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Abstract
Structural Studies of Proteins Involved in DiseasfeBrotein 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 siraktinvestigations of proteins
implicated in diseases of protein aggregation amcdein involved in the maturation of the
nitrogenase enzyme complex. Each experimentalttehegpfull self-contained.

Protein aggregation into plaques has been idedtiéis a central event in many human
diseases such as Alzheimer’s disease, type Il tiapand the spongiform encephalopathies.
Generally, the protein plaques display a commonphnaogy consisting of long unbranched
proteinaceous fibrils commonly referred to as angyloThe intrinsically insoluble nature of
proteins contained within amyloid fibrils has gitgampeded high resolution structural studies
utilizing single crystal X-ray diffraction and higlesolution liquid NMR spectroscopy. Amide
hydrogen exchange is often used to probe hydrogewlibg in proteins and does not strictly
require soluble protein for study. In the firsapker of the thesis, | present an amide hydrogen
exchange study conducted on an amyloid formingnfiexg of the protein implicated in the
spongiform encephalopathies, PrP(89-143). Theperawrents identify the strongly hydrogen
bonded fibrillar core.

The next section of the thesis contains work cotetl on A, the amyloid forming
protein implicated in Alzheimer’s disease. Duentreasing lines of evidence that thpg #brils
themselves do not cause neurodegeneration, muoh éfis been directed into studying the
monomeric and pre-fibrillar oligomeric states d3.AThis work is greatly impeded by bottg’a
strong propensity to aggregate as well as the amtdreterogeneity of the molecules in solution.
In order to circumvent these issues the experimemsented herein are interpreted with respect
to models of the structural ensemble obtained vadeoular dynamics calculations, thereby
yielding a model of the structural ensemble thataBdated to an extent unavailable to either
technigue alone.

The final section of this thesis describes workdigcted on the-subunit of nitrogenase,
the enzyme complex responsible for the entry abbgén into the biosphere. Thesubunit's



poposed role in the cell is to deliver the cofagimsent at the active site of nitrogenase that is
required for activity. | present biochemical expents that demonstrate that the N-terminal
domain of they-subunit is responsible for mediating the intexactbetween thg-subunit and
apo-nitrogenase, the solution structure of N-teahidomain of they-subunit, and NMR
experiments that characterize the cofactor binditegon the C-terminal domain of thesubunit.
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Chapter 1

Preface

The work presented in this thesis describes straiciiovestigations of proteins
implicated in diseases of protein aggregation,apdodtein involved in the maturation of the
nitrogenase enzyme complex. Each of the threerempetal chapters is fully self-contained.

Protein aggregation into plaques has been idedtds a central event in many human
diseases. These include Alzheimer’s disease,ltypiabetes, the spongiform encephalopathies,
Parkinson’s disease and Huntington’s disease amge&aerally be categorized as diseases of
protein deposition. With the exception of the ggitorm encephalopathies, all of the plaques
associated with these disorders are composed gfuobranched proteinaceous fibrils
commonly referred to as amyloid (although the Rbimvolved in Parkinson’s and Huntington’s
disease are present within the intracellular spacketherefore do not meet the most stringent
definition of amyloid) [1, 2]. Upon treatment Wiproteases, plaques obtained from patients
with spongiform encephalopathy readily form amylmds [3]. In addition to their common
morphology the fibrils associated with all of thekgeases all seem to have a common ‘cposs-
architecture composed pfstrands running perpendicular to the axis of thelfas characterized
by X-ray fiber diffraction [4]. In recent yearshas been shown that many proteins not known to
form amyloidin vivo can form amyloid fibrils under non-native condits) thus it has been
proposed that the ability to polymerize into amglaiay be a general feature of polypeptides [5,
6]. Interestingly, the X-ray diffraction patterh@aoked egg whites shows the same
characteristic crosg-diffraction pattern [7]. Due to both their presate in human disease and
the intriguing notion that the ability to form aroid fibrils may be a general aspect of
polypeptide chains, understanding the structugateins within amyloid fibrils has been an
intense area of research over the past few decddesintrinsically insoluble nature of proteins
contained within amyloid fibrils has greatly impedagh resolution structural studies utilizing
single crystal X-ray diffraction and high-resolutibquid NMR spectroscopy, the common
workhorses of structural biology. Amide hydrogexlenge is used to probe hydrogen bonding
in proteins and has been used to probe proteiroocmiation in several fibril forming peptides [8-
10]. In chapter 2 of this thesis | present amig@rbgen exchange experiments on amyloid
fibrils of a fragment of the protein implicatedtime spongiform encephalopathies, PrP(89-143)
[11]. The experiments presented here identifyldloation of the fibrillar core.

Chapter 3 of this thesis contains work conducted®, the amyloid fibril forming
protein implicated in Alzheimer’s disease. Duatoincreasing number of lines of evidence
that the plaque burden in the brains of patierfecegd with Alzheimer’s disease does not
correlate with the severity of disease symptomsg;hmaffort has been directed into studying the
monomeric and pre-fibrillar oligomeric states d§ A2-14]. The study of monomeric and
oligomeric A3 is impeded by the peptide’s strong propensityggregate as well as the inherent
heterogeneity of the molecules in solution, botthwéspect to peptide conformation and the
specific stoichiometry of the oligomeric state. Bhyworkers and | have addressed this issue by
using molecular dynamics calculations to generaidats for conformational ensembles di A
and fragments, then using these ensembles to piBIR measurables which are subsequently



compared to their experimental values thereby atihd the model of the structural ensemble to
an extent unavailable to either technique alone.

Chapter 4 describes studies onysibunit of nitrogenase, the enzyme that, prigh&
introduction of industrial fertilizers, was the ¢ext node for the entry of nitrogen into the
biosphere. The nitrogenase enzyme complex corisigo proteins: dinitrogenase, which is
responsible for the reduction of lnd dinitrogenase reductase, which provides elestio
dinitrogenase [15]. Dinitrogenase is@fi, tetramer that contains four metalloclusters: two P
clusters and two copies of FeMo-co, present aathige site of the enzyme. FeMo-co contains
iron, sulfur, molybdenum anld-homocitrate and is synthesized by the cell in latlygegulated
process [16]. Inactive dinitrogenase obtained frontant strains of diazotrophic bacteria that
cannot synthesize FeMo-co purifies asugfyy, hexamer. Upon the addition of FeMoioo
vitro they-subunit (NafY) dissociates from dinitrogenase ieg\ully active dinitrogenase [17].
NafY is known to bind one molecule of FeMo-co tighand has been proposed to function as a
FeMo-co chaperone/insertase [18, 19]. In chapterdsent work that further refines the
cellular function of NafY, including determiningétsolution structure of the N-terminal domain
and characterizing the FeMo-co binding site onGRerminal 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, P1)Hearing a mutation implicated in
familial prion disease, forms fibrils that have besliown to induce prion disease when injected
intracerebrally into transgenic mice expressinglangth PrP containing the P101L mutation
[1]. In this study amide hydrogen exchange measeants were used to probe the organization
of the peptide in its fibrillar form. The extentloydrogen exchange at each time point was
determined first by tandem proteolysis, liquid ehedography and mass spectrometry (HXMS)
and then by exchange-quenched NMR. While singlie@mesolution is afforded by NMR
measurements, HXMS is well suited to the studyat@iral prions because it does not require
labeling with NMR active isotopes. Thus, natunabps obtained from infected animals can be
compared to model systems such as PrP(89-143, P$@idied here. This work reveals two
segments of sequence that display a high levetaiéption from exchange, residues 102-109
and 117-136. There is in addition a region thapldiys exchange behavior consistent with the
presence of a conformationally heterogeneous tlihe data are discussed with respect to
several structural models proposed for infectio &ygregates.

2.2 Introduction

Prion diseases lead to neurodegenerative procttsdagsult in spongiform degeneration
and astrocytic gliosis in the central nervous sysé@d are known to exist in genetic, sporadic
and transmissible forms [2]. The agent that islicaped in initiating disease is the protein PrP,
which can exist in two isoforms: the benign, nafiwen PrP (PrP Cellular) and the infectious
and neurotoxic form P®(PrP Scrapie) [3]. The idea that a protein alemed transmit disease
pathology was initially greeted with skepticism Isihow generally accepted through the
accumulation of a large body of evidence, culmimatn the generation of disease symptoms in
mice by inoculation with PrP aggregates formed fresombinant protein purified froi. coli
[4]. PrP is found in all mammalian and avian geesrand, after maturation, consists of
approximately two hundred residues with one dideltoridge, two glycosylation sites, and is
attached to the membrane via a C-terminal glycdmgphatidylinositol (GPI) anchor. Solution
structures of PP without post-translational modifications, fronveeal organisms have been
solved, showing it to be largetyhelical with an unstructured N-terminus of approately one
hundred residues [5-10]. Experiments have shoanRhP binds copper and may be involved in
copper homeostasis [11-13]; however, PrP’s prdamsehemical functions remain unclear. For a
detailed discussion see Aguzzi's review [14]. dmtrast to the mostly-helical, soluble Pr®
PrP*is p-rich, with a protease resistant core, and is ptea® an aggregate [15]. When ¥1iB
proteolytically cleaved at its N-terminus, it relgdissociates to form fibrils or rods that retain
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high levels of infectivity [16]. Both electron nascopy and molecular mechanics calculations
have been used to generate model structures fmtiofis PrP [17-20]; however, due to their
propensity to aggregate and intrinsic insolubleirgtit has been difficult to obtain any high
resolution structural information on infectious Rvh which a single model can be validated.

Determining rates at which amide hydrogens exchavith solvent hydrogens provides a
useful probe for hydrogen bonding in proteins. l&rge requires contact between the amide
and solvent, and catalysis by an acid or base fwtheninates at neutral pH). Amides involved
in hydrogen bonds thus cannot exchange withoutffustuating to an ‘open’ state. Simple
kinetic theories show that in the EX2 limit anchautral pH rates of exchange are determined by
the equilibrium constant for opening and the irdigrrate of exchange of the amide (determined
by the identity of the amino acid and its sequeragext) [21]. Intrinsic exchange rates have
been tabulated [22], so that observed exchange catebe interpreted in terms of opening
equlibria. At pH 7 and 28C, the intrinsic fully exposed amide hydrogen exajerate is on the
order of 108. Recently, numerous groups have employed hydregehange based
experiments to study amyloid fibrils formed frormamber of different proteins [23-32].
Interestingly, in each case it was shown that snlysets of residues in the protein were
protected from exchange with solvent, with rathiéfecent patterns of protected residues for
different proteins. The remaining residues exhkibitapid exchange behavior characteristic of
exposed amide groups.

Work from Prusiner’s lab to reconstitute priongdtivity from a synthetic protein
identified a 55-residue PrP fragment, PrP(89-1481P), that readily associated into amyloid
fibrils. Intracerebral injection of the aggregatfadtillar peptide initiated disease in mice that
express full length PrP bearing the sensitizingation, identified in a familial form of prion
disease, while the non-aggregated peptide didnittdte disease [1]. The amide hydrogen
exchange behavior in the fibrillar form of PrP(8231P101L) was obtained first at medium
sequence resolution with tandem proteolysis, liguncbmatography and mass spectrometry
(HXMS) and then at single amide resolution with Nggectroscopy. The HXMS technique has
been described in detail in the literature previp{&3]. It is clear that there are regions of the
peptide which are highly protected from exchangga@thers that are not. The strongly
protected regions identify the residues in the bgdn bonded core of the amyloid fibril.

2.3 Materialsand Methods

2.3.1 Amyloid Fibril Formation

Amyloid fibrils of PrP(89-143, P101L) were formbsg dissolving 10 mg of peptide into
500pL of 20 mM sodium acetate, 100 mM NaCl, pH 5 andiagl 500uL of acetonitrile.
Samples were taken at several time points, andrgA@eés were collected. Small fibrils were
seen even a short time after preparing the sanfdléonger times primarily longer fibrils with
more clearly defined edges were seen. Fibrils uségdrogen exchange experiments were
collected after three weeks of incubation in thetawitrile solution.

2.3.2 Electron Microscopy

Samples were loaded onto 1000 mesh copper godgga with formvar and glow
discharged prior to use. The samples were ned@st@ned with 3% aqueous uranyl-acetate
and images were collected on a FEI Tecnai 12 aopgrat 120 kV.



2.3.3 Hydrogen Exchange Mass Spectrometry

PrP(89-143, P101L) peptide used in MS analysissyathesized using standard Fmoc
chemistry and subsequent cleavage with trifluoraeatid. PrP(89-143, P101L) fibrils were
collected by centrifugation at 13@@h an Eppendorf tube and washed twice with 10miMsa
phosphate, pH 7.5. Deuterium exchange was initiayeresuspending the fibrils in 100%@
buffered with 10mM sodium phosphate at a pH* of (p* is the reading of a pH meter,
uncorrected for isotope and solvent effects) tmal peptide concentration of 50 mg/mL.ub
aliquots of the peptide suspension were removed afhour, 6 hours, 21 hours, 1 week, 3 weeks
and 6 weeks. L of the peptide slurry was removed before exposudeuterium to serve as
the zero hour time point. Exchange samples weazpgped for MS analysis by dilution with 55
uL of ice-cold 10 mM sodium phosphate buffer anddauldition of 9QuL of quench buffer
(6.8 M guanidine hydrochloride (GuHCI), 16.6% glyaeand 0.8% formic acid), yielding a final
pH* of 2.1, followed by 5 minutes of incubation etbawing ice to fully dissolve the fibrils.
Each solution was then divided into g aliquots in individual autosampler vials and dipi
frozen over powdered dry ice. Samples were stonelgr powdered dry ice in -80 °C freezers.

The extent of deuteration was determined by quittkhwing the frozen samples over
melting ice and passing the solution through twmohilized protease columns (pepsin and
fungal protease Xlll from Sigma, 1Q@/min, 0.05% TFA). Peptides were separated byrsare
phase high pressure liquid chromatography (HPLGH&Z C-18 300A, 5QL/min with a 6.4-
38.4% acetonitrile gradient over 30 min, 4 °C).e Bffluent was directly injected into a mass
spectrometer (ThermoFinnigh&Q, capillary temperature of 200 °C). Initial idiication of
proteolytic fragments was determined by tandem MBwed by data analysis using the
SEQUEST and DXMS software programs (ThermoFinniGam Jose, CA and Sierra Analytics,
Modesto, CA; respectively) [34, 35]. Peptide deatien levels were extracted from the centroid
of individual mass-envelopes according to the mgthfazhang and Smith [36] after accounting
for end effects and proline residues [22]. Peptieleteration levels were corrected for back
exchange during proteolysis and chromatographydbaseheir retention time in the
chromatography step. Back exchange at the begjrofichromatography was found to be 15%
and 20% at the end according to fully deuteratéeteace protein samples.

2.3.4 Cloning, Expression and Purification

A synthetic gene for PrP(89-143, P101L) with ateNninal six residue histidine tag and
TEV cleavage site was designed base& ocoli optimum codon usage and synthesized by
Genscript (Piscataway, NJ) in a pUC19 plasmid.s Hane was subcloned into the pIVEX 2.4c
vector between the Ndel and BamHI sites.

E. colicells [BL21 (DE3)] containing a plasmid, pACY Catttonstitutively expresses
Lacl were transformed using the hexaminecobaltraddamethod [37] and grown on MDG [38]
agar plates (1.5%) containg ampicillin and kanarmyat 37 °C for 12 hours. A single colony
was then picked and inoculated into 2 mL of MDAGdmad38] (100ug/mL ampicillin, 50
ng/mL kanamyacin) and allowed to grow at 37 °C ftwo@irs. To obtaif°N labeled protein, one
mL of this starter culture was used to inoculateo1 N-5052 media [38] contained in a 2.8L
Fernbach flask. Cells were allowed to grow ford8irs at 37 °C with shaking at 240 rpm.
Cells expressin’C, N labeled protein were obtained according to théhoweof Marley et al.
[39] with the substitution of MDAG media for LB.

The cells were recovered by centrifugation at 8 fn for 10 minutes and resuspended
in ca. 40 mL of 50 mM KPi, pH 8.0, and lysed byisation at 4 °C. The resulting suspension
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was centrifuged for 30 min at 30,000 rpm. The sogant was discarded and the inclusion
body was resolubilized by applying three roundsestispension in 6 M GuHCI, 200 mM NaPi
pH 8.0, 300 mM NacCl, 5 mM-mercaptoethanol followed by centrifugation forrBhutes at
30,000 rpm. The supernatants were pooled togatigetoaded onto Ni-NTA resin (6 mL). The
column was then washed with a linear gradient féotm 0 M GuHCI, 50 mM NaRpH 8.0, 300
mM NaCl and 15 mM imidazole. The protein was elutem the column with 50 mM NapH
8.0, 300 mM NaCl and 500 mM imidazole then dialye&tensively against 50 mM Tris pH 8.0,
1 mM DTT, 1 mM EDTA at 4 °C. One milligram of TEMotease was added to the dialysis
bag, and the cleavage reaction was monitored byGHPAfter complete proteolysis to remove
the His-tag, the solution was dialyzed against 50 NaR pH 8.0, 300 mM NaCl and 15 mM
imidazole then passed over Ni-NTA resin to remoethlthe His-tag fragment and TEV and
desalted using a C18 sep-pak cartridge (Watersg sblution was frozen and lyophilized. Dry
peptide was stored in a desiccator. On averagmdlsf purified™N labeled PrP (89-143,
P101L) was obtained per 1 L growth. 0.5 mg offeei**C, >N 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-80®vance DRX-800
spectrometers equipped with a cryogenic probe, sédthples kept at 25 °C. A singfel, 1°C
labeled sample of PrP(89-143, P101L) consistin@.5img of protein dissolved in 5Q@ of
DMSO (5% H20, 0.03% TFA) was used for backbonegassents. Assignment of tHel*N
HSQC spectrum was accomplished via interresiduaextion of the @, C3, and N chemical
shifts using the HNCA, CBCA(CO)NH, and HNCACB exipaents [40-42]. Data were
processed with NMRPipe [43]. For the 3D experiragdata were linear predicted to 128 pts in
the®N dimension. Analysis and integration of data weegformed with NMRView or CARA
[44, 45].

2.3.6 Hydrogen Exchange NMR Spectroscopy

Fibrillization of °N labeled PrP(89-143, P101L) was performed asrmdlabove.
Approximately 0.5 mg of fibrillized®N labeled PrP(89-143, P101L) was aliquotted into a
separate Eppendorf tube for each exchange time. plibrils were resuspended in 10mM KPi
pD 7.5 and incubated at room temperature for varperiods of time. At the end of each time
point, the fibrils were pelleted by centrifugatiand washed twice with D at 4 °C. After
removing the supernatant, the fibrils were frozeeralry ice and lyophilized. Lyophilized
fibrils were dissolved in DMSO containing 5%®and 0.03% TFA-D, pH* 5. A series of
"H'*N HSQCs was collected over 8 hours to correct fgshange with solvent under the
guenching NMR sample conditions [25]. The deacktirom the addition of
guenching/denaturing solvent to the fibrils to floguisition of the first time point of the 2D
experiment was approximately 10 minutes (allowimgrhixing to aid fibril dissolution and
optimizing parameters for the NMR experiment). lEd¢">N HSQC signal was the average of 4
transients, with 128 complex points acquired intfilgmension, for a total acquisition time of
20 minutes per 2D data set.

The intrinsic exchange rate in DMSO was determimgdrst integrating the volumes for
each peak in eaci'®N HSQC spectrum acquired over the 8 hours. Thedigidlual volumes
vs. time were then plotted and fitted to singleangntials. The calculated rates from the
exponential fits were then used to account for arge during the dead time of the experiment.
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The intrinsic exchange rates are shown in table 2.1-1-echo one-dimensiondi NMR
spectrum was acquired for each sample and the hregjign of the spectrum integrated to
normalize sample concentrations, which did not aevby more than 3% between samples.
Hydrogen exchange incubation times were 0 houngut, 6 hours, 21 hours, 1 week and 6
weeks.

2.4 Results

2.4.1 Hydrogen Exchange Mass Spectrometry of Prg&®) P101L) fibrils

Synthetic PrP(89-143, P101L) fibrils that had bgeswn in HO were incubated in ®
(buffered with sodium phosphate at pD 7.5) andualig removed after incubation for 1 hour, 6
hours, 21 hours, 1 week, 3 weeks, and 6 weeksrder to determine the deuterium content of
the fibrils using electrospay ionization mass spauetry the fibrils were redissolved by the
addition of an aqueous buffer containing guanidiparochloride at low pH to quench hydrogen
exchange, limiting back exchange during the maalysis. To identify sites retaining
deuterium in the primary sequence, exchange quenafgtide solutions were fragmented using
two protease columns containing immobilized pejpsid fungal protease Xlll. Both proteases
retain activity under quenching conditions. Thetpke fragments were then separated by
reverse phase HPLC with the eluent running diraotly the mass spectrometer. The ability to
resolve slowly exchanging sites depends on theegegfr fragmentation obtained, which in
optimal circumstances can discriminate single amideeptides were identified in a reference
experiment in which non-deuterated PrP(89-143, PL@&/As proteolyzed in the same manner
and eluting fragments were then analyzed by tandénj46]. Peptides in the deuterated
samples were then identified by matching both naaskretention time.

Figure 2.1 shows the extent of amide exchange®f8®-143, P101L) in fibrils after
incubation in RO for six weeks observed using mass spectrom&dyprimary’ peptide
fragments were obtained with good signal to nagg®s in repeated experiments at each time
point studied. Exchange in 23 additional ‘secoydaeptide segments could be analyzed via
deuterium-level subtraction of N-terminally aligngelptides of different length; N-terminal
alignment of peptides is required to correct fai effects. Although PrP(89-143, P101L) was
not proteolyzed sufficiently before mass spectroyniet afford single site resolution, a
consensus exchange behavior can be approximatealdlating an average of the exchange
behavior in which the contribution from each obserpeptide is weighted according to the
information content of the peptide. The longerpeetide, the less information for localization
of exchange it contains. The averaging is perfaraczording to

HX=Zn:( h j_zn: 1 (Equation 2.1)

=\ length /] 4Z'length

whereHX is the averaged percent protectibr,is the percent protection of each peptide
represents the number of peptides in which a gigsiue is observed, atehgthis the length
of each peptide Although the data do not afford single amidehatson, it is clear that there is
a strongly protected region between residues 189180, increased protection at the C-
terminus, and two regions from 99 to 107 and 13B3® that show significantly lower
protection from exchange with solvent.
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Figure 2.1 Exchange behavior of PrP(89-143, P101L) fibrilsevleed by mass spectrometry. A) Shows
the mass envelope of the 1+ charge state of theéegiwtic fragment of PrP(89-143, P101L)
corresponding to residues 133-139. B) The masslepe of the same peptide obtained from PrP fibrils
that had been incubated in@for one week. C) Exchange behavior of protéolfyagments of PrP(89-
143, P101L) after six weeks of incubation inD The extent of exchange is depicted as a percent
protection of exchangeable backbone amides. Eaimary' peptide is numbered. The identity of the
two primary peptides used to obtain each ‘secongeseptide is indicated to the left of the ‘secondar
peptides. D) Consensus exchange behavior caldwatording to equation 1.

2.4.2 Recombinant Expression and FibrillizatiorPoP(89-143, P101L)

Amide hydrogen exchange at individual sites caddiected with NMR, but requires
isotopically labeled protein. In order to obtamfarmly isotopically labeled PrP(89-143,
P101L) for heteronuclear NMR experimentskarcoli expression system was developed in
which purification of the peptide was expeditedtiy presence of an N-terminal 6-His tag.
Fibrils were grown with the same procedure usdibtdlize synthetic peptide that initiated
prion disease in sensitized transgenic mice [1].

2.4.3 Sequence Specific Detection of Hydrogen Ewgghan PrP(89-143, P101L) fibrils

As in the mass spectrometry exchange experimeeatscting the extent of hydrogen
exchange in amyloid fibrils with NMR requires then@turation of fibrils under exchange
guenching conditions prior to data collection. dicidimethyl sulfoxide (DMSO) is an excellent
guench solvent to dissolve amyloid fibrils [24, 23, 47, 48]. The minimum rate for amide
hydrogen exchange in DMSO occurs at pH* 5 andpiglly on the order of 10s™ [49]. All
non-proline residues have been assigned for thedéibwith the exception of the N-terminal
glycine that exchanges too quickly to be observethié NMR experiment and four ambiguous
glycine residues that occur in glycine-glycine pairthe sequence. These residues have very
similar exchange behavior; therefore, it is notamant to assign them individually.

Dissolution of the fibrils and optimization of thIR experiment lead to a ‘dead time’
of approximately ten minutes for each sample beRiviR data collection. Since the DMSO
contains a small amount 0%0, multiple'H*™N HSQC spectra were collected over a period of
six to eight hours after dissolving for each exg®time point to determine the intrinsic rate of
exchange in DMSO for each amide. This allows angigcriminate between the exchange that
is measured due to the exchange-in step of thiésfdond the exchange-in that occurs during the
dead time for handling the sample. A 0-hour (féotieated with protonated buffer only) time
point was utilized to confirm that the intrinsideaf deuterium exchange-in under NMR
conditions was slow for all residues. The measuaésl of exchange for all residues was on the
order of 10° s* (data not shown) which corresponds to a halfdifaours, so that little exchange
occurs during the measurement time of the expetimen

Given the small number of time points in the expental data set and the limited range
of time sampled, the slow exchange rates of th&lmawe cannot be quantified with certainty.
Therefore, the exchange data were analyzed ugnegcant intensity §) given by

Ip = li/lp x 100% (Equation 2)

where | is the integrated intensity (corrected for backhenge and normalized by
concentration) for a given amide cross peak at tiared } is the integrated intensity (corrected
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for back exchange and normalized by concentrafmrthe 0-hour time point. The calculated |
values for each residue for each experimental goiet are shown in Table 2.2. Four types of
exchange behavior were observed and are summanmifigdire 2.2. The amide hydrogens of
residues 90 and 143, the terminal amides, exchemgeletely before the first time point.
Residues 95-101 and residues 137-141 exchangestoovly, with a half-life of approximately a
week, but are completely replaced after six wedkssidues 110-116 exchange slowly as well,
with similar extents of exchange after a week a&ltees 95-101, but retaip +50 even after six
weeks, which implies a multi-exponential behaviothe rates. Finally, residues 102-109 and
117-135 remain highly protected even after six ggk> 90).
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Figure2.2 Exchange behavior of PrP(89-143, P101L) fibrbserved with NMR. A) Shows the
assignedH"N HSQC spectrum of PrP(89-143, P101L) under theliions of a typical 0-hour time

point, dissolving fibrils that had not been expotedeuterium in DMSO containing 5%0 and 0.03%
TFA-D, pH* 5. The four ambiguous glycine resid@es 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 | H,O pH 3.0 | H,O 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
wos 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
5102 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
Al12 4.0E-05 1.5E-03 1.6E+01
G113 3.0E-06 2.3E-03 4.0E+01
All14 3.0E-05 2.5E-03 3.2E+01
Al115 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
5131 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

Table2.1 Experimental amide exchange rates for all thielves of DMSO-denatured PrP(89-143,
P101L) and, for comparison, the calculated exchaaigs in water at pH 3.0 where exchange rate is at
the minimum [50] and at pH 7.5. It is evident tii& quenching in DMSO is much more efficient tiran
water.
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Table 2.2. |p 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
G911 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
Al112 100 91 88 93 49 43
G113 100 100 92 87 58 53
All4 100 95 101 90 47 41
A115 100 100 95 97 50 30
Al116 100 99 104 95 60 58
Al117 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:l(equation 2) values for each residue of PrP(89-P4®1L) amyloid
fibrils from the hydrogen exchange experiment. E€kehange behavior of the four ambiguous glycine
residues (marked by an asterisk) is reported avarage, the exchange behavior of each was similar.

2.5 Discussion

Previous solid-state NMR studies of selectivebtapically labeled PrP(89-143, P101L)
fibrils from the Wemmer laboratory have demonsttdteat residues 112 to 124 adopt an
extende-sheet conformation with evidence for conformatidreterogeneity between residues
112-114. Furthermore, multiple quantum NMR expenis indicated that PrP(89-143, P101L)
does not adopt an in-register parafledheet [51]. To extend the current knowledge ef th
conformation of fibrillar PrP(89-143, P101L) thetemt of backbone hydrogen exchange was
measured at various time points up to 6 weeks dha@xge. In the most favorable cases,
following hydrogen exchange with tandem proteolgsid LC-MS (HXMS) can lead to single
amide resolution. Moreover, HXMS is ideally suitedstudy prions as it does not require
isotopically labeled samples; thus it is one offéhwe techniques suited to studying the
conformation of Pr¥ obtained directly from infected animals. The exwfe behavior of
natural PrB° could then be compared to that of different camssr of recombinant PrP, which
are much more tractable to analysis.

In the MS study of exchange in fibrillar PrP(8931#101L) the limited number of
peptide fragments observed with sufficient signatdise for analysis precluded single amide
resolution of exchange behavior. However, the ttata mass spectrometry clearly demonstrate
that there are regions of it that are stronglygutad from exchange with solvent, while other
regions are much less protected from exchanges i$lixpected as the 55 residue peptide is too
long to exist as a single, stably hydrogen-bondgtended strand within the fibril as the fibril
diameter is known to be approximately 8 nm. Tkehange profile reveals a highly protected
B-strand region with residues 119-130, flanked by s@gments which are within a less
protected region, encompassing residues 99 to 197233 to 139. Fragmentation was poor near
the N-terminus preventing analysis of that region.

To generate a higher resolution map of proteatone detailed exchange data were
required. After assigning the resonances of PrR@ED P101L) amide exchange profiles were
collected by following exchange with NMR. Manytbe residues show the slow exchange
behavior expected from amides involved in stabldrdgen bonds. Two regions, encompassing
residues 102-109 and 117-135, remained proteabed éxchange after 6 weeks and likely
constitute the beta sheet core of the fibrils. Tigh degree of protection is not surprising inttha
some residues ipp-microglobulin amyloid have been shown to have exge half-lives of
weeks [32] and some residues ii Amyloid have been shown to have half-lives of msii26,

27]. Another set of residues, close to the N-tausiand at the C-terminus, were completely
exchanged after six weeks of incubation y©D While residues 95-101 and 137-141 are
moderately protected from exchange with half-litrest are typically afforded by secondary
structure conformations in soluble proteins, befthxchange more rapidly than fhsheet core
residues of other reported amyloid fibrils. Thexéw protection in these two regions is consistent
with the mass spectrometry measurements.

Interestingly, residues 110-116 show exchangeweheharacteristic of multiple
exponentials. This group of residues undergoebange to ~50% after 1 week. However, after
six weeks, no further exchange has occurred. Bédtgvior can be explained by the presence of
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two (or more) conformations for these residuesenem the sample with different exchange
rates. One component has a half-life of approx@hgaine week and the second component has
a much longer half-life. The mass spectrometra dathis region are also consistent with
intermediate protection, but the data lack suffiteequence resolution to observe a bimodal
deuterium distribution for this region of the peletithat would confirm the presence of two
populations of conformers, one more accessibl&tbange with solvent than the other.
Furthermore, the residues 110-116 encompass timrefjthe peptide that displayed
conformational heterogeneity in past solid-stateRN&kperiments [51].

Currently, there are several different modelsii@r conformation of PrP in prions [52].
One is a left handefgthelix proposed by Govaerts and coworkers from RBteon
crystallography data on proteolyzed native®fF7]. Another is a ‘spiral’ model identified in a
molecular dynamics study of PrP fibrillization thvedis also shown to be consistent with the
electron crystallography data [20]. Neither fhakelix or ‘spiral” model requires the fibril to be
formed by an in-register parallgisheet as seen inAibrils [27], consistent with previous
observations from solid state NMR [51]. Additidiyakolid-state NMR work on fibrils of
another prion variant, human PrP(Y145Stop), hasomstnated that the N-terminus of the
protein, up to residue 112, remains highly mobil¢hie fibril and that residues 112-115, 118-122
and 130-139 fornfi-strands [53]; the corresponding regions in the sequrotein are residues
111-114, 117-121 and 129-138. Lastly, a low-resmumodel has been generated from
hydrogen exchange experiments on prion fibrils taptoduced prion disease; protection from
exchange is only observed in the C-terminal regiothe protein, residues ca. 169-221 [4, 54].
This in disagreement with the previous models ailidmat be considered in this discussion as
the region of interest in this work, residues 83;1i4 completely outside of the protected region
deduced from that work.

In theB-helical model, three 5-residue strands are jolmed single residue that has
torsion angles characteristic of a left-handedxiteliform a triangular 18-residue ‘rung’, these
rungs are then stacked in a stably hydrogen bondedork, including a hydrogen bond at each
residue, to form thg-helix. The exchange data shows that the regmm ft02-136 is resistant
to exchange with some degree of conformationalrbgémeity from 110-116. This span of the
peptide is essentially long enough to support twags of & helix; but, PrP(89-143, P101L) is
rather unlikely to adopt this conformation as itiuna the minimal number of ‘rungs’ found
experimentally to date is four (seen in the strreetf the C-terminal domain of-
acetylglucosamine 1-phosphate uridyltransferase Eocoli, PDB ID code 1FXJ). However, in
the fibril, monomers could be packing against eattier to extend the helix. More difficult to
reconcile than the length issue is the fact thaipttevious solid state NMR experiments on
PrP(89-143, P101L) did not find any evidence ofitconformations between residues 112-118
and between residues 122-124 [51]. If the cohefibril is formed by @-helix, some of these
residues should be clearly involved in turns.

The core of the ‘spiral’ model of PtRconsists of four shoft strands in which three
short strands (E1, E2, E3; residues 115-118, 128-1509-163, respectively) form an anti-
parallel intra-molecular sheet where the extransti&4, residues 134-139) adds to the sheet on
an adjacent molecule through a parallel E1:E4fater E3 is not essential for the formation of
the inter-molecular interface; however, the positd the protected residues in PrP(89-143,
P101L) fibrils are not consistent with the locatmfrEl, E2 and E4 in the model although the
spiral architecture could explain the protectiottdes and the observation that PrP(89-143,
P101L) fibrils do not form an in-registprsheet.
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2.6 Conclusion

This study has utilized amide hydrogen exchangtudy the conformation of a model
prion, PrP(89-143, P101L), in its fibrillar stat€wo regions of the protein between residues
102-109 and 117-135 have high protection from emgbhavith solvent even after six weeks and
are likely to constitute the core of the fibrilhd high degree of protection is comparable to that
observed in the core offAfibrils [26, 27]. Two other regions, encompassiagidues 95-101
and 137-141, exchange completely with solvent dfteeek, an exchange time expected for
residues involved in hydrogen bonds but not inaimloid core. Interestingly, the region of the
protein between residues 110-116 exhibits interateddxchange behavior that can be explained
by the existence of two populations of conformarghe fibril which exchange with solvent at
different rates. This interpretation of the intedrate protection factors is corroborated by the
previous finding that this region possesses som&aomational heterogeneity [51]. The core of
the amyloid fibril consists of two highly protectfestrands [§1 andp2, residues 102-109 and
117-136, respectively) which are joined by a hyerogonded, yet conformationally
heterogeneous turn. The overall fibril architeetmust be different than that seen in fibrils of
AP as the PrP fibrils have been shown to not begister. Assuming slightly different locations
of strands E1, E2, and E4 from the ‘spiral’ moded core of the fibril could form from an
intramolecular sheet betwefh and the first section ¢ where the intermolecular interface is
between the second sectionf@fandpl on the adjacent molecule.
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2.8 Abbreviations Used

HXMS tandem proteolysis, liquid chromatography amass spectrometry
PrP Prion Protein

Pri* PrP Cellular

PrP° PrP Scrapie

GuHCI guanidine hydrochloride

DMSO dimethyl sulfoxide

HSQC Heteronuclear Single Quantum Correlation
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Chapter 3

| nsightsinto the Conformational Ensemble of
Monomeric Ap from a Dual Molecular Dynamics and
NMR Study

3.1 Summary

This chapter describes structural studies on amgieptides that utilize a comparison
between experimentally determined NMR observalaesrfical shifts*J-couplings, relaxation
parameters and Overhauser cross peaks) with thedeted from simulated ensembles obtained
via molecular dynamics calculations. New generalitP4P-Ew water and Amber ffO9SB
protein force fields provide a good prediction fwé t°C relaxation parameters and Overhauser
cross peaks for By1.30 the peptide fragment first studied to validats technique. Inspection
of the simulated ensemble shows that the intenagtioat lead to the observation of medium-
range Overhauser cross peaks cannot occur in k& simajecule simultaneously, demonstrating
that in the study of flexible peptides the caldelatof a single structure from Overhauser
distance restraints, as routinely performed fol-fgdtied proteins, is essentially meaningless. A
more robust view of peptide conformation is proddy the comparison of NMR observables
with those calculated from simulated ensembleghéncase of B,1-30 this type of analysis
reveals a structural ensemble that contains a mapmpulation (~60%) of unstructured
conformers, lacking any secondary structure origierst hydrogen-bonding networks. The
remaining minority population contains conformeighva 3-turn centered at Val24 and Gly25,
as well as evidence of the Asp23 to Lys28 saltdarisnportant to the fibril structure. The work
with AB,1.30provides a framework for a similar study ofAcand AB;1.42, of which the NMR
data has already been collected and is discussethhe

3.2 Introduction

3.2.1 General Introduction to Amylojtl-

The major constituent of amyloid fibril plaquesifa in the brains of patients with
Alzheimer’s disease is the amylgideptide (4) [1]. AP is formed by the successive
proteolytic action off- andy-secretase on the amyloid precursor protein (A&®)ntegral
membrane protein concentrated at the synapsesiodme While there is some evidence that
APP is involved in the formation of functional sysas and neural plasticity [2, 3], the precise
role of APP in the cell remains controversial.eTdheavage of APP yieldsfApeptides of
varying lengths from 39-43 residues, the most comfoans of which are the 40- and 42-mer,
APB1-a0 and A31.42, respectively [4]. Although much work has beedertaken to study the
conformation of A& in fibrils, several recent lines of evidence, udihg the generation of AD
symptoms in mice in which no amyloid plaques aesent, suggest that it may be the pre-
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fibrillar monomer and oligomeric states of thg peptides, rather than fibrillarfA that give rise
to the symptoms of the Alzheimer’s disease [5-7].

Over the past decade significant strides have beste in determining the atomic level
structure of A fibrils using solid-state NMR [8-10]; however, chaterizing the monomeric and
early oligomeric species offAremains a significant challenge. This is due lotthe difficulty
of obtaining homogenous samples of monomers oowiags for study because of their strong
propensity to aggregate and the complimentary ehgé of interpreting bulk structural data
collected on heterogeneous distributions of conéwem Recent NMR studies on the monomeric
form of AB;.40 and A3;.42 have found evidence of some regular structureitallo the presence
of high concentrations of non-aqueous solvents asdiexafluoroisopropanol, trifluroethanol,
and SDS micelles [11-14]. Other, more recent ssitbcused on aqueous environments have
predicted averaged quantities such as scalar cguptinstants and spin relaxation constants for
calculated ensembles of the peptide for compatistMR experiments [15-17]. These data
measure only local rather than tertiary structune laence provide an incomplete description of
the structural ensemble. Nuclear Overhauser geaks, arising from protons in close
proximity, are better suited to probe tertiary stane in proteins; hence, they are heavily relied
upon in NMR structure determination. In additiorttieir sensitivity to longer-range structure,
nuclear Overhauser cross peaks are averaged avepdyulation and the inverse of the sixth
power of internuclear distance. This second avegggrovides a powerful tool to study a
heterogeneous distribution of interconverting comfexs, as expected to be relevant for tifie A
peptides studied here, and provides significangisnto the structure of the monomeric form
of Ap.

In this chapter of the thesis | present studieslining molecular dynamics calculations
(MD) and NMR spectroscopy conducted on a fragméatdthat has been extensively studied.
This work paves the way for similar studies witk thll-length forms of the peptide A4, and
ABi1.42, Which are underway. The next section contains@aduction to the shorter construct,
which served as a tractable model system to demateghat our combined MD and NMR
strategy provides insight into the peptide’s confational distribution unavailable to either
technigue alone, followed by an introduction toiamwork with the longer peptides. Lastly, |
introduce the NMR observables that are used togustioicture in tandem with MD calculations

3.2.2 Introduction to Sei-30

In an attempt to probe for any significant struetin the monomeric state, Lagbal
subjected 8140 and A31.42 peptides to digestion by multiple proteases [[D&spite containing a
large number of potential proteolytic sites throogitthe sequence, the peptide fragment
spanning residues 21 to 30 (AEDVGSNKGA) was a $icgmt product for each enzyme
reaction, indicating relative resistance to cleavdgspite containing several possible cleavage
sites for the different proteases employed. Funtioee, little digestion was seen when the
synthetic A3,1-30fragment itself was subjected to the same proteasditions. These results
were interpreted to mean that some structure i21h@ 30 region protectsfA4o and A31.42
from protease degradation and that this structuretained in the By;.30 fragment.

One of the primary benefits of studying this snhgllirophilic peptide fragment is that it
is readily soluble in its monomeric form at concatibns in which the longer and more
hydrophobic A1.40 and A31.42 Sequences aggregate quickly. In addition, thissece
encompasses many of the amino acids that are thtmgk important for understanding the
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Alzheimer’s disease state. Th@A 30 sequence consists mainly of a charged regionithtie
context of the fibril structure of the full-lengff1.40, comprises a turn connecting the two
flanking hydrophobi@-strand regions that is necessary for generatie@hbserved crogs-
structure down the fibril axis [10]. Additionallgs observed by solid state NMR, in the fibrillar
form there is a buried salt bridge between Aspa8lays28; these residues are also encompassed
by this peptide [8, 19, 20]. It has been showm thatating either residue dramatically affects
fibril formation [19, 21]. Itis also noteworthizdt many of the familial Alzheimer’s disease
(FAD) mutants of the APP protein are located betwesidues 21 to 23, each of which leads to
dramatically differenin vitro fibril formation properties anth vivoclinical outcomes [4, 21-27].

Although absolute proteolysis is not a perfectringd probe protein structure, a number
of experimental and computational studies havergited to determine if the presence of some
stable residual structure in th@A.zomonomer can account for its protease resistare@ow
and co-workers studied the wild-type (WT) peptidenell as five FAD mutants of the3y.3o
peptide using rotating frame nuclear Overhausece#pectroscopy (ROESY) NMR
experiments [18, 28]. They proposed that WE,Ag, folds into a single conformer
corresponding to a unique bend structure, idedtifieough long range (i,i+8) cross peaks for
Glu22 H,to Ala30 HN, and (i,i+6) sidechain-sidechain crpesks for Glu22 Lys28 in the
ROESY spectrum of WT [By1.30which were absent in the FAD mutants. Replicdharge
molecular dynamics simulations by Baumketner etising the OPLS and TIP3P all-atom
models for peptide and water, found that 40% ofpigtide ensemble is folded into two distinct
bend structures stabilized primarily by Asp23 sidgn interactions with the Ser26 sidechain and
backbone [29]. Borreguero and coworkers studiegéptide by a coarse-grained model in
which they find collapsed structures stabilizedhlggrophobic interactions between Val24 and
Lys28, as well as electrostatic interactions betw&gp23 to Lys28 [30]. They also simulated
five ~100 ns molecular dynamics trajectories uSifARMM-27 and TIP3P for the peptide and
water model, without using any accelerated sampbéognique, each with a different
combination of density, starting structure and sattcentration. Though the authors
acknowledge that their simulations are far too steoconverge to the equilibrium ensemble,
they report contacts between hydrophobic regiongati#4 and Lys28 that are more stable on
the nanosecond timescale than charged interadtetmgeen Lys28 and Glu22 or Asp23 [31].
Finally Mousseau, Derreumaux and coworkers usegttwation-relaxation sampling technique
combined with the OPEP coarse-grained model[& Ao and found several clusters of
structures, all sharing a turn formed by stabitizinteractions between Val24 and Lys28 of
many different sidechain contact combinations [B2ummary, simulations found little
evidence of the long-range interactions observaderNMR experiment but provided little
consensus on the solution structure of tig1Aq peptide.

3.2.3 Introduction to 51_40 and Aﬁ1_42

As mentioned above, (Ais found in several different isoforms, the twoshocommon of
which are Ai.s0and A31.42. Although the longer isoform differs from the steo only by the
presence of an additional two C-terminal residiledl and Ala42, f;.40and AB;.42Show
vastly different behavior. By.42 aggregates much more quickly thaf:40[33]. ABi-42is the
major species present in intracerebral amyloid diépgeen in AD patients [34] wherea:40
is the major species in blood plasma [35P14¢ has been shown to be significantly more toxic

23



in animal models of AD and to neurons in cell crétthan A1.40[7, 36-38]. Interestingly, the
ratio of AB;1.4ot0 AB1-4ocorrelates with the presence of AD [39, 40].

Solution NMR experiments that have been conduatethonomeric f;.s2and A31.40in
aqueous environments failed to identify significdifterences between the average structures of
the two forms of A&, although they did establish that the oxidati@tesbf Met35 strongly
affects the aggregation propensity [41, 42] . Hesvedifferences relating to protein dynamics
between the two forms offhave been reported. A recém relaxation study established that
the C-terminus of B4.42iS more rigid than ;.40 and may be involved in aggregation [15, 16].
Similar **C methyl-group relaxation experiments by the samemalso were consistent with
additional rigidity in the C-terminus of(A.42 [16]. By using the combined MD and NMR
approach employed here it should be possible terebsstructural 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 cloairshifts, three bond J-couplings,
13C relaxation times, and nuclear Overhauser effextscpeaks. This section of the thesis will
introduce how they probe protein structure.

The chemical shift of a given protein spin (HN,H\%, HB, Ca, and @) is affected by the
electronic environment around the spin; this etettr environment is determined by the
secondary and tertiary structure in which the spinvolved. Backbone chemical shifts can be
calculated for a protein of known structure by quanmechanical calculations, approaches
utilizing empirical relationships derived betwedremical shift data and classical physics, or by
hybrid approaches. The large collection of NMRg@ssents of proteins of known structure is
sufficient in size that if the protein structurekisown, then chemical shifts can be reliably
predicted by hybrid techniques [43-46].

The three bond J-coupling between HN and .1, is related to the dihedral angle
through the well-known Karplus relationship [47] 4&quation 3.1),

J(¢) = Acos(p-60)+Bcos(@-60)+C (equation 3.1)

whereA, B,andC are empirically determined constants. Along withtheo dihedral angle is a
measure of secondary structure in proteins. Whéee are three bond J-couplings which
depend ony, (3ani-Ni+1, 3 hainie: and3Jyini+1), they are not proton-only J-couplings and thus
require at least one labeled heteronucleus to measwl were not used in this study. When
measured on a distribution of conformers intercotvg quickly with respect to the NMR time
scale, as is the case here, J-couplings and chleshifia are simple population averages. If the
interconversion between conformers was in slow argk with respect to the NMR time scale,
multiple sets of NMR resonances would be observed.

NMR relaxation parameters are widely used in thdysof protein dynamics [49]. In
this chapter the focus is on tH€a spin-lattice and spin-spin relaxation times §hd T,
respectively) for use in the comparison of timelssdetween MD simulations and the NMR
experiments. The relaxation of¥Cthat is directly bonded to a single proton is daated by
the dipolar interaction between the bound protahthe chemical shift anisotropy (CSA) of the
3¢ spin. The relaxation times depend on the spaterssity function, the Fourier transform of
the correlation function for the directly bond##'*C pair given by
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J(w) = IC(T)eiMdT (equation 3.2)

The spectral density function (equation 3.2) cdattbe components of the spin relaxation rates,

defined as the inverse of the and T, relaxation times at the relevaht and*3C Larmor
frequencies.

=R +R"* (equation 3.3)

1
"
R, = Ti =R +R+R, (equation 3.4)

2

where DDand CSA denote the dipolar and CSA componentseo$pim relaxation rate
constants, respectively., B the sum of the relaxation rate constants feugs-first order
processes such as chemical exchange and diffubese are ignored in this work. For directly
bonded'H-3C pairs containing a single proton, the dipolaaxation rates given by

R = /200K 2[I(ewy, — @) +33(ww. ) + 63 (e, + . )] (equation 3.5)
R, = (/40K *[43(0) + (e, — @) +33(w ) +33(ew) + 63(ewy +@x)]  (equation 3.6)

are the main contributors to the overall relaxatibme constant factor, K, is defined as

K =_Ho
A7TY

3 YaVo (equation 3.7)

wherel is the permeability of free spack,is Planck’s constant, arydandy, are the

gyromagnetic ratios for the nuclei of interest whior the'*C relaxation experiment are carbon
and hydrogen, ands;

1\ .
et _<r6_(t)> (equation 3.8)

is the appropriately averaged internuclear distédoet@een atoms. The CSA contributions to the
spin-lattice and spin-spin relaxation rates fronagially symmetric chemical shift tensor are

given by
R = (2/5)A0%w.” I(w,) (equation 3.9)
R,°* = (2/5)(ad%w,? /6)43(0) + 33 (e, )] (equation 3.10)

whereAd is the difference between the parallel and pergetat components on the chemical
shift tensor. Although there is an additional aggng over distance implied by equation 3.8, it
is worthwhile to note that for directly bonded spairs, the distance is approximately constant.
(However, the Amber ff99SB force field does inclumend vibration and libration motions,
which cause the fastest decay of correlation fondor directly bonded spin pairs.)
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The final and most information-rich NMR observabt#éized in this work is the nuclear
Overhauser effect, which depends on the distaniveelea protons in space. The nuclear
Overhauser effect is most often observed by twoedsional Nuclear Overhauser Effect
spectroscopy (NOESY) in which magnetization is $farred between resonances via cross
relaxation through a transient dipolar interactidrne intensity of a given cross peak is related to
the distance between the protons. Typically cpestks between protons within 6 A can be
observed. In practice, the observation of Overbaoss peaks can be encumbered if
molecular tumbling occurs on the same time scatbetarmor frequency, thereby interfering
with the Overhauser cross-relaxation mechanismmagnetic fields strengths currently
employed in high resolution NMR, molecules witmalecular weight around 1 kDa, as is the
case for B21.30, are affected by this issue. This is avoidedragdferring magnetization while
the spins are made to precess about an appliechakfeld during the mixing time, thereby
changing the effective Larmor frequency and allayior magnetization to transfer via a dipolar
mediated cross-relaxation mechanism. This teclenisjueferred to as rotating frame Nuclear
Overhauser spectroscopy (ROESY) [50, 51].

Overhauser cross peaks are typically used as tiseimportant structural restraint in
biomolecular structure determination with NMR whearany loose distance restraints are
incorporated into a pseudo-energy function useddtrain a structure calculation. This
approach to interpret Overhauser cross peaksaswvely straightforward when the molecule of
interest is a single stable conformer. When théeoute of interest is quite flexible and exists as
an ensemble of interconverting conformers, thigegqgh is intractable. For example, a cross
peak between two protons that spend 100% of the 6irA apart will have the same intensity a
cross peak between two protons that spend 9% dirttee4 A apart. There is no way to extract
this information from the spectra alone. Howewene have the knowledge of the peptide’s
structure and dynamics from MD simulations provegdancorrelation function for each spin pair,
the intensity of Overhauser cross peaks can balesdd from its Fourier transform, the spectral
density function (equation 3.2), according to thetlmd of van Gunsteren and coworkers [52,
53]. The normalized correlation function is

L T

where B is the 2nd order Legendre polynomials the angle between the interspin vector in the
laboratory reference frame at times t andef Kt) is the instantaneous pair distance, and the
angle brackets denote a thermal average. Rofttinge nuclear Overhauser cross peaks are
then predicted by calculating the intensity forteapin pair,

1t ) = Xe™= X 1(0) (equation 3.12)

where X and\ are the eigenvectors and eigenvalues of thedldkation matrix, R, composed
of the diagonal elements

no 1 3 9 5 .
Py, oK 2{5 J; (2ay)+ 29 () + 2% (O)} (equation 3.13)
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and off-diagonal elements
1 3 .
9 = 15K 2[5 J; (@) + 9, (O)} (equation 3.14)

which sample the spectral density function at déife frequencies. The direct dipolar relaxation
rate is described hy, o is the cross-relaxation rate for all proton passiescribed by van
Gunsteren and coworkers, and K is defined as abfthey.y, equal toy>. The expressions for
calculating the relaxation rates in NOESY speciff@dslightly with the diagonal elements

given by

en 1 3 1 .
oy = Z;:mﬁ KZ[SJ”. (2w0)+53”. (wo)+§\]ij (o)} (equation 3.15)
and the off-diagonal elements given by
1 1 .
g; = 1_0 K 2|:3‘]ij (wo) _E ‘]ij (0):| (equation 3.16)

After cross peak intensities are predicted, itasgible to compare them to those obtained
experimentally, thereby validating a structuraleanble calculated with MD.

3.3 Materialsand M ethods

3.3.1 NMR spectroscopy ofA 3o

The AB,1.30 peptide (AEDVGSNKGA) was synthesized and puritie®8% purity by
reverse-phase HPLC (Anaspec, San Jose CA). NMRIsamopntained 10 mM y1-30and 25
mM ammonium g-acetate in 90% O, 10%2H,0 or 100%?H,0. Upon dissolution, the pH
was adjusted to 6.0 with 1M NaOH. NMR data werdextéd at 283 K on Bruker Avance 500
or 600 MHz spectrometers and Bruker Avance Il 80909 MHz spectrometers. All data were
processed with NMRPipe [54] and analyzed with NM&VIi[55] or CARA [56] . All spectra
were recorded at 10°C to facilitate comparison \pittvious NMR studies on this peptide.

Chemical shift assignments were obtained with!BEtH TOCSY [57] and ROESY [50]
experiments. All resonances have been assignestarige restraints were obtained from two 2D
1H-1H ROESY experiments in both 908450, 10%2H,0 and 100%8H,0 with a composite
pulse spin lock applied during the 300 ms miximgetito avoid TOCSY artifacts (see the H/HA
correlations in the ROESY spectrum depicted inrgg8L4 for an example) [58]. Additional
'H,0 ROESY spectra were also collected with 200 ms4@@dms mixing times but were not
used in generating distance restraints. A totdl0®6 and 1400 points (States-TPPI) were
collected in 1 and t, respectively. Spectral widths in both dimensiaese 7184 Hz and 8503
Hz on the 800 MHz and 900 MHz spectrometers, resay.

To build a single structural model fitting all ¢fet data simultaneously using a standard
NMR structure determination approach, ROESY cresdp were classified as strong, medium,
weak, and very weak based on peak intensity andectsd to 2.9, 3.3, 5.0, and 6.0 A upper
distance restraints, respectively. The set of 186unally assigned distant restraints was used to
calculate 1000 structures with the program CYANA][T he 50 lowest energy structures of the
minimized ensemble were analyzed with the progrgmd? (DelLano Scientific: San Carlos,
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CA). Structural statistics and hydrogen bonds presethe structure ensemble, detected with the
Amber [60] suite prograrptraj are presented in the Results.

Spin-lattice (T) and spin-spin (J) relaxation times for natural abundari®@ at the G
position were measured for all non-glycine aminiogasing the same 100%4,0 sample
described above.;Wwas measured at 500 MHz by inverse-detected ilorerscovery with
delay times 5, 25, 50, 150, 400, 600, 1000, 2000,2500 ms. 7was measured at 600MHz by
an inverse-detected CPMG experiment with delaygithe?0.48, 40.96, 61.44, 82.92, 122.88,
143.36, 163.84, 204.8 ms. Relaxation parameters fitdrom the data as described previously
[61].

Three bond scalar coupling constanisy.+,, were measured from the multiplet structure
in a 2D double-quantum filtered COSY measured 8tMbiz with a spectral width of 6127 Hz
in both dimensions. To ensure that the experimdimaghape was not adversely affected by
limited digital resolution 4096 points were colledtin both ¢ and $. Quadrature detection in t
was obtained according to the States-TPPI methddhendigital resolution was matched {o t
with linear prediction.

3.3.2 MD simulations of Ai1.-30

In this study the zwitterionic By1-30 peptide is represented with the Amber ff99SB fixed
charge empirical force field [62]. Amber ff99SBasecent reparameterization of the backbone
dihedral angles of proteins by Simmerling and cd®os to correct previous problems with
secondary structure propensities of the origir@d fparameters. Amber ffO9SB quantitatively
captures the distribution of backbog@ angles compared with quantum mechanical
calculations and validation on model peptide aradgin systems. Two separate sets of
simulations were run in which the peptide was geldavith TIP3P [63] and TIP4P-Ew [64]
water models, respectively. TIP3P is an older wiattedel that is popularly used in aqueous
protein simulations, while TIP4P-Ew is a newer eggmeterized version of the standard TIP4P
water model for use with Ewald summation techniqiiée alternate TIP4P-Ew water model
was chosen since it reproduces many salient themaodic and dynamic features of bulk water
properties when compared with experiment, and itdsexcellent performance for temperature
trends of these properties is especially relevanthiis experimental study which is conducted at
10°C [64].

In this work the AMBER9 molecular dynamics simulaitipackage [60] was used to
generate the structural and dynamical ensemblégafso peptide fragment in water. The
system is prepared by solvating thBf\3o structure with 1578 TIP3P or 1579 TIP4P-Ew water
molecules, respectively. A single sodium (Nian is included in the system to balance the
peptide net charge. Each system is briefly equaitéa using Andersen thermostats [65] to bring
the system up to 300K temperature, then equilidride125ps at constant pressure with
Berendsen (weak) coupling at 1 bar (default paramagtind 300K temperature. The average
density of the last 100ps of the constant pressinmalation is then calculated and a snapshot
containing position and velocity information withat density (within 0.001g/cthis selected as
the starting structure. In all simulations the dures of motion are integrated with 1fs timesteps,
the long-range electrostatic interactions are d¢ated using Particle Mesh Ewald method (PME)
[66], and a cutoff of 9.0 A is used for real spatextrostatics and LJ interactions.

Replica exchange through teandermodule of Amber9 was used to improve
convergence at the lower temperatures, using 6gdmture replicas exponentially spaced
between 270 K and 507 K with exchange attemptsyelvgs [67, 68]. We ran two independent
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replica exchange simulations for a time betweers4bm 50ns per replica exchange simulation,
of which the first 20ns of each replica is treatscequilibration. The second replica exchange
simulation was started from configurations acquaétdr 20ns equilibration in the first replica
exchange simulation, but using a new set of randedwelocities. Convergence to equilibrium
of the two independent simulations was tested bgthdr they both reach the same linear
average of the pair distances over their structemaémbles. The equilibrium populations of the
two independent runs differ by no more than 7%hia guantity.

Microcanonical ensemble (NVE) trajectories were tmmeasure dynamical quantities
since coupling to a thermal bath, especially byAhdersen or Langevin thermostats provided in
the AMBER codes, can perturb system dynamics. &oin @eptide-water model combination we
ran thirty NVE trajectories of 20ns in length. $itag structures for these trajectories were
selected from the 284K replica of each water magbgarated by 1ns of replica exchange
simulation to ensure structural decorrelation. 8iogly coordinate information (not velocity)
was saved for the structural ensemble, structusze equilibrated at 284K for 100ps prior to the
20ns constant energy runs. Tgteaj module of AMBER was used to analyze the DSSP ddfin
secondary structure, hydrogen-bonds and electio/stltbridge interactions over the generated
structural ensembles [69]. All possible donors aackptors for the hydrogen bonds are specified
in the analysis.

3.3.3 Prediction of NMR Observables for the caltedals,1-30ensemble

Using the SHIFTS [44-46] and SHIFTX [43] prograris chemical shifts for all protons
and G and G carbon atoms were predicted by averaging thesetitjea over the members of
the Boltzmann-weighted simulation ensemble. Twesyof parameter sets B, andC in
equation 3.1 were used. The first type corresptmdits of the Karplus equation by using
experimentally measured scalar coupling constardskaown reference protein structures, a
parameter set fotln.u, Was derived by Vuister and Bax witte 6.51,B = -1.76, andC = 1.60
[47], although other choices are possible [70-78]fact, it has been shown that variations
between the different sets of Karplus parametketylireflect differences in the magnitude of
dihedral angle fluctuations about the referenceliegum folded structure used to calculate the
values ofA, B, andC [70, 72]. As our ensemble includes dihedral afigigtuations, using these
Karplus parameters to calculate the ensemble asdr&gouplings results in a double counting
of such motions. Thus, a second parameter setichvehharmonic approximation to this
dynamical motion has been removed, where9.5,B = -1.4, andC = 0.30, was also considered
[70].

To calculate the spectral density functions'fér'H spin pairs to predict ROESY data
and forC-'H pairs to predict the relaxation parametersgfid T), the method of Petet al.
[52] is employed in evaluating the normalized clatien functions (equation 3.11). The
correlation functions were calculated for eachhef approximately 180tH-'H spin pairs as well
as the eight non-glycine directly bond€6a-'Ha spin pairs. The evaluation of equation 3.11
was an average over thirty independent constamgeriVE) trajectories at 284K of equation
3.11, for correlation timegsup to 5ns. Using many trajectories run in pataiéeinched with
different representative members of the Boltzmastridution of peptide conformations, is
preferable to a single long trajectory in the NUisemble, which will not exhibit a canonical
structural ensemble. Averaging multiple trajectsrieach with a slightly different total energy,
also has the minor added benefit of sampling tleegyndistribution of the canonical ensemble
despite using constant energy trajectories. ligartant to note that equation 3.11 was
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“unnormalized” by the 1fraverage spin-spin distance in each trajectoryderoto compute the
average over trajectories.

Each resulting average numerical correlation fuamctor a given atom pair is then fit to a
triple exponential form using a shell script invogithefit routine in Gnuplot. A triple
exponential form was selected since multiple reiaramodes with different timescales
invariably exist for a peptide. In our case, a viast (<1ps) mode due to vibration and libration
exists, as well as several reorientational modssgrfrom anisotropic tumbling due to the non-
spherical shape of the peptide. Using a quadrexgenential form did not show substantially
different fits for a test group of data, and hewege not used. In some cases only two
exponentials were required, although three expaaidiis were typical. The fitted time
correlation function is then Fourier transformedisfine the spectral density functions (equation
3.2) according to equation 3.17.

2b

— equation 3.17
1+ ab? (eq )

J'e—r/beiwrdz. -

It is important to note that the peptide tumbled kxcally reorients rapidly enough for all
relevant spin-spin vector time-correlation funcida decay to zero within the time of the 20ns
dynamics simulations.

The T; and T, relaxation times were calculated from the appedprspectral density
functions using equations 3.2-10. In equationsaB® 3.10Ad is taken to be 25ppm [61]. Itis
also interesting to note that the fitted full tic@relation functions are explicitly calculated and
analytically Fourier transformed, and hence donasd to fit our spectral density functions
through a Lipari-Szabo model-free analysis [49]ahhnas limited applicability when the system
of interest lacks the separation between intemdlexternal motion timescales, as is the case for
AB21-30 In order to compare the simulatedand T, relaxation times to the experiment
performed irfH,0, the time correlation functions are scaled bgadr of 1.2 as a simple
approximation for the larger viscosity @,0 compared to pD at 10°C.

The ROESY cross peaks were calculated from therspelensity functions in the
process described by equations 3.12-14. Unlikextended atom model (no aliphatic
hydrogens) of the previous studies MD studies 8 Ay, here all hydrogen atoms have been
simulated explicitly for each methyl group and heme calculate all pair correlation functions,
including neighboring methylene and methyl groupt@ns. Water proton coordinates have been
ignored as is the standard assumption in the NMie@xent.

This coupled system of differential equations (33124) was solved for the
magnetization matrix at the mixing time used by Xi#dR experiments for both 40 and’H.0.

The experimental conditions of heavy water solvaba the relaxation matrix was simulated by
removing the exchangeable hydrogens including bamklamides (HN), hydrogens in basic
NHs" groups, and hydroxyl hydrogens (HO) from the gpistrix, accomplished by setting all
pair distances with these protons to 30A. In otdegenerate peak predictions, the peak volume
contributions (including positive contributions ffinccross peaks dominated by spin diffusion) are
summed for degenerate spins (methyl groups) asas¢hose from spins within the same
residue that are indistinguishable at the resatutibour NMR experiments. Note that this
method explicitly accounts for peak intensity eféecaused by methyl group rotation since
spectral density functions are calculated for gaoton in a methyl group and the individual
intensities from indistinguishable peaks are sumtnambmpare to experimental spectra. Amine
peak volumes in the J@ spectra were scaled by a factor of 0.9 to apprately account for the
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presence of 10% deuterium exchanged amide protomsthe 109%6H,0 used for NMR lock.
Predicted cross peaks to basic amine and hydroaypg were filtered from the predictions
since these cross peaks would be significantlydenad by exchange with solvent protons on
the NMR timescale.

In order to directly compare simulations to expenit) the constant relating the arbitrary
experimental cross peak intensity scale to the lsited intensities for diagonal magnetization of
unity at mixing time of 0 ms must be determinedisTid especially important because the
experimental noise level must be determined touatalthe ability of the predictions to separate
observed and unobserved peaks. The constanhgethg simulation and experimental scales is
calculated by determining the slope of least-scuiitdéine (constrained to pass through the
origin) [73] for the experimental intensities vesssimulated cross peak volumes of all cross
peaks for all distinguishable pairs separated by 6 more bonds, including all long-range,
medium-range, and sequential peaks, as well aandisttraresidue pairs. Cross peaks between
pairs separated by fewer than four bonds are editethbecause they are subject to significant
TOCSY intensity contributions, evident from lineagle distortion (see figure 3.4) [58]. All
remaining experimental cross peak intensities (eadght) are assumed to be proportional to the
volume, which assumes no significant line shap®disn. This procedure was repeated for the
two water model simulations and for the two experital solvation conditions ¢g& and’H,0).
The derived constant, multiplied by the weakeseexpentally assigned peak intensity for the
appropriate KO and’H,0 experiment, then provides an estimate of theerleigel in the
simulation. In the Results section, the simulated @xperimental intensities are now comparable
as a multiplicative factor of the noise.

3.3.4 NMR spectroscopy of3A and ABy.4»

Synthetic A1-40 and AB1-42 peptides were purchased from Anaspec (San Jose, Rfor
to use peptides were resuspended at a concentadtiomg/mL in degassed 2 mM NaOH and
sonicated gently to dissolve. This solution wasntflash frozen in liquid Nand lyophilized.
This process is designed to remove any potenhel feeds from the peptide preparation [74].
NMR samples were obtained by dissolving NaOH teaeptides in 20mM sodium phosphate
buffer at pH 7.2 in either 90%,8/10%2H,0 or 100%H,0 at a protein concentration of
600uM and then filtering with a 0.22m Spin-X filter (Corning Inc., Corning, NY).

Chemical shift assignments and Overhauser cradssder A31.40and A3i4owere
collected from 20'H-1H TOCSY [57] and 23H-1H NOESY experiments [75] measured on a
900MHz Bruker Avance Il spectrometer. TOCSY spgeetere collected with 40, 60 and 80 ms
mixing times. HO NOESY spectra were collected with mixing time460 and 200ms’H,0
NOESY spectra were collected with mixing times 00&hs. Aggregation of By.40and AB1.42
NMR samples was followed by one-dimensioh&INMR spectra. As expected B,
aggregated more rapidly thaBAe. Multiple data sets were collected on a singbe.4 over 3
days of measuring time whereap:4, samples were only used for 24 hours. More th&ha 60
the proton resonances oo have been assigned. Assignment pf & is ongoing.

3.4 Reaults

3.4.1 AB21.30 Chemical Shifts
A robust chemical shift calculation must describbe anisotropic shielding of the applied
magnetic field for the given atom, a quantity tl@pends sensitively on the local electronic
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structure environment. Even for folded proteindgwétdominant native conformer, each atom
type can exist in many different local environmentaking an accurate calculation of chemical
shifts for a protein quite a challenge. This prabie exacerbated in the case of disordered
proteins that have a far greater diversity of comfations and interconverting local
environments, thus hybrid empirical chemical sp#tkages that perform well for globular
proteins such as SHIFTX [44-46] and SHIFTS [43] rredequately predict chemical shifts of
disordered proteins.

In Figure 3.1 the &, CB3, Ha and HNexperimental chemical shifts are shown f@»Aso
as compared to the calculated chemical shifts ouesimulated ensemble for different force
fields. To obtain the experimental chemical sh#lues the reference value of the chemical shift
of a random coil at 25°C was subtracted from treyaye shift for each amino acid [76]; while
the carbon shifts show a very weak dependencenopeiature and the 25°C random coil
reference shift is used, the amide proton randaisht reference for each amino acid is
adjusted to a value appropriate for 10°C [77]. Thgethe chemical shift data emphasize that the
peptide is largely unstructured.

In order to take into account any anticipated ktidns of the chemical shift calculation
algorithms the average chemical shifts were caledléor the unstructured subset of each
simulated ensemble, comprising ~60% of the TIP4PaBd/ ~40% of the TIP3P ensemble.
These values were used as a random colil refer¢gieetisat was subtracted from the total
simulated ensemble with the hope of some cancallati errors. Figure 3.1 shows that the
resulting ensemble averaged chemical shifts caktdibaith SHIFTS and SHIFTX are less than
~1ppm for G and G shifts from the calculated random coil shifts, sirailar between the
TIP4P-Ew and TIP3P simulations, and show at beslitative agreement with experiment.
While the calculated amide proton shift values divsignificantly from the NMR values, this
may be due to the inability of the theory to captall of the chemically relevant contributions to
amide shifts, a notorious problem [46], as oppdseth inadequacy of the structural ensemble.
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Figure 3.1 3¢ and'H chemical shifts from experiment and simulation Af,; 30 Experimental NMR
shifts are calculated as a difference from theigepheasurements and tabulated random coil vafogs.
13C nuclei, which are insensitive for temperaturengfess, the tabulated 25°C random coil shifts were
used, while for the amide proton shifts the randmit values of 10°C were used to account for the
experimental temperature used in this stutlye predicted chemical shifts are SHIFTS calcutetio
averaged over the full ensemble after subtractidgF$S calculations averaged over the unstructured
subpopulations (as defined by lack of DSSP secgndawucture for all residues to represent the
calculated random coil population).

3.4.2 AB»1-30J-couplings

In Figure 3.2, théJyn.+a Scalar coupling constants, measured from a higpiugon
COSY spectrum, are compared to the simulationgguki@ dynamically uncorrected and
harmonically corrected Karplus parameters (see dbkthsection 3.3.3). It is apparent that the
dynamically uncorrected and harmonically corredfadplus parameter sets work equally well
on this disordered system (Figure 3.2a). This tabsee disordered systems, with the greater
likelihood that all dihedral angles sample a mwasigér range o values, more closely approach
the uniform sampling limit of J = A/2+C. This lim# very similar between very different
Karplus parameter sets and, for the sets examiaeey] are 4.9Hz and 5.05Hz for the corrected
and uncorrected sets, respectively. In Figure h&lsimulations have well converged average
scalar coupling values between trajectories, aadwio different water models show only small
differences, less than 1 Hz. The overall agreeretween simulation and experiment is quite
good, making clear that both are consistent witersemble that is largely random caoil,
consistent with the chemical shift data. This iseesally clear when we compare the
experimentafJ.uq Values to that calculated from a single struchased on incorporating all
of the ROESY restraints (shown in figure 3.6 andetigped further below).
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Figure 2. Comparison of experimental scalar coupling constamnt., and that calculated from the
simulated ensembles. Error bars are experimentag¢rtainty for NMR values as well as simulated
standard deviations calculated for trajectoriest sftb three sections. The calculated couplingstants

for the Hx protons of glycine are added to compare to exparirm which they are indistinguishable. (a)
two parameterizations of the Karplus equation ayenlaover a single replica exchange ensemble using
the TIP4P-Ew model. It is apparent that the dynathiaincorrected and harmonically corrected Karplus
parameter sets work equally well on this disordesesiem. (b) average over the two independentcapli
exchange ensembles for different empirical foreddé and compared to experimentally determined
coupling constants. It is evident that an ensenmbé@surement gives far better agreement with the
experimentaPJ., Values than that calculated from a single strechased on incorporating all of the
ROESY restraints (shown in Figure 6).
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3.4.3 1%21.301-1 and b

The experimental € spin-lattice and spin-spin relaxation times meaddor the non-
glycine positions of B,1.30are presented in Table 3.1. Since the chemicfissbi “*Ca-'Ho
pairs for Glu22 and Lys28 overlap, 8nd T, at these positions cannot be distinguished and the
parameters are treated as an average of relaxaties at the two positions. As the combined
data for these positions fit well to a single exgatnl form, T,and T, relaxation times are
similar for these positions. The experimentallyedetined relaxation parameters vary by a
maximum of 25% for non-terminal residues positiandjcating that the peptide does not
contain significantly stiffer and/or slower movinggions on average.

T and T, calculated from simulations of the peptide soldatéth TIP4P-Ew model
water show excellent agreement with the experinh@ataes (Table 1). Non-terminal amino
acid relaxation times are within £10% for bothahd . Consistent with experiment, the
terminal amino acids show significantly longer ration times (indicating faster motion) than
non-terminal ones, although the simulated relaxdiimes are larger than the experimental
values. The discrepancy is greatest for the C-tahalanines, which may indicate that the
simulations predict less structure in this regioantin the experiment, although viscosity
differences at lower temperature’,O may influence the dynamics. To test this hypdthes
time scaled correlation function was used for edtpn pairs to account for the larger solvent
viscosity (see Methods). We find that the C-temhihh and T, are now within 15% of the
experimental values while the non-terminal relaxatparameters 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| 2724 274 273 287 530
S00MHz | Scaled 457 | 276 | 253] 260 262 26l 275 485
TIP3P 853 | 469 | 398] 389 386 39 41 90|/

T2 Experiment | 403 | 265*| 269 | 230| 235] 241 265*372
at TIP4P-Ew 445 | 262 | 248| 23 24% 23P 242 475
600MHz | Scaled 398 | 238 | 225] 215 224 21B 220 425
TIP3P 860 | 474 | 403] 386 38¢ 398 402 858

Table 3.1. *C NMR Spin Relaxation times,; Bnd T, for non-glycine G positions from experiment and
TIP4P-Ew, TIP3P and time scaled TIP4P-Ew, in neltiends. Glu22 and Lys28 resonances overlapped
such that T and T, could not be independently measured. The relaxaiimes calculated from the
overlapped peaks are indicated with an asterisk.

T;1 and T relaxation times calculated from the TIP3P simalat result are ~1.8 times larger than
experimentally observed, for both terminal and temminal positions. This overestimate of relaxation
time is a result of the faster dynamics of peptidetion in the TIP3P solvent. To demonstrate this
difference the averaged vector autocorrelationtfundor the'*C, and H, pair at the Val24 position for
both the TIP3P and TIP4P-Ew simulation is preseirtdeigure 3.3. The TIP3P simulations result indim
correlation functions with fitted decay parametai@e than twice that of the TIP4P-Ew simulationise T
faster peptide motion in TIP3P is likely a resdltiee unrealistically low viscosity (faster selfffdision)
properties of the TIP3P model, speeding up theigepynamics.
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Figure 3.3. Normalized average vector time correlation funefior Val24 G to H, position for constant
energy trajectories solvated with TIP4P-Ew and PIPBhe TIP3P model (red) shows a dramatically
faster decay for all vector time correlation funos relative to TIP4P-Ew, and we present this as an
example.

3.4.4 AB,1.30 Experimental and Simulated ROESY Cross peaks

The 2D ROESY experiments in 90%®110%”H,0 and100%H.0 yielded a set of 155
assigned ROESY cross peaks. Although the majofitigeocross peaks were for intra-residue
(83) and sequential (44) pairs, 28 weak, mediurged®OE interactions were also detected.
These medium range ROE cross peaks comprise sewe2adnd i,i+3 interactions and two
extremely weak i,i+4 interactions; no longer raR§eE cross peaks were observed and no
strong patterns ai-helical orf3-sheet contacts are evident. Laal report a long-range i,i+8
Glu22 Hx to Ala30 HN cross-peak [18], and more recent wookf the same group assigns the
peak to an overlap of the original Glu22 kb Ala30 HN interaction and i,i+2 Lys28cHo
Ala30 HN in spectra collected at 500MHz. The obagon of the long-range ROE is critical to
their proposed NMR model, which is significantlflapsed. However, due to the higher
resolution of the spectrum collected at 900 MHe, ¢hoss peak is interpreted to be solely
attributed to the i,i+2 contact between Lys2& &hd Ala30 HN, as shown in Figure 3.4.

An additional set of long-range interactions betwte Glu22 and Lys28 sidechains are
reported by Lazet al In the higher field spectra, the small chemitedt glifference between
HB3 Lys28 and 2 Glu22 are distinguishable (Figure 3.5). At loviield, these resonances
would overlap very close to the limit of the resan of the experiment and hence be difficult to
distinguish. The 900MHz data contains no eviderideue Glu22 to Lys28 ROE interactions. It
is likely that the previously reported long rangess peaks between these residues are due to
misassignment of peaks too close to distinguidbvetr field.

The new spectra show that a majority of the mediamge cross peaks suggest turn or
partial collapse structures for residues 22 thrazighalthough medium-range interactions are
also seen from Ala21 to Asp23 and Val24, indicathmg peptide backbone is not simply
extended in the N-terminal region. Two additionairg of interactions are found in the C-
terminal region between the side chain arddfl Lys28 with the backbone of Ala30, as well as
the methyl group (B) of Ala30 with both H methylene atoms of Asn27.
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Figure 3.4. Fingerprint region of ROESY spectrum in® of AB,;3, demonstrating the cross peak
interpreted by Lazo et al. and Grant et al. as®Glu22 with HN Ala30 in their 500MHz experiments is
clearly resolved as only ddLys28 to HN Ala30 in this 900MHz experiment. Itasso clear from the
lineshape of intra-residue HNeHcorrelations that significant TOCSY artifacts docor during the
ROESY mixing time.
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Figure 3.5 HB3 Lys28 has a nearly overlapping chemical shifhwi32 Glu22, potentially leading to
cross peak misassignment in previous studies coediat lower fields.

Predicted ROESY cross peaks from simulation weleutated for a 300 ms mixing time
and compared to the cross peaks observed in#BeaHd’H,O experimental spectra in Tables
3.2 and 3.3. Since medium and long range ROE ictierss contain the most information about
peptide structure, this discussion focuses onlthese interactions and ignores intra residue and
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sequential interactions in the comparisons of satnohs to experiment. The top-ranked
intensities for the ROE cross peaks predicted taldmare the noise level are tabulated along with
the experimentally measured value; a dash indicadesoss peak was seen experimentally,
while “<1.0” denotes a potential experimental crpeak so weak that it cannot reliably be
definitively assigned. Because we have two indepethckeplica exchange calculations for each
water model, we can explicitly evaluate convergesfaie ROESY cross peaks. Although the r
(linear) pair distance averages vary by less thigwepercent between the simulations and
suggest good convergence, a small numbef af/eraged pair distances vary by >30% and
translate into noticeable changes in the correspgmekeak volumes, and thus peak ranking.
Therefore the few cross peaks where the combingenenle cross peak predictions do not make
evident the significantly different predictions indhe independent simulations for both TIP4P-
Ew and TIP3P are specifically highlighted below.

Tables 3.2 and 3.3 show that the TIP4P-Ew and TE&mbles predict 12 and 14 of
the experimentally assigned cross peaks, respggtivem the 900 MHz HO spectra, and 14
and 15, respectively, of the assigned cross pealkei800 MHZH,0 experiment (note that
there is redundancy of cross peaks between thexperiments so that there are only 28 distinct
cross-peaks in total). The true positive cross peslcompass i,i+2, i,i+3 and i,i+4 medium
range cross peaks from across the entire peptides Both TIP3P and TIP4P-Ew ensembles
pick out the majority of the 28 experimentally oh&sl medium-range ROE interactions from
the 600 possible distinguishable medium and lomgeanteractions.

The predictions also show a number of “false pesitcross peakse. cross peak
predicted above the estimated noise level in tmeilsitions that are not experimentally observed.
In the TIP4P-Ew predictions, all of the false piesitcross peaks, excepting one from th&©H
spectrum and four additional from tfié,0O spectrum, are i,i+2 or i,i+3 assignments thaoivne
residues and regions of the chain that have othezreed ROE interactions. This suggests that
the simulations are bringing together the corresidues of the peptide and that these false
positives are due to small differences in the dedastructural distances. In fact thedistance
averaging to estimate peak volumes is extremelgites to distance, such that changes'f 2
(~1.12) in distance can translate to a doublinthefcalculated peak volume. In other words,
false positive cross peaks predicted to be weaktidlabove the noise by our simulations may
be just below the background noise in the experini¢he simulated distances are closer than in
the experiment by only a factor of 1.12.

Therefore, it is reasonable to focus on false pesitpredicted to be more than a factor of
2 above the noise. In this case the differencesiality of the water models are revealed in that
the TIP3P simulations have far too many false p@stas strongly predicted cross peaks,
suggesting a structural ensemble that is far moltagsed than observed experimentally. The
TIP3P model shows far more false positives abogeetitimated noise, and poor ranking for
what are the strongest experimentally observedpdakcontrast TIP4P-Ew has fewer false
positives and gets the intensity rankings righttf@ most prominent experimental peaks. In fact,
the TIP4P-Ew simulations of the cross peak of gfeshintensity between thehinethyl group
of Ala21 and the i methyl groups of Val24 led to the assignment of geak in the
experimental spectra which was initially hidden &esth an experimental artifact. Therefore, the
remainder of the Results section focuses on théH4Bw simulations.

The more significant discrepancies between themx@nts and simulations involve
“false negatives”- experimentally observed crosskpeahat are not predicted to be observable by
simulation. Since the noise in the experiment isumiform over the spectra, if we dip just below
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the estimate for noise by a factor of 2, the TIE4#simulation predictions show an additional
four HO and two?H,O experimentally assigned cross peaks. Based dnighly sensitive cross
peak intensity discussed above, these could bsifidasas true positives as well. However, five
additional missing cross peaks are a full factot@below the noise level, and hence are
genuine false negatives. One such set of falsetinegare the interactions betwggémethylene
protons of Asp 23 and Ser 26, which involve fourssrpeaks seen experimentally. Since one of
the possible four cross peaks of methylene paraations for these two residues is predicted
among the top 10 of tHél,0 cross peaks predicted by the TIP4P-Ew simulatiois apparent
that the simulation is bringing together the carezeas of the side-chains, but not the correct
detailed geometry in this region.

The experimental cross peaks, however, may implyeraquivalent distances than are
actually present in the underlying structural enslemMiagnetization selectively ROE
transferred through space to a single hydrogemethylene pair would subsequently be more
evenly redistributed between the pair due to TO@#®¢ (through bond) transfer. TOCSY
transfer is created by the rotating frame pulsendudROESY mixing, is difficult to remove
completely, and is an effect that is not accoufbedby the predicted ROESY spectra. These
same arguments apply to fBenethylene protons of Asn 27 and Ala 30, which lagdour
cross peaks seen experimentally, while the sinmariatfind one of the cross peaks above the
noise and two cross peaks just below the noisemibging cross peak between protons is too
spatially distant in the simulated ensemble sugugsither that the simulations have imperfect
local geometry or that selectively ROE transfemefynetization has been redistributed through
TOCSY type transfer among methylene protons.
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Table 3.2. Proton cross-peak predictions for TIP3P and TIPAPf& 900MHz in HO. Experimental
intensities (lexp) are normalized to the intensifythe weakest assigned peak. Simulation intessitie
(Isim) are normalized to experimental intensitydescribed in Methods. Experimental intensities are
labeled as a dash if the peak is absent or “<i€me evidence of a peak is present but is toakvie

be assigned with confidence. Simulated intensiéiesmarked with a # if the B prediction is found in
the?H,0 experiment.

TIP3P

| sim lexp | 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 GY25
3.0 2.6 | HG VAL24 | H SER26
2.8 15.7 | HB ALA21 | HG VAL24
2.7 <1.0 | H&B Ga.U22 | H VAL24
2.7 - | HB3 ASP23 | H SER26
2.7 - | HA GLW22 | HA  ASN27
2.6 2.9 | HB ALA21 | H ASP23
2.6 - | HA  VAL24 | H ASN27
2.6 1.3 | HB3 ASP23 | H GY25
2.4 4.9 | H&8B G.U22 | HG VAL24
2.3 #1.4 | HA VAL24 | HB2 ASN27
2.0 2.6 | HA VAL24 | H SER26
2.0 1.2 | HA GY25 | H ASN27
1.6 - | HA  ASN27 | H GLY29
1.4 #3.8 | HB3 G.U22 | HG VAL24
1.4 7.2 | H G.uU22 | 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 G.U22 | HG VAL24
1.2 - | 1HD2 ASN27 | HA  GLY29
1.2 - | H ASP23 | HB2 SER26
1.2 - | H&2 Ga.u22 | HA  ASN27
1.1 - | H&E LYS28 | H ALA30
1.1 - | HB3 ASN27 | H GLY29
1.1 - | HB  ALA21 | HA  ASN27
1.0 - | HA GLW22 | 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

Fal se Negati ves:

0.9 1.1 | HA SER26 | H LYS28
0.6 3.8 | HA QY25 | 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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TIPAP-Ew

| sim lexp | 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 | H&B G.UWU22 | HG VAL24
1.9 1.3 | HB3 ASP23 | H GLY25
1.7 <1.0 | H&B Ga.U22 | H VAL24
1.6 | 2HD2 ASN27 | H GLY29
1.3 | HB3 GLW2 | H VAL24
1.3 #2.4 | HB2 G.U22 | HG VAL24
1.3 | HA GLW22 | HA  ASN27
1.3 1.2 | HA GY25 | 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  CGLY29
1.1 #3.8 | HB3 G.U22 | HG VAL24
1.1 7.2 | H2 Q.u22 | HG VAL24
1.0 | HB VAL24 | H SER26
1.0 | HB3 ASP23 | H SER26
al se Negati ves:

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 G.Y25 | 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 800MHZHIRO. See Table 3.2 for additional details.

TIP3P
Isim | exp Proton 1 Proton 2
11. 7 <1.0 HA VAL24 HB3 ASN27
10.0 1.8 | HB3 ASP23 | HB2 SER26
6.1 - | HA QW22 | HA  ASN27
5.8 7.4 | HB ALA21 | HG VAL24
5.0 5.1 | H&B a.u22 | HG VAL24
5.0 1.4 | HA VAL24 | HB2 ASN27
3.0 3.8 | HB3 @.W22 | HG VAL24
3.0 1.8 | HG VAL24 | HB3 ASN27
3.0 4.3 | HR a4a.U22 | HG VAL24
2.9 - | HA  ASP23 | HA LYS28
2.7 - | HB3 ASP23 | HE2 LYS28
2.5 - | H2 aGa.u22 | HA  ASN27
2.5 1.6 | HG VAL24 | HB2 ASN27
2.5 2.4 | HB2 @.U22 | 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  @G.Y29
2.0 - | HA  Q@GY25 | HA  GAY29
2.0 3.1 | HG VAL24 | HE2 LYS28
1.9 - | HB3 ASP23 | HE& LYS28
1.8 - | HA  QG.u22 | HA  QGAY29
1.8 1.3 | HG VAL24 | HB2 SER26
1.8 - | H& QW22 | HB2 SER26
1.8 - | HG LYS28 | HB  ALA30
1.6 - | H& QW22 | HB2 ASN27
1.6 - | HG VAL24 | HD2 LYS28
1.6 0.8 | HA G.U22 | HG VAL24
1.6 - | H& QW22 | 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  QGAY29
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 QW22 | 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 | HE& LYS28
1.1 - | HB3 ASP23 | HA  QGY25
1.1 - | HE2 LYS28 | HB ALA30
1.1 - | HB ALA21 | HB2 LYS28
1.1 - | HB3 @GLU22 | HA  ASN27
1.1 - | HB3 ASP23 | H& LYS28
1.1 - | HG VAL24 | HA  SER26
1.0 - | HA  VAL24 | HE2 LYS28
1.0 - | HB  ALA21 | HA  ASP23
1.0 - | H& G2 | 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 - | H& Gu22 | HA  GY29
Fal se Negatives:
0.9 1.0 | HG VAL24 | HA LYS28
0.3 1.0 | HB3 SER26 | HEG 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
TI1P4P-Ew
Isim | exp Proton 1 Proton 2
8.0 7.4 HB  ALA21 HG VAL24
3.9 5.1 | H&8 d.u22 | HG VAL24
3.1 - HA  d.uU22 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 d.U22 HG VAL24
2.3 3.8 | HB3 d.U22 | HG VAL24
2.2 4.3 HX2 d.u22 HG VAL24
2.2 0.8 HA  d.U22 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 - HX2 d.u22 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  4.Y25 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
Fal se Negatives:
0.9 1.8 HA  GAY25 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 AB21-30 Structure from Simulation and Experiment

Determining a single structure from multiple wealedium range ROE experimental
cross peaks for disordered peptides can be misigaihce it is also possible that ROE cross
peaks arise from multiple distinct populations erffaps a fully heterogeneous structural
ensemble. Typical structure calculations on stméctyroteins assume that weak NOE or ROE
cross peaks correspond to large (~4.5-6.0A) upistartte restraints on a single well-defined
structural population, and hence all the restrashtsuld be applied simultaneously. Though the
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MD simulations show that thef4y-3o peptide ensemble involves significant disorder lagce
it is inappropriate to use the standard structeterchination methods [78-80], | calculated a
single best-fit structure for purposes of compariso

The set of restraints was used to calculate 100@tstes of 43,;.30and the 50 lowest
energy structures were aligned. For the entireigepthe superposition of the final 50 structures
has an RMSD of 0.81 + 0.42 A for the backbone atants1.15 + 0.61 A for all heavy atoms.
Sixteen of the twenty structures are within 1.0A &Mfor all heavy atoms, forming the
dominant cluster whose lowest energy structuretv@e major bends, pinching together Asp23
to the Ser26, Gly25 to Lys28 and Asn27 to Ala3@yFé 3.6). These bends are created by 12
unique (i, i+3) and (i,i+4) ROE interactions betweesidues Asp23-Ser26, Val24-Asn27,
Val24-Lys28, Gly25-Lys28, and Asn27-Ala30. Manytleé cross peaks for these interactions
are very weak and detectable in the ROESY speatnlgnwhen the peptide is dissolved in
100%2H,0, and there is only one cross peak between Gly25ahd Lys28 HDs detected. As a
result, one of the three bends in the minimizedicstire backbone is stabilized by one backbone
hydrogen bond, and a second by a single Lys28 Mikraction, but most of the pair distances
for which ROE interactions are observed are ndtaegged by any favorable intermolecular
interactions. This lack of stabilizing interactionas also evident for the minimized structures
for the AB,1-30 peptide model proposed previously by Laral

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

Given the good quality of the TIP4P-Ew simulategdemnxmental observables presented
above, the experimental picture can be refinednayyaing the underlying simulated ensemble
for structural populations. Standard clustering®SD is not informative due to the lack of
order in much of the ensemble. The two first ppaticomponents in a PCA analysis yielded
only a single large population, giving little infoation about the underlying structure. Since
hydrophobic collapse is unlikely to be the dominstnicturing force in a peptide that has only a
single large aliphatic residue and no aromaticte=s, hydrogen bond interactions are
hypothesized to stabilize the structure that grssto the ROE interactions. Thus the most
useful tool for partitioning the structures is theterning of the hydrogen bonding and
electrostatic interactions that may persist in papulations. It is important to emphasize that 60-
65% of the TIP4P-Ew population is unstructuredhimse metrics, however the remaining 35-
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40% of the population does explain the present¢keomedium-range restraints observed in the
experimental ROESY cross peaks with a large degfreaccess.

In the TIP4P-Ew simulations, the most populatedrbgdn-bond is between the
sidechain carboxyl oxygens of Asp23 and the back&l@mide of G25 (Figure 7A). This
interaction is found in 17% of the ensemble, amathitires the backbone dihedral angles near to
those of a type B-turn for residues Asp23 to Ser26. A true tyieturn, which is found in 5%
of the population (Figure 3.7B), is defined by Haake hydrogen bonding between the backbone
carbonyl oxygen of residugAsp23) with the backbone amide hydrogen of resitl3 (Ser26),
resulting in the amide hydrogenie® (Gly25) pointing toward the sidechainiothis is most
populated hydrogen bond found in the simulated rabe

The peptide maintains a conformation near a tyfetdrn if interactions between the
carboxyl oxygens of Asp23 to the sidechain hydradylSer26 are found, consistent with the
observed ROEs, which brings together the sidedianogens of Asp23 and Ser26. If structures
with at least one of these Asp23 to Ser26 intesastiare also considered, the typg-turn
population increases from 5% to 14% of the ensemmbleh higher than any other turn region in
the peptide. While the TIP3P structural ensembtavshthis turn in approximately 35% of the
ensemble, its overrepresentation in the structpogulilation most likely contributes to the poor
agreement of ROE cross peak volumes when compamederiment.

Despite the prevalence of structures with tyBetdirn structure, th@-turn does not
nucleate g-sheet, which would be characterized by backboméacts between Glu22 and
Asn27. Instead, in the structures observed, thkldme amide of Asn27 hydrogen bonds to the
backbone carbonyl oxygen of Asp23, precluding thenhtion of3-sheet structure. Furthermore,
this interaction brings the Val24 methyl hydrogeesr the Asn27 sidechain hydrogens,
accounting for those observed ROE interactionsedmaller groups of covarying hydrogen
bonds are observed, including simultaneous intemrsbetween the backbone carbonyl of
Val24 with the backbone amide of both Asn27 and2By$ringing in proximity the Val24
sidechain with Asn27 sidechain as observed in BERY spectra.

Salt bridge formation between Asp23 and Lys28, nleskin the solid state NMR
structure of the Bi.4ofibril, is found in 7% of the ensemble (Figure )3 &hile the competing
salt bridge between Glu22 and Lys28 is found 1.5%@time. Together these salt bridge
structures are observed with comparable frequemtyet turn populations, but the salt-bridge
contacts do not stabilize either hydrogen bondtngcture or close proximity of other protons in
the intervening region. In principle a close cohtagolving the basic lysine amine hydrogens
may be observed in a ROESY spectrum, but salt esidgnless stable enough to prevent proton
exchange at neutral pH of the basic amine on th&Nikhescale as can occur in well-folded
proteins, do not typically bring together NMR viglprotons.
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Figure 3.7 Representative structures showing (A) the mostjadpd N-terminal hydrogen bond (dotted
red) and (B) the hydrogen bonds and electrostateractions (dotted red) stabilizing the typp-furn
(cyan) centered at Val24 and Gly25.

Figure 3.8 Asp23 to Lys28 salt-bridge (shown by red dotted lietween aqua amino acids) found in 7%
of the TIP4P-Ew ensemble, and Ala21 HB to Val24 #6th in light blue) van der Waals contacts which
give rise to the strongest observed ROE interaction

3.4.6 Ab1-s0and AB142 NMR Assignment and Preliminary Structural Analysis

Work with A peptides has long been plagued by the difficutytataining preparations
of the peptide and even more so by batch to batfdrehces in biophysical properties such as
aggregation kinetics [81-83]. In recent yearsséhproblems have been largely circumvented
when working with A peptides prepared via solid-phase peptide syr#tigsiesuspending the
HPLC purified peptide in weakly basic solution, ating gently to dissolve and then freezing
and lyophilizing the solution [74]. This proceduselesigned to prevent a freshly prepared
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solution of A3 from passing through its isoelectric point, appmeately pH 5, due to residual
trifluoroacetic acid, a byproduct of both SPPS BEfLC purification.

Approximately 90% of the proton resonance assigrisef AB;.40, cOntaining
assignments for each residue, were obtained froNl@BSY and TOCSY spectra and a
complete set of NOESY cross peaks assigned. Tal@yaf the experimental data is
demonstrated by figures 3.9 and 3.10, which depefingerprint region of a TOCSY spectrum
collected in HO and the amide-methyl correlations from a NOES&cspim collected in b,
respectively. In total, ~3700 cross peaks have lbssigned, with ~1000 medium range cross
peaks (where the two residues are between 2 agsidues apart in sequence) and 162 long
range NOE’s. These contacts are summarized scloathain figure 3.11 and will be used in an
analysis similar to that described above in sec3idm4 upon the completion of the more
computationally intense molecular dynamics calcoitet of the longer Bq-40 peptide.
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Figure 3.9. The fingerprint region of #4-'H TOCSY spectrum collected at 900MHz in®{ The
majority of correlations are between amide andalpiotons. Correlations between amide and beta
protons are labeled HB. All residues have beeigasd.
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3.5 Discussion

According to the high field NMR experimentspA-soshows no long-range and only
weak medium-range ROE interactions, demonstratime rof the features of a protein with a
single native state. It is therefore evident thatpresence of a singly populated collapsed
structure incorporating a unique bend due to 8itu22 H, to Ala30 HN cross peak and i,i+6
Glu22sidechairto Lys28 sidechain cross peak reported by letzal and Granget al is
incorrect on two levels. The first is a problenmubassignment in their lower resolution ROESY
spectra in which they propose a i,i+8 interactiuet is instead revealed to be a weak i,i+2
interaction and a i,i+6 interaction where intraides peaks are overlapping, both of which were
distinguishable by the higher resolution 800 and BHz spectra used here.

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

In this work it is demonstrated that there is adyowtch between the TIP4P-Ew/ff99SB
simulated and experimentally observed structuredynadmics, as measured by ROE cross peaks
and*3C relaxation, indicating that these simulationghfailly approximate the ensemble of
structures investigated by the experiments, allgwiem to be used to describe the full
structural ensemble diversity. The structural ertde of the A,;.30 peptide involves a majority
(~60%) of unstructured population according to latkny DSSP secondary structure
assignment or hydrogen-bonding patterns. Howeerdmaining minority population involves
~14% population oB-turn structure centered at Val24 and G25 bringaggther Asp23 and
S26. The simulations also indicate that the Asp2Bys28 salt bridge, important to the fibril
structure, is formed in ~7% of the ensemble. Fnalteparate set of structures populated only
by a few percent brings together the Val24 and Asegions. It is clear thefq_zSystem is
highly disordered, and that th&-15% of distinct structural populations measureckthave
been overrepresented in the previous experimeraed an this system due to both the
misinterpretation of a medium-range Overhauserspeak as a long-range contact as well as the
more fundamental error of utilizing NOE'’s obserweithin a small, flexible peptide to restrain a
structure calculation that attempts to satisfyCalerhauser contacts simultaneously.

The preliminary NMR work described here wit:A0and AB;.4> demonstrates that as
the homonuclear correlation spectra of the peptdef sufficient quality to assign the peptide
resonances it will be possible, albeit more companally challenging, to study the
conformational ensemble of the full-length pepti@nomers in a similar manner to that which
was used to studyi.30 Experimental and simulation data reported inliteeature suggest
that the structural populations increase upon leghg of the 8 peptide to larger fragments
[84-87], this is corroborated by the greater nunddédverhauser contacts observed in the
spectra of Bi.40, including ~150 long range contacts (those ovar fesidues apart in
sequence), indicating that there are significamttye structural motifs in this peptide than
observed in 82130 No long-range contacts were identified in theeauser spectra off4-so
The Overhauser contacts observed in the spect@iof, depicted schematically in figure 3.11,
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indicate that there is an increased interactiohiwithe region encompassing residues 12-22
relative to the remainder of the peptide. The dataot reveal contacts between this ‘sticky’
region in the center of the peptide and the C-teusias described in the MD work by Sgourakis,
et al.[17]. However, a full characterization of theustiural ensemble that monomerio
adopts in solution will require completed simulasmf the peptide for a comparison with the
NMR data. These calculations are underway.

3.6 Conclusion

In the typical, historical application of biomoléauNMR, that of structure
determination, the biomolecule of interest mosemfbccupies a single, well-defined
conformation. Itis becoming increasingly cleaattproteins that are intrinsically disordered or
contain disordered regions are involved in impdrtaalogical processes [53, 88, 89]. While
protein dynamics involving the interconversion betw stable states or the fluctuation about a
stable state have been well studied by NMR [903pde significant progress in the field [91-
93], the interpretation of NMR observables for diyed protein systems combining multiple
structural constraints for a system with significdisorder often leads to an inadequate
description of the ensemble diversity [94]. Moleewdynamics simulations of disordered
systems have the opposite challenge; the ensembieectly observable but the accuracy is
difficult to compare to experiments and is ofteadad by the empirical force fields employed,
which were often developed with respect to weltéal proteins. While simulations of folded
proteins in their native state have been showruemtitatively reproduce NMR relaxation
parameters [62, 95], many empirical force fieldgenhad difficulty reproducing the behavior of
simple disordered systems such as trialanine [96].

In the work described here, the more recent geioerptotein and water force fields
employed allow for the prediction of NMR experimambservables to judge the accuracy of the
MD simulations. The Amber ffO9SB/TIP4P-Ew simuteis do not predict an overly collapsed
structure with regions where there are no experatigrobserved ROES, while false negatives
are weak but often just buried in the noise, réiftecthe difficulty of converging 19rdistance
averages. Additionally, the TIP4P-Ew water modetectly predicts the observéiC
relaxation times. Despite the difficulty of congirg the 1/f average, the double averaging of
predicted Overhauser cross peaks provide a much samsitive measure of underlying structure
in a mostly unstructured ensemble. By contrastnubal shifts and scalar coupling observables
are simple population averages, making predictidh@se quantities from simulations much
easier to converge, but far less structurally imfative. In general, the comparison of molecular
simulations with a variety of NMR observables idgeaited to the study of proteins with a
significant degree of disorder and Overhauser goes&s are the most sensitive and informative
observable to compare in systems suchfas A
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3.8 Abbreviations used

AD
APP
FAD
MD
CSA
WT

Alzheimer’s Disease
Amyloid Precursor Protein
Familial Alzheimer’s Disease
Molecular Dynamics
Chemical Shift Anisotropy
Wild-Type
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Chapter 4

Towardsthe 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 molybdenumoginase requires a complicated iron-
sulfur cluster containing an additional molybdenatmm coordinated by R-homaocitrate that is
able to store electrons for the reduction of diatonitrogen to ammonia. This cofactor, FeMo-
co, is synthesized by a tightly regulated biochatpathway involving the activities of at least
ten proteins. When this pathway is impaired tHeis@o longer able to synthesize FeMo-co and
accumulates an inactive,f,y, hexameric form of dinitrogenase that lacks FeMo-Opon
FeMo-co insertiorn vitro they-subunit dissociates from the reconstituted diggmase. In
Azotobacter vinelandthis y-protein is NafY. It has been proposed that Naértipipates in the
final steps of dinitrogenase maturation by actiadpath a chaperone that stabilizes the FeMo-co
deficient apo-dinitrogenase and as a FeMo-co c¢grragein. NafY contains two domains: an N-
terminal domain whose specific function had notrbéetermined (n-NafY) and a C-terminal
domain of known structure (core-NafY) that is ataldoind FeMo-co. In this chapter I focus on
the biochemical characterization of n-NafY, theisture determination of n-NafY by NMR, as
well as insights into the process of FeMo-co bigdiy NMR. The structure of n-NafY reveals
that it belongs to the sterile alpha motif (SAMiniéy of protein interaction domains and in this
work it is shown that the N-terminal domain of Nafédiates the interaction with apo-
dinitrogenase. As FeMo-co is paramagnetic | haankable to use the broadening of NMR
resonances in close proximity to the bound cofatttdocalize the binding site to a helical lobe
of core-NafY.

4.2 Introduction

Nitrogenase is the enzyme in diazotrophs thatyzga the reduction of diatomic
nitrogen to ammonia and is composed of two oxy@esisive metalloproteins, dinitrogenase
reductase and dinitrogenase. Dinitrogenase reskei¢hifH) provides electrons to dinitrogenase
(NifDK), where the reduction of diatomic nitrogenonirs [1-4]. Holo-dinitrogenase contains
two metal centers termed P-clusters as well asctypies of one of the most complicated metal
clusters known, FeMo-co, which is able to storetetas sequentially delivered to dinitrogenase
by NifH [2, 5]. FeMo-co is a Mo-FeSe-X metal cluster coordinated at its molybdenum abym
homocitrate where X denotes a central atom inrttre $ulfur core which is thought to be either
a carbon, nitrogen or oxygen atom [6]. The stmectf FeMo-co is shown below in figure 4.1.
The biosynthesis of FeMo-co is performed by a tigiegulated biochemical pathway involving
the activities of at least ten proteins. The aurraodel of this process i. vinelandiiis
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summarized below in figure 4.2 adapted from [7].

Figure4.1. The structure of FeMo-co. Sulfur atoms are shawyellow, Iron in lavender, Molybdenum
in gray, Oxygen in red and carbon in black. Theresufficient experimental data to distinguiste th
identity of central atom in green between Carbditroen or Oxygen.

Acetyl-CoA

NifV
a-ketoglutarate

lR homocitrate

inactive

NifH apo-NifD ‘

S-adenosyl ATP —>
L-cysteine Fe Methionine

l NifX
@-0- Q*‘*

NifS Nifu NifB

FeMo -CO
N|fEN
-

NifH
active
Molybdenum —> NifQ holo-NifDK
Proposed FeMo-co assembly complex

Figure 4.2. Overview of the biosynthesis of FeMo-ctn vitro, the synthesis of FeMo-co requires only
NifB, NifEN, and NifH when supplied with E& S, MoO,*, R-homocitrate, S-adenosyl methionine, and
ATP. In vivo, the proteins NifS and NifU provide sulfur andrirto NifB, which requires S-adenosyl
methionine for the synthesis of NifB-co, an essgmirecursor to FeMo-co. NifX delivers NifB-cotis

the complex of NifEN and NifH where molybdenum aRehomocitrate are added to the cluster after
delivery by NifV and NifQ, respectively. NafY ihnd to apo-NifDK but has also been proposed as the
carrier of FeMo-co from NIfEN and to apoNifDK. Upd-eMo-co insertion, NafY disassociates from
NifDK yielding the active protein.

Fe-S core assembly
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As outlined in figure 4.2, theifB gene product is required for the synthesis of an
essential precursor to FeMo-co called NifB-co.aB of bothAzotobacter vineland{(iUwW45)
andKiebsiella pneumonia@JN1655) that contain a mutant, inactive form o tifB gene
accumulate an apo-dinitrogenase which contair®-ghisters yet lacks FeMo-co. This apo form
of NifDK co-purifies with another approximately XDa protein, termed thgsubunit, which
dissociates from dinitrogenase upon the additioRedflo-co [8-11]. Th&. pneumoniag-
subunit has been shown to be the producifadf[11] whereas thé. vinelandii y-subunit has
been shown to be the protein NafY which is not elecoby a previously sequencaifi (nitrogen
fixation) gene [12-14].

While NafY is not required for the biosynthesisaof activeA. Vinelandii dinitrogenase
in vitro [15], a mutant strain d&. vinelandiiwhich does not express active NafY (UW45)
exhibits a 2-fold reduction in growth rate undeessing nitrogen fixing conditions, in which the
growth medium is not supplemented with 10mM sodinaotybdate. A strain which lacks both
active NafY and NifX (UW146) exhibits a 5-fold rection in growth rate under stress.
Furthermore, when activatéa vitro by the addition of FeMo-co, cellular extracts oféa from
UW146A. vinelandiidevelop only half the nitrogenase activity of axts from the UW45 strain
[12]. These observations suggest that NafY playdeain stabilizing the apo-form of
dinitrogenase.

Recent work has shown that NafY possesses anendeptly folding C-terminal domain
(core-NafY). Core-NafY’s structure was determigdX-ray crystallography and it has been
shown that, unlike full-length NafY, core-NafY doest bind tightly enough to apo-
dinitrogenase to co-electrophorese. Core-NafY kaslzeen shown to bind one molecule of
FeMo-co with high affinity through contacts incladia surface exposed histidine residue
(H121) [16, 17]. These observations have led ¢octirrent hypothesis that NafY acts as FeMo-
co chaperone insertase, binding FeMo-co and maintaapo-dinitrogenase in a conformation
that is optimal for cofactor insertion.

In this work the solution structure of the N-tenai NafY domain (n-NafY) is presented
and its biochemical function is further charactetizdemonstrating that it binds tightly to apo-
dinitrogenase and inhibits the formation of an\aetinitrogenase by blocking the insertion of
FeMo-co. | have also utilized NMR spectroscopyetiine the region of core-NafY is involved
in coordinating FeMo-co. These results enhancetickerstanding of NafY’s role in
dinitrogenase maturation.

4.3 Materialsand Methods

4.3.1 Bacterial strains and growth conditions

A. vinelandiistrains DJ (wild type) [18], UW146 [19], and DJB120] have been
previously describedA. vinelandiicells were cultivated in a 150-L fermentor (NevuBswick
Scientific IF-150) in 120-L batches of modified Big medium with limiting ammonium (80
pa/ml N). Alternatively A. vinelandiicells from a nitrogen-replete medium (400 pg/ml N)
grown in 1 L baffled flasks were washed with anslispended into 250 ml of nitrogen-depleted
modified Burk’'s medium. Growth in the presence alybdate nif derepression, and cell
breakage have been described [Ekfcherichia colDH5a and BL21 (pREP-4) strains were
grown in Luria-Bertani medium at 37°C with shaki@&0 rpm). For growth dE. colion plates,
medium solidified with 1.5% agar was used. Antilzi®tvere used at standard concentrations
[22].
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4.3.2 Expression of NafY and NafY domains in E. col

Overproduction of NafY and NafY domainskn coliwas accomplished by fusing a
glutathione-S-transferase (GST) domain to the speprotein sequences, in vector pPRHB153
(Hernandezt al,, 2007). A Tobacco Etch Virus (TEV) protease clegvaite was included in
between the tag and the protein of interest. Ah@nelandiinafY gene was PCR amplified with
oligonucleotides 247 (5-GCCCAGGAGGCCGCATATGGTAACCCGTGAAC -3) and 248
(5-ACGGCCCTGGCGCTCGAGCGCCACGGCGATCAGC -3'), anddied into theNdd-
Xhd sites of plasmid pRHB153 to generate plasmid pR5B TheA. vinelandiinafY N-
terminal domain (n-NafY) was amplified with oligoriaotides 498 (5'-GGAGGCCGCATATG
GTAACCCCCGTGAACATGAG -3') and 499 (5-CCGGCACGCGCBAGCTTTCACACC
GGCTGG -3), and ligated into tiédd-Xhd sites of plasmid pRHB153 to generate plasmid
pRHB261. ThéA. vinelandiinafY core domain was amplified with oligonucleotide® §6’-CC
AGCCGGTGAAGCATATGCGCGTGCCGGAAGG -3) and 502 (5 GTCGTCGTCGGACT
CGAGTCAGAAGCGCACG -3, and ligated into thédd-Xhd sites of plasmid pRHB153 to
generate plasmid pRHB26E. coliBL21 (pREP-4) cells were transformed with plasmid
pRHB159, pRHB261 or pRHB263, respectively, and agression of the GST-tagged fusion
protein was induced by addition of 1 mM isoprofyD-1-thiogalactopyranoside (IPTG) to the
culture medium. Isotopic labeling was performedoaging to Marleyet al [23]. Triply labeled
NafY-AC was prepared by growth in a modified, more stipbgffered M9 medium containing
13.0 g/L KHPOy, 10.0 g/l KHPO,, 9.0 g/L NaHPO, and 2.4 g/L KSOs.

4.3.3 Purification of Naf¥#C, n-NafY, and core-NafY

E. colicells induced for the overexpression of the cpwoasing polypeptide were
resuspended in buffer A (10 mM sodium phospha&niM potassium phosphate buffer, pH
7.3, 140 mM NacCl, 2.7 mM KCI) and disrupted at I®@si in a French press. Cell debris was
removed by two centrifugation steps at 25,0@pfar 40 min. The cell-free extracts were loaded
onto a 25-ml glutathione (GSH)-Sepharose 4 Fast Bléinity column (Amersham
Biosciences). The column was washed with 250 rbludfer A supplemented with 1% Triton X-
100, and the GST-tagged fusion protein was elutétbiml of buffer B (50 mM Tris-HCI pH
8.0, 10 mM reduced glutathione (GSH)). The GSTwag cleaved by addition of 1@ of pure
TEV protease per mg of GST-tagged protein, follolwg@h of incubation at 30 °C. The protein
mixture was then subjected to a series of chromaptgc steps: gel-filtration on Sephadex G-25
(to remove glutathione), affinity to GSH-sephar@seremove the GST tag), and Ni-affinity
chromatography (to remove the TEV protease). Acigourification procedure yielded 10 mg
of protein from 6g oE. coli cell paste. NafYAC or the NafY domains were estimated to be
>98% pure based on SDS-PAGE analysis. The resyitioigin was concentrated by
ultrafiltration using an Amicon cell equipped wittM10 membrane or an Ultrafree-0.5 device
equipped with a PBCC Biomax 5 kDa membrane (Millgddo ca. 1 mM for NMR analysis.

4.3.4 Purification of other components

His-tagged apo-dinitrogenase was purified franvinelandiistrain DJ1143 as previously
described [24]. NifH was purified as described [@%&h minor modifications. Methods for the
purification of FeMo-co [26] and NifB-co [27] haween previously described, the cofactors
were kindly provided by Dr. Luis Rubio.
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4.3.5 Complex formation between FeMo-co and Nafdooe-NafY

In a typical procedure, the NafY protein or corefNwaas diluted in 50 mM MOPS pH
7.4, 2 mM dithionite (DTH) (buffer C) in an Amicarell equipped with an YM10 membrane.
Aliquots of purified FeMo-co were added in sequalndieps to the solution containing the
protein, maintaining an N-methylformamide (NMF)dlrconcentration below 3% in order to
prevent protein denaturation. After concentratibthe mixture in the Amicon cell, the sample
was re-diluted in buffer C and a new aliquot of Feebb was added. Sequential steps of dilution
and concentration were repeated until a 1:1.5 N&#Nto-co ratio was achieved, in order to
ensure full occupancy of the protein component. fifked sample was subjected to gel-filtration
on Sephadex G-25 to remove the residual NMF.

4.3.6 SDS-PAGE, anaerobic native-gel electrophsresid immunoblot analyses

The procedure for SDS-PAGE has been described [fa8junoblot analysis was
performed as described in [29]. Purified preparetiof NafY described in this work were used
to raise anti-NafY antibodies at Capralogics Itardwick, MA). For anaerobic native-gel
electrophoresis, proteins were separated on géisA20% acrylamide and 0-20% sucrose
gradients as described [30]. Native gels were ghaimed for proteins with Coomassie R-250 by
standard procedures, or stained for iron as de=stiip[31].

4.3.7 In vitro FeMo-co insertion and nitrogenaseivty assays

Thein vitro FeMo-co insertion reactions were performed in 3satlm vials sealed with
rubber stoppers. The vials were repeatedly evadwate flushed with argon gas, and finally
rinsed with 0.3 ml ocanaerobic 25 mM Tris, pH 7.5, 1 mM DTH (buffer Dhe complete
reactions contained 25 mM Tris pH 7.5, 1 mM DTHn&/ml bovine serum albumin, %@ apo-
dinitrogenase, 0.215 nmol of FeMo-co and the cpoading amount of purified N-terminal
domain of NafY. The reactions (total volume of 3#8bwere incubated at 30°C for 30 min to
allow for the FeMo-co insertion. The resulting aation of apo-dinitrogenase present in the
reaction mixture was analyzed by the acetyleneatsmluassay 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 presitsence of apo-dinitrogenase
were performed. The NafY/FeMo-co complex was geedras described above. EPR spectra
were recorded on a Bruker ECS-106 spectrometeppgdiwith an ER 4116 dual-mode X-band
cavity and an Oxford Instruments ESR-900 heliunwftwyostat. X-band perpendicular mode
EPR spectra were recorded using a microwave freyuaf.69 GHz, at 11 + 0.2 K, a
modulation frequency of 100 kHz, a modulation atoglke of 1.0 mT (10 Gauss), a sweep rate of
12 mT/s, and a microwave power of 10 mW, with egméctrum being the sum of eight scans.
The program IGOR Pro (WaveMetrics, Lake Oswego, ®&) used for handling of all EPR
data. These measurements were done by the Bhftl@ Davis.

4.3.9 Miscellaneous assays

Protein concentrations in the samples were deteary the bicinchoninic acid method
(BCA reagent, Pierce) using bovine serum albumi®ABas a standard [32]. The procedure for
iron determination was performed as described & minor modifications. UV-visible
spectroscopy was carried out in a Shimadzu (Kyo¥) 601V spectrophotometer.
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4.3.10 NMR spectroscopy and structure determination

NMR samples of n-NafY and core-NafY were obtaibgdoncentrating purified protein
in buffer (pH 7.3) containing 140 mM NaCl, 2.7 mMCK 10 mM NaHPQ,, 1.8 mM KHPQ,, 2
mM EDTA, and 0.02% (w/v) Nain either 1009%H.0 or 10% (v/v)’H,O to a protein
concentration of ca. 1 mM. NMR samples of Naf€-were kept in 25mM imidazole pH 7.3
with 150mM NacCl. All n-NafY NMR data were collect®n a 98-residue polypeptide
containing the first 96 residues (1-96) of NafY ptwo N-terminal residues introduced during
cloning. All core-NafY NMR data sets were colletten a 135-residue polypeptide containing
132 residues (R1G@rough F231 out of 243 residues) of NafY plus ¢éhketerminal residues
introduced during the cloning procedure. NMR ekpents were recorded at 298 K on either a
Bruker Avance 800, a Bruker Avance DMX 600 equipptth a cryoprobe or a Bruker Avance
I 900 also equipped with a cryoprobe. NMR dataengrocessed using NMRPipe [34] or
rNMRtk (http://webmac.rowland.org/rnmrtk/) and spaavere analyzed with NMRDraw and
CARA [35].

The backbone resonance assignments of n-NafY vxagned with 3D HNCA [36],
CBCACcoNH [37],**N-resolved TOCSY [38], and HBHAcoNH spectra [39H&hain
resonance assignments were obtained with 3D CcaidHHacoNH spectra [40] recorded with
non-linear sampling [41] and 3D HcCH-COSY and HcTBEICSY spectra [42]. 71% of all
protons were assigned; excluding the N-terminusthedoop between residues 34-43, 85% of
protons have assignments. NOE crosspeaks wermettzom both°N-resolved NOESY and
13C-resolved NOESY spectra collected with mixing tnoé 100 ms. Torsion angle restraints
were obtained from three-bond J couplings measioad an HNHA spectrum [43] and from
chemical shift derived TALOS restraints [44]. Rksl dipolar couplings (rdcs) were measured
from a set of IPAPH N-HSQC [45] spectra recorded with and without camig/mL of pfl
phage present in the sample.

Approximately 700 NOE restraints were manually gssd and used to generate
structures through simulated annealing with CYANMA][ which were then used as initial
structures in an automated NOE assignment routipéemented in CYANA. Automatically
assigned NOE's were then checked manually befarglaecepted. Rdc restraints were
included in the structure calculation using Xpldi-N47]. The anisotropy and rhombicity of
the anisotropy tensor were estimated by the hiatagnethod [48] and then optimized to best fit
the structural data. 200 structures were calotjattistics are reported in Table | for the 20
lowest energy structures. Structure figures werstucted with MOLMOL
(http://hugin.ethz.ch/wuthrich/software/molmol/) BY MOL (www.pymol.org). Electrostatic
plots were calculated with APBS [49] in 150mM s&lB800K.

Resonance assignments of core-NafY were obtaintd3ii *°N-resolved NOESY,
HNCA, CBCAcoNH and HNCACB spectra [50]. A-°N HSQC spectrum of apo-core-NafY
and 2 spectra of core-NafY bound to FeMoCo werkectdd and the peak heights measured.
The level of attenuation of each peak was calcdlatea ratio between the two heights.
Resonance assignments of full-length Naf®€-were obtained through TROSY-HNCA spectrum
[51] and a non-linear sampled TROSY-HNCACB spectfGfj collected on a deuterated
sample ofH,**C,®N triply labeled NafYAC. T1 and T2 relaxation times were measuretfn
labeled samples by inversion recovery [53] and CHB4} experiments, respectively. The
collection of NafYAC rdc’s required the addition of 500 mM NaCl to tgIR sample to
screen electrostatic interactions between phagehencbore domain of Nafy.
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4.4 Results

4.4.1 Domains of NafY

Full-length NafY has been previously shown to bnath apo-dinitrogenase and FeMo-
co and to consist of two distinct domains. Thed¢hdimensional structure of core-NafY has
been determined by X-ray crystallography [16, I'H-*°N HSQC spectra of the N-terminal
domain (n-NafY), core-NafY, and a full-length canstt of NafY with a short C-terminal
truncation (NafYAC) are shown in figure 4.3. Approximately 90% ofide resonances have
been assigned for both the individual domains dkasehe full-length NafYAC, which
required three-dimensional spectra to be acquiidd WROSY techniques on deuterated protein
for robust coherence transfer. Both core-NafY asdBafY give well-resolved spectra while the
spectrum of NafYAC is broadened more significantly than would beeexgd from solely the
difference in the correlation time between thevwdlial domains and the 26 kDa full length
protein, possibly suggesting the presence somedai@ain interaction fluctuating on the
microsecond to millisecond time scale althoughhthleavior can also be explained by a
significant anisotropy in the tumbling of NafX€. The data discussed below confirm that the
broadening observed in spectra of Naf-is due to anisotropic tumbling rather than
conformational exchange.

No significant chemical shift changes were obsgimesither domain when n-NafY and
core-NafY were mixed 1:1 in solution (figure 4.4A.¥igure 4.4B), consistent with the
conclusion that the two domains fold independeatigt do not interact to form a defined
quaternary structure. The spectrum of N&Q: figure 4.4C, was assigned and the assignments
compared with those from the individual domain#yaf¥Y and core-NafY. Small shift
differences were detected, which are plotted ametion of residue in figure 4.5D. There are
relatively few residues affected, with shift chamdfeat are modest in magnitude. The residues
with the largest shifts are indicated on the stireetn figure 4.5B. These do not define a
contiguous surface, suggesting that only transigatactions occurH-""N residual dipolar
coupling measurements on NaBG ordered in a phage medium showed that the twaad®n
have very different order tensors, and hence areveth ordered with respect to one anotHax
T1/T2 ratios for NafYAC clearly indicated different effective rotatioralrrelations times for
the two domains, again supporting flexible linkag@&-NafY and core-NafY. However, the
derived rotational correlation times for the indiwval domains are substantially longer than
expected if there was no interaction at all betwidem. This behavior is analogous to the WW
and prolyl-isomerase domains of Pinl, also disedl&ut with some weak interaction dependent
on the domains being tethered [55]. Taken togetlitérthe observation that the region of the
protein between the two domains is sensitive toemigtic cleavage [16], these data show that
the two domains of NafY do fold independently anel l&kely to function with some degree of
independence.
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Figure4.3. NafY domain architecture. (A) Diagram illustragithe domain organization of
NafY. (B) Truncated NafY variants used in this studmino acid residues comprising
constructs studied are indicated.
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Figure 4.4. 'H-"N HSQC spectra of NafY domains and domain comtbnati (A) Overlay of n-NafY

(red) and core-NafY (blue). (B) Spectrum of an egplar mixture of n-NafY and core-NafY. (C) NafY-
AC spectrum. (D) Overlaid spectra of NaffG (blue) and the equimolar mixture of n-NafY andezo

NafY (red).
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Figure 4.5. Domain Interactions in full-length Naf&C. (A) Experimental and back-calculatBDC
values. (B) Cartoon diagram showing the residues-NafY and core-NafY that exhibit
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4.4.2 The N-terminal domain of NafY exhibits an-dpitrogenase binding activity

It has been previously shown by anaerobic nativelgetrophoresis that full length
NafY binds apo-dinitrogenase, but core-NafY doeshiad sufficiently strongly to co-
electrophorese with apo-dinitrogenase [16]. Ireotd address the function of n-NafY in the
absence of core-NafY pull-down experiments werégpered in which both NafYAC and n-
NafY were expressed as fusions to glutathione-Sstegiase (GST). After binding each protein
to a GSH-Sepharose resin through its GST-moiegyrekin was exposed to Anvinelandii
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cell-free extract containing apo-dinitrogenase e €Rtract of apo-nitrogenase used in this
experiment was obtained from tAevinelandiistrain UW146 (ifB” AnafY)which accumulates
the apo-form of dinitrogenase, due to the deletibtinenifB gene from the chromosomal DNA
of the bacteria [12]. When the extract of UW146&waaplied to a chromatography resin
containing the fusion protein GST-NafX€, apo-dinitrogenase was specifically recoverethfro
the cell-free extract. Similar results were obedrwhen the fusion protein GST-n-NafY was
used, demonstrating the ability of the amino teahdomain of NafY to bind apo-dinitrogease
without the presence of core-NafY (figure 4.6). bNnding was observed when either NaAG

or n-NafY was not bound to the resin, indicating #iosence of any nonspecific binding of apo-
dinitrogenase to the GSH-Sepharose resin. Theeifly of apo-dinitrogenase binding to n-
NafY was lower than with the NafYAC construct, suggesting that apo-dinitrogenaseifgnd
occurs with some interaction with both domains desgny strong association between them as
discussed in section 4.4.1.
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Figure4.6. Apo-NifDK pull-down assay (A) SDS-PAGE analysistbé interaction between n-NafY and
apo-NifDK. An UW146 GifB” AnafY) cell-free extract containing apo-NifDK (lane ¥jas applied to a
GSH-Sepharose resin carrying bound GST-NafY (laneb@und GST-n-NafY (lane 3), or no protein
(lane 4). After thorough washing, proteins boundthe resin were eluted by addition of reduced
glutathione and analyzed by SDS-PAGE. Moleculargheimarkers are indicated to the lefB) (
Immunoblot analysis of SDS-gel from paretieveloped with antibodies to NifDK. The positicihapo-
NifDK is indicated to the right.
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4.4.3 The presence of n-NafY inhibits nitrogenasiwity by blocking FeMo-co insertion

The effect of n-NafY on FeMo-co insertion was $taidby measuring the nitrogenase
activity of different preparations of the recongtid holo-NifDK obtained under different
conditions. Two versions of apo-dinitrogenase vadr&ined from different strains 8f
vinelandii AnifB (DJ1143) [56] and\nifB AnafY(UW269). Both variants were purified as
tetramers free from bound NafY to facilitate comgamn of results obtained from FeMo-co
insertion experiments. Extensive washing with im@ea-containing buffer (which weakens the
NafY-NifDK interaction) was required to completelymove NafY from thénifB apo-NifDK.

First, the specific activity of the protein was reeeed in both cases by changing the
FeMo-co/protein ratio (figure 4.7A). The maximuntiaation of the nitrogenase was achieved
with a 2:1 FeMo-co:apo-dinitrogenase molar rat®egpected. The total value of the specific
activity is about two-fold higher when the apo-tlingenase is purified fromrafY™
background, as previously reported [12].

Next, similar reactions were set up in order teedeine whether the presence of n-NafY
had any positive or negative effect on the insertibFeMo-co into apo-dinitrogenase. The
reaction mixtures, containing a sub-saturating arhofiFeMo-co:apo-NifDK in a 1:1 molar
ratio (apo-NifDK contains two FeMo-co binding sitesere titrated with increasing amounts of
n-NafY (Figure 4.7B). Remarkably, the nitrogengsectic activity, measured by the production
of ethylene from acetylene reduction, exhibited&5lecrease when a 2:1 stoichiometry of
monomeric n-NafY relative to tetramerig,ff,) apo-dinitrogenase was present in the reaction.
The degree of inhibition continued to increase Wlagger amounts of n-NafY were added in the
mixture, reaching a complete inhibition at a 5@fia of n-NafY to tetrameric apo-dinitrogenase.

Thesein vitro FeMo-co insertion and nitrogenase activity experita were scaled up for
spectroscopic analysis in order to better undedstia@ inhibitory effect of n-NafY on
nitrogenase activity. Figure 4.7C shows the etecparamagnetic resonance (EPR) signatures
of apo-dinitrogenase reconstituted with FeMo-coarrdifferent experimental conditions. The
reaction mixtures contained a 1:1 FeMo-co:apo-tiggénase molar ratio, in the presence or
absence of a 50:1 n-NafY:apo-dinitrogenase mola.rdhe electron paramagnetic resonance
(EPR) signatures of the apo and holo forms of dig#nase have been thoroughly reported and
analyzed [56], as well has the EPR signal for isalar NafY-bound FeMo-co [17]. The blue
trace in figure 4.7C shows the EPR spectra of jgatripo-dinitrogenase, as expected, with the
P-clusters in the DTH-reduced state. The grea®tiathe spectrum of apo-dinitrogenase
reconstituted by the addition of FeMo-co. The higion of dinitrogenase was generated in this
case as shown by the presence of the typical signt#ie DTH-reduced iron-sulfur clusters
contained in dinitrogenase in the EPR spectrune drange trace is the spectrum of apo-
dinitrogenase reconstituted with FeMo-co in thesprnee of n-NafY. Interestingly, the EPR
signature of this sample lacks the features preadmilo- dinitrogenase and more closely
resembles that of the apo-dinitrogenase. This trefingly suggests that the inhibitory role of
the n-NafY on nitrogenase activity is caused bylbimg 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. (Adctivation by FeMo-co of
AnifB apo-NifDK andAnifB AnafY apo-NifDK. Specific activity is given in nmol&, produced
per min per mg of apo-NifDK added to the reactioixtore. Data are the average of two
independent determinations. (B) Effect of n-NafY thie activation ofAnifB apo-NifDK and
AnifB AnafY apo-NifDK by sub-optimal amounts of FeMo-co. Sfiecctivity is given in nmol
C,H,4 produced per min per mg of apo-NifDK added tortmction mixture. Data are the average
of two to four independent determinations. (C) CRREspectra from apo-NifDK (blue line) and
apo-NifDK samples incubated with FeMo-co (greee)iar n-NafY plus FeMo-co (orange line).

4.4.4 The Solution Structure of n-NafY

To better address the function of n-NafY | soltsdhree-dimensional structure by NMR
spectroscopy. A stereo image of a superpositidhebest 20 structures calculated by simulated
annealing in Xplor-NIH [47] is shown in Figure 4.84&igure 4.9 shows the assigriet™N
HSQC spectrum of n-NafY. Twelve amide resonanceliding those from the first eight
residues, with two extra N-terminal residues introetl during the cloning, and most of the
residue 35-42 loop region remain unassigned. Ttedhd G40 resonances were assigned by
their distinctive chemical shifts. The E39 and G#fides as well as several of the unassigned
resonances are significantly broadened and resBH+d8 are poorly restrained by NOE
crosspeaks. These observations are consistenthasgthegion of the protein undergoing
conformational exchange on the microsecond to seitlond timescale. Statistics of the structure
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calculation are summarized in table 4.1. The stinat coordinates have been deposited in the
protein data bank with accession code 2KIC. TheR\Adsignments have been deposited at the
Biological Magnetic Resonance Bank with accessmiecl6269.

The experiments discussed above have establisaed-NafY binds to apo-
dinitrogenase and prevents FeMo-co insertion. 3rdenensional structure of n-NafY suggests
a possible mechanism for this. Figure 4.10 shbmwsetectrostatic surface of n-NafY and
highlights a large patch of negatively chargedaefflanked by the flexible loop from residues
35 through 42. The crystal structure of apo-digienase fromh. vinelandii[57] has been
solved and contains a region of positive chargasosurface which has been proposed to act as a
funnel for FeMo-co insertion as the surface chamgbe same region of holo-dinitrogenase is
negative after FeMo-co insertion [58]. N-NafY dikeMo-co, is negatively charged and is
likely to interact with the positive surface of agmitrogenase. However, it is also worth noting
that in the crystal structure of apo-dinitrogentmsgse is an unstructured loop of approximately
30 residues with a net charge of ca. -7 not seémeidensity which may play a role along with
the flexible loop in n-NafY in the interaction betan apo-dinitrogenase and NafY and
subsequent insertion of FeMo-co.

The function of structural homologues of n-NafYther supports the idea that the
insertion of FeMo-co to apo-dinitrogenase is mextidiy the binding of n-NafY to apo-
dinitrogenase. Secondary structure matching (SS®))of the well-defined region of n-NafY
(residues 8-88) has shown that despite any sigmfisequence homology n-NafY possesses
structural homology to the sterile alpha motif (SAM domain involved in mediating protein-
protein interactions [60, 61]. SAM domains are tradten found in eukaryotes but there are a
small number identified in bacteria. The fold gbical SAM domains consists of a five-helix
bundle, with a helical hairpin formed by the fitato helices and the three additional helices
pack on one side of the hairpin [62]. SAM domaiagsénbeen generalized to include proteins
with four helices (generally two helical hairping)th somewhat different packing than the
typical five-helix version. n-NafY also has somé&etiences relative to a typical SAM domains:
first, al anda 2 are at nearly a right angle, rather than beaaked close to antiparallel in a
hairpin; secondy3 has been reduced to a single helical turn; thivele is an extra short helical
turn, a4’ inserted betweeo4 anda5; and fourth, the loop linking2 anda3 is poorly ordered.
Figure 4.8B shows an overlay of the n-NafY struetoearest to the mean and the SAM domain
with closest structural similarity, that of tacharomyces cerevisigeotein Stell [63] (PDB
code 10WS5). In spite of the differences, the b&dit of n-NafY is relatively close to typical
SAM domains.

Eukaryotic genomes of known sequence contain simiuabers of SAM domains and
SH2 domains, another common protein-protein intemagnotif. However, unlike SH2 domains
which bind only to phosphorylated tyrosine residui&sM domains have been shown to bind
many different types of proteins and have also leticated in protein-RNA [64] and protein-
lipid [65] interactions. In addition to the possieg) diverse binding partners, the mechanism of
the interactions between SAM domains and theiribm@artners vary widely with well studied
cases of binding mediated though electrostatickd6through surface exposed hydrophobics
[63]. The only hydrophobic side chains of n-Naft are significantly exposed to solvent are
those of M68, M73 and W84 which neither form a agudus surface nor are conserved among
its homologs. Therefore it is likely that the iratetion between apo-dinitrogenase and NafY is
driven primarily by electrostatics as discussed/ijossly. 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 supstiom of the 20 lowest energy structures of
n-NafY. The side chains of well-ordered hydroplealgisidues are shown in orange M) overlay of the
closest structural homolog of n-NafY, the SAM domaf Stell fronS. cerevisiaePDB code 10WS5.

The Stell SAM domain is depicted in red. The ldweergy structure of n-NafY is shown in blue.
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Figure 4.9. 'H-"N HSQC spectrum of n-NafY frorA. Vinelandiicollected at 800 MHz with residue
assignments indicated. Ten amide peaks remairsignasl due to an absence of any connectivity ih bot
HNCA and 3D**N NOESY spectra and are marked with an ‘X’. Thagaf the side chain peaks from
the glutamine (4) and asparagine (1) residuestaners with horizontal lines connecting them. Resg&lu
1-6, 35-38, 42, as well as the extra N-terminabesintroduced during cloning remain unassigned.
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Figure 4.10. Electorstatic surface of the lowest energy strictfrn-NafY. The scale is in units of kT/e
The left view is in the same orientation as figdr@.
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Table4.1. Structural statistics for the N-terminal domairNaffY from A. vinelandii

Restraints Used

NOE 1084
Intraresidue 276
Sequential 319
Medium Range 316
Long Range 173
Dihedrals 141
3JHNHA () 54
TALOS (p/y) 87
HN RDC 42
RMSD from restraints
NOE (A) 0.0271 +£0.0012
Dihedrals (°) 0.813 +0.158
HN RDC's (Hz) 0.659 + 0.056
HN RDC Ry 11.0%
RMSD from idealized geometry
Bond (A) 0.0038 + 0.0001
Angle (°) 0.5925 + 0.0059

Improper (°)
Violations per structure

0.3944 + 0.0076

NOE (>0.3A) 0
Dihedrals (> 5°) 0.400 + .0503
HN RDC (>2Hz) 0
Coordinate RMSDs to the méan
Backbone (A) 0.45 +0.09
Heavy Atoms (A) 0.96 +0.08
Structure Quality Factofs
Mean score for Standard
o Z-scoré
all models Deviation
Procheck G-fact&i(phi / psi only) -0.66 N/A -2.28
Procheck G-factéi(all dihedral angles) -0.70 N/A -4.14
Verify3D 0.21 0.0224 -4.01
Prosall (-ve) 0.52 0.0656 -0.54
MolProbity clashscore 56.91 6.6726 -8.24
Ramachandran Plot Summary for ordered resfdues
Most favored regions (%) 83.3
Additionally allowed regions (%) 16.4
Generously allowed regions (%) 0.3
Disallowed regions (%) 0.0

a) Rypisdefined as the ratio of the r.m.s. difference betwebserved and calculated RDC values to the rdiffsrence if
the bond vectors were distributed randomly [66] eag calculated using the iDC toolkit [67].

b) Calculated using the well-structured region cstitgy of residues 9-33 and 44-85

c) Determined using Protein Structure ValidatioitéSuersion 1.3 [68]. The suite includes Prochi@H, Verify3D [69],

Prosall [70] and MolProbity [71].

d) With respect to mean and standard deviatiofoioa set of 252 X-ray structures < 500 residuéggsolution <= 1.80

A, R-factor <= 0.25 and R-free <= 0.28; a positiedue indicates a 'better' score
e) Residues with sum of phi and psi order parametdr.8
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Table4.2. Structural homologs of n-NafY identified throu§sM

Scoring
# Rmsd | Nagn | Ng | %seq

Q Pl z %sse | Match | %sse | Nres Name

Query Target (PDB entry)

NMR structure of the Saccharomyces cerevisiae SAM

1]1027|03|26] 309 | 57 | 4] 12 67 |low5:A| 80 | 60 (sterile alpha motif) domain

Crystal structure of the C-terminal SAM domain of

21026(04(27| 340 | 57 | 3| 12 67 ldxs:A | 80 | 57 . :
human p73 alpha splice variant

Solution structure of the SAM domain of mouse

31023]00]1.7] 402 | 70 | 3 9 67 1v38:A| 80 | 78 SAMSN1

4102210014 386 | 62 | 7 8 67 1cok:A | 80 | 68 Structure of the C-terminal domain of p73

Structure of the SAM domain of human ephrin type-B

51021]01)28] 298 | 50 | 4| 10 67 | 2gkq:A | 80 | 61
receptor 4

Structure of the SAM domain of human ephrin type-B

6]021[{00|16| 369 [ 56 | 4| 11 67 | 2gkq:B | 80 | 61
receptor 4

NMR structure of the carboxy terminal domains of

71021(01f22| 294 | 53 | 4| 13 83 |1wcn:A| 100 | 70 Escherichia coli NUSA

The crystal structure of an eph-receptor SAM domain

8 10.21100(1.2| 391 | 63 | 4| 11 67 1bOx:A | 80 | 72 : e
reveals a mechanism for modular dimerization

Hetero SAM domain structure of PH (Polyhomeotic-
91021]00(2.0| 364 | 58 | 3 9 67 1pk1:A | 67 | 68 proximal chromatin protein) and SCM (Sex comb on
midleg CG9495-PA)

10(0.21|0.0|15| 409 | 62 | 3| 10 67 |3bq7:D| 80 | 68 SAM domain of diacylglycerol kinase deltal (E35G)

The various scores output by the SSM algorithendafined as the following:
« RMSD is the room mean square deviation betweenetdig-carbons in angstroms.
* Ny is the number of gaps between aligned secondargtste elements between the query and target.
*  %seqis the percent of aligned residues that are idahkietween the query and the target
* Y% describes what fraction of secondary structurmetds the align
*  Nagnis the number of residues in a given alignment
* Q= (Nyg)’/ [(1+H(RMSD/R)*)*N quenN s Where R = 3.0A. Identical structures have a Q-score 0f 1.
e P =-log(P-value) where the P-value measures thieghility of achieving the same or better quality o
match at random.
» The Z-score is a measure of the statistical sicguifte of a match in terms of Gaussian statisfite
higher the Z-score, the higher the statisticalifigance of the match.

4.4.5 Insights into FeMo-co binding to the Core-Xaf

Although the structure of core-NafY in the absentFeMo-co is known [16] the
structural details of how core-NafY is able to bireMo-co are not well understood. In
dinitrogenase FeMo-co is coordinated by one histidind one cysteine residue [72]. In a
previous study on core-NafY several mutations sfitline and cysteine residues were made in
order to elucidate which residues were involve&eao-co binding. That work identified
histidine 121 as clearly being involved in FeMokioding. The histidine residue is located
within an HFG motif that is strictly conserved thghout the family of similaA. vinelandii
proteins (NifB, NifX, and NafY) known NifB-co or ’o-co [17]. In order to yield further
insight into how core-NafY binds FeMo-co | assigri&8 amide resonances out of the possible
125 non-proline residues in a core domain constaath terminated at residue 231 and then
collected'H->N HSQC spectra of core-NafY in complex with FeMo-ckhe resonances of
spins that are in close proximity to the paramagreetfactor are attenuated due to the enhanced
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relaxation caused by the presence of unpairedretespins [73] thereby allowing for the
localization of the FeMo-co binding site. The da&t spectra and a depiction of which residues
are affected by the paramagnetic cofactor are shioviigure 4.11. Histidine 121 is strongly
attenuated by FeMo-co and the data also identifydysteine residues that are strongly
attenuated, cysteine 125 and cysteine 196. Imtitational study by Rubio et al. a C125A
mutant retained FeMo-co binding; however no muteag constructed of cysteine 196 because it
is not conserved over the family of homologdusinelandiiFeMo-co binding proteins.
Interestingly, the core domain displays modesicstiral homology to a family of vitamin
B12-binding proteins, most significantly to Mut®rin Clostridium tetanomorphuifr4, 75],
GImS fromClostridium cochleariunf76], and MtaC fronMoorella thermoacetic§77]. The
backbone RMSD in each case is approximately 3.54tS and GImS are B12-binding
domains of glutamate mutase whereas MtaC is thel3iding component of a
methyltranfserase. The topologies of these donmai@similar to core-NafY albeit with some
insertions. Interestingly, in each case the pnsteind vitamin B12 through a surface exposed
histidine residue located in close proximity to #malogous residue in core-Nafy, histidine 121.
Upon B12 binding, the flexible loop immediatelyltaking the metal-coordinating histidine
assumes a stable helical structure which is samplée unbound protein structure [74, 75].
The analogous loop in core-NafY (residues 120-126horter than the loop which fluctuates to
a helix observed in the B12 binders. Moreover,Gheand @3 chemical shift index in this
region of core-NafY indicate that the helical camf@tion is not detectibly sampled by these
residues [78]. However, some helical NOEs areesein NOESY spectra of core-NafY for
this region. The overlay of the core-domain witta is shown in figure 4.12.

75



105
:108
:111
:114

-117

eN,,

120

123

(wdd)

126

129

132

0
Alll

F135

138

Unobservable

<25%

<50%

<75%

> 75%

Ambiguous /
Unassigned

EO000OE N

G175, G176

n -
v HI121 . S173
L118 Q V-V )

I Oh

c125 )

e

Al51,A152
V149-L151

Figure4.11. Localization of the FeMo-co binding site in corefa (A) Overlaid*H-"*N HSQC spectra

of apo-core-NafY (red) and core-NafY complexed viMo-co (blue). Several residues are labeled for
illustration. (B) Crystal structure of core-NafY color coded by teeel of attenuation upon FeMo-co
binding. The increments of the color coding aré keandard deviations about the mean denoted by
arbitrarily setting the mean to 50%. Functionalignificant histidine and cysteine side chains are
labeled.
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Figure 4.12. Stereo representations of core-NafY (green) withiiiwoid bound MtaC (blue, PDB code
1Y80) as well as the overlay of the two structufidee histidine residues implicated in binding drevsn
in red. Vitamin B12 is in pink.
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4.5 Discussion

This work has utilized biochemistry and EPR and Nffectroscopies to further
understand the role of NafY in the maturation @&Ah vinelandiinitrogenase Previously
proposed roles for NafY are the stabilization ab-@iinitrogenase in a conformation amenable to
FeMo-co insertion and also as a chaperone insdttatdelivers FeMo-co to apo-dinitrogenase
[10, 12]. The structure of core-NafY is known ah@ clear that the core domain is sufficient to
bind FeMo-co but does not efficiently bind apo-tiogenase [16]. This chapter describes the
structure and function of the N-terminal domairNaiffY and provides further information on
where within the core domain FeMo-co binds.

After the observation that full-length NafY co-el®phoreses with apo-dinitrogenase
while the core domain does not [16], a pull-dowsagswas developed in which both
immobilized n-NafY and full-length NafY are ableeaatract apo-dinitrogenase frofn
vinelandiicell extracts. This assay demonstrated that whéeN-terminal domain is sufficient
to bind apo-dinitrogenase, full-length NafY bindsne efficiently than the N-terminal domain
alone. It follows that while the core domain does bind apo-dinitrogenase on its own there is
some cooperativity in binding which allows the fidhgth protein to bind more tightly than the
first domain alone.

Elucidating the role of NafY in the cell has bespeded by two somewhat contentious
pieces of biochemical data. The first being thmt-dinitrogenase can be reconstituted with
FeMo-co in the absence of NafY to an active holwrafthat retains 80% of normal activity [56].
However, a mutant strain & vinelandiiwhich lacks an active NafY exhibits a 2-fold redoot
in growth rate under stressing nitrogen fixing dtinds, where the growth medium is not
supplanted with 10mM sodium molybdate; whereasarstvhich lack both active NafY and
NifX exhibits a 5-fold reduction in growth rate werdstress. In order to specifically address the
role of the N-terminal domain of NafY on nitrogeaasaturation, the effects of various
reconstitution conditions on dinitrogenase actiwigre measured. These experiments confirmed
the previously reported observation that apo-dgignase purified fromanifB AnafY mutant
exhibits half the activity of apo-dinitrogenaseifiad from aAnifB mutant upon reconstitution
with FeMo-co [12]. This observation supports thamerone role of NafY providing stability to
apo-dinitrogenase. This assay was followed byrdeteng the effect of the addition of n-NafY
to apo-dinitrogenase during FeMo-co insertion.itAgas shown that the N-terminal domain is
sufficient to bind to apo-dinitrogenase and is hijapsized to stabilize the apo-form, a promotion
of nitrogenase activity upon the addition of n-Nafivor to FeMo-co was expected.
Furthermore, if NafY stabilizes the apo-proteire gresence of the N-terminal domain may be
sufficient to restore the activity of the apo-diagenase obtained fromaifB AnafY strain to
that of protein obtained fromZmifB strain. Surprisingly, this experiment showed that
presence of n-NafY inhibited nitrogenase activiijhvprotein obtained from both strains.

By repeating the same FeMo-co insertion assaysswiticient quantities for EPR
analysis it was shown that n-NafY inhibits nitrogea activity by preventing the insertion of
FeMo-co into apo-dinitrogenase. This is in conttaghe behavior of full-length NafY which
dissociates from hexameric apo-dinitrogenasp.{,) upon the addition of FeMo-co, leaving
behinda,p, holo-dinitrogenase [10]. From these observatibissclear that the dissociation of
NafY from dinitrogenase requires the presence efcthire domain and that n-NafY is likely
binding in close proximity to the proposed FeMoktsertion funnel seen in the structure of apo-
dinitrogenase thereby blocking FeMo-co insertion] [5
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In order to further understand how n-NafY bindspo-dinitrogenase, | determined its
solution structure using NMR spectroscopy. The @ionadopts an afl-helical fold containing
5 helices. The two longer heliced, ando5, are separated by 3 short helices and a stracture
helical turn, designate@4’. There is a flexible loop between heliegsanda3 which the NMR
data show to be involved in some motion oniteans timescale as the resonances in this region
are exchange broadened. Interestingly, the thireergsional structure reveals unpredicted
structural homology to the sterile alpha-motif dama protein domain associated with the
binding of various macromolecular ligands, the galiwed structure of which consists of a five
helix bundle with a helical hairpin formed by thesf two helices and the three additional helices
packed on one side of the hairpin. These genea#ifes are reproduced in the structure of the
N-terminal domain of NafY with the extra insertiofthe helical turng4’. This unpredicted
homology to a protein interaction domain is corsiswith the N-terminal domain’s role in
mediating the apo-NifDK:NafY interaction. It issalinteresting to note that SAM domains are
widely used in eukaryotes, but the occurrence dfi®#mains in bacteria is much rarer.
Although SMART and Pfam databases identify mora 2800 SAM domains, only 11 of them
are from prokaryotic proteins and, at present, ¢timyAR1 domain of the NusA protein from
Escherichia col{79] and a 4-helix SAM domain, part of Tipl34 fromHeliobacter pylori[80],
have been structurally characterized.

In order to further the knowledge of what partted core domain is involved in FeMo-co
binding | assigned the NMR resonances of the apu #nd then observed the paramagnetic
relaxation enhancement that occurs when core-Nafiy complex with FeMo-co. The amide
resonance of histidine 121, implicated by mutagertesbind FeMo-co, is strongly attenuated
once the cofactor is bound. Two other cysteinglues are affected by FeMo-co binding,
residues 125 and 196. These data are consistémthei mode of FeMo-co binding proposed
previously [17] and show clearly that the firstearhelicesl, a2 anda3 and the loop between
B1 andB2 are in close proximity to the cofactor. Intenmegly, core-NafY displays some
structural homology to proteins responsible forde&very of vitamin B12. These proteins
share a common topology with the core domain, tllh insertions, and all bind B12 through
a surface exposed histidine located in the sameney the protein as in core-NafY. As FeMo-
co and vitamin B12 are similar in that they arenhydabile and reactive and must be delivered
to their respective destinations via carrier pregeit is not surprising that these processes may
be evolutionarily related.

4.6 Conclusion

This work has established that the N-terminal donediNafY is sufficient to bind apo-
dinitrogenase by using a pull-down assay in whpbrdinitrogenase is selectively removed
from A. vinelandiiextracts by exposure to immobilized n-NafY. Niteogse activity assays
show that the presence of n-Nafy inhibits nitrogenactivity. The mechanism of this inhibition
was elucidated using EPR spectroscopy which shioatghe presence of n-NafY blocks FeMo-
co insertion into apo-dinitrogenase. The solustracture of n-NafY was then determined,
revealing unpredicted structural homology to theilet alpha motif, a protein domain involved
in binding a diverse set of macromolecular ligandsilizing the enhanced NMR relaxation that
occurs in close proximity to a paramagnetic centeave also localized the binding of FeMo-co
to a region of the core domain that consists athsb1, a2, anda3 and the loop between sheets
B1 andB2 containing FeMo-co known ligand, histidine 1Zllaken together with the previously
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published data on the full length protein and tieecdomain [16, 17], the data presented here are
consistent with a model of NafY functioning as apérone 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 Isopropylp-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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