPC  PrP Cellular 
PrPSc  PrP Scrapie 
GuHCl  guanidine hydrochloride 
DMSO  dimethyl sulfoxide 
HSQC  Heteronuclear Single Quantum Correlation 
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Chapter 3 
 

Insights into the Conformational Ensemble of 
Monomeric Aβ from a Dual Molecular Dynamics and 

NMR Study 
 
3.1 Summary 
 
 This chapter describes structural studies on amyloid-β peptides that utilize a comparison 
between experimentally determined NMR observables (chemical shifts, 3J-couplings, relaxation 
parameters and Overhauser cross peaks) with those predicted from simulated ensembles obtained 
via molecular dynamics calculations.  New generation TIP4P-Ew water and Amber ff99SB 
protein force fields provide a good prediction of the 13C relaxation parameters and Overhauser 
cross peaks for Aβ21-30, the peptide fragment first studied to validate this technique.  Inspection 
of the simulated ensemble shows that the interactions that lead to the observation of medium-
range Overhauser cross peaks cannot occur in a single molecule simultaneously, demonstrating 
that in the study of flexible peptides the calculation of a single structure from Overhauser 
distance restraints, as routinely performed for well-folded proteins, is essentially meaningless.  A 
more robust view of peptide conformation is provided by the comparison of NMR observables 
with those calculated from simulated ensembles.  In the case of Aβ21-30, this type of analysis 
reveals a structural ensemble that contains a majority population (~60%) of unstructured 
conformers, lacking any secondary structure or persistent hydrogen-bonding networks.  The 
remaining minority population contains conformers with a β-turn centered at Val24 and Gly25, 
as well as evidence of the Asp23 to Lys28 salt bridge important to the fibril structure. The work 
with Aβ21-30 provides a framework for a similar study on Aβ1-40 and Aβ1-42, of which the NMR 
data has already been collected and is discussed herein.  
 
3.2 Introduction 
 
3.2.1 General Introduction to Amyloid-β 
 The major constituent of amyloid fibril plaques found in the brains of patients with 
Alzheimer’s disease is the amyloid-β peptide (Aβ) [1].  Aβ is formed by the successive 
proteolytic action of β- and γ-secretase on the amyloid precursor protein (APP), an integral 
membrane protein concentrated at the synapses of neurons.  While there is some evidence that 
APP is involved in the formation of functional synapses and neural plasticity [2, 3], the precise 
role of  APP in the cell remains controversial.  The cleavage of APP yields Aβ peptides of 
varying lengths from 39-43 residues, the most common forms of which are the 40- and 42-mer, 
Aβ1-40 and Aβ1-42, respectively [4].   Although much work has been undertaken to study the 
conformation of Aβ in fibrils, several recent lines of evidence, including the generation of AD 
symptoms in mice in which no amyloid plaques are present, suggest that it may be the pre-
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fibrillar monomer and oligomeric states of the Aβ peptides, rather than fibrillar Aβ, that give rise 
to the symptoms of the Alzheimer’s disease [5-7]. 
 Over the past decade significant strides have been made in determining the atomic level 
structure of Aβ fibrils using solid-state NMR [8-10]; however, characterizing the monomeric and 
early oligomeric species of Aβ remains a significant challenge.  This is due both to the difficulty 
of obtaining homogenous samples of monomers or oligomers for study because of their strong 
propensity to aggregate and the complimentary challenge of interpreting bulk structural data 
collected on heterogeneous distributions of conformers.  Recent NMR studies on the monomeric 
form of Aβ1-40 and Aβ1-42 have found evidence of some regular structure, albeit in the presence 
of high concentrations of non-aqueous solvents such as hexafluoroisopropanol, trifluroethanol, 
and SDS micelles [11-14].  Other, more recent studies focused on aqueous environments have 
predicted averaged quantities such as scalar coupling constants and spin relaxation constants for 
calculated ensembles of the peptide for comparison to NMR experiments [15-17].   These data 
measure only local rather than tertiary structure and hence provide an incomplete description of 
the structural ensemble.   Nuclear Overhauser cross peaks, arising from protons in close 
proximity, are better suited to probe tertiary structure in proteins; hence, they are heavily relied 
upon in NMR structure determination.  In addition to their sensitivity to longer-range structure, 
nuclear Overhauser cross peaks are averaged over both population and the inverse of the sixth 
power of internuclear distance.  This second averaging provides a powerful tool to study a 
heterogeneous distribution of interconverting conformers, as expected to be relevant for the Aβ 
peptides studied here, and provides significant insight into the structure of the monomeric form 
of Aβ.   
 In this chapter of the thesis I present studies combining molecular dynamics calculations 
(MD) and NMR spectroscopy conducted on a fragment of Aβ that has been extensively studied.  
This work paves the way for similar studies with the full-length forms of the peptide, Aβ1-40 and 
Aβ1-42, which are underway.  The next section contains an introduction to the shorter construct, 
which served as a tractable model system to demonstrate that our combined MD and NMR 
strategy provides insight into the peptide’s conformational distribution unavailable to either 
technique alone, followed by an introduction to similar work with the longer peptides.  Lastly, I 
introduce the NMR observables that are used to probe structure in tandem with MD calculations 
 
3.2.2 Introduction to Aβ21-30 
 In an attempt to probe for any significant structure in the monomeric state, Lazo et al. 
subjected Aβ1-40 and Aβ1-42 peptides to digestion by multiple proteases [18]. Despite containing a 
large number of potential proteolytic sites throughout the sequence, the peptide fragment 
spanning residues 21 to 30 (AEDVGSNKGA) was a significant product for each enzyme 
reaction, indicating relative resistance to cleavage despite containing several possible cleavage 
sites for the different proteases employed. Furthermore, little digestion was seen when the 
synthetic Aβ21-30 fragment itself was subjected to the same protease conditions. These results 
were interpreted to mean that some structure in the 21 to 30 region protects Aβ1-40 and Aβ1-42 
from protease degradation and that this structure is retained in the Aβ21-30 fragment.   

One of the primary benefits of studying this small hydrophilic peptide fragment is that it 
is readily soluble in its monomeric form at concentrations in which the longer and more 
hydrophobic Aβ1-40 and Aβ1-42 sequences aggregate quickly. In addition, this sequence 
encompasses many of the amino acids that are thought to be important for understanding the 
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Alzheimer’s disease state. The Aβ21-30 sequence consists mainly of a charged region that, in the 
context of the fibril structure of the full-length Aβ1-40, comprises a turn connecting the two 
flanking hydrophobic β-strand regions that is necessary for generating the observed cross-β 
structure down the fibril axis [10]. Additionally, as observed by solid state NMR, in the fibrillar 
form there is a buried salt bridge between Asp23 and Lys28; these residues are also encompassed 
by this peptide [8, 19, 20].  It has been shown that mutating either residue dramatically affects 
fibril formation [19, 21].  It is also noteworthy that many of the familial Alzheimer’s disease 
(FAD) mutants of the APP protein are located between residues 21 to 23, each of which leads to 
dramatically different in vitro fibril formation properties and in vivo clinical outcomes [4, 21-27].   
 Although absolute proteolysis is not a perfect metric to probe protein structure, a number 
of experimental and computational studies have attempted to determine if the presence of some 
stable residual structure in the Aβ21-30 monomer can account for its protease resistance. Teplow 
and co-workers studied the wild-type (WT) peptide as well as five FAD mutants of the Aβ21-30 
peptide using rotating frame nuclear Overhauser effect spectroscopy (ROESY) NMR 
experiments [18, 28]. They proposed that WT Aβ21-30 folds into a single conformer 
corresponding to a unique bend structure, identified through long range (i,i+8) cross peaks for 
Glu22 Hα to Ala30 HN, and (i,i+6) sidechain-sidechain cross peaks for Glu22 to Lys28 in the 
ROESY spectrum of  WT Aβ21-30 which were absent in the FAD mutants.  Replica exchange 
molecular dynamics simulations by Baumketner et al. using the OPLS and TIP3P all-atom 
models for peptide and water, found that 40% of the peptide ensemble is folded into two distinct 
bend structures stabilized primarily by Asp23 sidechain interactions with the Ser26 sidechain and 
backbone [29]. Borreguero and coworkers studied the peptide by a coarse-grained model in 
which they find collapsed structures stabilized by hydrophobic interactions between Val24 and 
Lys28, as well as electrostatic interactions between Asp23 to Lys28 [30]. They also simulated 
five ~100 ns molecular dynamics trajectories using CHARMM-27 and TIP3P for the peptide and 
water model, without using any accelerated sampling technique, each with a different 
combination of density, starting structure and salt concentration. Though the authors 
acknowledge that their simulations are far too short to converge to the equilibrium ensemble, 
they report contacts between hydrophobic regions of Val24 and Lys28 that are more stable on 
the nanosecond timescale than charged interactions between Lys28 and Glu22 or Asp23 [31]. 
Finally Mousseau, Derreumaux and coworkers used an activation-relaxation sampling technique 
combined with the OPEP coarse-grained model of Aβ21-30 and found several clusters of 
structures, all sharing a turn formed by stabilizing interactions between Val24 and Lys28 of 
many different sidechain contact combinations [32]. In summary, simulations found little 
evidence of the long-range interactions observed in the NMR experiment but provided little 
consensus on the solution structure of the Aβ21-30 peptide. 

 
3.2.3 Introduction to Aβ1-40 and Aβ1-42 
 As mentioned above, Aβ is found in several different isoforms, the two most common of 
which are Aβ1-40 and Aβ1-42.  Although the longer isoform differs from the shorter only by the 
presence of an additional two C-terminal residues, Ile41 and Ala42, Aβ1-40 and Aβ1-42 show 
vastly different behavior.  Aβ1-42 aggregates much more quickly than  Aβ1-40 [33].   Aβ1-42 is the 
major species present in intracerebral amyloid deposits seen in AD patients [34] whereas Aβ1-40 

is the major species in blood plasma [35].  Aβ1-42 has been shown to be significantly more toxic 
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in animal models of AD and to neurons in cell culture than Aβ1-40 [7, 36-38].  Interestingly, the 
ratio of Aβ1-42 to Aβ1-40 correlates with the presence of AD [39, 40].   
 Solution NMR experiments that have been conducted on monomeric Aβ1-42 and Aβ1-40 in 
aqueous environments failed to identify significant differences between the average structures of 
the two forms of Aβ, although they did establish that the oxidation state of Met35 strongly 
affects the aggregation propensity [41, 42] .  However, differences relating to protein dynamics 
between the two forms of Aβ have been reported.  A recent 15N relaxation study established that 
the C-terminus of Aβ1-42 is more rigid than Aβ1-40 and may be involved in aggregation [15, 16].  
Similar 13C methyl-group relaxation experiments by the same group also were consistent with 
additional rigidity in the C-terminus of Aβ1-42 [16].  By using the combined MD and NMR 
approach employed here it should be possible to observe structural motifs in subpopulations of 
peptides as well as probe dynamics in the ensemble.   
  
3.2.4 NMR Measurables Employed 
 The NMR measurables utilized in this work are chemical shifts, three bond J-couplings, 
13C relaxation times, and nuclear Overhauser effect cross peaks.  This section of the thesis will 
introduce how they probe protein structure.   
 The chemical shift of a given protein spin (HN, N, Hα, Hβ, Cα, and Cβ) is affected by the 
electronic environment around the spin; this electronic environment is determined by the 
secondary and tertiary structure in which the spin is involved.  Backbone chemical shifts can be 
calculated for a protein of known structure by quantum mechanical calculations, approaches 
utilizing empirical relationships derived between chemical shift data and classical physics, or by 
hybrid approaches.  The large collection of NMR assignments of proteins of known structure is 
sufficient in size that if the protein structure is known, then chemical shifts can be reliably 
predicted by hybrid techniques [43-46].   
 The three bond J-coupling between HN and Hα, 3JHN-Hα, is related to the φ dihedral angle 
through the well-known Karplus relationship [47, 48] (equation 3.1),  
 

J(φ) = Acos2(φ − 60)+Bcos(φ − 60)+ C    (equation 3.1) 
 

where A, B, and C are empirically determined constants.  Along with ψ, the φ dihedral angle is a 
measure of secondary structure in proteins.   While there are three bond J-couplings which 
depend on ψ, (3JCβi-Ni+1, 3JHαi-Ni+1 and 3JNi-Ni+1), they are not proton-only J-couplings and thus 
require at least one labeled heteronucleus to measure and were not used in this study.  When 
measured on a distribution of conformers interconverting quickly with respect to the NMR time 
scale, as is the case here, J-couplings and chemical shifts are simple population averages.  If the 
interconversion between conformers was in slow exchange with respect to the NMR time scale, 
multiple sets of NMR resonances would be observed. 
 NMR relaxation parameters are widely used in the study of protein dynamics [49].  In 
this chapter the focus is on the 13Cα spin-lattice and spin-spin relaxation times (T1 and T2, 
respectively) for use in the comparison of time-scales between MD simulations and the NMR 
experiments.  The relaxation of a 13C that is directly bonded to a single proton is dominated by 
the dipolar interaction between the bound proton and the chemical shift anisotropy (CSA) of the 
13C spin.  The relaxation times depend on the spectral density function, the Fourier transform of 
the correlation function for the directly bonded 1H-13C pair given by 
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The spectral density function (equation 3.2) controls the components of the spin relaxation rates, 
defined as the inverse of the T1 and T2 relaxation times at the relevant 1H and 13C Larmor 
frequencies.  

R1 = 1
T1

= R1
DD + R1

CSA    (equation 3.3) 

   R2 = 1
T2

= R2
DD + R2

CSA + Ra   (equation 3.4) 

 
where DD and CSA denote the dipolar and CSA components of the spin relaxation rate 
constants, respectively.  Ra is the sum of the relaxation rate constants for pseudo-first order 
processes such as chemical exchange and diffusion; these are ignored in this work. For directly 
bonded 1H-13C pairs containing a single proton, the dipolar relaxation rates given by 
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are the main contributors to the overall relaxation. The constant factor, K, is defined as 
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where µ0 is the permeability of free space,   h is Planck’s constant, and γa and γb are the 
gyromagnetic ratios for the nuclei of interest which for the 13C relaxation experiment are carbon 
and hydrogen, and reff,  

reff = 1

r 6 t( )

−1
6

    (equation 3.8) 

 
is the appropriately averaged internuclear distance between atoms.  The CSA contributions to the 
spin-lattice and spin-spin relaxation rates from an axially symmetric chemical shift tensor are 
given by  
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where ∆δ is the difference between the parallel and perpendicular components on the chemical 
shift tensor.  Although there is an additional averaging over distance implied by equation 3.8, it 
is worthwhile to note that for directly bonded spin pairs, the distance is approximately constant. 
(However, the Amber ff99SB force field does include bond vibration and libration motions, 
which cause the fastest decay of correlation function for directly bonded spin pairs.) 
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 The final and most information-rich NMR observable utilized in this work is the nuclear 
Overhauser effect, which depends on the distance between protons in space.  The nuclear 
Overhauser effect is most often observed by two-dimensional Nuclear Overhauser Effect 
spectroscopy (NOESY) in which magnetization is transferred between resonances via cross 
relaxation through a transient dipolar interaction.  The intensity of a given cross peak is related to 
the distance between the protons.  Typically cross peaks between protons within 6 Å can be 
observed.  In practice, the observation of Overhauser cross peaks can be encumbered if 
molecular tumbling occurs on the same time scale as the Larmor frequency, thereby interfering 
with the Overhauser cross-relaxation mechanism.  At magnetic fields strengths currently 
employed in high resolution NMR,   molecules with a molecular weight around 1 kDa, as is the 
case for Aβ21-30, are affected by this issue.  This is avoided by transferring magnetization while 
the spins are made to precess about an applied external field during the mixing time, thereby 
changing the effective Larmor frequency and allowing for magnetization to transfer via a dipolar 
mediated cross-relaxation mechanism.  This technique is referred to as rotating frame Nuclear 
Overhauser spectroscopy (ROESY) [50, 51]. 
 Overhauser cross peaks are typically used as the most important structural restraint in 
biomolecular structure determination with NMR where many loose distance restraints are 
incorporated into a pseudo-energy function used to restrain a structure calculation.  This 
approach to interpret Overhauser cross peaks is relatively straightforward when the molecule of 
interest is a single stable conformer.  When the molecule of interest is quite flexible and exists as 
an ensemble of interconverting conformers, this approach is intractable.  For example, a cross 
peak between two protons that spend 100% of the time 6 Å apart will have the same intensity a 
cross peak between two protons that spend 9% of the time 4 Å apart.  There is no way to extract 
this information from the spectra alone.  However, if we have the knowledge of the peptide’s 
structure and dynamics from MD simulations providing a correlation function for each spin pair, 
the intensity of Overhauser cross peaks can be calculated from its Fourier transform, the spectral 
density function (equation 3.2), according to the method of van Gunsteren and coworkers [52, 
53].  The normalized correlation function is 
 

C τ( )= 1
r 6 t( )

−1
P2 cosχ t,t +τ( )
r 3 t( )r 3 t + τ( )

      (equation 3.11) 

 
where P2 is the 2nd order Legendre polynomial, χ is the angle between the interspin vector in the 
laboratory reference frame at times t and t + τ, r(t) is the instantaneous pair distance, and the 
angle brackets denote a thermal average.  Rotating frame nuclear Overhauser cross peaks are 
then predicted by calculating the intensity for each spin pair,   
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where X and Λ are the eigenvectors and eigenvalues of the full relaxation matrix, R, composed 
of the diagonal elements  
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and off-diagonal elements 
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which sample the spectral density function at different frequencies.  The direct dipolar relaxation 
rate is described by ρ, σ is the cross-relaxation rate for all proton pairs as described by van 
Gunsteren and coworkers, and K is defined as above with γaγb equal to γH

2.  The expressions for 
calculating the relaxation rates in NOESY spectra differ slightly with the diagonal elements 
given by 
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and the off-diagonal elements given by 
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After cross peak intensities are predicted, it is possible to compare them to those obtained 
experimentally, thereby validating a structural ensemble calculated with MD. 
 
3.3 Materials and Methods 
 
3.3.1 NMR spectroscopy of Aβ21-30 

The Aβ21-30 peptide (AEDVGSNKGA) was synthesized and purified to 98% purity by 
reverse-phase HPLC (Anaspec, San Jose CA). NMR samples contained 10 mM Aβ21-30 and 25 
mM ammonium d4-acetate in 90% H2O, 10% 2H2O or 100% 2H2O. Upon dissolution, the pH 
was adjusted to 6.0 with 1M NaOH. NMR data were collected at 283 K on Bruker Avance 500 
or 600 MHz spectrometers and Bruker Avance II 800 or 900 MHz spectrometers. All data were 
processed with NMRPipe [54] and analyzed with NMRView [55] or CARA [56] . All spectra 
were recorded at 10°C to facilitate comparison with previous NMR studies on this peptide. 

Chemical shift assignments were obtained with 2D 1H-1H TOCSY [57] and ROESY [50] 
experiments. All resonances have been assigned.  Distance restraints were obtained from two 2D 
1H-1H ROESY experiments in both 90% 1H2O, 10% 2H2O and 100% 2H2O with a composite 
pulse spin lock applied during the 300 ms mixing time to avoid TOCSY artifacts (see the H/HA 
correlations in the ROESY spectrum depicted in figure 3.4 for an example) [58].  Additional 
1H2O ROESY spectra were also collected with 200 ms and 400 ms mixing times but were not 
used in generating distance restraints. A total of 4096 and 1400 points (States-TPPI) were 
collected in t2 and t1, respectively. Spectral widths in both dimensions were 7184 Hz and 8503 
Hz on the 800 MHz and 900 MHz spectrometers, respectively.  

To build a single structural model fitting all of the data simultaneously using a standard 
NMR structure determination approach, ROESY cross peaks were classified as strong, medium, 
weak, and very weak based on peak intensity and converted to 2.9, 3.3, 5.0, and 6.0 Å upper 
distance restraints, respectively. The set of 155 manually assigned distant restraints was used to 
calculate 1000 structures with the program CYANA [59]. The 50 lowest energy structures of the 
minimized ensemble were analyzed with the program Pymol (DeLano Scientific: San Carlos, 
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CA). Structural statistics and hydrogen bonds present in the structure ensemble, detected with the 
Amber [60] suite program ptraj are presented in the Results. 

Spin-lattice (T1) and spin-spin (T2) relaxation times for natural abundance 13C at the Cα 
position were measured for all non-glycine amino acids using the same 100% 2H2O sample 
described above. T1 was measured at 500 MHz by inverse-detected inversion recovery with 
delay times 5, 25, 50, 150, 400, 600, 1000, 2000, and 2500 ms. T2 was measured at 600MHz by 
an inverse-detected CPMG experiment with delay times 0, 20.48, 40.96, 61.44, 82.92, 122.88, 
143.36, 163.84, 204.8 ms. Relaxation parameters were fit from the data as described previously 
[61].  

Three bond scalar coupling constants, 3JHN-Hα, were measured from the multiplet structure 
in a 2D double-quantum filtered COSY measured at 500 MHz with a spectral width of 6127 Hz 
in both dimensions. To ensure that the experimental lineshape was not adversely affected by 
limited digital resolution 4096 points were collected in both t1 and t2. Quadrature detection in t1 
was obtained according to the States-TPPI method and the digital resolution was matched to t2 
with linear prediction. 
 
3.3.2 MD simulations of Aβ21-30  

In this study the zwitterionic Aβ21-30 peptide is represented with the Amber ff99SB fixed 
charge empirical force field [62]. Amber ff99SB is a recent reparameterization of the backbone 
dihedral angles of proteins by Simmerling and coworkers to correct previous problems with 
secondary structure propensities of the original ff99 parameters. Amber ff99SB quantitatively 
captures the distribution of backbone φ/ψ angles compared with quantum mechanical 
calculations and validation on model peptide and protein systems. Two separate sets of 
simulations were run in which the peptide was solvated with TIP3P [63] and TIP4P-Ew [64] 
water models, respectively. TIP3P is an older water model that is popularly used in aqueous 
protein simulations, while TIP4P-Ew is a newer re-parameterized version of the standard TIP4P 
water model for use with Ewald summation techniques. The alternate TIP4P-Ew water model 
was chosen since it reproduces many salient thermodynamic and dynamic features of bulk water 
properties when compared with experiment, and also its excellent performance for temperature 
trends of these properties is especially relevant for this experimental study which is conducted at 
10°C [64].  

In this work the AMBER9 molecular dynamics simulation package [60] was used to 
generate the structural and dynamical ensembles of Aβ21-30 peptide fragment in water. The 
system is prepared by solvating the Aβ21-30 structure with 1578 TIP3P or 1579 TIP4P-Ew water 
molecules, respectively. A single sodium (Na+) ion is included in the system to balance the 
peptide net charge. Each system is briefly equilibrated using Andersen thermostats [65] to bring 
the system up to 300K temperature, then equilibrated for 125ps at constant pressure with 
Berendsen (weak) coupling at 1 bar (default parameters) and 300K temperature. The average 
density of the last 100ps of the constant pressure simulation is then calculated and a snapshot 
containing position and velocity information with that density (within 0.001g/cm3) is selected as 
the starting structure. In all simulations the equations of motion are integrated with 1fs timesteps, 
the long-range electrostatic interactions are calculated using Particle Mesh Ewald method (PME) 
[66], and a cutoff of 9.0 Å is used for real space electrostatics and LJ interactions.  

Replica exchange through the sander module of Amber9 was used to improve 
convergence at the lower temperatures, using 64 temperature replicas exponentially spaced 
between 270 K and 507 K with exchange attempts every 1 ps [67, 68]. We ran two independent 
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replica exchange simulations for a time between 45ns and 50ns per replica exchange simulation, 
of which the first 20ns of each replica is treated as equilibration. The second replica exchange 
simulation was started from configurations acquired after 20ns equilibration in the first replica 
exchange simulation, but using a new set of randomized velocities. Convergence to equilibrium 
of the two independent simulations was tested by whether they both reach the same linear 
average of the pair distances over their structural ensembles. The equilibrium populations of the 
two independent runs differ by no more than 7% in this quantity.  

Microcanonical ensemble (NVE) trajectories were run to measure dynamical quantities 
since coupling to a thermal bath, especially by the Andersen or Langevin thermostats provided in 
the AMBER codes, can perturb system dynamics. For each peptide-water model combination we 
ran thirty NVE trajectories of 20ns in length. Starting structures for these trajectories were 
selected from the 284K replica of each water model, separated by 1ns of replica exchange 
simulation to ensure structural decorrelation. Since only coordinate information (not velocity) 
was saved for the structural ensemble, structures were equilibrated at 284K for 100ps prior to the 
20ns constant energy runs.  The ptraj module of AMBER was used to analyze the DSSP defined 
secondary structure, hydrogen-bonds and electrostatic/saltbridge interactions over the generated 
structural ensembles [69]. All possible donors and acceptors for the hydrogen bonds are specified 
in the analysis. 

 
3.3.3 Prediction of NMR Observables for the calculated Aβ21-30 ensemble 
 Using the SHIFTS [44-46] and SHIFTX [43] programs, the chemical shifts for all protons 
and Cα and Cβ carbon atoms were predicted by averaging these quantities over the members of 
the Boltzmann-weighted simulation ensemble.  Two types of parameter sets for A, B, and C in 
equation 3.1 were used. The first type corresponds to fits of the Karplus equation by using 
experimentally measured scalar coupling constants and known reference protein structures, a 
parameter set for 3JHN-Hα was derived by Vuister and Bax with A = 6.51, B = -1.76, and C = 1.60 
[47], although other choices are possible [70-72].  In fact, it has been shown that variations 
between the different sets of Karplus parameters likely reflect differences in the magnitude of 
dihedral angle fluctuations about the reference equilibrium folded structure used to calculate the 
values of A, B, and C [70, 72].  As our ensemble includes dihedral angle fluctuations, using these 
Karplus parameters to calculate the ensemble averaged J-couplings results in a double counting 
of such motions. Thus, a second parameter set in which a harmonic approximation to this 
dynamical motion has been removed, where A = 9.5, B = -1.4, and C = 0.30, was also considered 
[70]. 
 To calculate the spectral density functions for 1H-1H spin pairs to predict ROESY data 
and for 13C-1H pairs to predict the relaxation parameters (T1 and T2), the method of Peter et al. 
[52] is employed in evaluating the normalized correlation functions (equation 3.11).  The 
correlation functions were calculated for each of the approximately 1800 1H-1H spin pairs as well 
as the eight non-glycine directly bonded 13Cα-1Hα spin pairs.  The evaluation of equation 3.11 
was an average over thirty independent constant energy (NVE) trajectories at 284K of equation 
3.11, for correlation times τ up to 5ns.  Using many trajectories run in parallel, launched with 
different representative members of the Boltzmann distribution of peptide conformations, is 
preferable to a single long trajectory in the NVE ensemble, which will not exhibit a canonical 
structural ensemble. Averaging multiple trajectories, each with a slightly different total energy, 
also has the minor added benefit of sampling the energy distribution of the canonical ensemble 
despite using constant energy trajectories. It is important to note that equation 3.11 was 
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“unnormalized” by the 1/r6 average spin-spin distance in each trajectory in order to compute the 
average over trajectories. 

Each resulting average numerical correlation function for a given atom pair is then fit to a 
triple exponential form using a shell script invoking the fit routine in Gnuplot. A triple 
exponential form was selected since multiple relaxation modes with different timescales 
invariably exist for a peptide. In our case, a very fast (<1ps) mode due to vibration and libration 
exists, as well as several reorientational modes arising from anisotropic tumbling due to the non-
spherical shape of the peptide.  Using a quadruple exponential form did not show substantially 
different fits for a test group of data, and hence were not used. In some cases only two 
exponentials were required, although three exponential fits were typical.  The fitted time 
correlation function is then Fourier transformed to define the spectral density functions (equation 
3.2) according to equation 3.17. 
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It is important to note that the peptide tumbles and locally reorients rapidly enough for all 
relevant spin-spin vector time-correlation functions to decay to zero within the time of the 20ns 
dynamics simulations. 

The T1 and T2 relaxation times were calculated from the appropriate spectral density 
functions using equations 3.2-10.  In equations 3.9 and 3.10, ∆δ is taken to be 25ppm [61].  It is 
also interesting to note that the fitted full time correlation functions are explicitly calculated and 
analytically Fourier transformed, and hence do not need to fit our spectral density functions 
through a Lipari-Szabo model-free analysis [49] which has limited applicability when the system 
of interest lacks the separation between internal and external motion timescales, as is the case for 
Aβ21-30. In order to compare the simulated T1 and T2 relaxation times to the experiment 
performed in 2H2O, the time correlation functions are scaled by a factor of 1.2 as a simple 
approximation for the larger viscosity of 2H2O compared to H2O at 10°C.  

The ROESY cross peaks were calculated from the spectral density functions in the 
process described by equations 3.12-14.  Unlike the extended atom model (no aliphatic 
hydrogens) of the previous studies MD studies on Aβ21-30, here all hydrogen atoms have been 
simulated explicitly for each methyl group and hence we calculate all pair correlation functions, 
including neighboring methylene and methyl group protons. Water proton coordinates have been 
ignored as is the standard assumption in the NMR experiment. 

This coupled system of differential equations (3.12-3.14) was solved for the 
magnetization matrix at the mixing time used by the NMR experiments for both H2O and 2H2O.  
The experimental conditions of heavy water solvation on the relaxation matrix was simulated by 
removing the exchangeable hydrogens including backbone amides (HN), hydrogens in basic 
NH3

+ groups, and hydroxyl hydrogens (HO) from the spin-matrix, accomplished by setting all 
pair distances with these protons to 30Å. In order to generate peak predictions, the peak volume 
contributions (including positive contributions from cross peaks dominated by spin diffusion) are 
summed for degenerate spins (methyl groups) as well as those from spins within the same 
residue that are indistinguishable at the resolution of our NMR experiments.  Note that this 
method explicitly accounts for peak intensity effects caused by methyl group rotation since 
spectral density functions are calculated for each proton in a methyl group and the individual 
intensities from indistinguishable peaks are summed to compare to experimental spectra. Amine 
peak volumes in the H2O spectra were scaled by a factor of 0.9 to approximately account for the 
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presence of 10% deuterium exchanged amide protons from the 10% 2H2O used for NMR lock. 
Predicted cross peaks to basic amine and hydroxyl groups were filtered from the predictions 
since these cross peaks would be significantly broadened by exchange with solvent protons on 
the NMR timescale. 

In order to directly compare simulations to experiment, the constant relating the arbitrary 
experimental cross peak intensity scale to the simulated intensities for diagonal magnetization of 
unity at mixing time of 0 ms must be determined. This is especially important because the 
experimental noise level must be determined to evaluate the ability of the predictions to separate 
observed and unobserved peaks.  The constant relating the simulation and experimental scales is 
calculated by determining the slope of least-squares fit line (constrained to pass through the 
origin) [73] for the experimental intensities versus simulated cross peak volumes of all cross 
peaks for all distinguishable pairs separated by four or more bonds, including all long-range, 
medium-range, and sequential peaks, as well as distant intraresidue pairs. Cross peaks between 
pairs separated by fewer than four bonds are eliminated because they are subject to significant 
TOCSY intensity contributions, evident from line shape distortion (see figure 3.4) [58]. All 
remaining experimental cross peak intensities (peak height) are assumed to be proportional to the 
volume, which assumes no significant line shape distortion. This procedure was repeated for the 
two water model simulations and for the two experimental solvation conditions (H2O and 2H2O). 
The derived constant, multiplied by the weakest experimentally assigned peak intensity for the 
appropriate H2O and 2H2O experiment, then provides an estimate of the noise level in the 
simulation. In the Results section, the simulated and experimental intensities are now comparable 
as a multiplicative factor of the noise. 

 
3.3.4 NMR spectroscopy of Aβ1-40 and Aβ1-42 
 Synthetic Aβ1-40 and Aβ1-42 peptides were purchased from Anaspec (San Jose, CA).  Prior 
to use peptides were resuspended at a concentration of 1 mg/mL in degassed 2 mM NaOH and 
sonicated gently to dissolve.  This solution was then flash frozen in liquid N2 and lyophilized.  
This process is designed to remove any potential fibril seeds from the peptide preparation [74].  
NMR samples were obtained by dissolving NaOH treated peptides in 20mM sodium phosphate 
buffer at pH 7.2 in either 90% H2O/10% 2H2O or 100% 2H2O at a protein concentration of 
600µM and then filtering with a 0.22 µm Spin-X filter (Corning Inc., Corning, NY).   
 Chemical shift assignments and Overhauser cross peaks for Aβ1-40 and Aβ1-42 were 
collected from 2D 1H-1H TOCSY [57] and 2D 1H-1H NOESY experiments [75] measured on a 
900MHz Bruker Avance II spectrometer.  TOCSY spectra were collected with 40, 60 and 80 ms 
mixing times.  H2O NOESY spectra were collected with mixing times of 100 and 200ms.  2H2O 
NOESY spectra were collected with mixing times of 200ms. Aggregation of Aβ1-40 and Aβ1-42 
NMR samples was followed by one-dimensional 1H NMR spectra.  As expected, Aβ1-42 
aggregated more rapidly than Aβ1-40.  Multiple data sets were collected on a single Aβ1-40 over 3 
days of measuring time whereas Aβ1-42 samples were only used for 24 hours.  More than 90% of 
the proton resonances of Aβ1-40 have been assigned.  Assignment of Aβ1-42 is ongoing. 
 
3.4 Results 
 
3.4.1 Aβ21-30 Chemical Shifts 

A robust chemical shift calculation must describe the anisotropic shielding of the applied 
magnetic field for the given atom, a quantity that depends sensitively on the local electronic 
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structure environment. Even for folded proteins with a dominant native conformer, each atom 
type can exist in many different local environments, making an accurate calculation of chemical 
shifts for a protein quite a challenge. This problem is exacerbated in the case of disordered 
proteins that have a far greater diversity of conformations and interconverting local 
environments, thus hybrid empirical chemical shift packages that perform well for globular 
proteins such as SHIFTX [44-46] and SHIFTS [43] may inadequately predict chemical shifts of 
disordered proteins. 
 In Figure 3.1 the Cα, Cβ , Hα and HN experimental chemical shifts are shown for Aβ21-30 
as compared to the calculated chemical shifts over our simulated ensemble for different force 
fields. To obtain the experimental chemical shift values the reference value of the chemical shift 
of a random coil at 25°C was subtracted from the average shift for each amino acid [76]; while 
the carbon shifts show a very weak dependence on temperature and the 25°C random coil 
reference shift is used, the amide proton random coil shift reference for each amino acid is 
adjusted to a value appropriate for 10°C [77]. Together the chemical shift data emphasize that the 
peptide is largely unstructured.  

In order to take into account any anticipated limitations of the chemical shift calculation 
algorithms the average chemical shifts were calculated for the unstructured subset of each 
simulated ensemble, comprising ~60% of the TIP4P-Ew and ~40% of the TIP3P ensemble.  
These values were used as a random coil reference state that was subtracted from the total 
simulated ensemble with the hope of some cancellation of errors. Figure 3.1 shows that the 
resulting ensemble averaged chemical shifts calculated with SHIFTS and SHIFTX are less than 
~1ppm for Cα and Cβ shifts from the calculated random coil shifts, are similar between the 
TIP4P-Ew and TIP3P simulations, and show at best qualitative agreement with experiment. 
While the calculated amide proton shift values deviate significantly from the NMR values, this 
may be due to the inability of the theory to capture all of the chemically relevant contributions to 
amide shifts, a notorious problem [46], as opposed to an inadequacy of the structural ensemble. 
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Figure 3.1 13C and 1H chemical shifts from experiment and simulation for Aβ21-30. Experimental NMR 
shifts are calculated as a difference from the peptide measurements and tabulated random coil values. For 
13C nuclei, which are insensitive for temperature changes, the tabulated 25°C random coil shifts were 
used, while for the amide proton shifts the random coil values of 10°C were used to account for the 
experimental temperature used in this study. The predicted chemical shifts are SHIFTS calculations 
averaged over the full ensemble after subtracting SHIFTS calculations averaged over the unstructured 
subpopulations (as defined by lack of DSSP secondary structure for all residues to represent the 
calculated random coil population).  
 
3.4.2 Aβ21-30 J-couplings 
 In Figure 3.2, the 3JHN-Hα scalar coupling constants, measured from a high resolution 
COSY spectrum, are compared to the simulations using the dynamically uncorrected and 
harmonically corrected Karplus parameters (see Methods, section 3.3.3). It is apparent that the 
dynamically uncorrected and harmonically corrected Karplus parameter sets work equally well 
on this disordered system (Figure 3.2a). This is because disordered systems, with the greater 
likelihood that all dihedral angles sample a much larger range of φ values, more closely approach 
the uniform sampling limit of J = A/2+C. This limit is very similar between very different 
Karplus parameter sets and, for the sets examined here, are 4.9Hz and 5.05Hz for the corrected 
and uncorrected sets, respectively. In Figure 3.2b the simulations have well converged average 
scalar coupling values between trajectories, and the two different water models show only small 
differences, less than 1 Hz. The overall agreement between simulation and experiment is quite 
good, making clear that both are consistent with an ensemble that is largely random coil, 
consistent with the chemical shift data. This is especially clear when we compare the 
experimental 3JHN-Hα values to that calculated from a single structure based on incorporating all 
of the ROESY restraints (shown in figure 3.6 and developed further below). 
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Figure 2. Comparison of experimental scalar coupling constant 3JHN-Hα and that calculated from the 
simulated ensembles. Error bars are experimental uncertainty for NMR values as well as simulated 
standard deviations calculated for trajectories split into three sections. The calculated coupling constants 
for the Hα protons of glycine are added to compare to experiment in which they are indistinguishable. (a) 
two parameterizations of the Karplus equation averaged over a single replica exchange ensemble using 
the TIP4P-Ew model. It is apparent that the dynamically uncorrected and harmonically corrected Karplus 
parameter sets work equally well on this disordered system. (b) average over the two independent replica 
exchange ensembles for different empirical force fields and compared to experimentally determined 
coupling constants. It is evident that an ensemble measurement gives far better agreement with the 
experimental 3JHN-Hα values than that calculated from a single structure based on incorporating all of the 
ROESY restraints (shown in Figure 6). 
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3.4.3 Aβ21-30 T1 and T2 
The experimental Cα spin-lattice and spin-spin relaxation times measured for the non-

glycine positions of Aβ21-30 are presented in Table 3.1. Since the chemical shifts for 13Cα-1Hα 
pairs for Glu22 and Lys28 overlap, T1 and T2 at these positions cannot be distinguished and the 
parameters are treated as an average of relaxation times at the two positions. As the combined 
data for these positions fit well to a single exponential form, T1 and T2 relaxation times are 
similar for these positions. The experimentally determined relaxation parameters vary by a 
maximum of 25% for non-terminal residues positions, indicating that the peptide does not 
contain significantly stiffer and/or slower moving regions on average. 

T1 and T2 calculated from simulations of the peptide solvated with TIP4P-Ew model 
water show excellent agreement with the experimental values (Table 1). Non-terminal amino 
acid relaxation times are within ±10% for both T1 and T2. Consistent with experiment, the 
terminal amino acids show significantly longer relaxation times (indicating faster motion) than 
non-terminal ones, although the simulated relaxation times are larger than the experimental 
values. The discrepancy is greatest for the C-terminal alanines, which may indicate that the 
simulations predict less structure in this region than in the experiment, although viscosity 
differences at lower temperature in 2H2O may influence the dynamics. To test this hypothesis, a 
time scaled correlation function was used for all proton pairs to account for the larger solvent 
viscosity (see Methods).  We find that the C-terminal T1 and T2 are now within 15% of the 
experimental values while the non-terminal relaxation parameters change by only a few percent 
(Table 3.1). 
 

  A21 E22 D23 V24 S26 N27 K28 A30 
T1  Experiment 415 298* 244 291 285 274 298* 475 
at TIP4P-Ew 492 292 268 272 274 273 287 530 
500MHz Scaled  457 276 253 260 262 261 275 485 
 TIP3P 853 469 398 389 386 396 413 907 
T2  Experiment 403 265* 269 230 235 241 265* 372 
at  TIP4P-Ew 445 262 248 236 245 239 242 475 
600MHz Scaled 398 238 225 215 224 218 220 425 
 TIP3P 860 474 403 386 386 393 402 858 

 
Table 3.1. 13C NMR Spin Relaxation times T1 and T2 for non-glycine Cα positions from experiment and 
TIP4P-Ew, TIP3P and time scaled TIP4P-Ew, in milliseconds. Glu22 and Lys28 resonances overlapped 
such that T1 and T2 could not be independently measured. The relaxation times calculated from the 
overlapped peaks are indicated with an asterisk.  
 T1 and T2 relaxation times calculated from the TIP3P simulations result are ~1.8 times larger than 
experimentally observed, for both terminal and non-terminal positions. This overestimate of relaxation 
time is a result of the faster dynamics of peptide motion in the TIP3P solvent. To demonstrate this 
difference the averaged vector autocorrelation function for the 13Cα and Hα pair at the Val24 position for 
both the TIP3P and TIP4P-Ew simulation is presented in Figure 3.3. The TIP3P simulations result in time 
correlation functions with fitted decay parameters more than twice that of the TIP4P-Ew simulations. The 
faster peptide motion in TIP3P is likely a result of the unrealistically low viscosity (faster self-diffusion) 
properties of the TIP3P model, speeding up the peptide dynamics.  
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Figure 3.3. Normalized average vector time correlation function for Val24 Cα to Hα position for constant 
energy trajectories solvated with TIP4P-Ew and TIP3P. The TIP3P model (red) shows a dramatically 
faster decay for all vector time correlation functions relative to TIP4P-Ew, and we present this as an 
example. 
 
3.4.4 Aβ21-30 Experimental and Simulated ROESY Cross peaks 

The 2D ROESY experiments in 90% H2O:10% 2H2O and100% 2H2O yielded a set of 155 
assigned ROESY cross peaks. Although the majority of the cross peaks were for intra-residue 
(83) and sequential (44) pairs, 28 weak, medium range ROE interactions were also detected. 
These medium range ROE cross peaks comprise several i,i+2 and i,i+3 interactions and two 
extremely weak i,i+4 interactions; no longer range ROE cross peaks were observed and no 
strong patterns of α-helical or β-sheet contacts are evident. Lazo et al. report a long-range i,i+8 
Glu22 Hα to Ala30 HN cross-peak [18], and more recent work from the same group assigns the 
peak to an overlap of the original Glu22 Hα to Ala30 HN interaction and i,i+2 Lys28 Hα to 
Ala30 HN in spectra collected at 500MHz. The observation of the long-range ROE is critical to 
their proposed NMR model, which is significantly collapsed. However, due to the higher 
resolution of the spectrum collected at 900 MHz, the cross peak is interpreted to be solely 
attributed to the i,i+2 contact between Lys28 Hα and Ala30 HN, as shown in Figure 3.4. 

An additional set of long-range interactions between the Glu22 and Lys28 sidechains are 
reported by Lazo et al. In the higher field spectra, the small chemical shift difference between 
Hβ3 Lys28 and Hβ2 Glu22 are distinguishable (Figure 3.5). At lower field, these resonances 
would overlap very close to the limit of the resolution of the experiment and hence be difficult to 
distinguish. The 900MHz data contains no evidence of true Glu22 to Lys28 ROE interactions.  It 
is likely that the previously reported long range cross peaks between these residues are due to 
misassignment of peaks too close to distinguish at lower field.  

The new spectra show that a majority of the medium range cross peaks suggest turn or 
partial collapse structures for residues 22 through 27, although medium-range interactions are 
also seen from Ala21 to Asp23 and Val24, indicating the peptide backbone is not simply 
extended in the N-terminal region. Two additional pairs of interactions are found in the C-
terminal region between the side chain and Hα of Lys28 with the backbone of Ala30, as well as 
the methyl group (Hβ) of Ala30 with both Hβ methylene atoms of Asn27. 
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Figure 3.4. Fingerprint region of ROESY spectrum in H2O of Aβ21-30 demonstrating the cross peak 
interpreted by Lazo et al. and Grant et al. as Hα Glu22 with HN Ala30 in their 500MHz experiments is 
clearly resolved as only Hα Lys28 to HN Ala30 in this 900MHz experiment. It is also clear from the 
lineshape of intra-residue HN-Hα correlations that significant TOCSY artifacts do occur during the 
ROESY mixing time. 

 

Figure 3.5 Hβ3 Lys28 has a nearly overlapping chemical shift with Hβ2 Glu22, potentially leading to 
cross peak misassignment in previous studies conducted at lower fields.  
 

Predicted ROESY cross peaks from simulation were calculated for a 300 ms mixing time 
and compared to the cross peaks observed in the H2O and 2H2O experimental spectra in Tables 
3.2 and 3.3. Since medium and long range ROE interactions contain the most information about 
peptide structure, this discussion focuses only on these interactions and ignores intra residue and 
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sequential interactions in the comparisons of simulations to experiment. The top-ranked 
intensities for the ROE cross peaks predicted to be above the noise level are tabulated along with 
the experimentally measured value; a dash indicates no cross peak was seen experimentally, 
while “<1.0” denotes a potential experimental cross peak so weak that it cannot reliably be 
definitively assigned. Because we have two independent replica exchange calculations for each 
water model, we can explicitly evaluate convergence of the ROESY cross peaks. Although the r1 
(linear) pair distance averages vary by less than a few percent between the simulations and 
suggest good convergence, a small number of r-6 averaged pair distances vary by >30% and 
translate into noticeable changes in the corresponding peak volumes, and thus peak ranking. 
Therefore the few cross peaks where the combined ensemble cross peak predictions do not make 
evident the significantly different predictions from the independent simulations for both TIP4P-
Ew and TIP3P are specifically highlighted below. 

Tables 3.2 and 3.3 show that the TIP4P-Ew and TIP3P ensembles predict 12 and 14 of 
the experimentally assigned cross peaks, respectively, from the 900 MHz H2O spectra, and 14 
and 15, respectively, of the assigned cross peaks in the 800 MHz 2H2O experiment (note that 
there is redundancy of cross peaks between the two experiments so that there are only 28 distinct 
cross-peaks in total). The true positive cross peaks encompass i,i+2, i,i+3 and i,i+4 medium 
range cross peaks from across the entire peptide. Thus both TIP3P and TIP4P-Ew ensembles 
pick out the majority of the 28 experimentally observed medium-range ROE interactions from 
the 600 possible distinguishable medium and long-range interactions.  

The predictions also show a number of “false positive” cross peaks i.e. cross peak 
predicted above the estimated noise level in the simulations that are not experimentally observed. 
In the TIP4P-Ew predictions, all of the false positive cross peaks, excepting one from the H2O 
spectrum and four additional from the 2H2O spectrum, are i,i+2 or i,i+3 assignments that involve 
residues and regions of the chain that have other observed ROE interactions. This suggests that 
the simulations are bringing together the correct residues of the peptide and that these false 
positives are due to small differences in the detailed structural distances. In fact the r-6 distance 
averaging to estimate peak volumes is extremely sensitive to distance, such that changes of 21/6 
(~1.12) in distance can translate to a doubling of the calculated peak volume. In other words, 
false positive cross peaks predicted to be weak but still above the noise by our simulations may 
be just below the background noise in the experiment if the simulated distances are closer than in 
the experiment by only a factor of 1.12.  

Therefore, it is reasonable to focus on false positives predicted to be more than a factor of 
2 above the noise. In this case the differences in quality of the water models are revealed in that 
the TIP3P simulations have far too many false positives as strongly predicted cross peaks, 
suggesting a structural ensemble that is far more collapsed than observed experimentally. The 
TIP3P model shows far more false positives above the estimated noise, and poor ranking for 
what are the strongest experimentally observed peaks. By contrast TIP4P-Ew has fewer false 
positives and gets the intensity rankings right for the most prominent experimental peaks. In fact, 
the TIP4P-Ew simulations of the cross peak of strongest intensity between the Hβ methyl group 
of Ala21 and the Hγ methyl groups of Val24 led to the assignment of this peak in the 
experimental spectra which was initially hidden beneath an experimental artifact. Therefore, the 
remainder of the Results section focuses on the TIP4P-Ew simulations. 
 The more significant discrepancies between the experiments and simulations involve 
“false negatives”- experimentally observed cross peaks that are not predicted to be observable by 
simulation. Since the noise in the experiment is not uniform over the spectra, if we dip just below 
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the estimate for noise by a factor of 2, the TIP4P-Ew simulation predictions show an additional 
four H2O and two 2H2O experimentally assigned cross peaks. Based on the highly sensitive cross 
peak intensity discussed above, these could be classified as true positives as well. However, five 
additional missing cross peaks are a full factor of 10 below the noise level, and hence are 
genuine false negatives. One such set of false negatives are the interactions between β methylene 
protons of Asp 23 and Ser 26, which involve four cross peaks seen experimentally. Since one of 
the possible four cross peaks of methylene pair interactions for these two residues is predicted 
among the top 10 of the 2H2O cross peaks predicted by the TIP4P-Ew simulations, it is apparent 
that the simulation is bringing together the correct areas of the side-chains, but not the correct 
detailed geometry in this region.  

The experimental cross peaks, however, may imply more equivalent distances than are 
actually present in the underlying structural ensemble. Magnetization selectively ROE 
transferred through space to a single hydrogen in a methylene pair would subsequently be more 
evenly redistributed between the pair due to TOCSY type (through bond) transfer. TOCSY 
transfer is created by the rotating frame pulse during ROESY mixing, is difficult to remove 
completely, and is an effect that is not accounted for by the predicted ROESY spectra. These 
same arguments apply to the β methylene protons of Asn 27 and Ala 30, which involve four 
cross peaks seen experimentally, while the simulations find one of the cross peaks above the 
noise and two cross peaks just below the noise. The missing cross peak between protons is too 
spatially distant in the simulated ensemble suggesting either that the simulations have imperfect 
local geometry or that selectively ROE transferred magnetization has been redistributed through 
TOCSY type transfer among methylene protons. 
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Table 3.2. Proton cross-peak predictions for TIP3P and TIP4P-Ew for 900MHz in H2O. Experimental 
intensities (Iexp) are normalized to the intensity of the weakest assigned peak. Simulation intensities 
(Isim) are normalized to experimental intensity as described in Methods. Experimental intensities are 
labeled as a dash if the peak is absent or  “<1.0” if some evidence of a peak is present but is too weak to 
be assigned with confidence. Simulated intensities are marked with a # if the H2O prediction is found in 
the 2H2O experiment.  

TIP3P 
 Isim    Iexp |  Proton 1    |  Proton 2_  
 5.4    <1.0  | HA   VAL24   | HB3  ASN27   
 4.4    #1.8  | HB3  ASP23   | HB2  SER26   
 4.0      -   | HA   ASP23   | H    GLY25   
 3.0     2.6  | HG   VAL24   | H    SER26   
 2.8    15.7  | HB   ALA21   | HG   VAL24   
 2.7    <1.0  | HG3  GLU22   | H    VAL24   
 2.7      -   | HB3  ASP23   | H    SER26   
 2.7      -   | HA   GLU22   | HA   ASN27   
 2.6     2.9  | HB   ALA21   | H    ASP23   
 2.6      -   | HA   VAL24   | H    ASN27   
 2.6     1.3  | HB3  ASP23   | H    GLY25   
 2.4     4.9  | HG3  GLU22   | HG   VAL24   
 2.3    #1.4  | HA   VAL24   | HB2  ASN27   
 2.0     2.6  | HA   VAL24   | H    SER26   
 2.0     1.2  | HA   GLY25   | H    ASN27   
 1.6      -   | HA   ASN27   | H    GLY29   
 1.4    #3.8  | HB3  GLU22   | HG   VAL24   
 1.4     7.2  | HG2  GLU22   | HG   VAL24   
 1.4     2.8  | HG   VAL24   | HB3  ASN27   
 1.4      -   | 1HD2 ASN27   | H    GLY29   
 1.4      -   | HB3  GLU22   | H    VAL24   
 1.3      -   | HA   ASP23   | HA   LYS28   
 1.3      -   | HB3  ASP23   | HE2  LYS28   
 1.2      -   | HG   VAL24   | H    ASN27   
 1.2     2.6  | HG   VAL24   | HB2  ASN27   
 1.2      -   | H    VAL24   | H    SER26   
 1.2    #2.4  | HB2  GLU22   | HG   VAL24   
 1.2      -   | 1HD2 ASN27   | HA   GLY29   
 1.2      -   | H    ASP23   | HB2  SER26   
 1.2      -   | HG2  GLU22   | HA   ASN27   
 1.1      -   | HG3  LYS28   | H    ALA30   
 1.1      -   | HB3  ASN27   | H    GLY29   
 1.1      -   | HB   ALA21   | HA   ASN27   
 1.0      -   | HA   GLU22   | H    LYS28   
 1.0      -   | H    ASP23   | H    SER26   
 1.0      -   | H    GLY25   | H    ASN27   
 1.0      -   | HB   ALA21   | HB2  SER26   
 1.0      -   | HA   ASP23   | H    SER26   
 1.0      -   | HG   VAL24   | HA   GLY29   
________________________________       __ 
False Negatives: 
 0.9     1.1  | HA   SER26   | H    LYS28   
 0.6     3.8  | HA   GLY25   | HD2  LYS28   
 0.6     3.8  | HB3  ASN27   | HB   ALA30   
 0.5     1.7  | HA   LYS28   | H    ALA30   
 0.3     2.5  | HB3  LYS28   | H    ALA30   
 0.3     1.1  | HB2  ASN27   | H    GLY29   
 0.0     3.3  | HB2  ASN27   | HB   ALA30   
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TIP4P-Ew 
 Isim    Iexp |  Proton 1    |  Proton 2_  
 4.1    15.7  | HB   ALA21   | HG   VAL24   
 2.8     2.6  | HG   VAL24   | H    SER26   
 2.6     2.9  | HB   ALA21   | H    ASP23   
 1.9     4.9  | HG3  GLU22   | HG   VAL24   
 1.9     1.3  | HB3  ASP23   | H    GLY25   
 1.7    <1.0  | HG3  GLU22   | H    VAL24   
 1.6      -   | 2HD2 ASN27   | H    GLY29   
 1.3      -   | HB3  GLU22   | H    VAL24   
 1.3    #2.4  | HB2  GLU22   | HG   VAL24   
 1.3      -   | HA   GLU22   | HA   ASN27   
 1.3     1.2  | HA   GLY25   | H    ASN27   
 1.3    #1.4  | HA   VAL24   | HB2  ASN27   
 1.2    <1.0  | HA   VAL24   | HB3  ASN27   
 1.2    #1.8  | HB3  ASP23   | HB2  SER26   
 1.2     2.6  | HA   VAL24   | H    SER26   
 1.1      -   | HG   VAL24   | H    ASN27   
 1.1      -   | 2HD2 ASN27   | HA   GLY29   
 1.1    #3.8  | HB3  GLU22   | HG   VAL24   
 1.1     7.2  | HG2  GLU22   | HG   VAL24   
 1.0      -   | HB   VAL24   | H    SER26   
 1.0      -   | HB3  ASP23   | H    SER26   
________________________________    _____ 
False Negatives: 
 0.9     1.1  | HB2  ASN27   | H    GLY29   
 0.7     2.8  | HG   VAL24   | HB3  ASN27   
 0.6     2.6  | HG   VAL24   | HB2  ASN27   
 0.5     3.3  | HB2  ASN27   | HB   ALA30   
 0.4     1.7  | HA   LYS28   | H    ALA30   
 0.4     3.8  | HA   GLY25   | HD2  LYS28   
 0.2     2.5  | HB3  LYS28   | H    ALA30   
 0.0     1.1  | HA   SER26   | H    LYS28   
 0.0     3.8  | HB3  ASN27   | HB   ALA30   
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Table 3.3. Proton cross-peak predictions at 800MHz in 2H2O. See Table 3.2 for additional details.  
 

TIP3P 
 Isim    Iexp |  Proton 1    |  Proton 2_  
11.7    <1.0  | HA   VAL24   | HB3  ASN27  
10.0     1.8  | HB3  ASP23   | HB2  SER26  
 6.1      -   | HA   GLU22   | HA   ASN27  
 5.8     7.4  | HB   ALA21   | HG   VAL24  
 5.0     5.1  | HG3  GLU22   | HG   VAL24  
 5.0     1.4  | HA   VAL24   | HB2  ASN27  
 3.0     3.8  | HB3  GLU22   | HG   VAL24  
 3.0     1.8  | HG   VAL24   | HB3  ASN27  
 3.0     4.3  | HG2  GLU22   | HG   VAL24  
 2.9      -   | HA   ASP23   | HA   LYS28  
 2.7      -   | HB3  ASP23   | HE2  LYS28  
 2.5      -   | HG2  GLU22   | HA   ASN27  
 2.5     1.6  | HG   VAL24   | HB2  ASN27  
 2.5     2.4  | HB2  GLU22   | HG   VAL24  
 2.4      -   | HB   ALA21   | HA   ASN27  
 2.3      -   | HA   VAL24   | HA   ASN27  
 2.2      -   | HB   ALA21   | HB2  SER26  
 2.1      -   | HG   VAL24   | HA   GLY29  
 2.0      -   | HA   GLY25   | HA   GLY29  
 2.0     3.1  | HG   VAL24   | HE2  LYS28  
 1.9      -   | HB3  ASP23   | HG3  LYS28  
 1.8      -   | HA   GLU22   | HA   GLY29  
 1.8     1.3  | HG   VAL24   | HB2  SER26  
 1.8      -   | HG3  GLU22   | HB2  SER26  
 1.8      -   | HG3  LYS28   | HB   ALA30  
 1.6      -   | HG2  GLU22   | HB2  ASN27  
 1.6      -   | HG   VAL24   | HD2  LYS28  
 1.6     0.8  | HA   GLU22   | HG   VAL24  
 1.6      -   | HG3  GLU22   | HA   ASN27  
 1.5      -   | HG   VAL24   | HB3  SER26  
 1.5      -   | HB   ALA21   | HB   ALA30  
 1.5      -   | HB2  SER26   | HE2  LYS28  
 1.5      -   | HA   GLY25   | HE2  LYS28  
 1.4      -   | HB2  GLU22   | HA   GLY29  
 1.3      -   | HA   ASP23   | HB2  SER26  
 1.3     1.8  | HA   GLY25   | HD2  LYS28  
 1.3      -   | HB3  ASP23   | HB2  LYS28  
 1.3      -   | HB   VAL24   | HB3  ASN27  
 1.2      -   | HB   ALA21   | HB2  ASN27  
 1.2      -   | HA   SER26   | HE2  LYS28  
 1.2      -   | HG   VAL24   | HA   ASN27  
 1.2      -   | HA   GLU22   | HA   LYS28  
 1.2     3.9  | HB3  ASN27   | HB   ALA30  
 1.2      -   | HB   ALA21   | HB3  ASP23  
 1.2     2.2  | HB3  ASP23   | HB3  SER26  
 1.2      -   | HB3  ASP23   | HD2  LYS28  
 1.2      -   | HB2  SER26   | HG3  LYS28  
 1.1      -   | HB3  ASP23   | HA   GLY25  
 1.1      -   | HE2  LYS28   | HB   ALA30  
 1.1      -   | HB   ALA21   | HB2  LYS28  
 1.1      -   | HB3  GLU22   | HA   ASN27  
 1.1      -   | HB3  ASP23   | HG2  LYS28  
 1.1      -   | HG   VAL24   | HA   SER26  
 1.0      -   | HA   VAL24   | HE2  LYS28  
 1.0      -   | HB   ALA21   | HA   ASP23  
 1.0      -   | HG3  GLU22   | HB2  ASN27  
 1.0      -   | HB   ALA21   | HA   ALA30  
 1.0      -   | HB3  GLU22   | HB2  ASN27  
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 1.0      -   | HB   ALA21   | HA   VAL24  
 1.0      -   | HG2  GLU22   | HA   GLY29  
False Negatives: 
 0.9     1.0  | HG   VAL24   | HA   LYS28  
 0.3     1.0  | HB3  SER26   | HG3  LYS28  
 0.1     2.5  | HB2  ASN27   | HB   ALA30  
 0.0     0.8  | HB2  ASP23   | HB3  SER26  
-0.7     1.7  | HB2  ASP23   | HB2  SER26  

 
TIP4P-Ew 

 Isim    Iexp |  Proton 1    |  Proton 2_  
 8.0     7.4  | HB   ALA21   | HG   VAL24  
 3.9     5.1  | HG3  GLU22   | HG   VAL24  
 3.1      -   | HA   GLU22   | HA   ASN27  
 3.0     1.4  | HA   VAL24   | HB2  ASN27  
 2.8     1.8  | HB3  ASP23   | HB2  SER26  
 2.7    <1.0  | HA   VAL24   | HB3  ASN27  
 2.7     2.4  | HB2  GLU22   | HG   VAL24  
 2.3     3.8  | HB3  GLU22   | HG   VAL24  
 2.2     4.3  | HG2  GLU22   | HG   VAL24  
 2.2     0.8  | HA   GLU22   | HG   VAL24  
 1.8      -   | HB   VAL24   | HB2  ASN27  
 1.6     1.3  | HG   VAL24   | HB2  SER26  
 1.5     1.8  | HG   VAL24   | HB3  ASN27  
 1.5     3.1  | HG   VAL24   | HE2  LYS28  
 1.5      -   | HB3  ASP23   | HA   LYS28  
 1.4      -   | HG   VAL24   | HA   SER26  
 1.4     1.6  | HG   VAL24   | HB2  ASN27  
 1.4      -   | HA   VAL24   | HB2  LYS28  
 1.4      -   | HG2  GLU22   | HA   ASN27  
 1.3      -   | HB   ALA21   | HB2  SER26  
 1.3      -   | HA   SER26   | HE2  LYS28  
 1.3      -   | HB   ALA21   | HB3  ASP23  
 1.3      -   | HB   ALA21   | HA   ASP23  
 1.2      -   | HG   VAL24   | HA   ASN27  
 1.2      -   | HA   GLY25   | HE2  LYS28  
 1.1     0.9  | HG   VAL24   | HA   LYS28  
 1.1      -   | HB2  SER26   | HE2  LYS28  
 1.0      -   | HA   ASP23   | HB2  SER26  
 1.0      -   | HB   ALA21   | HA   SER26  
 1.0     2.5  | HB2  ASN27   | HB   ALA30  
 1.0      -   | HG   VAL24   | HB3  SER26  
 
False Negatives: 
 0.9     1.8  | HA   GLY25   | HD2  LYS28  
 0.4     1.0  | HB3  SER26   | HG3  LYS28  
 0.1     2.2  | HB3  ASP23   | HB3  SER26  
-0.1     0.8  | HB2  ASP23   | HB3  SER26  
-0.1     3.9  | HB3  ASN27   | HB   ALA30  
-0.3     1.7  | HB2  ASP23   | HB2  SER26  

 
3.4.5 Aβ21-30 Structure from Simulation and Experiment 

Determining a single structure from multiple weak, medium range ROE experimental 
cross peaks for disordered peptides can be misleading since it is also possible that ROE cross 
peaks arise from multiple distinct populations or perhaps a fully heterogeneous structural 
ensemble. Typical structure calculations on structured proteins assume that weak NOE or ROE 
cross peaks correspond to large (~4.5-6.0Å) upper distance restraints on a single well-defined 
structural population, and hence all the restraints should be applied simultaneously. Though the 
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MD simulations show that the Aβ21-30 peptide ensemble involves significant disorder and hence 
it is inappropriate to use the standard structure determination methods [78-80], I calculated a 
single best-fit structure for purposes of comparison. 

The set of restraints was used to calculate 1000 structures of Aβ21-30 and the 50 lowest 
energy structures were aligned. For the entire peptide, the superposition of the final 50 structures 
has an RMSD of 0.81 ± 0.42 Å for the backbone atoms and 1.15 ± 0.61 Å for all heavy atoms. 
Sixteen of the twenty structures are within 1.0Å RMSD for all heavy atoms, forming the 
dominant cluster whose  lowest energy structure has three major bends, pinching together Asp23 
to the Ser26, Gly25 to Lys28 and Asn27 to Ala30 (Figure 3.6). These bends are created by 12 
unique (i, i+3) and (i,i+4) ROE interactions between residues Asp23-Ser26, Val24-Asn27, 
Val24-Lys28, Gly25-Lys28, and Asn27-Ala30. Many of the cross peaks for these interactions 
are very weak and detectable in the ROESY spectrum only when the peptide is dissolved in 
100% 2H2O, and there is only one cross peak between Gly25 HAs and Lys28 HDs detected. As a 
result, one of the three bends in the minimized structure backbone is stabilized by one backbone 
hydrogen bond, and a second by a single Lys28 NH3

+ interaction, but most of the pair distances 
for which ROE interactions are observed are not restrained by any favorable intermolecular 
interactions. This lack of stabilizing interactions was also evident for the minimized structures 
for the Aβ21-30 peptide model proposed previously by Lazo et al. 

 

Figure 3.6. Representative structure from restraint energy minimized ensemble, calculated by 
simultaneously applying all observed ROE interactions.  
 

Given the good quality of the TIP4P-Ew simulated experimental observables presented 
above, the experimental picture can be refined by analyzing the underlying simulated ensemble 
for structural populations. Standard clustering by RMSD is not informative due to the lack of 
order in much of the ensemble. The two first principal components in a PCA analysis yielded 
only a single large population, giving little information about the underlying structure. Since 
hydrophobic collapse is unlikely to be the dominant structuring force in a peptide that has only a 
single large aliphatic residue and no aromatic residues, hydrogen bond interactions are 
hypothesized to stabilize the structure that gives rise to the ROE interactions. Thus the most 
useful tool for partitioning the structures is the patterning of the hydrogen bonding and 
electrostatic interactions that may persist in sub-populations. It is important to emphasize that 60-
65% of the TIP4P-Ew population is unstructured by these metrics, however the remaining 35-
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40% of the population does explain the presence of the medium-range restraints observed in the 
experimental ROESY cross peaks with a large degree of success. 

In the TIP4P-Ew simulations, the most populated hydrogen-bond is between the 
sidechain carboxyl oxygens of Asp23 and the backbone amide of G25 (Figure 7A). This 
interaction is found in 17% of the ensemble, and stabilizes the backbone dihedral angles near to 
those of a type I β-turn for residues Asp23 to Ser26. A true type I β-turn, which is found in 5% 
of the population (Figure 3.7B), is defined by backbone hydrogen bonding between the backbone 
carbonyl oxygen of residue i (Asp23) with the backbone amide hydrogen of residue i+3  (Ser26), 
resulting in the amide hydrogen of i+2  (Gly25) pointing toward the sidechain of i, this is most 
populated hydrogen bond found in the simulated ensemble. 

The peptide maintains a conformation near a type I β-turn if interactions between the 
carboxyl oxygens of Asp23 to the sidechain hydroxyl of Ser26 are found, consistent with the 
observed ROEs, which brings together the sidechain hydrogens of Asp23 and Ser26. If structures 
with at least one of these Asp23 to Ser26 interactions are also considered, the type I β-turn 
population increases from 5% to 14% of the ensemble, much higher than any other turn region in 
the peptide. While the TIP3P structural ensemble shows this turn in approximately 35% of the 
ensemble, its overrepresentation in the structured population most likely contributes to the poor 
agreement of ROE cross peak volumes when compared to experiment. 

Despite the prevalence of structures with type I β-turn structure, the β-turn does not 
nucleate a β-sheet, which would be characterized by backbone contacts between Glu22 and 
Asn27. Instead, in the structures observed, the backbone amide of Asn27 hydrogen bonds to the 
backbone carbonyl oxygen of Asp23, precluding the formation of β-sheet structure. Furthermore, 
this interaction brings the Val24 methyl hydrogens near the Asn27 sidechain hydrogens, 
accounting for those observed ROE interactions. Other smaller groups of covarying hydrogen 
bonds are observed, including simultaneous interactions between the backbone carbonyl of 
Val24 with the backbone amide of both Asn27 and Lys28, bringing in proximity the Val24 
sidechain with Asn27 sidechain as observed in the ROESY spectra. 

Salt bridge formation between Asp23 and Lys28, observed in the solid state NMR 
structure of the Aβ1-40 fibril, is found in 7% of the ensemble (Figure 3.8), while the competing 
salt bridge between Glu22 and Lys28 is found 1.5% of the time. Together these salt bridge 
structures are observed with comparable frequency to the turn populations, but the salt-bridge 
contacts do not stabilize either hydrogen bonding structure or close proximity of other protons in 
the intervening region. In principle a close contact involving the basic lysine amine hydrogens 
may be observed in a ROESY spectrum, but salt bridges, unless stable enough to prevent proton 
exchange at neutral pH of the basic amine on the NMR timescale as can occur in well-folded 
proteins, do not typically bring together NMR visible protons.  
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Figure 3.7 Representative structures showing (A) the most populated N-terminal hydrogen bond (dotted 
red) and (B) the hydrogen bonds and electrostatic interactions (dotted red) stabilizing the type I β-turn 
(cyan) centered at Val24 and Gly25. 
 

 
 
Figure 3.8 Asp23 to Lys28 salt-bridge (shown by red dotted line between aqua amino acids) found in 7% 
of the TIP4P-Ew ensemble, and Ala21 HB to Val24 HG (both in light blue) van der Waals contacts which 
give rise to the strongest observed ROE interaction 
 
 
3.4.6 Aβ1-40 and Aβ1-42 NMR Assignment and Preliminary Structural Analysis 
 Work with Aβ peptides has long been plagued by the difficulty of obtaining preparations 
of the peptide and even more so by batch to batch differences in biophysical properties such as 
aggregation kinetics [81-83].  In recent years, these problems have been largely circumvented 
when working with Aβ peptides prepared via solid-phase peptide synthesis by resuspending the 
HPLC purified peptide in weakly basic solution, sonicating gently to dissolve and then freezing 
and lyophilizing the solution [74].  This procedure is designed to prevent a freshly prepared 

A B 
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solution of Aβ from passing through its isoelectric point, approximately pH 5, due to residual 
trifluoroacetic acid, a byproduct of both SPPS and HPLC purification. 
 Approximately 90% of the proton resonance assignments of Aβ1-40, containing 
assignments for each residue, were obtained from 2D NOESY and TOCSY spectra and a 
complete set of NOESY cross peaks assigned.  The quality of the experimental data is 
demonstrated by figures 3.9 and 3.10, which depict the fingerprint region of a TOCSY spectrum 
collected in H2O and the amide-methyl correlations from a NOESY spectrum collected in H2O, 
respectively.  In total, ~3700 cross peaks have been assigned, with ~1000 medium range cross 
peaks (where the two residues are between 2 and 4 residues apart in sequence) and 162 long 
range NOE’s.  These contacts are summarized schematically in figure 3.11 and will be used in an 
analysis similar to that described above in section 3.4.4 upon the completion of the more 
computationally intense molecular dynamics calculations of the longer Aβ1-40 peptide. 
 

Figure 3.9.  The fingerprint region of a 1H-1H TOCSY spectrum collected at 900MHz in H2O.  The 
majority of correlations are between amide and alpha protons.  Correlations between amide and beta 
protons are labeled HB.  All residues have been assigned. 
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Figure 3.10.  The amide-methyl region from a 1H-1H  NOESY spectrum collected at 900MHz in 
H2O.   Intraresidue correlations are denoted by a single label.  The first residue listed in each label 
contains the amide, the second contains the methyl group.   
 

 
Figure 3.11.  Schematic NOE contact map of Aβ1-40.  The color represents the number of NOE’s between 
a given set of residues.  The cut off point of 30 contacts was chose as it represents the maximum number 
of (i, i+2) contacts observed.   
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3.5 Discussion 
 

According to the high field NMR experiments, Aβ21-30 shows no long-range and only 
weak medium-range ROE interactions, demonstrating none of the features of a protein with a 
single native state. It is therefore evident that the presence of a singly populated collapsed 
structure incorporating a unique bend due to a i,i+8 Glu22 Hα to Ala30 HN cross peak and i,i+6 
Glu22 sidechain to Lys28 sidechain cross peak reported by Lazo et al. and Grant et al. is 
incorrect on two levels. The first is a problem of misassignment in their lower resolution ROESY 
spectra in which they propose a i,i+8 interaction that is instead revealed to be a weak i,i+2 
interaction and a i,i+6 interaction where intra-residue peaks are overlapping, both of which were 
distinguishable by the higher resolution 800 and 900 MHz spectra used here.  

More significantly, peptides and disordered protein systems should not conform to a 
single dominant structure, and should only be described by appropriate ensembles. The poor 
quality of a single structure becomes evident when simultaneously applying all ROE interactions 
as distance restraints to give a minimized structure with surprisingly few favorable inter-residue 
interactions. Since there are only a few restraints that are all “weak” and hence provide only a 
loose upper bound on the distance, all of the restraints are satisfied by pair distances near this 
bound. This loose bounding results in a dominant structure with no consensus stabilizing 
contacts, hydrogen bonds, regular secondary structures or reverse turns. 

In this work it is demonstrated that there is a good match between the TIP4P-Ew/ff99SB 
simulated and experimentally observed structure and dynamics, as measured by ROE cross peaks 
and 13C relaxation, indicating that these simulations faithfully approximate the ensemble of 
structures investigated by the experiments, allowing them to be used to describe the full 
structural ensemble diversity.  The structural ensemble of the Aβ21-30 peptide involves a majority 
(~60%) of unstructured population according to lack of any DSSP secondary structure 
assignment or hydrogen-bonding patterns. However the remaining minority population involves 
~14% population of β-turn structure centered at Val24 and G25 bringing together Asp23 and 
S26. The simulations also indicate that the Asp23 to Lys28 salt bridge, important to the fibril 
structure, is formed in ~7% of the ensemble. Finally a separate set of structures populated only 
by a few percent brings together the Val24 and Asn27 regions.  It is clear the Aβ21–30 system is 
highly disordered, and that the ∼5-15% of distinct structural populations measured here have 
been overrepresented in the previous experimental work on this system due to both the 
misinterpretation of a medium-range Overhauser crosspeak as a long-range contact as well as the 
more fundamental error of utilizing NOE’s observed within a small, flexible peptide to restrain a 
structure calculation that attempts to satisfy all Overhauser contacts simultaneously.   
 The preliminary NMR work described here with Aβ1-40 and Aβ1-42 demonstrates that as 
the homonuclear correlation spectra of the peptides are of sufficient quality to assign the peptide 
resonances it will be possible, albeit more computationally challenging, to study the 
conformational ensemble of the full-length peptide monomers in a similar manner to that which 
was used to study Aβ21-30.  Experimental and simulation data reported in the literature suggest 
that the structural populations increase upon lengthening of the Aβ peptide to larger fragments 
[84-87], this is corroborated by the greater number of Overhauser contacts observed in the 
spectra of Aβ1-40, including ~150 long range contacts (those over four residues apart in 
sequence), indicating that there are significantly more structural motifs in this peptide than 
observed in Aβ21-30.  No long-range contacts were identified in the Overhauser spectra of Aβ21-30.  
The Overhauser contacts observed in the spectra of Aβ1-40, depicted schematically in figure 3.11, 
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indicate that there is an increased interaction within the region encompassing residues 12-22 
relative to the remainder of the peptide.  The data do not reveal contacts between this ‘sticky’ 
region in the center of the peptide and the C-terminus as described in the MD work by Sgourakis, 
et al. [17].  However, a full characterization of the structural ensemble that monomeric Aβ1-40 
adopts in solution will require completed simulations of the peptide for a comparison with the 
NMR data.  These calculations are underway.   
 
3.6 Conclusion 
 

In the typical, historical application of biomolecular NMR, that of structure 
determination, the biomolecule of interest most often occupies a single, well-defined 
conformation.  It is becoming increasingly clear that proteins that are intrinsically disordered or 
contain disordered regions are involved in important biological processes [53, 88, 89].  While 
protein dynamics involving the interconversion between stable states or the fluctuation about a 
stable state have been well studied by NMR [90], despite significant progress in the field [91-
93], the interpretation of NMR observables for disordered protein systems combining multiple 
structural constraints for a system with significant disorder often leads to an inadequate 
description of the ensemble diversity [94].  Molecular dynamics simulations of disordered 
systems have the opposite challenge; the ensemble is directly observable but the accuracy is 
difficult to compare to experiments and is often biased by the empirical force fields employed, 
which were often developed with respect to well-folded proteins.  While simulations of folded 
proteins in their native state have been shown to quantitatively reproduce NMR relaxation 
parameters [62, 95], many empirical force fields have had difficulty reproducing the behavior of 
simple disordered systems such as trialanine [96]. 

In the work described here, the more recent generation protein and water force fields 
employed allow for the prediction of NMR experimental observables to judge the accuracy of the 
MD simulations.  The Amber ff99SB/TIP4P-Ew simulations do not predict an overly collapsed 
structure with regions where there are no experimentally observed ROEs, while false negatives 
are weak but often just buried in the noise, reflecting the difficulty of converging 1/r6 distance 
averages.  Additionally, the TIP4P-Ew water model correctly predicts the observed 13C 
relaxation times.  Despite the difficulty of converging the 1/r6 average, the double averaging of 
predicted Overhauser cross peaks provide a much more sensitive measure of underlying structure 
in a mostly unstructured ensemble.  By contrast, chemical shifts and scalar coupling observables 
are simple population averages, making prediction of these quantities from simulations much 
easier to converge, but far less structurally informative.  In general, the comparison of molecular 
simulations with a variety of NMR observables is well suited to the study of proteins with a 
significant degree of disorder and Overhauser cross peaks are the most sensitive and informative 
observable to compare in systems such as Aβ. 
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3.8 Abbreviations used 
 
AD  Alzheimer’s Disease 
APP  Amyloid Precursor Protein 
FAD  Familial Alzheimer’s Disease 
MD  Molecular Dynamics 
CSA  Chemical Shift Anisotropy 
WT  Wild-Type 
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Chapter 4 
 

Towards the Mechanism of Cofactor Insertion to 
Nitrogenase: The Solution Structure of the SAM 

domain of NafY and NMR characterization of the 
Cofactor binding site 

 
4.1 Summary 
 
 Catalysis at the active site of the molybdenum nitrogenase requires a complicated iron-
sulfur cluster containing an additional molybdenum atom coordinated by R-homocitrate that is 
able to store electrons for the reduction of diatomic nitrogen to ammonia.  This cofactor, FeMo-
co, is synthesized by a tightly regulated biochemical pathway involving the activities of at least 
ten proteins.  When this pathway is impaired the cell is no longer able to synthesize FeMo-co and 
accumulates an inactive, α2β2γ2 hexameric form of dinitrogenase that lacks FeMo-co.  Upon 
FeMo-co insertion in vitro the γ-subunit dissociates from the reconstituted dinitrogenase.  In 
Azotobacter vinelandii this γ-protein is NafY.  It has been proposed that NafY participates in the 
final steps of dinitrogenase maturation by acting as both a chaperone that stabilizes the FeMo-co 
deficient apo-dinitrogenase and as a FeMo-co carrier protein.  NafY contains two domains: an N-
terminal domain whose specific function had not been determined (n-NafY) and a C-terminal 
domain of known structure (core-NafY) that is able to bind FeMo-co.  In this chapter I focus on 
the biochemical characterization of n-NafY, the structure determination of n-NafY by NMR, as 
well as insights into the process of FeMo-co binding by NMR.  The structure of n-NafY reveals 
that it belongs to the sterile alpha motif (SAM) family of protein interaction domains and in this 
work it is shown that the N-terminal domain of NafY mediates the interaction with apo-
dinitrogenase.  As FeMo-co is paramagnetic I have been able to use the broadening of NMR 
resonances in close proximity to the bound cofactor to localize the binding site to a helical lobe 
of core-NafY.   
 
4.2 Introduction 
 
 Nitrogenase is the enzyme in diazotrophs that catalyzes the reduction of diatomic 
nitrogen to ammonia and is composed of two oxygen sensitive metalloproteins, dinitrogenase 
reductase and dinitrogenase.  Dinitrogenase reductase (NifH) provides electrons to dinitrogenase 
(NifDK), where the reduction of diatomic nitrogen occurs [1-4].  Holo-dinitrogenase contains 
two metal centers termed P-clusters as well as two copies of one of the most complicated metal 
clusters known, FeMo-co, which is able to store electrons sequentially delivered to dinitrogenase 
by NifH [2, 5].  FeMo-co is a Mo-Fe7-S9-X metal cluster coordinated at its molybdenum atom by 
homocitrate where X denotes a central atom in the iron-sulfur core which is thought to be either 
a carbon, nitrogen or oxygen atom [6].  The structure of FeMo-co is shown below in figure 4.1.  
The biosynthesis of FeMo-co is performed by a tightly regulated biochemical pathway involving 
the activities of at least ten proteins.  The current model of this process in A. vinelandii is 
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summarized below in figure 4.2 adapted from [7]. 

 
Figure 4.1.  The structure of FeMo-co.  Sulfur atoms are shown in yellow, Iron in lavender, Molybdenum 
in gray, Oxygen in red and carbon in black.  There is insufficient experimental data to distinguish the 
identity of central atom in green between Carbon, Nitrogen or Oxygen.   
 
 

 
 
Figure 4.2.  Overview of the biosynthesis of FeMo-co.  In vitro, the synthesis of FeMo-co requires only 
NifB, NifEN, and NifH when supplied with Fe2+, S2-, MoO4

2-, R-homocitrate, S-adenosyl methionine, and 
ATP.  In vivo, the proteins NifS and NifU provide sulfur and iron to NifB, which requires S-adenosyl 
methionine for the synthesis of NifB-co, an essential precursor to FeMo-co.  NifX delivers NifB-co is to 
the complex of NifEN and NifH where molybdenum and R-homocitrate are added to the cluster after 
delivery by NifV and NifQ, respectively.  NafY is bound to apo-NifDK but has also been proposed as the 
carrier of FeMo-co from NifEN and to apoNifDK.  Upon FeMo-co insertion, NafY disassociates from 
NifDK yielding the active protein. 
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As outlined in figure 4.2, the nifB gene product is required for the synthesis of an 
essential precursor to FeMo-co called NifB-co.  Strains of both Azotobacter vinelandii (UW45) 
and Kiebsiella pneumoniae (UN1655) that contain a mutant, inactive form of the nifB gene 
accumulate an apo-dinitrogenase which contains its P-clusters yet lacks FeMo-co.  This apo form 
of NifDK co-purifies with another approximately 20 kDa protein, termed the γ subunit, which 
dissociates from dinitrogenase upon the addition of FeMo-co [8-11].  The K. pneumoniae γ-
subunit has been shown to be the product of nifY [11] whereas the A. vinelandii  γ-subunit has 
been shown to be the protein NafY which is not encoded by a previously sequenced nif (nitrogen 
fixation) gene [12-14]. 
 While NafY is not required for the biosynthesis of an active A. Vinelandii   dinitrogenase 
in vitro [15], a mutant strain of A. vinelandii which does not express active NafY (UW45) 
exhibits a 2-fold reduction in growth rate under stressing nitrogen fixing conditions, in which the 
growth medium is not supplemented with 10mM sodium molybdate.  A strain which lacks both 
active NafY and NifX (UW146) exhibits a 5-fold reduction in growth rate under stress.  
Furthermore, when activated in vitro by the addition of FeMo-co, cellular extracts obtained from 
UW146 A. vinelandii develop only half the nitrogenase activity of extracts from the UW45 strain 
[12].  These observations suggest that NafY plays a role in stabilizing the apo-form of 
dinitrogenase.   
 Recent work has shown that NafY possesses an independently folding C-terminal domain 
(core-NafY).  Core-NafY’s structure was determined by X-ray crystallography and it has been 
shown that, unlike full-length NafY, core-NafY does not bind tightly enough to apo-
dinitrogenase to co-electrophorese. Core-NafY has also been shown to bind one molecule of 
FeMo-co with high affinity through contacts including a surface exposed histidine residue 
(H121) [16, 17].  These observations have led to the current hypothesis that NafY acts as FeMo-
co chaperone insertase, binding FeMo-co and maintaining apo-dinitrogenase in a conformation 
that is optimal for cofactor insertion.     
 In this work the solution structure of the N-terminal NafY domain (n-NafY) is presented 
and its biochemical function is further characterized, demonstrating that it binds tightly to apo-
dinitrogenase and inhibits the formation of an active dinitrogenase by blocking the insertion of 
FeMo-co.  I have also utilized NMR spectroscopy to refine the region of core-NafY is involved 
in coordinating FeMo-co.  These results enhance the understanding of NafY’s role in 
dinitrogenase maturation.   
 
4.3 Materials and Methods 
 
4.3.1 Bacterial strains and growth conditions 

A. vinelandii strains DJ (wild type) [18], UW146 [19], and DJ1143 [20] have been 
previously described.  A. vinelandii cells were cultivated in a 150-L fermentor (New Brunswick 
Scientific IF-150) in 120-L batches of modified Burk’s medium with limiting ammonium (80 
µg/ml N). Alternatively, A. vinelandii cells from a nitrogen-replete medium (400 µg/ml N) 
grown in 1 L baffled flasks were washed with and resuspended into 250 ml of nitrogen-depleted 
modified Burk’s medium. Growth in the presence of molybdate, nif derepression, and cell 
breakage have been described [21]. Escherichia coli DH5α and BL21 (pREP-4) strains were 
grown in Luria-Bertani medium at 37˚C with shaking (250 rpm). For growth of E. coli on plates, 
medium solidified with 1.5% agar was used. Antibiotics were used at standard concentrations 
[22]. 
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4.3.2 Expression of NafY and NafY domains in E. coli 
 Overproduction of NafY and NafY domains in E. coli was accomplished by fusing a 
glutathione-S-transferase (GST) domain to the respective protein sequences, in vector pRHB153 
(Hernandez et al., 2007). A Tobacco Etch Virus (TEV) protease cleavage site was included in 
between the tag and the protein of interest. The A. vinelandii nafY gene was PCR amplified with 
oligonucleotides 247 (5’-GCCCAGGAGGCCGCATATGGTAACCCCCGTGAAC -3’) and 248 
(5’-ACGGCCCTGGCGCTCGAGCGCCACGGCGATCAGC -3’), and ligated into the NdeI-
XhoI sites of plasmid pRHB153 to generate plasmid pRHB159. The A. vinelandii nafY N-
terminal domain (n-NafY) was amplified with oligonucleotides 498 (5’-GGAGGCCGCATATG 
GTAACCCCCGTGAACATGAG -3’) and 499 (5’-CCGGCACGCGCTCGAGCTTTCACACC 
GGCTGG -3’), and ligated into the NdeI-XhoI sites of plasmid pRHB153 to generate plasmid 
pRHB261. The A. vinelandii nafY core domain was amplified with oligonucleotides 500 (5’-CC 
AGCCGGTGAAGCATATGCGCGTGCCGGAAGG -3’) and 502 (5’- CCTCGTCGTCGGACT 
CGAGTCAGAAGCGCACG -3’), and ligated into the NdeI-XhoI sites of plasmid pRHB153 to 
generate plasmid pRHB263.  E. coli BL21 (pREP-4) cells were transformed with plasmid 
pRHB159, pRHB261 or pRHB263, respectively, and over expression of the GST-tagged fusion 
protein was induced by addition of 1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) to the 
culture medium. Isotopic labeling was performed according to Marley et al. [23].  Triply labeled 
NafY-∆C was prepared by growth in a modified, more strongly buffered M9 medium containing 
13.0 g/L KH2PO4, 10.0 g/l K2HPO4, 9.0 g/L Na2HPO4 and 2.4 g/L K2SO4. 
 
4.3.3 Purification of NafY-∆C, n-NafY, and core-NafY 
 E. coli cells induced for the overexpression of the corresponding polypeptide were 
resuspended in buffer A (10 mM sodium phosphate, 1.8 mM potassium phosphate buffer, pH 
7.3, 140 mM NaCl, 2.7 mM KCl) and disrupted at 12,000 psi in a French press. Cell debris was 
removed by two centrifugation steps at 25,000 x g for 40 min. The cell-free extracts were loaded 
onto a 25-ml glutathione (GSH)-Sepharose 4 Fast Flow affinity column (Amersham 
Biosciences). The column was washed with 250 ml of buffer A supplemented with 1% Triton X-
100, and the GST-tagged fusion protein was eluted in 75 ml of buffer B (50 mM Tris-HCl pH 
8.0, 10 mM reduced glutathione (GSH)). The GST tag was cleaved by addition of 10 µg of pure 
TEV protease per mg of GST-tagged protein, followed by 2h of incubation at 30 ºC. The protein 
mixture was then subjected to a series of chromatographic steps: gel-filtration on Sephadex G-25 
(to remove glutathione), affinity to GSH-sepharose (to remove the GST tag), and Ni-affinity 
chromatography (to remove the TEV protease). A typical purification procedure yielded 10 mg 
of protein from 6g of E. coli cell paste. NafY-∆C or the NafY domains were estimated to be 
>98% pure based on SDS-PAGE analysis. The resulting protein was concentrated by 
ultrafiltration using an Amicon cell equipped with YM10 membrane or an Ultrafree-0.5 device 
equipped with a PBCC Biomax 5 kDa membrane (Millipore) to ca. 1 mM for NMR analysis. 
 
4.3.4 Purification of other components 

His-tagged apo-dinitrogenase was purified from A. vinelandii strain DJ1143 as previously 
described [24]. NifH was purified as described [25] with minor modifications. Methods for the 
purification of FeMo-co [26] and NifB-co [27] have been previously described, the cofactors 
were kindly provided by Dr. Luis Rubio. 
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4.3.5 Complex formation between FeMo-co and NafY or core-NafY 
In a typical procedure, the NafY protein or core-NafY was diluted in 50 mM MOPS pH 

7.4, 2 mM dithionite (DTH) (buffer C) in an Amicon cell equipped with an YM10 membrane. 
Aliquots of purified FeMo-co were added in sequential steps to the solution containing the 
protein, maintaining an N-methylformamide (NMF) final concentration below 3% in order to 
prevent protein denaturation. After concentration of the mixture in the Amicon cell, the sample 
was re-diluted in buffer C and a new aliquot of FeMo-co was added. Sequential steps of dilution 
and concentration were repeated until a 1:1.5 NafY:FeMo-co ratio was achieved, in order to 
ensure full occupancy of the protein component. The final sample was subjected to gel-filtration 
on Sephadex G-25 to remove the residual NMF. 
 
4.3.6 SDS-PAGE, anaerobic native-gel electrophoresis, and immunoblot analyses 
 The procedure for SDS-PAGE has been described [28]. Immunoblot analysis was 
performed as described in [29]. Purified preparations of NafY described in this work were used 
to raise anti-NafY antibodies at Capralogics Inc, (Hardwick, MA). For anaerobic native-gel 
electrophoresis, proteins were separated on gels with 7-20% acrylamide and 0-20% sucrose 
gradients as described [30]. Native gels were then stained for proteins with Coomassie R-250 by 
standard procedures, or stained for iron as described in [31]. 
 
4.3.7 In vitro FeMo-co insertion and nitrogenase activity assays 

The in vitro FeMo-co insertion reactions were performed in 3-ml serum vials sealed with 
rubber stoppers. The vials were repeatedly evacuated and flushed with argon gas, and finally 
rinsed with 0.3 ml of anaerobic 25 mM Tris, pH 7.5, 1 mM DTH (buffer D). The complete 
reactions contained 25 mM Tris pH 7.5, 1 mM DTH, 9 mg/ml bovine serum albumin, 50 µg apo-
dinitrogenase, 0.215 nmol of FeMo-co and the corresponding amount of purified N-terminal 
domain of NafY. The reactions (total volume of 325 µl) were incubated at 30°C for 30 min to 
allow for the FeMo-co insertion. The resulting activation of apo-dinitrogenase present in the 
reaction mixture was analyzed by the acetylene reduction assay after addition of 0.4 mg of NifH 
and 0.8 ml of ATP-regenerating mixture [25].  

 
4.3.8 EPR spectroscopy 

EPR analyses of FeMo-co bound to NafY in the presence/absence of apo-dinitrogenase 
were performed. The NafY/FeMo-co complex was generated as described above. EPR spectra 
were recorded on a Bruker ECS-106 spectrometer equipped with an ER 4116 dual-mode X-band 
cavity and an Oxford Instruments ESR-900 helium flow cryostat. X-band perpendicular mode 
EPR spectra were recorded using a microwave frequency of 9.69 GHz, at 11 ± 0.2 K, a 
modulation frequency of 100 kHz, a modulation amplitude of 1.0 mT (10 Gauss), a sweep rate of 
12 mT/s, and a microwave power of 10 mW, with each spectrum being the sum of eight scans. 
The program IGOR Pro (WaveMetrics, Lake Oswego, OR) was used for handling of all EPR 
data.  These measurements were done by the Britt Lab, UC Davis.  
 
4.3.9 Miscellaneous assays 

Protein concentrations in the samples were determined by the bicinchoninic acid method 
(BCA reagent, Pierce) using bovine serum albumin (BSA) as a standard [32]. The procedure for 
iron determination was performed as described [33], with minor modifications. UV-visible 
spectroscopy was carried out in a Shimadzu (Kyoto) UV1601V spectrophotometer. 
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4.3.10 NMR spectroscopy and structure determination 
 NMR samples of n-NafY and core-NafY were obtained by concentrating purified protein 
in buffer (pH 7.3) containing 140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 2 
mM EDTA, and 0.02% (w/v) NaN3

 in either 100% 2H2O or 10% (v/v) 2H2O to a protein 
concentration of ca. 1 mM.  NMR samples of NafY-∆C were kept in 25mM imidazole pH 7.3 
with 150mM NaCl.  All n-NafY NMR data were collected on a 98-residue polypeptide 
containing the first 96 residues (1-96) of NafY plus two N-terminal residues introduced during 
cloning.  All core-NafY NMR data sets were collected on a 135-residue polypeptide containing 
132 residues (R100 through F231 out of 243 residues) of NafY plus three N-terminal residues 
introduced during the cloning procedure.  NMR experiments were recorded at 298 K on either a 
Bruker Avance 800, a Bruker Avance DMX 600 equipped with a cryoprobe or a Bruker Avance 
II 900 also equipped with a cryoprobe.  NMR data were processed using NMRPipe [34] or 
rNMRtk (http://webmac.rowland.org/rnmrtk/) and spectra were analyzed with NMRDraw and 
CARA [35].   

The backbone resonance assignments of n-NafY were obtained with 3D HNCA [36], 
CBCAcoNH [37], 15N-resolved TOCSY [38], and HBHAcoNH spectra [39]. Sidechain 
resonance assignments were obtained with 3D CcoNH and HccoNH spectra [40] recorded with 
non-linear sampling [41] and 3D HcCH-COSY and HcCH-TOCSY spectra [42].   71% of all 
protons were assigned; excluding the N-terminus and the loop between residues 34-43, 85% of 
protons have assignments.  NOE crosspeaks were obtained from both 15N-resolved NOESY and 
13C-resolved NOESY spectra collected with mixing times of 100 ms.  Torsion angle restraints 
were obtained from three-bond J couplings measured from an HNHA spectrum [43] and from 
chemical shift derived TALOS restraints [44].  Residual dipolar couplings (rdcs) were measured 
from a set of IPAP 1H 15N-HSQC [45] spectra recorded with and without ca. 17 mg/mL of pf1 
phage present in the sample. 

Approximately 700 NOE restraints were manually assigned and used to generate 
structures through simulated annealing with CYANA [46], which were then used as initial 
structures in an automated NOE assignment routine implemented in CYANA.  Automatically 
assigned NOE’s were then checked manually before being accepted.  Rdc restraints were 
included in the structure calculation using Xplor-NIH [47].  The anisotropy and rhombicity of 
the anisotropy tensor were estimated by the histogram method [48] and then optimized to best fit 
the structural data.  200 structures were calculated, statistics are reported in Table I for the 20 
lowest energy structures.  Structure figures were constructed with MOLMOL 
(http://hugin.ethz.ch/wuthrich/software/molmol/) or PYMOL (www.pymol.org).  Electrostatic 
plots were calculated with APBS [49] in 150mM salt at 300K.  
 Resonance assignments of core-NafY were obtained with 3D 15N-resolved NOESY, 
HNCA, CBCAcoNH and HNCACB spectra [50].  A 1H-15N HSQC spectrum of apo-core-NafY 
and 2 spectra of core-NafY bound to FeMoCo were collected and the peak heights measured.  
The level of attenuation of each peak was calculated as a ratio between the two heights.  
Resonance assignments of full-length NafY-∆C were obtained through TROSY-HNCA spectrum 
[51] and a non-linear sampled TROSY-HNCACB spectrum [52] collected on a deuterated 
sample of 2H,13C,15N triply labeled NafY-∆C.  T1 and T2 relaxation times were measured on 15N 
labeled samples by inversion recovery [53] and CPMG [54] experiments, respectively.  The 
collection of NafY-∆C rdc’s required the addition of 500 mM NaCl to the NMR sample to 
screen electrostatic interactions between phage and the core domain of NafY.  
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4.4 Results 
 
4.4.1 Domains of NafY 
 Full-length NafY has been previously shown to bind both apo-dinitrogenase and FeMo-
co and to consist of two distinct domains.  The three dimensional structure of  core-NafY has 
been determined by X-ray crystallography [16, 17].  1H-15N HSQC spectra of the N-terminal 
domain (n-NafY), core-NafY, and a full-length construct of NafY with a short C-terminal 
truncation (NafY-∆C) are shown in figure 4.3.  Approximately 90% of amide resonances have 
been assigned for both the individual domains as well as the full-length NafY-∆C, which 
required three-dimensional spectra to be acquired with TROSY techniques on deuterated protein 
for robust coherence transfer.  Both core-NafY and n-NafY give well-resolved spectra while the 
spectrum of NafY-∆C is broadened more significantly than would be expected from solely the 
difference in the correlation time between the individual domains and the 26 kDa full length 
protein, possibly suggesting the presence some inter-domain interaction fluctuating on the 
microsecond to millisecond time scale although the behavior can also be explained by a 
significant anisotropy in the tumbling of NafY-∆C.  The data discussed below confirm that the 
broadening observed in spectra of NafY-∆C is due to anisotropic tumbling rather than 
conformational exchange. 
 No significant chemical shift changes were observed in either domain when n-NafY and 
core-NafY were mixed 1:1 in solution (figure 4.4A vs. figure 4.4B), consistent with the 
conclusion that the two domains fold independently and do not interact to form a defined 
quaternary structure.  The spectrum of NafY-∆C, figure 4.4C, was assigned and the assignments 
compared with those from the individual domains, n-NafY and core-NafY.  Small shift 
differences were detected, which are plotted as a function of residue in figure 4.5D. There are 
relatively few residues affected, with shift changes that are modest in magnitude. The residues 
with the largest shifts are indicated on the structure in figure 4.5B. These do not define a 
contiguous surface, suggesting that only transient interactions occur. 1H-15N residual dipolar 
coupling measurements on NafY-∆C ordered in a phage medium showed that the two domains 
have very different order tensors, and hence are not well ordered with respect to one another. 15N 
T1/T2 ratios for NafY-∆C clearly indicated different effective rotational correlations times for 
the two domains, again supporting flexible linkage of n-NafY and core-NafY. However, the 
derived rotational correlation times for the individual domains are substantially longer than 
expected if there was no interaction at all between them. This behavior is analogous to the WW 
and prolyl-isomerase domains of Pin1, also disordered but with some weak interaction dependent 
on the domains being tethered [55].  Taken together with the observation that the region of the 
protein between the two domains is sensitive to proteolytic cleavage [16], these data show that 
the two domains of NafY do fold independently and are likely to function with some degree of 
independence. 
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Figure 4.3.  NafY domain architecture. (A) Diagram illustrating the domain organization of 
NafY. (B) Truncated NafY variants used in this study. Amino acid residues comprising 
constructs studied are indicated. 
 

 
 
 

Figure 4.4.  1H-15N HSQC spectra of NafY domains and domain combinations. (A) Overlay of n-NafY 
(red) and core-NafY (blue). (B) Spectrum of an equimolar mixture of n-NafY and core-NafY. (C) NafY-
∆C spectrum. (D) Overlaid spectra of NafY-∆C (blue) and the equimolar mixture of n-NafY and core-
NafY (red). 
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Figure 4.5.  Domain Interactions in full-length NafY-∆C. (A) Experimental and back-calculated RDC 
values.  (B) Cartoon diagram showing the residues in n-NafY and core-NafY that exhibit 
chemical shift differences when compared to full-length NafY.  Residues more than two standard 
deviations outside of the mean are show in red, those one deviation outside are shown in orange.  
(C) T1 plotted in blue, T2 plotted in red. (D)  Chemical shift changes between individual 
domains and NafY-∆C. 
 
 
4.4.2 The N-terminal domain of NafY exhibits an apo-dinitrogenase binding activity 

It has been previously shown by anaerobic native gel electrophoresis that full length 
NafY binds apo-dinitrogenase, but core-NafY does not bind sufficiently strongly to co-
electrophorese with apo-dinitrogenase [16].  In order to address the function of n-NafY in the 
absence of core-NafY pull-down experiments were performed in which both NafY-∆C and n-
NafY were expressed as fusions to glutathione-S-transferase (GST). After binding each protein 
to a GSH-Sepharose resin through its GST-moiety, the resin was exposed to an A. vinelandii 
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cell-free extract containing apo-dinitrogenase.  The extract of apo-nitrogenase used in this 
experiment was obtained from the A. vinelandii strain UW146 (nifB- ∆nafY) which accumulates 
the apo-form of dinitrogenase, due to the deletion of the nifB gene from the chromosomal DNA 
of the bacteria [12].  When the extract of UW146 was applied to a chromatography resin 
containing the fusion protein GST-NafY-∆C, apo-dinitrogenase was specifically recovered from 
the cell-free extract.  Similar results were observed when the fusion protein GST-n-NafY was 
used, demonstrating the ability of the amino terminal domain of NafY to bind apo-dinitrogease 
without the presence of core-NafY (figure 4.6). No binding was observed when either NafY-∆C 
or n-NafY was not bound to the resin, indicating the absence of any nonspecific binding of apo-
dinitrogenase to the GSH-Sepharose resin.  The efficiency of apo-dinitrogenase binding to n-
NafY was lower than with the NafY- ∆C construct, suggesting that apo-dinitrogenase binding 
occurs with some interaction with both domains despite any strong association between them as 
discussed in section 4.4.1. 
 

 
 
Figure 4.6.  Apo-NifDK pull-down assay (A) SDS-PAGE analysis of the interaction between n-NafY and 
apo-NifDK. An UW146 (nifB- ∆nafY) cell-free extract containing apo-NifDK (lane 1), was applied to a 
GSH-Sepharose resin carrying bound GST-NafY (lane 2), bound GST-n-NafY (lane 3), or no protein 
(lane 4). After thorough washing, proteins bound to the resin were eluted by addition of reduced 
glutathione and analyzed by SDS-PAGE. Molecular weight markers are indicated to the left. (B) 
Immunoblot analysis of SDS-gel from panel A developed with antibodies to NifDK. The position of apo-
NifDK is indicated to the right. 
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4.4.3 The presence of n-NafY inhibits nitrogenase activity by blocking FeMo-co insertion  
 The effect of n-NafY on FeMo-co insertion was studied by measuring the nitrogenase 
activity of different preparations of the reconstituted holo-NifDK obtained under different 
conditions.  Two versions of apo-dinitrogenase were obtained from different strains of A. 
vinelandii, ∆nifB (DJ1143) [56] and ∆nifB ∆nafY (UW269).  Both variants were purified as 
tetramers free from bound NafY to facilitate comparison of results obtained from FeMo-co 
insertion experiments. Extensive washing with imidazole-containing buffer (which weakens the 
NafY-NifDK interaction) was required to completely remove NafY from the ∆nifB apo-NifDK. 

First, the specific activity of the protein was measured in both cases by changing the 
FeMo-co/protein ratio (figure 4.7A). The maximum activation of the nitrogenase was achieved 
with a 2:1 FeMo-co:apo-dinitrogenase molar ratio, as expected. The total value of the specific 
activity is about two-fold higher when the apo-dinitrogenase is purified from a nafY + 
background, as previously reported [12]. 

Next, similar reactions were set up in order to determine whether the presence of n-NafY 
had any positive or negative effect on the insertion of FeMo-co into apo-dinitrogenase. The 
reaction mixtures, containing a sub-saturating amount of FeMo-co:apo-NifDK in a 1:1 molar 
ratio (apo-NifDK contains two FeMo-co binding sites), were titrated with increasing amounts of 
n-NafY (Figure 4.7B). Remarkably, the nitrogenase specific activity, measured by the production 
of ethylene from acetylene reduction, exhibited a 50% decrease when a 2:1 stoichiometry of 
monomeric n-NafY relative to tetrameric (α2β2) apo-dinitrogenase was present in the reaction. 
The degree of inhibition continued to increase when larger amounts of n-NafY were added in the 
mixture, reaching a complete inhibition at a 50:1 ratio of n-NafY to tetrameric apo-dinitrogenase.  

These in vitro FeMo-co insertion and nitrogenase activity experiments were scaled up for 
spectroscopic analysis in order to better understand the inhibitory effect of n-NafY on 
nitrogenase activity.  Figure 4.7C shows the electron paramagnetic resonance (EPR) signatures 
of apo-dinitrogenase reconstituted with FeMo-co under different experimental conditions. The 
reaction mixtures contained a 1:1 FeMo-co:apo-dinitrogenase molar ratio, in the presence or 
absence of a 50:1 n-NafY:apo-dinitrogenase molar ratio. The electron paramagnetic resonance 
(EPR) signatures of the apo and holo forms of dinitrogenase have been thoroughly reported and 
analyzed [56], as well has the EPR signal for isolated or NafY-bound FeMo-co [17].  The blue 
trace in figure 4.7C shows the EPR spectra of purified apo-dinitrogenase, as expected, with the 
P-clusters in the DTH-reduced state.  The green trace is the spectrum of apo-dinitrogenase 
reconstituted by the addition of FeMo-co. The holo-form of dinitrogenase was generated in this 
case as shown by the presence of the typical signal for the DTH-reduced iron-sulfur clusters 
contained in dinitrogenase in the EPR spectrum.  The orange trace is the spectrum of apo-
dinitrogenase reconstituted with FeMo-co in the presence of n-NafY. Interestingly, the EPR 
signature of this sample lacks the features present in holo- dinitrogenase and more closely 
resembles that of the apo-dinitrogenase. This result strongly suggests that the inhibitory role of 
the n-NafY on nitrogenase activity is caused by hindering the insertion of FeMo-co into the apo-
dinitrogenase. 
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Figure 4.7.   The effect of n-NafY on apo-NifDK reconstitution.  (A) Activation by FeMo-co of 
∆nifB apo-NifDK and ∆nifB ∆nafY apo-NifDK. Specific activity is given in nmol C2H4 produced 
per min per mg of apo-NifDK added to the reaction mixture. Data are the average of two 
independent determinations. (B) Effect of n-NafY on the activation of ∆nifB apo-NifDK and 
∆nifB ∆nafY apo-NifDK by sub-optimal amounts of FeMo-co. Specific activity is given in nmol 
C2H4 produced per min per mg of apo-NifDK added to the reaction mixture. Data are the average 
of two to four independent determinations. (C) CW-EPR spectra from apo-NifDK (blue line) and 
apo-NifDK samples incubated with FeMo-co (green line) or n-NafY plus FeMo-co (orange line). 
 
4.4.4 The Solution Structure of n-NafY 
 To better address the function of n-NafY I solved its three-dimensional structure by NMR 
spectroscopy.  A stereo image of a superposition of the best 20 structures calculated by simulated 
annealing in Xplor-NIH [47] is shown in Figure 4.8A.  Figure 4.9 shows the assigned 1H-15N 
HSQC spectrum of n-NafY.  Twelve amide resonances including those from the first eight 
residues, with two extra N-terminal residues introduced during the cloning, and most of the 
residue 35-42 loop region remain unassigned.  The E39 and G40 resonances were assigned by 
their distinctive chemical shifts.  The E39 and G40 amides as well as several of the unassigned 
resonances are significantly broadened and residues 34-43 are poorly restrained by NOE 
crosspeaks.  These observations are consistent with this region of the protein undergoing 
conformational exchange on the microsecond to millisecond timescale.  Statistics of the structure 
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calculation are summarized in table 4.1.  The structural coordinates have been deposited in the 
protein data bank with accession code 2KIC.  The NMR assignments have been deposited at the 
Biological Magnetic Resonance Bank with accession code 16269. 
 The experiments discussed above have established that n-NafY binds to apo-
dinitrogenase and prevents FeMo-co insertion.  The 3-dimensional structure of n-NafY suggests 
a possible mechanism for this.  Figure 4.10 shows the electrostatic surface of n-NafY and 
highlights a large patch of negatively charged surface flanked by the flexible loop from residues 
35 through 42.   The crystal structure of apo-dinitrogenase from A. vinelandii [57] has been 
solved and contains a region of positive charge on its surface which has been proposed to act as a 
funnel for FeMo-co insertion as the surface charge in the same region of holo-dinitrogenase is 
negative after FeMo-co insertion [58].  N-NafY, like FeMo-co, is negatively charged and is 
likely to interact with the positive surface of apo-dinitrogenase.  However, it is also worth noting 
that in the crystal structure of apo-dinitrogenase there is an unstructured loop of approximately 
30 residues with a net charge of ca. -7 not seen in the density which may play a role along with 
the flexible loop in n-NafY in the interaction between apo-dinitrogenase and NafY and 
subsequent insertion of FeMo-co. 
 The function of structural homologues of n-NafY further supports the idea that the 
insertion of FeMo-co to apo-dinitrogenase is mediated by the binding of n-NafY to apo-
dinitrogenase.   Secondary structure matching (SSM) [59] of the well-defined region of n-NafY 
(residues 8-88) has shown that despite any significant sequence homology n-NafY possesses 
structural homology to the sterile alpha motif (SAM), a domain involved in mediating protein-
protein interactions [60, 61].  SAM domains are most often found in eukaryotes but there are a 
small number identified in bacteria.  The fold of typical SAM domains consists of a five-helix 
bundle, with a helical hairpin formed by the first two helices and the three additional helices 
pack on one side of the hairpin [62]. SAM domains have been generalized to include proteins 
with four helices (generally two helical hairpins), with somewhat different packing than the 
typical five-helix version. n-NafY also has some differences relative to a typical SAM domains: 
first, α1 and α 2 are at nearly a right angle, rather than being packed close to antiparallel in a 
hairpin; second, α3 has been reduced to a single helical turn; third, there is an extra short helical 
turn, α4’ inserted between α4 and α5; and fourth, the loop linking α2 and α3 is poorly ordered.  
Figure 4.8B shows an overlay of the n-NafY structure nearest to the mean and the SAM domain 
with closest structural similarity, that of the Sacharomyces cerevisiae protein Ste11 [63]  (PDB 
code 1OW5). In spite of the differences, the basic fold of n-NafY is relatively close to typical 
SAM domains. 

Eukaryotic genomes of known sequence contain similar numbers of SAM domains and 
SH2 domains, another common protein-protein interaction motif.  However, unlike SH2 domains 
which bind only to phosphorylated tyrosine residues, SAM domains have been shown to bind 
many different types of proteins and have also been implicated in protein-RNA [64] and protein-
lipid [65] interactions.  In addition to the possessing diverse binding partners, the mechanism of 
the interactions between SAM domains and their binding partners vary widely with well studied 
cases of binding mediated though electrostatics [64] or through surface exposed hydrophobics 
[63].  The only hydrophobic side chains of n-NafY that are significantly exposed to solvent are 
those of M68, M73 and W84 which neither form a contiguous surface nor are conserved among 
its homologs.  Therefore it is likely that the interaction between apo-dinitrogenase and NafY is 
driven primarily by electrostatics as discussed previously.   Results of the SSM analysis are 
presented in table 4.2.   
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Figue 4.8.  (A) A stereo, cartoon representation of the superposition of the 20 lowest energy structures of 
n-NafY.  The side chains of well-ordered hydrophobic residues are shown in orange (B) An overlay of the 
closest structural homolog of n-NafY, the SAM domain of Ste11 from S. cerevisiae, PDB code 1OW5.  
The Ste11 SAM domain is depicted in red.  The lowest energy structure of n-NafY is shown in blue. 
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Figure 4.9.  1H-15N HSQC spectrum of n-NafY from A. Vinelandii collected at 800 MHz with residue 
assignments indicated.  Ten amide peaks remain unassigned due to an absence of any connectivity in both 
HNCA and 3D-15N NOESY spectra and are marked with an ‘X’.  The pairs of the side chain peaks from 
the glutamine (4) and asparagine (1) residues are shown with horizontal lines connecting them.  Residues 
1-6, 35-38, 42, as well as the extra N-terminal residue introduced during cloning remain unassigned. 
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Figure 4.10.  Electorstatic surface of the lowest energy structure of n-NafY. The scale is in units of kT/e-.  
The left view is in the same orientation as figure 4.8. 
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Table 4.1.  Structural statistics for the N-terminal domain of NafY from A. vinelandii    
Restraints Used             
 NOE        1084  
  Intraresidue      276 
  Sequential      319 
  Medium Range      316 
  Long Range      173 
 Dihedrals       141 
  3JHNHA (φ)      54 
  TALOS (φ/ψ)      87 
 HN RDC       42 
RMSD from restraints            
 NOE (Å)       0.0271 ± 0.0012 
 Dihedrals (º)       0.813 ± 0.158 
 HN RDC’s (Hz)       0.659 ± 0.056 
 HN RDC Rdip

a       11.0% 
RMSD from idealized geometry           
 Bond (Å)       0.0038 ± 0.0001 
 Angle (º)       0.5925 ± 0.0059 
 Improper (º)       0.3944 ± 0.0076 
Violations per structure            
 NOE ( > 0.3 Å )       0 
 Dihedrals ( > 5º )       0.400 ± .0503 
 HN RDC ( > 2 Hz )      0 
Coordinate RMSDs to the meanb           
 Backbone (Å)       0.45 ± 0.09  
 Heavy Atoms (Å)       0.96 ± 0.08 
Structure Quality Factorsc            

 Mean score for 
all models 

Standard 
Deviation 

Z-scored 

Procheck G-factore (phi / psi only) -0.66 N/A -2.28 
Procheck G-factore (all dihedral angles) -0.70 N/A -4.14 
Verify3D 0.21 0.0224 -4.01 
ProsaII (-ve) 0.52 0.0656 -0.54 
MolProbity clashscore 56.91 6.6726 -8.24 

Ramachandran Plot Summary for ordered residuese          
 Most favored regions (%)      83.3 
 Additionally allowed regions (%)     16.4 
 Generously allowed regions (%)     0.3 
 Disallowed regions (%)      0.0     

 
a) Rdip is defined as the ratio of the r.m.s. difference between observed and calculated RDC values to the r.m.s. difference if 

the bond vectors were distributed randomly [66] and was calculated using the iDC toolkit [67]. 
b) Calculated using the well-structured region consisting of residues 9-33 and 44-85 
c) Determined using Protein Structure Validation Suite version 1.3 [68].  The suite includes Procheck [69], Verify3D [69], 

ProsaII [70] and MolProbity [71]. 
d) With respect to mean and standard deviation for for a set of 252 X-ray structures < 500 residues, of resolution <= 1.80 

Å, R-factor <= 0.25 and R-free <= 0.28; a positive value indicates a 'better' score 
e) Residues with sum of phi and psi order parameters > 1.8 
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Table 4.2.  Structural homologs of n-NafY identified through SSM      
Scoring Query Target (PDB entry) 

# 
Q P Z 

Rmsd Nalgn
 Ng

 %seq
 

%sse Match %sse Nres Name 

1 0.27 0.3 2.6 3.09 57 4 12 67 1ow5:A 80 60 
NMR structure of the Saccharomyces cerevisiae SAM 

(sterile alpha motif) domain 

2 0.26 0.4 2.7 3.40 57 3 12 67 1dxs:A 80 57 Crystal structure of the C-terminal SAM domain of 
human p73 alpha splice variant 

3 0.23 0.0 1.7 4.02 70 3 9 67 1v38:A 80 78 Solution structure of the SAM domain of mouse 
SAMSN1 

4 0.22 0.0 1.4 3.86 62 7 8 67 1cok:A 80 68 Structure of the C-terminal domain of p73 

5 0.21 0.1 2.8 2.98 50 4 10 67 2qkq:A 80 61 Structure of the SAM domain of human ephrin type-B 
receptor 4 

6 0.21 0.0 1.6 3.69 56 4 11 67 2qkq:B 80 61 Structure of the SAM domain of human ephrin type-B 
receptor 4 

7 0.21 0.1 2.2 2.94 53 4 13 83 1wcn:A 100 70 NMR structure of the carboxy terminal domains of 
Escherichia coli NusA 

8 0.21 0.0 1.2 3.91 63 4 11 67 1b0x:A 80 72 The crystal structure of an eph-receptor SAM domain 
reveals a mechanism for modular dimerization 

9 0.21 0.0 2.0 3.64 58 3 9 67 1pk1:A 67 68 
Hetero SAM domain structure of PH (Polyhomeotic-
proximal chromatin protein) and SCM (Sex comb on 

midleg CG9495-PA) 

10 0.21 0.0 1.5 4.09 62 3 10 67 3bq7:D 80 68 SAM domain of diacylglycerol kinase delta1 (E35G)  

  

  The various scores output by the SSM algorithm are defined as the following:   
• RMSD is the room mean square deviation between aligned α-carbons in angstroms.   
• Ng is the number of gaps between aligned secondary structure elements between the query and target. 
• %seq is the percent of aligned residues that are identical between the query and the target 
• %sse describes what fraction of secondary structure elements the align 
• Nalgn is the number of residues in a given alignment 
• Q = (Nalgn)

2 / [(1+(RMSD/R0)
2)*Nquery*N res where R0 = 3.0Å.  Identical structures have a Q-score of 1.0. 

• P = -log(P-value) where the P-value measures the probability of achieving the same or better quality of 
match at random.   

• The Z-score is a measure of the statistical significance of a match in terms of Gaussian statistics.  The 
higher the Z-score, the higher the statistical significance of the match. 

 
 
4.4.5 Insights into FeMo-co binding to the Core-NafY 
 Although the structure of  core-NafY in the absence of FeMo-co is known [16] the 
structural details of how core-NafY is able to bind FeMo-co are not well understood.  In 
dinitrogenase FeMo-co is coordinated by one histidine and one cysteine residue [72].  In a 
previous study on core-NafY several mutations of histidine and cysteine residues were made in 
order to elucidate which residues were involved in FeMo-co binding.  That work identified 
histidine 121 as clearly being involved in FeMo-co binding.  The histidine residue is located 
within an HFG motif that is strictly conserved throughout the family of similar A. vinelandii 
proteins (NifB, NifX, and NafY) known NifB-co or FeMo-co [17].  In order to yield further 
insight into how core-NafY binds FeMo-co I assigned 108 amide resonances out of the possible 
125 non-proline residues in a core domain construct which terminated at residue 231 and then 
collected 1H-15N HSQC spectra of core-NafY in complex with FeMo-co.  The resonances of 
spins that are in close proximity to the paramagnetic cofactor are attenuated due to the enhanced 
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relaxation caused by the presence of unpaired electron spins [73] thereby allowing for the 
localization of the FeMo-co binding site.  The overlaid spectra and a depiction of which residues 
are affected by the paramagnetic cofactor are shown in figure 4.11.  Histidine 121 is strongly 
attenuated by FeMo-co and the data also identify two cysteine residues that are strongly 
attenuated, cysteine 125 and cysteine 196.  In the mutational study by Rubio et al. a C125A 
mutant retained FeMo-co binding; however no mutant was constructed of cysteine 196 because it 
is not conserved over the family of homologous A. vinelandii FeMo-co binding proteins.  
 Interestingly, the core domain displays modest structural homology to a family of vitamin 
B12-binding proteins, most significantly to MutS from Clostridium tetanomorphum [74, 75], 
GlmS from Clostridium cochlearium [76], and MtaC from Moorella thermoacetica [77].  The 
backbone RMSD in each case is approximately 3.5 Å.  MutS and GlmS are B12-binding 
domains of glutamate mutase whereas MtaC is the B12-binding component of a 
methyltranfserase.  The topologies of these domains are similar to core-NafY albeit with some 
insertions.  Interestingly, in each case the proteins bind vitamin B12 through a surface exposed 
histidine residue located in close proximity to the analogous residue in core-NafY, histidine 121.  
Upon B12 binding, the flexible loop immediately following the metal-coordinating histidine 
assumes a stable helical structure which is sampled in the unbound protein structure [74, 75].  
The analogous loop in core-NafY (residues 120-126) is shorter than the loop which fluctuates to 
a helix observed in the B12 binders.  Moreover, the Cα and Cβ chemical shift index in this 
region of core-NafY indicate that the helical conformation is not detectibly sampled by these 
residues [78].  However, some helical NOEs are observed in NOESY spectra of core-NafY for 
this region.  The overlay of the core-domain with MtaC is shown in figure 4.12.   
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Figure 4.11.  Localization of the FeMo-co binding site in core-NafY.  (A) Overlaid 1H-15N HSQC spectra 
of apo-core-NafY (red) and core-NafY complexed with FeMo-co (blue).  Several residues are labeled for 
illustration.  (B)  Crystal structure of core-NafY color coded by the level of attenuation upon FeMo-co 
binding.  The increments of the color coding are half standard deviations about the mean denoted by 
arbitrarily setting the mean to 50%.   Functionally significant histidine and cysteine side chains are 
labeled. 
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Figure 4.12.  Stereo representations of core-NafY (green) with corrinoid bound MtaC (blue, PDB code 
1Y80) as well as the overlay of the two structures. The histidine residues implicated in binding are shown 
in red.  Vitamin B12 is in pink.     
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4.5 Discussion 
 

This work has utilized biochemistry and EPR and NMR spectroscopies to further 
understand the role of NafY in the maturation of the A. vinelandii nitrogenase.  Previously 
proposed roles for NafY are the stabilization of apo-dinitrogenase in a conformation amenable to 
FeMo-co insertion and also as a chaperone insertase that delivers FeMo-co to apo-dinitrogenase 
[10, 12].  The structure of core-NafY is known and it is clear that the core domain is sufficient to 
bind FeMo-co but does not efficiently bind apo-dinitrogenase [16].  This chapter describes the 
structure and function of the N-terminal domain of NafY and provides further information on 
where within the core domain FeMo-co binds. 
 After the observation that full-length NafY co-electrophoreses with apo-dinitrogenase 
while the core domain does not [16], a pull-down assay was developed in which both 
immobilized n-NafY and full-length NafY are able to extract apo-dinitrogenase from A. 
vinelandii cell extracts.  This assay demonstrated that while the N-terminal domain is sufficient 
to bind apo-dinitrogenase, full-length NafY binds more efficiently than the N-terminal domain 
alone.  It follows that while the core domain does not bind apo-dinitrogenase on its own there is 
some cooperativity in binding which allows the full-length protein to bind more tightly than the 
first domain alone.   
 Elucidating the role of NafY in the cell has been impeded by two somewhat contentious 
pieces of biochemical data.  The first being that apo-dinitrogenase can be reconstituted with 
FeMo-co in the absence of NafY to an active holo-form that retains 80% of normal activity [56].  
However, a mutant strain of A. vinelandii which lacks an active NafY exhibits a 2-fold reduction 
in growth rate under stressing nitrogen fixing conditions, where the growth medium is not 
supplanted with 10mM sodium molybdate; whereas a strain which lack both active NafY and 
NifX exhibits a 5-fold reduction in growth rate under stress.  In order to specifically address the 
role of the N-terminal domain of NafY on nitrogenase maturation, the effects of various 
reconstitution conditions on dinitrogenase activity were measured.  These experiments confirmed 
the previously reported observation that apo-dinitrogenase purified from a ∆nifB ∆nafY mutant 
exhibits half the activity of apo-dinitrogenase purified from a ∆nifB mutant upon reconstitution 
with FeMo-co [12].  This observation supports the chaperone role of NafY providing stability to 
apo-dinitrogenase.  This assay was followed by determining the effect of the addition of n-NafY 
to apo-dinitrogenase during FeMo-co insertion.  As it was shown that the N-terminal domain is 
sufficient to bind to apo-dinitrogenase and is hypothesized to stabilize the apo-form, a promotion 
of nitrogenase activity upon the addition of n-NafY prior to FeMo-co was expected.  
Furthermore, if NafY stabilizes the apo-protein, the presence of the N-terminal domain may be 
sufficient to restore the activity of the apo-dinitrogenase obtained from a ∆nifB ∆nafY strain to 
that of protein obtained from a ∆nifB strain.  Surprisingly, this experiment showed that the 
presence of n-NafY inhibited nitrogenase activity with protein obtained from both strains.   

By repeating the same FeMo-co insertion assays with sufficient quantities for EPR 
analysis it was shown that n-NafY inhibits nitrogenase activity by preventing the insertion of 
FeMo-co into apo-dinitrogenase. This is in contrast to the behavior of full-length NafY which 
dissociates from hexameric apo-dinitrogenase (α2β2γ2) upon the addition of FeMo-co, leaving 
behind α2β2 holo-dinitrogenase [10].  From these observations it is clear that the dissociation of 
NafY from dinitrogenase requires the presence of the core domain and that n-NafY is likely 
binding in close proximity to the proposed FeMo-co insertion funnel seen in the structure of apo-
dinitrogenase thereby blocking FeMo-co insertion [57].  
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 In order to further understand how n-NafY binds to apo-dinitrogenase, I determined its 
solution structure using NMR spectroscopy.  The domain adopts an all α-helical fold containing 
5 helices.  The two longer helices, α1 and α5, are separated by 3 short helices and a structured 
helical turn, designated α4’.  There is a flexible loop between helices α2 and α3 which the NMR 
data show to be involved in some motion on the µs-ms timescale as the resonances in this region 
are exchange broadened.  Interestingly, the three-dimensional structure reveals unpredicted 
structural homology to the sterile alpha-motif domain, a protein domain associated with the 
binding of various macromolecular ligands, the generalized structure of which consists of a five 
helix bundle with a helical hairpin formed by the first two helices and the three additional helices 
packed on one side of the hairpin.  These general features are reproduced in the structure of the 
N-terminal domain of NafY with the extra insertion of the helical turn, α4’.  This unpredicted 
homology to a protein interaction domain is consistent with the N-terminal domain’s role in 
mediating the apo-NifDK:NafY interaction.  It is also interesting to note that SAM domains are 
widely used in eukaryotes, but the occurrence of SAM domains in bacteria is much rarer.  
Although SMART and Pfam databases identify more than 2500 SAM domains, only 11 of them 
are from prokaryotic proteins and, at present, only the AR1 domain of the NusA protein from 
Escherichia coli [79] and a 4-helix SAM domain, part of TipαN34 from Heliobacter pylori [80], 
have been structurally characterized.  
 In order to further the knowledge of what part of the core domain is involved in FeMo-co 
binding I assigned the NMR resonances of the apo form and then observed the paramagnetic 
relaxation enhancement that occurs when core-NafY is in complex with FeMo-co.  The amide 
resonance of histidine 121, implicated by mutagenesis to bind FeMo-co, is strongly attenuated 
once the cofactor is bound.  Two other cysteine residues are affected by FeMo-co binding, 
residues 125 and 196.  These data are consistent with the mode of FeMo-co binding proposed 
previously [17] and show clearly that the first three helices α1, α2 and α3 and the loop between 
β1 and β2 are in close proximity to the cofactor.  Interestingly, core-NafY displays some 
structural homology to proteins responsible for the delivery of vitamin B12.  These proteins 
share a common topology with the core domain, albeit with insertions, and all bind B12 through 
a surface exposed histidine located in the same region of the protein as in core-NafY.  As FeMo-
co and vitamin B12 are similar in that they are highly labile and reactive and must be delivered 
to their respective destinations via carrier proteins, it is not surprising that these processes may 
be evolutionarily related. 
 
4.6 Conclusion 
 

This work has established that the N-terminal domain of NafY is sufficient to bind apo-
dinitrogenase by using a pull-down assay in which apo-dinitrogenase is selectively removed 
from A. vinelandii extracts by exposure to immobilized n-NafY.  Nitrogenase activity assays 
show that the presence of n-Nafy inhibits nitrogenase activity.  The mechanism of this inhibition 
was elucidated using EPR spectroscopy which shows that the presence of n-NafY blocks FeMo-
co insertion into apo-dinitrogenase.  The solution structure of n-NafY was then determined, 
revealing unpredicted structural homology to the sterile alpha motif, a protein domain involved 
in binding a diverse set of macromolecular ligands.  Utilizing the enhanced NMR relaxation that 
occurs in close proximity to a paramagnetic center, I have also localized the binding of FeMo-co 
to a region of the core domain that consists of helices α1, α2, and α3 and the loop between sheets 
β1 and β2 containing FeMo-co known ligand, histidine 121.  Taken together with the previously 
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published data on the full length protein and the core domain [16, 17], the data presented here are 
consistent with a model of NafY functioning as a chaperone insertase that both stabilizes the apo 
form of dinitrogease and delivers FeMo-co to it. 
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4.8 Abbreviations Used 
 
SAM   Sterile alpha motif 
GST   Glutathione-S-transferase 
TEV  Tobacco Etch Virus 
IPTG  Isopropyl-β-D-1-thiogalactopyranoside 
GSH  Reduced glutathione 
PAGE  Poly-acrylamide gel electrophoresis 
DTH  Dithionite 
NMF  N-methylformamide 
EPR  Electron paramagnetic resonance 
BSA  Bovine serum albumin 
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