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ABSTRACT

Understanding the Interactions between the Nitrate Reductase
Signal Peptide and its Maturation Chaperone NapD

Martin Milad

Periplasmic Nitrate Reductase (NapA/NapB) belongs to a class of proteins that
are exported in a folded state by the twin arginine translocon (Tat) machinery. For a long
time it was known that NapD is essential for the proper formation of the NapA/NapB
enzyme. However, the mechanism by which this is accomplished is still unknown. The
focus of this study is to understand the interaction between NapA and its maturation
chaperone, NapD. For the first time we will show that the N-terminal consensus leader
sequence of NapA that is involved in Tat export is also the binding site for the chaperone.
To characterize the mechanism co-purification experiments, biophysical techniques and
Nuclear Magnetic Resonance (NMR) were used. Co-purification experiments indicated
that the N-terminal fragments; NapA114, NapA35 and NapA27 were able to bind NapD.
Circular Dichroism (CD) analysis of NapD in complex with NapA35 illustrated a small
increase in secondary structure. NMR confirmed that the small changes in CD spectra
were due to conformational changes within NapD and the formation of an alpha-helix for
NapA35. Chemical shift changes from NMR demonstrated that the entire leader peptide
participates in binding with NapD. The residues that underwent the greatest changes in
chemical shift are Arg6, Phe8, Met9, Lys10, Vall4, Alal6-21, Gly22 and Leu23. NMR
also showed that the NapA35 peptide is mobile when unbound. However when NapA35
is complexed with NapD, drastic changes in mobility occurred. For the first time the
structure of the Tat leader peptide, NapA35 is determined when in complex with the

chaperone NapD.
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Chapter I Introduction

1.1 Protein Interactions

An important characteristic of proteins is their ability to specifically bind to other
proteins, peptides and small molecules. The interactions of proteins with other
biomolecules can result from both covalent and non-covalent bonding. Covalent
interactions usually involve the formation of disulfide bonds between two thiol groups.
On the other hand, non-covalent interactions consist of hydrogen bonding, van der Waals
interactions and salt bridges (Dill, 1990). Regardless of the type of binding, formation of
complexes is essential for proper cellular functioning.

Three decades ago Christian Anfinsen won the Nobel Prize for demonstrating that
protein folding is regulated by the protein itself (Anfinsen, 1972). Since then other
scientists have discovered that some proteins known as chaperones have helped in the
process (Walter & Buchner, 2002). Chaperones were shown to associate with the target
protein during part of its folding process, however once folding is complete (or even
before) the chaperone will leave its current protein molecule to aid another. Another class
of chaperones includes maturation chaperones that serve to assist in cofactor loading and

retain proteins in the cytoplasm until mature multi-subunit complexes are formed.



1.2 Protein Export in Bacteria

The targeting and transport of proteins to and across biological membranes is an
essential aspect of cell life. Approximately one quarter of the genes expressed in
Escherichia coli encode proteins that end up being exported (Palmer et al., 2005). There
are two major export pathways in E. coli, the Secretory (Sec) pathway and the Twin-
arginine translocation (Tat) pathway (Weiner et al., 1998). The Sec pathway, which is the
more studied of the two, exports proteins that are unstructured. It also uses a combination
of ATP hydrolysis and an electrochemical membrane gradient for energy (de Keyzer et
al., 2003). The Tat pathway on the other hand is known to be essential in exporting
folded proteins. This particular system only uses energy from the electrochemical
membrane gradient (Palmer et al., 2005). Little is known about the mechanism by which
Tat machinery functions. However, to be exported by the Tat system proteins need a
leader sequence.

The Tat machinery is involved in exporting proteins with the SRRXFLK consensus
sequence at the N-terminal region (Alami et al., 2003). The twin arginines in the
sequence are the most conserved and are crucial for transport since a conservative
substitution of either arginine for lysine usually blocks transport (Halbig et al., 1999;
Buchanan et al., 2001). This leader sequence is followed by a hydrophobic region of
approximately 15 amino acids, then by a more polar region for proteolytic cleavage
(Stanley et al., 2000). This leader peptide is often removed in the mature protein.

There has only been a few published structural studies on proteins that contain the Tat
signal sequence. The crystal structures of formate dehyfrogenase H from E. coli

(Boyington et al., 1997) (PDB accession code 1AA6) and the molybdenum enzyme



dimethylsulphoxide reductase (DMSOR) from Rhodobacter Capsulatus have been
determined (McAlpine et al., 1998) (PDB accession code 4DMR). The structures of two
nitrate reductase enzymes have also been solved, periplasmic nitrate reductase (Nap)
from the sulphate reducing bacterium Desulfovibrio desulfuricans (Dias et al, 1999)
(PDB accession code 2NAP) and respiratory nitrate reductase (NapAB) from
Rhodobacter spharoides (Arnoux et al., 2003) (PDB accession code 10GY). For all these
proteins the structure was solved only for the mature protein, which begins after the
cleavage of the N-terminal leader peptide. In other words the leader peptide was not
included as part of the sequence. The only study that included the leader peptide as part
of the structure was on the glucose:fructose oxidoreductase precursor (preGFOR) from
Zymomonas mobilis which did not result in insight into the signal sequence structure
(Nurizzo et al., 2001) (PDB accession code 1H6A). The lack of density for the signal
peptide in the crystal structure of preGFOR, implies that it is unstructured or disordered
in the crystal. The general notion for the determination of the X-ray structure of proteins
that contain the Tat signal peptide has been the deletion of the leader sequence and the
focus on the catalytic domain.

Structural analysis of the Tat leader sequence was reported for the high potential iron- (
sulfur protein (HiPIP) from Allochromatium vinosum (Kipping et al., 2003). Nuclear
magnetic resonance (NMR) analysis of the amide proton resonance and H/D exchange
matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass
spectrometry indicated the absence of secondary structure in the signal peptide of HiPIP.
Circular dichroism studies of the Tat signal peptide of the E. coli Sufl protein indicated

an unstructured peptide in aqueous solution, with no stable secondary structure (San



Miguel et al.,, 2003). However when the synthetic Tat leader peptide was placed in a
more hydrophobic environment it was shown to adopt an alpha-helical conformation. The
crystal structure of the cytochrome bef complex from the cyanobacterium Mastigocladus
laminosus demonstrated that membrane embedded Tat signal peptides form an alpha-
helical conformation (Kurisu et al., 2003). Although secondary structure prediction
programs suggest an alpha-helical structure for the twin-arginine motif and parts of the
hydrophobic core the results have indicated that the peptide has an unfolded
conformation in the cytoplasm.

Since Tat transport -is important in periplasmic enzyme transport, it is critical that
proteins are not exported before the multi-subunit enzyme is formed. This is
accomplished by soluble chaperones that are localized in the cytoplasm (Turner et al.,
2004). These chaperones prevent pre-mature ‘targeting of proteins before cofactor
loading, correct folding, or docking of partner proteins have occurred (Hatzixanthis ef al.,
- 2005). The first Tat signal-peptide-binding protein was isolated by afﬁnity
chromatography (Oresnik ez al., 2001). Using a glutathione-S-transferase fusion to the
signal peptide of the molybterin co-factor-binding dimethyl sulphoxide (DMSO)
reductase subunit DmsA, allowed for the isolation of DmsD. This led to the idea _that
DmsD prevents the signal peptide from interacting with the Tat machinery until complete
cofactor loading of DmsA.

More recently other chaperones specific for Tat dependent precursor proteins haye
been identified. In E. coli trimethylamine N-oxide reductase (TorA) is a Tat-dependent
periplasmic redox enzyme that binds a molybdenum cofactor. The twin-arginine signal

pepfide of TorA is the most heavily studied in the field. The TorD protein has been



identified as a cytoplasmic accessory protein required for TorA cofactor loading (Ilbert et
al., 2004; Pommier et al., 1998). The 3D structure of the TorD homolog from
Schewanella massila indicated that this protein consists of two alpha-helical domains
connected by a short hinge region (Tranier et al., 2003) (PDB accession code IN1C).
Furthermore, by using in vitro molecular techniques, tight binding was demonstrated
between TorD and the TorA signal peptide (Hatzixanthis et al., 2005).

Most E. coli Tat substrates are not characterized. The complete list of the thirty-
six polypeptides in E. coli known or predicted to bear the N-terminal Tat leader sequence
have been summarized (Palmer et al., 2005). For almost all cases it is unknown whether a
signal chaperone is needed. Here we will report the interaction between the leader peptide

and its potential chaperone for the Periplasmic Nitrate Reductase enzyme in E. coli.

1.3 Periplasmic Nitrate Reductase (Nap)

When bacteria are grown in the absence of oxygen, nitrate becomes the preferred
electron acceptor (Brondijk et. al., 2004). Bacteria reduce nitrate (NO; ) to nitrogen gas
(N,), via nitrite (NO; ), nitric oxide (NO) and nitrous oxide (N,O). Nitrate reductase

reduces NO; to NO, . Three types of nitrate-reducing enzymes have been discovered 1n
bacteria: cytoplasmic assimilatory nitrate reductase (Nas), membrane-bound respiratory
nitrate reductase (Nar) and periplasmic nitrate reductase (Nap) (Berks ef al., 1995). In E.
coli, Nap is essential for anaerobic respiration at extremely low nitrate concentrations.
Periplasmic nitrate reductase is encoded by the napFDAGHBC operon, (Figure 1.1)
where napABCD genes have been shown to be essential (Grove et al. 1996; Potter &

Cole 1999; Turner et al., 2004).



Figure 1.1 Organization of nap operon in E. coli K12. As can be seen NapD is found
upstream to NapA, perhaps serving as a means of regulating the expression of NapA.
However the exact role of NapD in the post-translational assembly of NapA is unknown
(Cole, 1996).

napF  napD napA napG napH napB napC

Periplasmic respiratory nitrate reductases (Figurel.2) are heterodimers composed
of two subunits, a catalytic NapA subunit (90 kDa) that contains a molybdopterine
guanine dinucleotide cofactor, an iron-sulfur (4Fe-4S) centre and an electron transfer
unit, NapB (17 kDa) (Richardson et al., 1999).

Figure 1.2 Schematic showing the active periplasmic nitrate reductase enzyme
(NapA/NapB), and NapD, which acts as the chaperone involved in the maturation of
NapA. NapD remains in the cytoplasm where it binds to NapA prior to export. The N-
terminal sequence of NapA contains a motif, KLSRRSFMK, corresponding to the
consensus Tat leader sequence responsible for export. This leader peptide is
proteolytically cleaved in the periplasm.

Active Periplasmic Nitrate Reductase

NapB

PERIPLASM

CYTOPLASM




Another important component of this system is NapD (10 kDa), a soluble
cytoplasmic protein, which has been hypothesized to be the private chaperone involved in
the maturation of NapA (Berks er al, 1995). Although NapD does not cross the
membrane and move into the periplasm it has been shown to be essential in the formation
of the active NapA/NapB enzyme in the periplasm (Reyes et al., 1998; Potter & Cole,
1999). The first experimental characterization was performed for Rhodobacter
spharoides DSM158, by mutational analysis of the napD gene (Reyes et al., 1998). The
absence of NapD significantly decreased both the nitrite production and the nitrate
reductase activity by this bacterium. In E. coli an in-frame deletion of napD was used to
determine whether NapD is essential for Nap activity (Potter & Cole, 1999). The results
confirmed that NapD is essential since no nitrate reduction was observed. This
maturation chaperone, is unlikely to function as an electron transfer unit since it lacks
conserved residues likely required for binding ligand redox cofactors (Potter et al., 1999).
The role of NapD in periplasmic nitrate reduction is still unknown due to the lack of
structural and functional characterization.

Although the structure of periplasmic nitrate reductase has not been solved in E.
coli, the structure for NapA/NapB has been determined by X-ray diffraction for
Rhodobacter sphaeroides (Arnoux et al., 2003) (Figure 1.3). The Tat signal peptide was
not included as part of the structure, as it is believed to be unstructured. As previously

mentioned, this leader sequence is cleaved in the mature protein.



Figure 1.3 Crystal structure of NapA/NapB complex in Rhodobacter sphaeroides
(Arnoux et al., 2003) (PDB accession code 10GY). The N-terminal domain of NapA is
shown in cyan. The other three domains of NapA are shown in blue. NapB is red. The Tat
leader sequence is not shown, since it is cleaved and not part of mature NapA. Co-factors
are shown in yellow and orange.

N-terminal

Furthermore, NapA consists of four domains; the N-terminal domain contains a
cysteine rich motif, which binds the [4Fe-4S] cluster. The remaining three domains are

structured around the molybdopterine guanine dinucleotide cofactor (Figure 1.3).

1.4 Tat signal peptide-chaperone NapA/NapD complex
Overall the characteristics for the Tat leader sequence are found in E.coli NapA

(Figure 1.4). The N-terminal sequence of NapA is KLSRRSFMK, which corresponds to



the leader peptide. Another characteristic feature of the N-terminal region of NapA is the
presence of a hydrophobic region, where we note a stretch of nine alanines from A1l to
A21. There are two potential implications for the role of NapD as the chaperone. First,
perhaps NapD binds to NapA, and retains NapA in the cytoplasm until the mature
NapA/NapB complex is ready to be exported to the periplasm and second, NapD may
bind to the multi-subunit enzyme after it is formed and help recruit it to the membrane.
This hypothesis is supported by the finding that the DmsA signal-peptide-binding protein
DmsD, interacts with the Tat machinery in the membrane (Papish et al,, 2003). NapD
may also aid in the proper formation of the NapA/NapB complex. The objective of this
thesis is to assess and characterize the interaction between NapD and NapA. We will
show for the first time that thé leader sequence of NapA, which is involved in export, is
also the site to which NapD binds.

Figure 1.4 Sequence of the N-terminal of NapA. The consensus leader sequence found in
Tat translocon is in bold. The hydrophobic core consists of a poly-alanine stretch from

Alal5 to Ala21.

N-term- '"MKLSRRSFMK “ANAVAAAAAA AZGLSVPGVAR AVVG*’Q —C-term

1.5 Outline of Thesis and Statement of Purpose
Overall the goal is to structurally characterize the Tat signal peptide-chaperone

interactions, so as to gain information on the mechanism of export of folded proteins. |

This will be accomplished by characteriziﬁg thé. structure of the NapD/NapA complex

(Figure 1.5). Furthermore, the amino acid residues of NapA and NapD that are involved



in binding are determined. Reported for the first time will be the structure of the N-

terminal Tat leader sequence when it is bound to its chaperone, NapD.

Figure 1.5 The objective of this project is to understand the interaction that occurs in the
cytoplasm between NapD (chaperone) and NapA, by looking at the structural aspects of
the complex.

CYTOPLASM

RR -Nterm
NapA

NapD

This thesis is divided into six chapters. The first chapter established the
importance of protein structure and complex formation for proper cell functioning. It
introduced the Tat system as well as the periplasmic nitrate reductase enzyme. The
second chapter outlines the experimental procedures used to obtain the desired protein
and peptide complex. The next three chapters apply different techniques to study the
complex. Chapter three is a composition of the biophysical methods applied to
characterize the system. Chapters four and five utilize NMR spectroscopy to understand
complex formation and characterize its structure. Finally in chapter six all the results are

put together for general conclusions and biological implications.
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Chapter II Protein Production and Characterization

2.1 Foreword

Proteins that bind tightly can often be characterized by simple co-purification where
the binding partner is co-expressed so that both components are present during
purification. Complex formation can later be demonstrated by SDS-PAGE.

NapD and NapA fragments were expressed in Escherichia coli K-12, where only one
protein was His tagged. Complex formation was probed by column chromatography
using NiNTA resin, so that only the peptides that were bound to the protein were co-

purified.

2.2 Media and Buffers

Luria-Bertani (LB) medium (Fisher Scientific): 10g/L tryptone, Sg/L yeast-extract and
5g/L NaCl. . |

Lysis Buffer: 50mM NaH,POj, 300mM NaCl, and 10mM imidazole, pH 8.

Wash Buffer: 50mM NaH,PO4, 300mM NacCl, and 20mM imidazole, pH 8.

Elution Buffer: 50mM NaH,PO,, 300mM NaCl, and 250mM imidazole, pH 8.

Cleavage Buffer: 20mM Tris-HC1, 150mM NaCl and 2.5mM CaCl,, pH 8

NMR Buffer: 50mM Phosphate Buffer, 150mM NaCl and 10mM DTT, pH 6.8.

2.3 Protein Production
2.3.1 Cloning
Plasmid isolations, restriction enzyme digestions, agarose gel electrophoresis,

ligations, and E.coli transformations were performed according to standard protocols
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(Sambrook et al., 1989) unless otherwise stated. The genomic cDNA of E. coli K-12 was
obtained from the ATCC Corporation (Maryland, USA). NapD was amplified by
Polymerase Chain Reaction (PCR) using Taq polymerase and synthetic primers NapD-F
and NapD-R (Table 2.1). The PCR product was then gel purified and ligated into the
Ndel and BamH1 (NEB) restriction sites of the pET-15b expression vector (Amersham
Pharmacia Biotech, Piscataway, NJ). The construct was verified by DNA sequencing.
The fusion protein contains a Thrombin cleavable His tag. The cloned plasmids of His-
tagged NapD fusion proteins were transformed by heatshock into competent cells of the
host BL21 Gold Magic (Stratagene) strain (Brinkmann ez al, 1989). Kanamycin
50ug/ml (Fisher) was used to select for the expression host. The transformed cells were
plated on agar plates (Becton Dickinson and Co.) and were grown overnight at 37 °C.
The protein was verified to be totally soluble and highly expressed before production
scale growths.

Table 2.1 Primers used for cloning and their sequence. Restriction sites are colored; Ndel

is red, BamH]1 is blue and Ncol is green. Since Translational Coupling was used only the
reverse primer is needed for NapA.

Primer Sequence

NapD-F' 5°’-GGA TTC CAT ATG CAC ACT AAC TCG-3’

NapD-R* | 5°-CG GGA TCC TCA TGG TGT TTC CTC-3’

NapD-TF' | 5°-GGA ATT CCC ATG GCG CAC ACT AAC TGG-3’

NapD-TR’ | 5°-ATG GTG ATG GTG ATG CAT CAT GGT GTT TCC TCA CCT TG-3’

X3-F 5’-GAG GAA ACA CCA TGA TGC ATC ACC ATC ACC ATC ACA G-3°

NapA35-R’ [ 5°-CG GGA TCC TTA ACC AAC AAC GGC GCG -3’

NapA27-R* | 5°-CGG GAT CCT TAC GGC ACG CTG AGA CCG GC-3’

NapA18-R’ [ 5°-CGG GAT CCT TAC GCA GCG GCC GCA ACG GC-3’

'F- forward primer, “R- reverse primer, *X- His tag primer,

12




2.3.2 Protein Expression

A 100ml Luria Broth (LB) culture of transformed BL21-GM was supplemented
with 100pg/ml of ampicillin and 50pug/ml kanamycin and grown overnight at 37 °C. The
next day, 1 L of LB was inoculated with the overnight culture. The culture was then
incubated at 37 °C until the ODgoonm Was approximately 0.8. At that point, ImM of
isopropyl-1-thio-B-D-galactopyranoside (IPTG) was added to induce protein expression.
The culture was then incubated at 24 °C for 16 hours to allow expression of the fusion

protein. The cells were harvested the next day by centrifugation at 4 °C.

2.3.3 Protein Purification
The resulting cell pellet was resuspended in 35ml lysis buffer. Three milligrams

of DNAse 1 was added and the suspension, on ice, was lysed by sonication (Mandel,
Misonix Sonicator 3000, Power setting 5; 3 cycles of 90 sec). The extract was centrifuged
for 30 minutes in a Beckman preparative centrifuge at 3000g to remove the insoluble
fraction. The protein was purified by column chromatography using NiNTA resin as an
affinity matrix. NiNTA resin slurry was equilibrated with lysis buffer in the gravity
column prior to addition of the soluble protein. The soluble cell lysate was filtered
(0.22pm Millex GP Filter unit, Millipore Corporation) and mixed with the equilibrated
resin, then incubated by gentle mixing at 4 °C for 1 hour. The mixture was then added
back into the column and wasﬁed with 3 volumes of wash buffer. If the His tag on the
protein did not have to be cleaved the protein was eluted directly by elution buffer. If
cleavage of the His tag was needed the resin was equilibrated with cleavage buffer. The
N-terminal His tag was cleaved by treatment of the sample overnight at 4 °C with 4pul

Thrombin (Amersham Pharmacia), to produce NapD with a three residue (Gly-Ser-His)
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N-terminal extension. Benzamidine Sepharose (0.5ml) was added to the flow-through to
remove thrombin. The sample was then filtered and characterized by SDS-PAGE (Figure
2.1). Purified NapD was concentrated to 500ul using an Amicon centrifugal concentrator
(Millipore Corporation) with a membrane cut-off of 5kDa. The resultant concentrated
protein was then dialyzed against NMR buffer and stored at 4 °C. 10mg of NapD were

purified from one liter cultures.

Figure 2.1 SDS-PAGE showing the purification steps of NapD. The fractions are total
(T), soluble (S), flow-through (F), wash (W) and elute (E).

40 kDa
30 kDa
20 kDa

14 kDa

T S
*Low Molecular Weight Marker

2.3.4 Gel Electrophoresis and Protein Quantitation

SDS-PAGE was performed using Min Protean 3 (Biorad) (Laemmli, 1970). An
18 cm square slab apparatus was filled with 20% (w/v) resolving and a 6% (w/v) stacking
polyacrylamide gel. Samples were resuspended in loading buffer and denatured by

heating at 100 °C for 5 min before loading. After electrophoresis for 2 hours at 200 V, the
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gel was stained by Coomassie blue (Matsudaira, 1987) for 2 hours and destained
overnight.

Protein concentrations were détermined using the Bradford method (Biorad) and the
BCA (Pierce) method, relative to BSA protein standards, following the protocols
supplied by the manufacturer. The absorbance at 280 nm and absorbance at 215 and 225
nm, peptide bond method were also used to determine the concentration (Waddell, 1956).
The final concentrations were taken as the average of all methods. Relative amounts for
co-purified samples were obtained by séanning the SDS-gels and integrating each peak

based on intensity using the program Gene Tools (data not shown).

2.4 Probing binding between N apD‘ and NapA
2.4.1 Cloning and expression of different fragments of NapA

To probe the binding interactions between NapD and NapA, different constructs of
NapA were evaluated. As seen in Figure 1.1 the gene encoding NapD is found upstream
of the gene encoding‘ NapA, in such a way that the stop codon of NapD actually overlaps
with the start codon of NapA. This is the basis of translational coupling (Draper et al.,
1996; Richardson et al., 2001) and can result in the stoichiometric synthesis of NapD and
NapA (Berks et al., 1995). Although the overlap is only one nucleotide as illustrated in

Figure 2.2, it is nonetheless sufficient to promote the expression of NapA.
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Figure 2.2 Translational Coupling. In E. coli, the stop codon of NapD (TGA) overlaps
with the start codon of NapA4 (ATG) found downstream. This may be the basis by which
NapD regulates the expression of NapA.

TGATG

NapA

The primers used are tabulated in Table 2.1. NapD was cloned such that NapA
will also be expressed downstream in pET-15b. The different constructs used are outlined
in Figure 2.3. It is important to note however, that to probe for binding the gene products

must be co-purified.

Figure 2.3 Legend showing the length of NapD and the different constructs of NapA (not
drawn to scale).

NapA (full length)
828 a.a.

e
NapA3S  N-l[ 35

NapA27 N-1 - 27
NapAl8 N-l- 18
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For the first set of experiments, the His-tag was fused to NapD and not NapA
(Figure 2.4a). For these set of experiments the NapD-F primer and the reverse primer of
NapA are needed for cloning (Table 2.1). Since the stop codon of NapD overlaps with the
start codon of NapA, once the ribosome has completed the translation of NapD, it will go
on to translate NapA. Therefore, both NapD and NapA will be expressed in the same
vector, pET-lle. The expression and purification of these constructs are the same as
previously stated for NapD.

Binding was probed by co-purification experiments, such that if NapA binds to
NapD it was co-purified. The first construct prepared using translational coupling was
NapD with NapA114, which corresponds to a fragment of the first domain containing the
iron-sulfur cluster (Aroux et al., 2063). Once it was shown to bind, full length NapA
(828 amino acids) and NapA35 were also co-expressed. (Figure 2.4a) NapA35, which
corresponds to the Tat signal peptide, was prepared to probe whether this fragment of
NapA participates in NapD binding. As previously stated, this leader peptide is cleaved in

the mature protein.
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Figure 2.4 The different constructs engineered to probe for binding by co-expression. (a)
The first set of experiments were carried out with the His tag on NapD, so as to survey
binding based on the presence of NapA fragments. (b) Here NapA fragments contain the
His tag, therefore binding is probed by looking for the presence of NapD.

(a)

(b

1 35

s T vepass
1 NapD 90 7
HIS NapA27

1 18
HIS_- NapA18

An alternative approach needed to be taken for the cloning of NapD and His
tagged NapA fragments (Figure 2.4b) in the pET-15b vector. The first step required the
removal of the His tag from the available NapD construct (Figure 2.5). To accomplish
this NapD must be ligated into Ncol and BamH1 restriction sites of the pET-15b vector
(Figure 2.5b). The construct used as the template for the first PCR was the one in which
His tagged NapD was co-expressed with full length NapA. An outline is illustrated in
Figure 2.6. Synthetic primers NapD-TF and NapD-TR (Table2.1) were used to amplify

non-His tagged NapD. The second PCR used His-tagged NapA as the template, primer
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X-F and a reverse primer depending on the desired fragment of NapA (NapA35-R,
NapA27-R or NapA18-R) (Table 2.1). Primer X-F incorporates the His tag to NapA. The
thrombin cleavage site comes from the initial His-tagged NapA construct. The reverse
primer for NapD, NapD-TR and the forward primer for NapA, X-F, were designed so
that they are complementary strands (Figure 2.5). Therefore the PCR products from the
first two reactions can be joined together in the third PCR. Once NapD is cloned with His
tagged NapA, the PCR product is gel purified and ligated into Ncol and BamHI
restriction sites of the pET-15b vector. The sequences of all these constructs were

verified by DNA sequencing.
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Figure 2.5 Schematic showing the two strategies for the cloning of NapD. (a) For the
incorporation of the His tag at the N-terminal of NapD, the pET15b vector is double
digested with Ndel and BamH]1 so that NapD can be incorporated into the Ndel and
BamH]1 restriction sites. (b) For the cloning of NapD without His tag, the pET15b vector
is double digested with Ncol and BamH1 so that NapD can be incorporated into the
Ncol and BamH]1 restriction sites.

) Ndel
His-tag

Ncol
pET-15b
vector

@ ®)
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Figure 2.6 Outline of the cloning procedure for His tagged NapA35 cloned with NapD.
The design for the important primers are labeled below. Primers NapD-TR and X-F are
complementary strands.

Starting
Plamids

(his)-NapA
in
pET-15b

(his)-NapD/NapA
in
pET-15b

PCR 1 PCR 2
NapD-TF X-Fr*
NapD-TR* NapA35-R
5’ -3 5> 3’
-------- NapD ---eememeeee His----- NapA35 —-aeeeeeeev
PCR3 _
PCR products
from PCRs 1 and 2
5> 3’
NapD -—--—His----- NapA35
PCR 4
Ncol/BamH]1 digested pET-15b
NapD-TF
NapA35R

Ncol
«© NapD/(his)NapA

in
pET-15b

NapD-TR* 5’-ATG GTG ATG GTG ATG CAT CA TGG TGT TTC CTC ACC TTG-3’
complementary base pairs of His-tag ~ complementary base pairs of NapD

X-F** 5’-GAG GAA ACA CCA TG A TG CAT CACCAT CAC CAT CAC AG-¥
base pairs of NapD .

NapD NapA His His His His His His
Stop Start
Codon Codon — Hise-Tag
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2.4.2 Co-Purification of NapD/NapA

SDS-PAGE was used to probe binding of co-purified fragments. Full length
NapA, NapAl14 (Figure 2.7) and NapA35 (Figure 2.8) were able to bind NapD. His-
tagged NapD has approximately the same molecular weight as NapA114, therefore it is
difficult to discern the two on a gel. However electrospray mass spectrometry was used to
verify the presence of NapA114 (data not shown). The results suggest that the binding
site of NapA is found within the first 35 amino acids. Another important thing to note is
that the binding that occurred between NapD and NapA35 is quite strong to withstand the
extensive washing done during purification.
Figure 2.7 SDS-PAGE showing NapD co-expressed with different fragments of NapA.

Relevant lanes are numerically labeled. Lane 1 is NapD co-purified with NapA (full-
length). Lane 2 is NapD co-purified with NapA114.

Lane 1 ‘ Lane 2

40 kDa
30 kDa
20 kDa

14 kDa
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Figure 2.8 SDS-PAGE showing NapD and NapA35 co-purified. The first lane is low
molecular weight marker, the second NapD/NapA35 before cleavage, whereas the third
lane shows NapD/NapA35 after cleavage of His tag on NapD.

Lane 1 2 3

To identify a minimal fragment of NapA which will still bind NapD a different
approach needed to be taken. The reason for this was that the detection limit of the SDS-
PAGE gels and the level of staining with Coomasie Blue were impending. As an
alternative a new set of constructs were engineered such that the His tag would be found
on NapA (Figure 2.4b). As a means of validating the method NapA35 was also co-
expressed in that fashion (data not shown). Two more constructs were prepared using the
same approach, NapA27 and NapA18 (Figure 2.4b). All other expression and purification
steps are the same as previously indicated. Binding is probed by detecting the presence of

NapD since NapA is His tagged.
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Figure 2.9 Co-purification results for the two constructs, where the His-tag was placed on
NapA27 and NapA1l8.

NapA27/ NapA18/
NapD NaFD
_— ~ &

As can be seen from the gel in Figure 2.9, NapD was present in the fraction that
was co-expressed with NapA27, but not with NapA18. Although binding was confirmed
for the NapA27 fragment, it does not mean that the NapA18 fragment does not bind, but
it does suggest that the region between Alal8 and Gly27 is rather important in binding
because once that region is removed there is definitely a loss in the binding affinity

between NapD and NapA.
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2.5 Purification and Characterization of NapA35

The results obtained from co-purification allowed for a preliminary assessment of
the interaction between NapD and NapA, however the isolation of the desired fragment
of NapA is essential for a more complete characterization of the system by NMR. The
peptide of choice for further studies was NapA35. This fragment was chosen not only
because its size is suitable for the planned NMR work but also because it is expressed and
purified to reasonable amounts. NapA35 was also shown to be in a 1:1 molar ratio with
NapD by size exclusion chromatography (data not shown).

Whether the construct with the His tag on NapD or NapA35 was used the initial
procedures for purification were the same as previously discussed. Once NapD and
NapA35 were co-purified, NapA3S5 needed to be isolated for studies by NMR.

The NapA35 peptide was purified by reverse phase HPLC (Waters Corporation;
Vydac C18 semi-preparative column, 10 x 250 mm), using a linear. gradient of 0-80%
acetonitrile (ACN) in 0.1% TFA. The peaks were collected manually by monitoring the
absorbance at 215nm. As can be seen from Figure 2.10, NapA and NapD were readily
separated. NapA35 eluted at 48% ACN-0.1%TFA, whereas NapD, eluted at 60% ACN-
0.1%TFA. For a 35 amino acid peptide NapA35 eluted at a rather high percentage of
acetonitrile. This is probably due to the fact that it is quite hydrophobic, requiring a
higher concentration of solvent to be eluted. To identify the main peaks, the samples were

separated by SDS-PAGE (Figure 2.11).
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Figure 2.10 HPLC chromatogram of the separation of NapA35 from NapD.
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Figure 2.11 SDS-PAGE gel of the two peaks obtained from HPLC for verification of
complete separation of complex. Lane 1 is low molecular weight marker. Lane 2 is NapD

obtained from HPLC (2nd peak on HPLC chromatogram). Lane 3 is NapA35 obtained
from HPLC (1% peak on HPLC chromatogram)

Lane 1 2 3

30 kDa
20 kDa
14 kDa
- NavD
- NapA35

The final products were lyophilized and characterized using electrospray mass

spectroscopy (SCIEX AP1 II mass spectrometer). As expected the mass of unlabeled
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NapA35 was 3426 Da. (Figure 2.12) Furthermore the sequence of the peptide was

verified using MS/MS.

Figure 2.12 Electrospray Mass spectrum used to determine the molecular weight of
NapA35. As expected the molecular weight of NapA35 (unlabeled) is 3426 Da. The table
below lists the charge and intensity of the labeled peaks. Each peak corresponds to the

mass of the peptide divided by its relative charge. For example peak 857, corresponds to
3426/4, where 4 represents the charge.

857

S
oy
& «]
B
= 1142
686
571
400 450 500 550 600 650 700 750 800 8sa 900 950 1000 1050 1100 1150 1200
Mass/Charge (m/z)
Peak Charge Intensity (%)
- 1142 3 40
857 4 100
686 5 30
571 6 10
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2.6 Summary

In this chapter we noted that NapD is located upstream to NapA and that the stop
codon of NapD overlaps the start codon of NapA. NapD was expressed with a His tag,
where the peptide fragments having no tag were co-expressed using a translational
coupling system. Since NapA fragments co-purified with NapD we were able to prove
that NapD does in fact bind to NapA. From the different constructs of NapA we managed
to demonstrate that the binding site is found within the N-terminal region of NapA. The
binding site overlaps with the Tat leader sequence, which is involved in transporting
NapA out into the periplasm. Thus this signal peptide has a dual function; it triggers
NapA out of the cytoplasm and binds the chaperone NapD. We also managed to show
that NapA27 is actually enough to bind NapD, however it was difficult to asses from
SDS-PAGE analysis whether it binds NapD with the same affinity. The fact that the
NapA18 fragment did not give a positive result from the SDS-PAGE analysis suggests
that the sequence from NapA18 to NapA27 is important. Although NapA18 cannot be cé-

purified it may still bind NapD, but with a much lower affinity.
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Chapter III Structural Characterization of NapD, NapA35
and NapAl114
by Circular Dichroism, Fluorescence and Ultra-Violet Spectroscopy

3.1 Circular Dichroism Spectroscopy
3.1.1 Foreword

Circular dichroism (CD) measures the difference in absorption of left-handed and
right-handed circularly polarized light in a sample solution (Creighton, 1993). CD detects
optically active molecules making it sensitive to the 3D conformation of the amide
backbone. Since the peptide bond angles control the magnitude and direction of
electronic transitions, the ordered geometric arrangements of an alpha-helix results in CD
spectra that are distinct from beta-sheet structures (Sarver and Krueger, 1991). Although
CD does have its limitations for accurate predictions of secondary structure, it does
present a method for probing structural changes that may occur in complexes. For
preliminary characterizations, CD will be used to probe the secondary structure of NapD.
An effort to understand the mechanism of interaction will begin by determining whether

NapA3S5 and NapA114 form some sort of secondary structure upon binding to NapD.

3.1.2 Materials and Methods

Circular Dichroism spectra were collected on a Jasco J-710 CD spectrometer.
These experiments were performed with a protein concentration of 130uM for NapD in
50mM NaH,PO4-H,O Buffer, with 150mM NaCl and 10mM DTT, pH 6.8. The co-
expressed peptide fragments NapA35 and NapA114 also had concentrations of 130uM.

Protein concentrations were determined as previously indicated. Spectra were acquired in
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the region from 200-250nm with a 0.01cm path length cell (~200uL) and a scan speed of
100nm/min with a response time of 0.25s. Baseline subtraction and smoothing were done
using the Jasco software. The spectra are expressed as molar ellipticity per residue where
they are the average of 5 scans. PHD (Predict Secondary Structure) is an algorithm,
which predicts the secondary structure of proteins based on their amino acid propensities
using information from multiple sequence alignments (Rost & Sander, 1993). PHD was

used to compare the results obtained from NMR.

3.1.3 Results and Discussion

In an attempt to characterize the mechanism of interac;tion between NapD and
NapA, different fragments bf NapA were co-expressed with NapD. In this chapter
NapA114 and NapA35 were used to study binding with NapD. When CD was initially
performed the structure of NapD was unavailable, however, it was later solved by Ovidiu
Minailiuc using NMR (unpublished results). The CD spec&a obtained were compared
with the NMR structure and PHD predictions. The spectra are expressed as mean residue
ellipticity for all residues (Figure 3.1). Consequently, samples for the complex were
calculated as a function of both components. The total‘ concentration was taken into

account when plotting the spectrum and analyzing it.
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Figure 3.1 The CD spectra of NapD (red), NapD/NapA35 (blue) and NapD/NapAl14
(green), expressed as mean residue ellipticity (deg cm?/dmol).
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Three methods were used to assess the secondary structure of NapD/NapA. PHD
was advantageous since it allowed us to determine the secondary structure of the protein
or peptide fragments when they are free in solution. However, this method was not
feasible for studying changes in the complex. The accuracy of this method is
approximately 70 %. The other two methods used, circular dichroism and NMR are
experimental techniques that allowed for the study of the complex. Results from NMR
and PHD are tabulated in Table 3.1.

Looking at the CD spectrum of NapD indicates that it is composed of both alpha-
helices and beta-sheet structures. The results obtained for NapD are in agreement with the

recent structure solved by NMR in our group (Ovidiu Minailiuc, unpublished results) and
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those obtained by PHD. Looking at NapD/NapA35 we can see that the CD spectrum has
slightly shifted in comparison to the spectra for NapD (Table 3.1). When compared with
the results from the structure of NapD from NMR, we can see that NapD.has a greater
percentage of beta-sheets when in complex. Therefore the small changes in CD are
consistent with those from NMR.

Table 3.1 Comparison between the experimental results obtained from NMR versus those
predicted by PHD based on amino acid sequence. Structure of NapD obtained from NMR

is compared for both the free and complexed form with NapA35. H: alpha-helical
content, E: beta-sheet content, Other: not determined.

Secondary Structure (%)

Protein/Complex | Predicted by PHD gg;ﬁ';id;;;g
H E |[Other| H E | Other
NapD 29 38 33 31 34 35
NapA35 68 0 32 - - -
NapD/NapA35 40 | 27 33 | *31 | *38 | *31
NapAll4 21 20 59 - - -
NapD/NapA114 24 28 48 - - -

* Note that for the NapD/NapA35 complex the results from PHD are for
both components, whereas results from NMR are only for NapD (in complex).
On the other hand for the NapD/NapA114 complex there is a decrease in CD signal
suggesting the presence of a mostly unstructured peptide. This result can be interpreted
using the structure of NapA/NapB (Figure 1.3) solved by X-fay (Amoux et dl., 2003).
NapA114 is a sub-domain of domain one. Likely the NapA114 fragment corresponding
to the iron-sulfur cluster is not-structured in the absence of the rest of the domain. Since
the results were calculated according to the mean residue ellipticity there is a decrease in
signal, however if the results had been plotted relative to NapD, the spectra would have

been very similar to that of NapD alone.
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Although CD is a technique that is very useful in predicting secondary structures of
unknown proteins care must be taken into consideration before speculating on exact
percentages. To obtain exact percentages by CD a more accurate determination of the
concentration of each component in the complex would be needed. Furthermore spectra
would have to be acquired in the region from 184-250nm to use deconvolution programs
more accurately. This could not be done because NapD was in 50mM NaH,PO4-H,0
buffer, which is known to absorb in the range where structural features display different
absorptions of circularly polarized light. An alternative buffer is 10 mM sodium or
potassium phosphate. The pH was adjusted using HCI, however chloride ions are known
to interfere with CD at lower wavelengths. To establish the appropriate pH range for CD
experiments, ‘borate and ammonium salts may be used. 150mM NaCl was added to the
buffer, however an alternativé would be NaiSO4 or NaF.

Interpretation of CD would be a simple task if the analyzed protein contained only
one chromophore and a limited number of regular-shaped structures (Woody et al.,
1996). However, the fact is that not all elements are independent electronic systems.
There are several assumptions in secondary structure analysis that can lead to errors.
Besides setting the experimental conditions with extreme accuracy the effect of tertiary
strucfure is negligible. Furthermore, aromatic residues and Adisulﬁde bonds can contribute
significantly to a faf—UV CD spectrum (Anderson et al., 2001).

In the end CD was successful in demonstrating that NapD is composed of both beta-
sheet and alpha helical structures. Furthermore the spectra of NapD with NapA35 does
undergo some change, however more studies are needed for precise measurements of

secondary structure. Never the less, the NapA114 fragment seems relatively unstructured.
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3.2 Fluorescence Spectroscopy
3.2.1 Foreword

To probe the tertiary environment of the aromatic groups of NapD in the presence
of NapA114 and NapA35 fluorescence spectroscopy was performed. The fluorescence of
proteins is due to the aromatic residues tyrosine and tryptophan (Teale, 1960,). For the
majority of systems the fluorescence for tyrosine is lower than that for tryptophan, which
dominates the emission spectra (Teale, 1960). The response of tyrosine and tryptophan
fluorescence to their ehvironment will serve to probe the conformation of NapD in

complex.

3.2.2 Materials and Methods

Fluorescence measurements were carried out on an Aminco Bowman series 2
spectrofluorometer. Experiments were performed at 25 °C with a protein concentration of
21pM for NapD in 50mM Phosphate Buffer with 150mM NaCl and 10mM DTT, pH 6.8.
Peptide concentrations were also 21puM. Fluorescence emission spectra were recorded
with excitation 280nm and 295nm, with bandwidth 4nm. Spectra were collected from 300

to 400nm in 1cm quartz cuvettes.

3.2.3 Results and Discussion
Evaluation of the tertiary fold of NapD was accomplished by fluorescence
spectroscopy. Samples were run at an excitation wavelength of 280nm and 295nm, to

determine whether the aromatic residues in NapD are involved in the binding of NapA.
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The simplification of the analysis at an excitation of 295nm is due to the fact that there

are no Trp or Tyr residues found in the first 35 amino acid residues of NapA. (Table 3.2)

Table 3.2 Aromatic residues present in NapD and NapA fragments.

Protein/Peptide Aromatic Residues (not including Phe)
NapD Trp5 and Tyr76
NapA35 No Trp or Tyr
NapAll4 Trp41, Tyr85,92 and 109

The fluorescence intensity of Trp5 in NapD was used as a spectroscopic probe of
the tertiary structure. The Lambda-max of the emission spectrum is identical in NapD and
NapD co-expressed with NapA35 or NapAll4 for both emission spectrums at an
excitation of 280nm and 295nm (Figure 3.2).

From the emission spectra excited at 295nm we can see that the Trp residue of
NapD reméins in the same environment in the presence of the peptides (Figure 3.2B).
Furthermore, we can also conclude from the consistency of the Lambda-max in the
spectra excited at 280nm that the environment of both Trp5 and Tyr76 in NapD are also
unchanged in the presence of the peptides (Figure 3.2A). These experiments

demonstrated that the aromatic groups of NapD are not at the binding interface.
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Figure 3.2 Fluorescence Emission Spectra of NapD, NapD/NapA35 and NapD/NapA114
at an excitation of (a) 280nm and (b) 295nm.

(a) Fluorescence emission spectra at an excitation of 280nm.
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(b) Fluorescence emission spectra at an excitation of 295nm.
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3.3 Ultra-Violet Spectroscopy
3.3.1 Foreword

In addition to fluorescence, UV spectroscopy was used to simulate the aromatic
groups of NapD under different conditions, that is with or without NapA114/35. Fourth
derivative UV spectra were calculated (Lange et al., 1996) and analyzed, to obtain the

structural environment of the aromatic groups of NapD, and the complex.

3.3.2 Materials and Methods

Ultraviolet spectra were recorded on a Varian Cary 1 spectrophotometer. Samples
were scanned from 300 to 265 nm. The spectral bandwidth was 1.0nm; the step size was
0.1nm, averaging time 1.0s and scan rate 6.0nm/min. Experiments were performed at 25
°C with the same protéin concentrations and buffer as fluorescence. The spectrum of the
buffer was recorded using the same settings and subtracted from all other spectra. The
number of spectra taken was dependent on the ODjgonm, @ minimum of 10 scans Were'
taken. Spectra were averaged and the fourth derivatives calculated (Lange et al., 1996).
Calculgting the 4th derivative of the UV spectrum makes the subtle differences in the
environments of the aromatic amino acids more evident. The results from fourth
derivatives were compared to spectra with different polarities, including water, 50%
ethanol, 100% ethanol, 1-Butanol and Hexz;ne to simulate the environment of the

aromatic groups.

3.3.3 Results and Discussion
Fourth derivative spectra have been used in an effort to determine as much

information as possible concerning the local environment of the aromatic groups. As can
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be seen in Figure 3.3, the 4" derivative spectra for NapD and NapD/NapA35 are
approximately the same. This suggests that the environment of the aromatic groups of
NapD are not altered in the presence of NapA35. Considering NapD/NapAl114 we can
see that the intensities have increased, which will later be shown to be due to the presence
of the three Tyrosines and one Tryptophan of NapA114.

Figure 3.3 4™ derivative ultraviolet spectra for NapD, NapD/NapA35 and
NapD/NapA114
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The common measure of the polarity of solvents is the dipole moment, dielectric
constant and their miscibility in water (Streitwieser ef al., 1992). The most widely used
polar solvent is water, with a dielectric constant of 78.5. 50% ethanol has a dielectric
constant of 54 (Besteman et al., 2005) and ethanol, with a dielectric constant of 24.3, has
intermediate polarity. 1-butanol has a dielectric constant of 17.8, whereas, hexane has a
dielectic constant of 1.9 and is known as a non-polar solvent. Generally polar or ionic
compounds will only dissolve in polar solvents. Simulation of the obtained 4™ derivative
spectra with known standards in different solvents indicated that both aromatic residues

of NapD are found in an environment that is hydrophobic, similar to conditions in 1-
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butanol (Figure 3.4). Furthermore the presence of NapA35 or NapA114 did not change
the environment of TrpS or Tyr76 of NapD (Figure 3.4B,C), which is coherent with
fluorescence results. In other words the aromatic residues of NapD were simulated in an
environment similar to that of 1-butanol for all conditions. This is consistent with Trp5
and Tyr76 being partially protected in the NMR structure of NapD. UV 4th derivative
spectra suggests that Trp5 in NapD and Trp41 in NapA are found in a hydrophobic
environment. However the fact that fluorescence quenching was not observed (Figure
3.2B) suggests that they are not found in close proximity. UV also showed that Tyr85, 92
and 109 of NapA114 are in a relatively polar environment when bound to NapD. This is
in agreement with results obtained from CD, which suggest that NapA114 remains quite

unstructured in the presence of NapD.
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Figure 3.4
A. 4" derivative simulation of NapD.
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3.4 Conclusions from Biophysical Techniques

Ultimately, the results indicate that the secondary structure of NapD is one that is
composed of a mixture of alpha-helices and beta-sheets. The results are in agreement
with the NMR structure of NapD. As previously stated the limitations of CD cannot
allow us to conclude the exact percentages of secondary structure without some degree of
uncertainty. The small changes observed in the CD spectrum for NapD/NapA35 will be
examined in chapter five. Tertiary structural analysis revealed that the aromatic groups of
NapD were found in a hydrophobic environment, which did not change significantly in
the presence of NapA fragments, indicating that the aromatic residues of NapD are not at
the binding interface. The results do suggest that that structure of NapD does not undergo
a major conformational change during complex formation, which is consistent with the
NMR structure of NapD. In the end, this chapter provides a foundation for in depth
structural analysis by NMR or X-Ray crystallography studies. More studies need to be
done in order to understand the mechanism of interaction and the role of the N-terminal

consensus sequence of NapA.
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Chapter IV Probing Binding between NapD and NapA35
By Nuclear Magnetic Resonance

4.1 Foreword

For a more detailed study of the interactions between NapD and NapA35 Nuclear
Magnetic Resonance (NMR) was selected. This technique allows us to probe the residues
of both protein and peptide that are involved in binding. This can be accomplished by
examining changes in chemical shift upon complex formation for individual amino acids.
To realize this the signals obtained from NMR must be assigned (Kay et al., 1990).

This chapter deals with the assignment of the backbone signals of NapA3S5 free
and in complex with NapD. Additionally chemical shifts will be used to determine which

part of the NapA leader peptide participates in chaperone binding.

4.2 Materi.alAs and Methods

" To obtain information on the backbone of NapA35 "*N-labeled sample is needed.
To prepare isotopically labeled protein, cultures were grown in minimal medium (M9).
One liter of M9 is composed of 6g Na,HPOy4, 3g KH,PO4and 0.5g NaCl. 2mM MgSO4,
0.1mM CaCl,, 5mg/L FeS04, 0.02mg/L Vitamin B1, 1g/L NH,SO,4 and 2g/L glucose is
added to M9. For '°N-labeled samples 1g of '"NH,SO; is added as the nitrogen source
instead of NH4SO4. The remaining protein expression and purification steps are the same
as described in Chapter 2. NMR Samples were 300ul and had protein concentrations of
1.5mM. D,0 (30ul) was added for locking purposes. All NMR experiments unless stated

otherwise were carried out at 312.4 K and were recorded with a Bruker-DRX 500 NMR
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spectrometer equipped with pulse field gradients and a cryo probe. The NMR spectra
were processed with XWINNMR software version 3.5 (Bruker Biospin) and analyzed

with XEASY program (Bartels ef al., 1995).

4.3 NMR Spectroscopy
4.3.1 Homonuclear NMR for NapA35

To assess the feasibility of NapA35 for NMR, a one-dimensional experiment with
unlabeled peptide was carried out (Wuthrich, 1986). As can be seen in Figure 4.1a, the
sample gave spectra with dispersed and sharp signals. Furthermore, NapA35 was soluble
and present in reasonable amounts making it suitable for the planned NMR.

Assignment is needed in order to associate each NMR resonance with a specific
nucleus. Homonuclear 2D experiments were used for the assignment of the unlabeled
peptide. In the 2D TOCSY (Total Correlated Spectroscopy) experiment magnetization is
transferred over a complete spin system of an amino acid by successive scalar coupling
through bonds (Figure 4.2). Therefore, a characteristic pattern of signals results from
which the type of amino acid can be identified. The 2D NOESY (Nuclear Overhause
Effect Spectroscopy) experiment however, uses dipolar interaction of spins for
correlation of protons that have a distance of less than 5 A between them. In other words
the nuclear Overhauser effect correlates protons of neighbouring amino acids in the

sequence, as well as those close in space due to tertiary structure.
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Figure 4.1 (a) 1D NMR spectra of NapA35. As can the seen the signals are sharp. The
presence of doublets shows that the signals are well resolved and dispersed. (b) The NH-
Ha region of 2D Homonuclear TOCSY for NapA3S5. Note that most of the signals are
dispersed expect for some of the alanines in the poly-alanine stretch (circled). (c)
Sequence of NapA35, where the residues in red are the ones that have been assigned.
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Homonuclear 2D experiments were used to assign the amino acid signals of the
free peptide in solution. The 2D TOCSY experiment was used to assign the residues of
unlabeled NapA35 based on their identity, whereas the 2D NOESY experiment was used

to sequentially assign the residues in the sequence.
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Figure 4.2 Schematic diagram of the information obtained from TOCSY and NOESY
experiments. As can be seen from the blue arrows, TOCSY gives information through
bonds and allows for the identification of amino acids types. NOESY on the other hand
gives information through space allowing for sequence specific assignments.
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(http://www.cryst.bbk.ac.uk/PPS2/projects/schirra/html/assign.htm)

As can be seen in Figure 4.1b, which shows the NH-Ha region of 2D TOCSY,
that all the peaks except for Metl, Alal6-20, and Pro26 have been assigned. The amino
groups of the first residue is normally not present in NMR spectra. Also prolines are not
seen because they do not have an amide proton. Furthermore the cluster of alanines that
are unassigned is due to the overlap of the signals as can be seen in Figure 4.1b. NMR
data suggest that the free peptide is unstructured in this region since the chemical shifts
are similar to those of alanine when free in solution. To complete the sequential
assignments 3D experiments are needed (Dubs et al., 1979; Billeter et al., 1982; Wagner

and Wuthrich, 1982).
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4.3.2 Heteronuclear NMR spectra and Backbone Signal Assignments

Heteronuclear NMR spectroscopy facilitates structure determination. An

important NMR experiment is the N-HSQC (heteronuclear single quantum correlation),

which correlates the nitrogen atom from the backbone with the proton attached to it. It is

very useful for studying complexes. To be able to probe the amino acids of NapA35

involved in complex formation, ">’N-HSQC experiment was run where NapA35 was BN

labeled and NapD was unlabeled (Figure 4.3). BN-HSQC of free NapA35 was also

acquired.

Figure 4.3 ""N-HSQC of NapA35 free (black crosspeaks) and in complex with NapD
(green crosspeaks). Residues that underwent the largest changes in chemical shifts are
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Each peak on "N-HSQC, corresponds to a single amino acid (Figure 4.3). Here
we can see only the amino acid residues of NapA35 because NapD is not °N labeled.
Amino acids of NapA35 in complex with NapD are labeled. As can be seen, amino acids
towards the C-terminal do not undergo much changes in chemical shift. However,
residues from the N-terminal all the way to approximately Leu23 do undergo significant
changes in chemical shift, suggesting that these residues are important for formation of a
complex with NapD. Those that underwent the greatest changes in chemical shift are
labeled in red. The cluster of alanines in the poly-alanine stretch have been shifted as can
be seen from the arrows.

Ultimately, heteronuclear NMR was used to complete the assignment of free
NapA35, however for the complex, heteronuclear experiments were necessary in order to
distinguish between NapA35 and NapD.

The process of resonance assignment for "N NapA35 is similar to the
homonuclear case. The difference is that we can record three-dimensional experiments.
Resonance assignments for the amide crosspeaks of ’N-HSQC were obtained using 3D
PN-TOCSY-HSQC and 3D "*"N-NOESY-HSQC (Kay et al., 1990).

Similarly to homonuclear NMR, TOCSY allowed for the identification of the type
amino acid, whereas NOESY allowed for the assignments of individual amino acids in
the sequence. These experiments build on the '"’N-HSQC experiment, with the additional
dimension corresponding to protons. The peaks that were shown to overlap in the proton
dimension, can therefore be resolved if the corresponding nitrogens have different

chemical shifts.
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To be able to analyze these 3D experiments the cube is divided into strips where
each strip corresponds to a single amino acid from 'N-HSQC. Figure 4.4, shows a
segment of the 3D "’N-NOESY-HSQC strips, particularly in the region from Alal6 to
Ala21. Recall in the free peptide, residues Alal6-20 had similar chemical shifts, however,
in the complex they are greatly dispersed as seen in Figure 4.3, allowing for the complete
assignment of NapA35.

Figure 4.4 3D "'N-NOESY-HSQC strips of NapA35 in complex with NapD. Alal6 to
Ala21 is indicated and the sequential connectivities in the NH region are shown in purple.

Also note in yellow the NH, Ho, and HP of the poly-alanine stretch, which were obtained
from TOCSY.

Alalé Alal7 Alal8 Alal9 Ala20 Ala21

4.3.3 Mapping of the Binding between NapA35 and NapD

Once all the residues of the NapA35 have been assigned (Figure 4.3) we can use

the assignments to probe the binding site. From co-purification in Chapter 2 we showed
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that from the 828 amino acid residues of NapA, the first 35 amino acids are sufficient to
bind NapD. Now we wish to determine exactly which of the NapA amino acids are
involved in binding or in the formation of a potential structure upon NapD binding.

Figure 4.5 Histogram showing amide chemical shift differences between free NapA35

and its complex with NapD, calculated according to the formula [(0.17N)2 + (H)2]1/2
(Farmer et al., 1996).
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As can be seen from the histogram (Figuré 4.5) practically all 35 amino acids
do undergo some changes in chemical shift, however the largest changes occur in the
region from the N-terminal‘until Pro26. Specifically residues from Arg5 until Leu23
are involved in binding either directly or by aiding in the formation-of a potential
structure in complex. Residues that undergo the greatest changes are Arg6, Phe8,

Met9, Lys10, Vall4, Ala16-21, Gly22 and Leu23.
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To further understand and discriminate between those amino acids that directly
participate in NapD binding versus those that undergo a change in chemical shift due to
the formation of a structure, a series of edited/filtered NMR experiments will be
discussed in the upcoming chapter.

Chemical shift results are quite consistent with those obtained from co-
purification experiments in chapter two where it was shown that the NapA27 peptide was
enough to bind NapD whereas the NapA18 peptide was not. To reiterate, residues
between Alal8 and Gly27 of NapA are important in binding as can be seen from the
histogram of chemical shifts (Figure 4.5) and pull-down results. However, residues

before Alal8 are equally important as can be seen in the aforementioned histogram.

4.3.4 Characterizing the Dynamics of NapA35
To characterize the molecular mobility of NapA35 both when free in solution and
when in complex with NapD, a Heteronuclear NOE experiment was run (Peng et al.,
1994). This experiment measures the dynamics of the backbone NH. Here we basically
run two HSQC?s, a standard one (‘"’N-HSQC ) and another that has both positive and
negative cross peaks. These positive and negative cross-peaks (hNOEs) are then
integrated and divided by the values obtained from ®N-HSQC. Positive values indicate
that the particular amino acid is not mobile while negative hNOEs are indicative of
mobility (Figure 4.6).
| When the NapA35 peptide was free in solution the results throughout the entire
sequence were negative suggesting that the peptide is quite mobile when unbound (Figure
4.6a). However, when NapA35 is complexed with NapD (Figure 4.6b) a dramatic change

in mobility is observed. Residues between Ser4 and Val28 have positive heteronuclear
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NOEs, indicating that the peptide is immobile in that region. After that the peptide is
mobile again. This experiment suggests that NapA35 is immobilized only upon binding

to NapD, since it is mobile when free in solution.
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Figure 4.6 Histogram showing the results from the Heteronuclear NOE experiment. (A)
NapA35 free in solution. (B) NapA35 in complex with NapD.
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4.3.5 '>'N-HSQC of NapD free and in complex with NapA35

To analyze the interactions between NapD and NapA35 from the perspective of
NapD, ’N-HSQC was also performed, where NapD was "N labeled and the peptide was
not (data not shown). Similarly to NapA35 there are changes in chemical shift, however
they are not as profound as in the peptide. Overall, the structure of NapD when
complexed does not undergo significant conformational changes (Ovidiu Minailiuc,

unpublished results).

4.4 Conclusions from Binding studies by NMR

NMR is useful in that it allowed us to probe the interaction between NapD and
NapA35 at the amino acid level. This chapter provides us with a lot of complementary
results to chapters 2 and 3. The assignment of the backbone of NapA3S5 was
accomplished for both free form and in complex with NapD. We noted from the '°N-
HSQC of NapA35 complex versus free form, that many of the residues of the peptide
were involved in binding, in particular amino acids before Pro26. Also from NMR we
note that the poly alanine stretch undergoes significant changes in chemical shift upon
complex formation. Furthermore the consensus sequence of the Tat leader peptide;
KLSRRSFMK is involved in complex formation with NapD. As was seen both arginines
of the twin arginine sequence did undergo chemical shift changes when boﬁnd to NapD.
Residues of NapA that underwent the greatest change were Arg6, Phe8, Met9, Lys10,
Vall4, Alal6 to Ala2l, Gly22 and Leu23. Since so many amino acids exhibit large
changes in chemical shifts there are two possibilities; either the binding site between

NapA35 and NapD is very extensive or NapA35 becomes structured upon binding.
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Further structural analysis is needed to distinguish between the two explanations. This
will be the focus of chapter five.

The analysis of the mobility of NapA35 in complex showed that the peptide is
immobile when bound to NapD. However, further analysis of the Heteronuclear NOE
data indicates that complexed NapA35 seems to have a higher mobility after Pro26.
Perhaps Pro26 serves to break the structure. A similar experiment was run with free
peptide as a control and it indicated that the peptide is mobile when free in solution
implying that NapA35 becomes immobilized only during complex formation. This forms
the basis for the next chapter where the goal is to determine whether in fact NapA35

becomes structured upon binding NapD.
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Chapter V Structural Characterization of NapA3S5 in complex

5.1 Foreword

The primary goal of this chapter is to characterize the tertiary structure of
NapA35 in complex with NapD. To accomplish this we need to obtain the complete
- NMR signal assignments to analyze restraints for structure calculations. (Dubs et al.,
1979; Billeter et al., 1982; Wagner and Wuthrich, 1982) Furthermore, interatomic
distances and torsion angles are needed.

In the previous chapter the seqﬁential backbone assignment of the amino acids of
NapA35 was accomplished, whereas in this chapter the assignments of the amino acid
side chains will be performed. Thé restraints obtained from NMR will be used to solve
the structure of NapA35 in complex using the CYANA program. Also in this chapter,
signals corresponding to interactions with NapD will be assessed to determine the

residues of NapA35 at the binding interface.

5.2 Materials and Methods

To assign the side chains of NapA35, >N/**C-double labeled sample is needed.
Isotopically labeled cultures were prepared in minimal media as previously mentioned
except that 1g/L "NH,SO, and 2g/L [*CeJ-glucose were used as nitrogen and carbon
sources, respectively. °N/*C éxperiments were recorded with the same Bruker-DRX 500
NMR spectrometer as in Chapter 4 except for *C-HSQC and 3D '*N/"*C-NOESY-
HSQC, which were recorded with a Varian 800MHz NMR spectrometer equipped with
pulse field gradient probes (McGill University). As previously stated, NMR spectra were

processed with XWINNMR software: version 3.5 (Bruker Biospin) and analyzed with
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XEASY program (Bartels et al., 1995). Preparation and purification steps of NapA35 and
NapD were the same as previously indicated.
5.3 NMR Spectroscopy

When a protein is '°N/°C labeled it is possible to run experiments that trénsfer
magnetization over the peptide bond. The first experiment performed with “N/"°C-
labeled NapA35 and NapD complex was BC-HSQC (data not shown). This 2D spectrum
contains information about all carbon-attached hydrogens in NapA35.

A set of 3D experiments were performed where the base of the cube once again
corresponds to °N-HSQC, and the third dimension corresponds to carbon. The HNCA
(Figure 5.1a) was carried out to verify sequential assignments and obtain carbon alpha
chemical shifts (Grzesiek et al., 1992; Constantine et al., 1993).

| The HNCA experiment is the prototype of all 3D experiments. Magnetization
begins at the amide proton, and is transferred to the nitrogen atom attached to it. Next
magnetization is transferred to the C alpha nucleus. Finally, magnetization is transferred
back to the amide proton. HNCA correlates an amide proton with both self and previous

carbon alpha’s. Figure 5.2 shows the strips of HNCA and the connectivities for the Ca’s.
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Figure 5.1 Schematic diagram of the amide coupling for 3D experiments. Correlations in
the peptide bond for the (a) HNCA, (b) HNCO and (C) CBCA(CO)NH experiments. (a)
HNCA correlates NH of one amino acid with the Ca of the self and previous amino acid.
(b) HNCO correlates NH with the carbonyl group of the previous amino acid. (c)
CBCA(CO)NH correlates the amide proton with the a and B carbon’s of the previous
amino acid.

(a) HNCA

(http://www.cryst.bbk.ac.uk/PPS2/projects/schirra/html/3dnmr.htm)
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Figure 5.2 HNCA strips for NapA35 in complex. Region from Gly27 to Val33 is
indicated and connectivities are shown in purple. Each strip contains signals pertaining to
self Ca and that to the previous amino acid.

The HNCO 3D experiment (Grzesiek et al., 1992b) (Figure 5.1b) was also
performed to identify the carbonyl group of each amino acid as well as resolve any
overlap of signals that may have occurred in ’N-HSQC, since only one signal is
observed per amino acid on each strip. CBCA(CO)NH 3D experiment (Figure 5.1c) was
completed to obtain information on the carbon alpha and carbon beta of the previous

amino acid. Figure 5.3 shows the strips for the CBCA(CO)NH experiment.
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Figure 5.3 CBCA(CO)NH strips for NapA35 in complex. Region from Lys2 to Ser7 is
indicated. The CA and CB chemical shifts we get from each strip correspond to the Ca
and B of the previous amino acid. Although we normally cannot see the first residue

(Met1) on "N-HSQC, this experiment allows us to obtain the Ca and B co-ordinates of
Metl from Lys2.

The 'H/"N projection of all these experiments looks like ’N-HSQC, which was
assigned in the previous chapter. These experiments were done to assign the side chain
protons of NapA35, and to obtain heteronuclear (°N and >C) chemical shifts in order to
acquire constraints for secondary structure predication used in tertiary structure
calculation. The 'H chemical shifts are tabulated in Table 5.1. Note that the positions of
'H for all the amino acids were determined except for the Phe8 ring and the gamma
hydrogen of Val25 and Arg30. The complete list including >N and "*C chemical shifts

can be found in the Appendix (Table A).
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complex. (Note tha

6

Table 5.1 'H Chemical Shifts obtained from 3D NMR experiments of NapA35 in
corresponds to protons that were unassigned).

Nuri:l‘ber Amino Chemical Shift of Hydrogen (ppm)
sequence Acid | alpha| beta |gamma| delta lepsﬂonl
1 M 4,143 1.963 (3.122/2.875
2 K 4.183 1639 [1.404/1.287| 1.742 | 2.944
3 L 418 |1.661/1.557, 1.64 (0.829/0.896
4 S 4,339 [4.024/3.886
5 R 4.245 [2.002/1.949/1.795/1.731] 3.273
6 R 3.919 [1.827/1.766|1.67/1.608| 3.209
7 S 4.053 3.733
8 F 4.319 |3.317/3.234
9 M 4085 | 2395 [3.025/2.701
10 K 3.789 1.963 [1.803/1.338] 1.948 | 2.872
11 A 3.913 1.419
12 N 4173 [2.704/2.451
13 A 3.079 1.3
14 \"/ 3.226 2183 0.892/0.799
15 A 4.138 1.375
16 A 4,068 1.486
17 A 4,164 1.433
18 A 3.77 1.334
19 A 4.192 1.491
20 A 4.135 1.538
21 A 4439 | 1.356
22 G 3.967
23 L 4613 (1.521/1.403] 1.482 [0.759/0.658
24 ) 4.49 |3.863/3.756
25 Vv 4278 | 2025 -
26 P 4407 | 2311 |2.091/1.996) 3.851/3.64
27 G 3.967
28 \'/ 4118 | 2.081 0.914
29 A 4.338 1.367
30 R 4.285 | 1.86/1.72 - 3.209
31 A 4.38 1.523
32 \'/ 4.142 2.081 0.938
33 \"/ 4,159 2.106 0.963
34 G 3.967
35 Q 4.215 [2.147/1.924] 2.298
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Chemical shifts were measured relative to internal 2,2-dimethyl-2-silapentane-5-
sulfonic acid (DSS) for 'H and calculated for *C and "N with the assumptions y*N/y'H

=0.101329118 and y*C/y'H = 0.251449530 (Wishart et al., 1995; Volpon et al., 2003).

5.4 Secondary Structure Prediction

The secondary structure prediction of NapA35 in complex was based on a
TALOS analysis of chemical shifts from HNCA, HNCACB, CACB(CO)NH, HNCO and
3D N/®C-TOCSY-HSQC experiments. TALOS (Torsion Angle Likelihood Obtained
from (chemical) Shift and Sequence Similarity) (Cornilescu et al., 1999) is a program
which compares experimental chemical sifts to those contained in a database of 78
proteins and yields quantitative secondary structure predictions based on phi and psi

backbone dihedral angles (Figure 5.4).

Figure 5.4 Schematic showing the backbone dihedral angles of amino acids. Phi describes

rotation between the Co and N bond whereas psi describes rotation between the Ca and
the carbonyl carbon.

(http://bmbiris.bmb.uga.edu/wampler/tutorial/prot2.html#torsions)
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TALOS uses the sequence of NapA35 as well as the chemical shifts of Ha, Ca,

CB, CO, and N (Table 5.1 and Appendix Table A) to predict the phi and psi backbone

angles. As can be seen in table 5.2 TALOS predicted the range of phi and psi angles for

Arg6 to Alal9, Ser24 and Val25. The dihedral backbone angles for other amino acids

could not be unambiguously predicted by TALOS.

Table 5.2 Dihedral angles predicted from TALOS for NapA35 in complex. The Phi and

Psi angles for these 16 amino acids will be used for structure calculations.

Nu?:‘ber Amino Dihedral Angles

sequence Acid PHI PSI
6 R | -727t0-52.7 | -51.2t0-31.2
7 S -85.5t0-50.5 | -47.8 to -27.0
8 F -754 t0 -55.4 | -58.0 to -26.7
9 M -75.1t0-65.1 | -51.2t0-31.2
10 K -7241t0-52.4 | -53.11t0-27.0
11 A -72.51t0-52.5 | -50.8 to -30.8
12 N -75.4 to -55.4 | -57.7 to -27.6
13 A -76.71t0-49.5 | -51.6 t0 -29.6
14 Vv -91.3t0-50.2 | -59.4 to -29.3
15 A -79.3t0-54.3 | -62.7t0-1.3
16 A -95.8t0-54.2 | -57.2103.0
17 A -106.4 to -49.9} -52.9t0 30.3
18 A -86.1t0-448 | -676t0 1.6
19 A |-754t0-545| -63.3t0-3.8
24 S -159.7 t0 -49.9{ 83.4 to 153.9
25 \) -161.4 t0 -62.5 86.5to 159.6

The elements of secondary structure have characteristic values of phi and psi

angles. For example values of phi = -45 to - 130 and psi = -55 to -85 are representative

for alpha-helical structures, whereas repeating values of phi = -110 to -140 and psi

+110 to +135 are representative' of extended conformations; those found in beta sheet
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structures for example. The phi and psi angles predicted for Argé6 to Alal9, corresponded
to those that are found in alpha-helical structures. Whereas those predicted for Ser24 and
Val25 corresponded to extended conformations.

From TALOS we were able to conclude that NapA3S5 is likely alpha-helical from
Argb to Alal9 (Figure 5.5). However the two residues in extended conformations, Ser24
and Val25, cannot be used directly because they are not found within a stretch of beta-
sheet residues. The TALOS results for the structured portion of NapA35 were verified
manually, where the NH-Ho cross-peaks observed in 3D '"N-NOESY-HSQC
experiment were consistent with alpha-helical secondary structures; in other words NOEs

were found between i, 1 + 3 and i + 4 residues.

Figure 5.5 TALOS prediction for NapA35 in complex. As can be seen the N-terminal
portion is alpha-helical until Alal9. Red corresponds to alpha-helical structure, and blue
corresponds to extended structure.

MKLSR ‘RSFMKANAVAAAA” AAAGLSVPGVARAVVGQ
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The restraints obtained from TALOS in Table 5.2 will be used as input for

structure calculations in the next section.
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Figure 5.6 Summary of NMR structure determination.

Sequential Resonance Assignment

I

Chemical Shifts
for NapA35 in complex
with NapD

"

TALOS

Database of structures and

chemical shifts for
78 proteins

Ny

Phi/Psi for a set of
4 NOESY experiments; amino acids for NapA35

integrated peak list

CYANA

Manual Structure Refinement

v
\ Structure Analysis

A 4
FINAL STRUCTURE




5.5 3D Structure Calculations

For structure calculations by NMR both distance restraints and angle restraints are
needed. A cross peak in a NOESY experiment means that the two hydrogens are close in
space. Cross-peaks of protons for self or neighboring residues are identified as short
range NOEs. Cross-peaks of protons that are between two and five amino acids apart in
the protein sequence, known as medium range NOE’s are mainly indicative of the protein
backbone conformation and are important for secondary structure determination.
Furthermore, cross-peaks of protons that are five or more residues apart also known as
long-range NOE’s contain the most important information for tertiary structure
calculations. Since the structure of NapA35 in complex, as predicted by TALOS, is
mostly a-helical, medium range NOE’S will be the most useful. Another variable for
structure calculations is the intensity of a NOESY peak, which is proportional to
1/(distance®). Chemical shifts on the other hand are used to generate angle restraints (phi
and psi angles) as seen in the previous section.

A summary of structure determination by NMR is shown in Figure 5.6. CYANA
(Combined assignment and decs algorithm for NMR applications) (Herrmann et al.,
2002) will be used to calculate the structure of NapA35 in complex. It is a program for
automated structure calculation of proteins on the basis of conformational constraints set
from NMR. CYANA uses the‘ integrated NOEs obtained from NMR experiments, the
complete list of chemical shifts, as well as the angle restraints generated from TALOS
(Figure 5.6). From the data that is inputted and the amino acid sequence CYANA

automatically assigns the NOESY cross-peaks using a fast torsion angle dynamics
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iterative program (Glintert et al, 1997). The program attempts to fold the starting
structure into one with as small an energy potential as possible.

The angle constraints obtained from TALOS as well as cross-peaks from 3D N-
NOESY-HSQC, 3D ""N/"*C-NOESY-HSQC, 2D Edited/Filtered NOESY and 2D 'H'H
NOESY were used for structure calculation using CYANA. The cross-peaks from these
four experiments were selected manually and integrated in XEASY using the ellipticity
footprint to determine their intensity. Also inputted into structure calculation was the
complete list of chemical shifts (Appendix Table A) for 'H, B¢ and “N. The input for
CYANA is summarized in Figure 5.6.

The cross-peaks of 3D 'N-NOESY-HSQC and 3D "N/**C-NOESY-HSQC
experiments ‘were particularly useful because they contained the majority of information
regarding the backbone and side chains. Also inputted into CYANA was a set of
manually assigned NOEs obtained from 2D 'H'H NOESY. Furthermore, the 2D
Edited/Filtered NOESY was used in order to discriminate between inter and intra-
molecular signals. Since we were dealing with NMR spectré of NapA35 in complex with
NapD, signals from NapA35 to NapD were present. These cross-peaks had to be removed
in order to determine the intra-molecular interactions within NapA35 and calculate the
structure. A series of edited/filtered NMR experiments will be discussed in section 5.6,
but briefly, two NMR experimgnts were performed with different samples. The first was
a 2D N edited/edited experiment with >N NapA35/NapD unlabeled complex, which
contained cross-peaks corresponding to both NapA35 and NapD. The second experiment
was a 2D filtered/filtered experiment with '>N NapD/NapA35 unlabeled complex, which

contained cross-peaks corresponding only to NapA35.
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Initially, a total of 841 NOE distance constraints were derived from these four
experiments. Thirty-two phi and psi backbone dihedral angles restraints were obtained
from TALOS, from which 14 pairs of angles corresponded to the alpha-helical portion of
the peptide. CYANA started with the calculation of 100 structures, where the 40 lowest
energy structures were retrieved. The structural statistics for NapA35 in complex
obtained from CYANA is shown in Table 5.3. Run 1 indicates the results for the first
CYANA structure calculations, whereas Run 2 indicates the results obtained after manual
structure analysis. Sybyl 6.4 software (Tripos, St. Louis, MO) was used to display the
structure for analysis.

Of the 841 NOEs selected from run one, 566 were assigned whereas 275 were |
not. Of the 566 peaks assigned 353 were short range NOEs; corresponding to the self or
neighboring residue, 62 were medium range NOEs corresponding to amino acids within
four residues, and 24 were long-range NOEs corresponding to amino acids ﬁve.or more
residues apart. Although the cross-peaks obtained from the experiments are unique, the

distances or restraints they represent may be redundant and must be sorted out.

67



Table 5.3 Structural Statistics for NapA35 in complex. *Note that the results for RMSDs
and Ramachandran plot are those obtained from the final structure.

Restraints for structure calculations
Run | Run
1 2
NOE Peaks:
Used in Calculations 841 | 819
in 3D ®N/®C-NOESY-HSQC 479 | 462
in 3D P"N-NOESY-HSQC 221 | 219
in 2D Edited/Filtered NOESY 127 | 124
in 2D 'H'H NOESY 14 | 14
assigned 566 | 549
unassigned 275 | 270
Cross peaks:
with diagonal assignment 127 | 127
with off-diagonal assignment 439 | 422
with unique assignment 388 | 366
with short-range assignment li-j|<=1 353 | 355
with medium-range assignment 1<|i-j|<5 62 65
with long-range assignment [i-j>=5 24 2
Dihedral angles restraints from TALOS
Phi dihedral angles 16
Psi dihedral angles 16
*RMSDs for residues Arg5 to Ala2l for 40 structures (A):
Average backbone RMSD to mean 0.45+/-0.16A
Average heavy atom RMSD to mean 1.09+/-0.23A
* Ramachandran plot statistics
Residues in most favoured regions 64.9%
Residues in additional regions 23.9%
Residuesin generously allowed regions 7.4%
Residues in disallowed regions 3.8%
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Figure 5.7 shows the distribution for non-redundant distances of short, medium
and long-range NOEs as a function of the amino acid sequence. Therefore, if these
distances were totaled the results would actually be smaller than in Table 5.3, because

they correspond to actual distances and not cross peaks.

Figure 5.7 Histogram showing the distribution of non-redundant short (Ji-j|<1), medium
(1<]i-j|<5) and long-range NOEs (]i-j|25) obtained from CYANA. (A) Results obtained
from first round of calculations. (B) Results after manual refinement.
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Looking at Figure 5.7A shows us the distribution of the distances of NOEs within
the peptide obtained from the first run of CYANA. For tertiary structure determination
medium and long-range NOEs are the most important. Once the initial structure was
calculated by CYANA, the long-range NOEs corresponding to Arg5, Arg6, Ser7, Vall4,
Alal5-19, Ala21, Val25, Pro26, Val28 and QIn35 were examined. The first concern was
the presence of long-range NOEs for the portion that seemed to be unstructured. As
previously demonstrated from chemical shifts and Heteronuclear NOE experiments the
peptide is mobile after Pro26. However as can be seen from the histogram Pro26, Val28
and QIn35 were calculated by CYANA to be structured due to the presence of long-range
NOEs. Therefore, the NOEs were verified manually. Several changes were completed,
which were for the most part corresponding to intermolecular signals to NapD that had
not been deleted, initially. The‘structure was recalculated using CYANA, where the
results are tabulated in Table 5.3, under Run 2. Although the statistics did not change
significantly, the total NOEs used for calculations were 819. More importantly; is the fact
that the number of long-range NOEs are much lower after manual refinement. Cross-
peaks with long-range assignments from CYANA were reduced from 24 in Run 1 to 2 in
Run 2 (Figure 5.7B). The two long-range NOEs obtained in Run 2 were verified. They
correspond to interactions between Lys10 and Alal5, as well as between Alal6é and

Ala21.

Figure 5.8 shows the network of constraints obtained from CYANA for run 2.
These distance limits dictate the tertiary structure of NapA35 in complex. As can be seen,
the majority of distances correspond to those that are short and medium range, since the

structured portion is alpha-helical. This is also shown in Figure 5.7B. For the region from

70



Arg5 to Ala20, 53% of distances correspond to short range NOEs, 45% correspond to
medium range NOEs and 2% correspond to long range NOEs. However, looking at the
C-terminal we can see that after Leu23 the majority of distances correspond to short
range NOEs, since that region is unstructured. Figure 5.8B indicates that after Pro26,
68% are short range and 32% are medium range.

Figure 5.8 Schematic showing the disposition of upper distance limits obtained from

CYANA (Run 2) for NapA35 in complex. 3D structure of NapA35 is shown in cyan, the
amino acid residues are shown in blue and the network of distances are in orange.

BLy34

C-term

The Ramachandran plot is a plot of phi vs psi angles. It is often used during the
last stages of structure determination because it points out the residues that need more
work (Figure 5.9). Each peak on the Ramachandran plot corresponds to a single residue,

however in this plot we see the peaks of 40 conformers of NapA35.
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Figure 5.9 Ramachandram Plot for CYANA output (Run 2) of NapA35 in complex.
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As can be seen on figure 5.10 the majority of signals are in the alpha-helical
region (45 to — 130, -55 to -85) and in the portion corresponding to extended
conformations (-110 to -140, 110 to 135). This is as expected because NapA35 is alpha-
helical at the N-terminal and mostly in the extended conformation at the C-terminal. The

statistics for Ramachandran are as follows; 64.9% of residues are in most favored
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regions, 23.9% are in additional regions, 7.4% are in generously allowed regions and

3.8% of residues are in disallowed regions.

The program Pymol (DeLano) was used to analyze the structure and generate the
figures. The 3D structures of the eight lowest energy conformers of NapA35 in complex
are shown in Figure 5.10. Upon binding to NapD, NapA35 forms an alpha-helix, which
extends from the Arg5 to Ala20. It is quite remarkable that the N-terminal consensus
sequence; KLSRRSFMK of the Tat signal peptide is actually structured starting from the
twin arginines, which are the most conserved residues. Furthermore the hydrophobic
poly-alanine region is also structured in the complex. The results predicted by TALOS as
well as those obtained from chemical shift changes and Heteronuclear NOE experiments
are consistent with the structure of NapA35. In Chapter 4, we showed that the residues
from Arg5 to Leu23 undergo the largest changes in chemical shifts upon complex
formation (Figure 4.5). This is quite interesting since the residues that are structured
correspond to those in that region. In other words the alpha-helix exblains the dispersion
in chemical shifts obtained. Further analysis also indicated that the amino acids at the C-
terminal since this fragment does not interact with NapD and remains unstructured. As
can be seen in Figure 5.10, the structure of the peptide in complex is mobile at the C-
terminal after Leu23. However, analyzing the dynamics of the peptide we can see that
Heteronuclear NOE’s are drastically changed, comparing to free peptide, suggesting that
the peptide is immobilized from the N-terminal to Pro26 (Figure 4.6). This is in
accordance with the structure since the lack of motion in the peptide when in complex is
due to the structuring of NapA35 and not due to an extensive binding interface.

Interestingly the results demonstrate that NapA35 only becomes structured when it is
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bound to NapD. Examination of the final structure of NapA35, shows that the alpha-
helical portion is very well defined, whereas the C-terminal portion is mobile and present

in many conformations.

Figure 5.10 The eight lowest energy structures of NapA35 in complex with NapD. The
alpha-helix at the N-terminal is red, whereas the mobile portion at the C-terminal is cyan.
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5.6 Binding Interface of NapA35

The NMR structure of NapD was recently determined to consist of an o/p
sandwich composed of two alpha-helices and four anti-parallel beta-strands (Ovidiu
Minailiuc, unpublished results). The binding surface of NapD is found almost exclusively
on the exposed surfaces of the beta-strands, implying that the alpha-helical N-terminus of
NapA35 interacts with the beta-sheet of NapD.
Figure 5.11 Schematic representatlon of the NapD/NapA complex for edited/filtered
experiments. In this figure NapD is ""N/*°C labeled whereas NapA35 is unlabeled.
Correlations within NapD are observed by isotope-edited 2D experiments (red arrows).
Whereas, correlations within NapA35 (blue arrow) are selected by isotope-filtered

experiments. Intermolecular interactions between NapD and NapA35, are shown in
green.

“NH

-H NapA35

To be able to identify the amino acids of NapA35 at the binding interface with
NapD, a series of edited|/filtered NMR experiments was carried out. The term edited
means the isotope is selected, whereas, filtered is used to denote rejection. The complex
was prepared under different labeling conditions so as to be able to obtain cross-peaks
that are pertinent to obtaining intra-molecular interactions within NapA35. Two samples
were prepared, one in which NapA35 is labeled and the other where NapD is labeled.
Figure 5.11 shows a representation of the isotope-filtered and edited "H NMR for NapD

doubly labeled and NapA35 complex.
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By filtering out the labeled isotopes (in this case found on NapD) the
intramolecular signals within NapA35 (blue arrow) can be accessed. In other words,
intermolecular signals between NapA35 and NapD (green arrows) as well as
intramolecular signals within NapD (red arrows) are filtered out or eliminated. To see all
the signals from NapA35, the opposite experiment was done. Here we prepared a
complex with labeled NapA35 and unlabeled NapD and ran a series of edited/filtered
experiments. The expeﬁment of interest was the edited/edited 2D, which we observed
correlations between intramolecular NapA35 signals and intermolecular signals between
NapA35 and NapD. From there we were able to identify those amino acids that were

likely at the binding interface (Figure 5.12).
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Figure 5.12 Binding interface of NapA35. Residues of NapA35 that are directly
interacting with NapD are displayed. Those in red are found on the alpha-helix, whereas
those in cyan correspond to residues on the unstructured portion.
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Residues that had signals representing NOEs to NapD included Arg5, Arg6,
Lys10, Alal3, Alal5, Alal7, Alal8 and Ala20 (Figure 5.12). As expected the mobile
portion of NapA35 seems to be relatively far from NapD, which is consistent with the

small changes in chemical shifts observed upon NapD binding.
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5.7 Conclusions from Structure Calculations

In this chapter the lcomplete assignment of NapA35 in complex was
accomplished. This allowed us to predict the secondary structure by TALOS. The
predicted phi and psi angles from TALOS as well as the NOE restraints set from NMR
were used for tertiary structure calculations using the CYANA program. The structure of
NapA35 in complex with NapD is alpha-helical from Arg5 to Ala20. NapA35 forms this
complex tertiary structure only when it is bound to NapD.

Overall determination of the structure of NapA35 helped answer a lot of questions
and confirm many of the results from previous chapters. Two main hypotheses were
postulated in Chapter 4; perhaps the binding site of NapA35 is extensive, in that many
residues interact with NapD, or NapA35 forms a tertiary structure upon binding. This
chapter allowed us to conclude that NapA35 does in fact form a helical structure upon
binding to NapD. Therefore the changes in mobility and chemical shifts can be attributed
to the structuring of NapA35.

To determine the binding interface of NapA35 with NapD a series of
edited/filtered experiments were carried out. The results indicate that Arg5, Arg6, Lys10,
Alal3, Alal5, Alal7, Alal8 and Ala20 are at the binding interface with NapD.
Furthermore, the unstructured mobile C-terminal fragment does not participate in NapD
binding.

In the end we have shown for the first time that the Tat consensus sequence;
KLSRRSFMK as well as the hydrophobic poly-alanine core of NapA35 is alpha-helical

and at the binding interface with the beta-sheet of NapD.
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Chapter VI Overview of NapD and NapA35 complex

6.1 Final Conclusions

The detailed conclusions deduced from the individual experiments were stated at
the end of each chapter however this section contains conclusions that were mainly done
by comparing two or more methods. Overall the results obtained from the structural
investigation of the periplasmic nitrate reductase binding its maturation chaperone are
consistent.

It was previously demonstrated that NapD is essential for periplasmic nitrate
reductase activity in E. coli (Potter and Cole 1999). However the role of NapD in nitrate
reduction was uncharacterized. To fill this gap,  we have undertaken binding studies
between NapA and its potential chaperone NapD. Although numerous structures are
available for proteins exported by the Tat system, most of them exclude the signal
peptide. The only study in which the Tat leader peptide was incorporated was for a
protein that was embedded in the membrane (Kurisu ef al,, 2003). Therefore no structural
characterization is avéilable for the Tat leader peptide excépt for the faét that it remains
unfolded in the cytoplasm. As for the chaperones for these Tat containing proteins only
one has been characterized, TorD. Clearly more structural data would help in
understanding their function.

In this study binding was shown to occur between NapD and NapA. Different
constructs of NapA proved to be important not only as a means of exploring the binding
 taking place but also for biophysical and NMR experiments. For the first time NapD was

shown to interact with the leader peptide of NapA. This is similar to the interaction
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reported between the signal peptide of TorA and its chaperone TorD (Hatzixanthis et al.,
2005). The 3D structure of TorD in Schewanella massila was shown to be composed of
two connected alpha-helical domains (Tranier et al., 2003) (PDB accession code 1N1C).
Recently Ovidiu Minailiuc, solved the NMR structure of NapD in E. coli (unpublished
results). The structure was shown to consist of four Beta-strands and two alpha-helices.
Although the structure of NapD is different than that for TorD, the results suggest some
commonality in the function of these chaperones. The interactions on the interface of
TorD must involve the alpha-helical domains, whereas the binding interface of NapD is
exclusively through the beta-sheets. This is likely due to evolutional convergence.

Results from co-purification showed that NapA27 was the shortest peptide
strongly binding NapD. A slightly longer peptide, NapA35 was chosen for further
characterization studies of the NapD/NapA. NMR chemical shift analysis indicafes that
the majority of the residues in this peptide do undergo changes when in complex. The
largest changes in chemical shift from NMR were found in amino acids Args to Leu23,
which is consistent with the results obtained from co-purification. Never the less co-
purification was a quick method in that it allowed us to probe the binding between NapD
and NapA. Conversely, the use of NMR did allow for a more >detailed picture of what is
occurring.

The biophysical techniques appliéd to this system provided additional informaﬁon _
that was coherent with the rest of the findings. CD indicated that NapD is coinposed of
both alpha-helical and beta-sheet secondary structures, which was consistent with the
recent results obtained from the tertiary structure of NapD ob‘;ained in our lab by NMR.

Results from spectroscopic methods, including fluorescence and UV, showed that the
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conformation of NapD is relatively unchanged during complex formation and that the
aromatic residues of NapD are not at the binding interface with NapA. The results
obtained from the CD spectra of NapD/NapA35 complex showed a slight change in the
secondary structure. This is consistent with NMR, which showed that NapD has a slightly
higher Beta-sheet content when in complex. Furthermore NapA35 was shown to be
alpha-helical when in complex by NMR.

NMR not only showed that the leader peptide is alpha-helical in complex but also
allowed us to fesolve the residues that are the most important in binding or formation of
the complex. Similar to the results obtained from co-purification the first 27 amino acids
seem to be sufficient for binding, It is quite remarkable that out of the 828 amino acids of
NapA, that the interaction is localized within the signal peptide and not the catalytic
domains. These results indicate that the consensus sequence of the Tat translocon system
responsible for exporting NapA out into the periplasm is actually also involved in binding
the NapD chaperone. This confirms that the leader sequence has a dual role; in that it
serves to térget proteins to the membrane and bind to the maturaﬁon chaperone NapD.

Previous studies on the structure of Tat dependent proteins have suggested that the
leader peptide is unstructured in the cytoplasm. The NMR structure of NapA35 in
complex with its maturation chaperone NapD suggests that the leader peptide only
becomes structured when in complex. Results from structural studies on the Tat leader
peptide of the E. coli Sufl protein have indicated that the signal peptide switches between
helical and unstructured conformations depending on the environment (San Miguel et al.,
2003), where it was determined to be unstructured when in an aqueous solution and

-alpha-helical when placed in a hydrophobic environment. This is similar to the
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structuring of the N-terminal leader sequencé reported in the mitochondrial protein
import receptor Tom20 (Abe et al., 2000). In this system the targeting signal is
unstructured in aqueous solution, however it forms an alpha-helix when bound to the
receptor. Another example of the structuring of the leader peptide was demonstrated in
the cytochrome bef complex from the cyanobacterium Mastigocladus laminosus which
showed that the Tat signal peptides is alpha-helical when embedded in the membrane
(Kurisu et al., 2003). The results for the structuring of the leader peptide of periplasmic
nitrate reductase are consistent with the notion that the signal peptides undergoes
conformational changes depending on their environment. For the first time we ﬁave
shown that the structuring of the leader peptide occurs upon complex formation with its
maturation chaperone.

By obtaining the structure of NapA35 we were able to strengthen all the results
obtained from the other methods. In fact understanding the mechanism is impossible
without proper structural characterization of the system in question. By knowing the
structure of NapA35 and NapD we are able to conclude that the alpha-helical structure of
NapA interacts with the Beta-sheets of NapD. This is fundamental in understanding the

binding taking place between the Tat signal peptide and its maturation chaperone.
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6.2 Future Directions

The mechanism of Tat transport is quite striking since it is the only protein export
system known to transport folded proteins (Berks ef al., 2005). How this is accomplished
without the membrane becoming fully permeable is definitely a challenge for the future.
The Tat pathway deserves more studying since it exports proteins involved in cell
division, mobility, symbiosis and pathogenicity (Turner et al., 2004).

Once NapA is properly folded and loaded with cofactors, perhaps NapB results in
the dissociation of NapD, thereby exposing the twin-arginine signal peptide allowing for
export. Future challenges include determining a mechanism by which NapD releases the
signal peptide so that it can be targeted to the membrane to be exported. Both detailed
structural and biochemical experiments are needed to determine the mechanism of release
so that the signal peptide can interact with the Tat translocase to be exported. Our results
on the structuring of the Tat leader sequence when in complex with the chaperone NapD,

constitutes a first step in this direction.
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Appendix

Table A. Complete table of chemical shifts for 'H, °H and *C (in ppm) of all the amino
acids for NapA35 in complex. This was used for structure calculations.

Peak Chemical Atom Residue Peak Chemical Atom Residue Peak Chemical Atom Residue

# Shift  Type # # Shift  Type # # Shift Type #

1 - N 1 62 - HD22 3 123 - NH2 6

2 - H 1 63 - HD23 3 124 - HH21 6

3 54.994 CA 1 64 - QQD 3 125 - HH22 6

4 4.143 HA 1 65 175.456 C 3 126 - QH2 6

5 32.215 CB 1 66 116.493 N 4 127 175.888 C 6

6 - HB2 1 67 8.232 H 4 128 114.960 N 7

7 - HB3 1 68 58.837 CA 4 129 8.008 H 7

8 1.963 QB 1 69 4.339 HA 4 130 63.856 CA 7

9 31.320 CG 1 70 63.229 CB 4 131 4.053 HA 7
10 3.122 HG2 1 71 4.024 HB2 4 132 64.770 CB 7
11 2.875 HG3 1 72 3.886 HB3 4 133 - HB2 7
12 - QG 1 73 - QB 4 134 - HB3 7
13 - QE 1 74 - HG. 4 135 3.733 QB 7
i4 - CE 1 75 173.165 C 4 136 - HG 7
15 - HE1 1 76 123.090 N 5 137 174.376 C 7
16 - HE2 1 77 8.503 H 5 138 123.742 N 8
17 - HE3 1 78 58.503 CA 5 139 8.019 H 8
18 174.808 C 1 79 4.245 HA S 140 60.481 Ca 8
19 120.421 N 2 80 29.464 CB 5 141 4.319 HA 8
20 8.333 H 2 81 2.002 HB2 5 142 38.576 CB 8
21 57.054 CA 2 82 1.949 HB3 5 143 3.317 HB2 8
22 4.183 HA 2 83 - QB 5 144 3.234 HB3 8
23 28.832 CB 2 84 27.033 CG 5 145 - QB 8
24 - HB2 2 85 1.795 HG2 S 146 - QD 8
25 - HB3 2 86 1.731 HG3 5 147 - QE 8
26 1.639 QB 2 87 - QG 5 148 - QR 8
27 24.345 CG 2 88 43.060 CD 5 149 - CG 8
28 1.404 HG2 2 89 - HD2 5 150 - CD1 8
29 1.287 HG3 2 90 - HD3 5 151 - HD1 8
30 - QG . 2 91 3.273 QD 5 152 - CE1l 8
31 32.265 €D 2 92 - NE 5 153 - HEl 8
32 - HD2 2 93 - HE 5 154 - CZ 8
33 - HD3 2 94 - Cz 5 155 - HZ 8
34 1.742 QD 2 95 - NH1 5 156 - CE2 8
35 41.682 CE 2 96 - HH1 3 157 - HE2 8
36 - HE2 2 97 - NH2 5 158 - CcD2 8
37 - HE3 2 98 - HH21 5 159 - HD2 8
38 2.944 QE 2 99 - HH22 5 160 174.808 C 8
39 - NZ 2 100 - QH2 5 161 119.132 N S
40 - HZ1 2 101 175.932 C 5 162 8.339 H 9
41 - HZ2 2 102 118.542 N 6 163 59.624 CA 9
42 - QZ 2 103 8.111 H 6 164 4.085 HA 9
43 174.376 C 2 104 59.934 CA 6 165 33.421 CB 9
44 121.585 N 3 105 3.919 HA 6 166 - HB2 9
45 8.171 H 3 106 29.507 CB 6 167 - HB3 9
46 55.665 CA 3 107 1.827 HB2 6 168 2.395 QB 9
47 4.180 HA 3 108 1.766 HB3 6 169 32.450 CG 9
48 41.629 CB 3 109 - QB 6 170 3.025 HG2 9
49 1.661 HB2 3 110 26.744 CG 6 171 2.701 HG3 9
50 1.557 HB3 3 111 1.670 HG2 6 172 - QG 9
51 - QB 3 112 1.608 HG3 6 173 - QE 9
52 26.325 CG 3 113 - QG 6 174 - CE 9
53 1.640 HG 3 114 43.192 CD 6 175 - HE1 9
54 0.829 QD1 3 115 - HD2 6 176 - HE2 9
55 0.896 QD2 3. 116 - HD3 6 177 - HE3 9
56 23.287 CD1 3 117 3.209 QD 6 178 - C 9
57 - HD11 3 118 - NE 6 179 117.954 N 10
58 - HD12 3 119 - HE 6 180 8.273 H 10
59 - HD13 3 120 - Ccz 6 181 60.487 CA .10
60 24.605 CD2 3 121 - NH1 6 182 3.789 HA 10
61 - HD21 3 122 - HH1 6 183 30.108 CB 10



Peak Chemical Atom Residue

#
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252

Shift

175.305
119.898
8.043
54.886
3.913
1.419
17.590

178.309
118.307
8.137
55.256
4.173
37.576
2.704
2.451

174.678
123.947
8.055
54.237
3.079
1.300
17.594

179.000
121.401
8.290
67.143
3.226
31.653
2.183
0.892
0.799

23.380

Type
HB2
HB3

HE2
HE3
QE
NZ
HZ1
HZ2

200
|3

CA

QB
CB
HB1
HB2
HB3

CA

CB
HB2
HB3

HB1
HB2
HB3

o Z 0

CA

CB
HB
Q61
QG2
cG1
HG11
HG12
HG13
cG2
HG21
HG22

#
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
11
11
11
11
11
11
11
11
11
11
12
12
12
12
12
12
12
12
12
12
12
12
12
12
13
13
13
13
13
13
13
13
13
13

14

14
14
14
14
14
14
14
14
14
14
14
14
14
14

Peak Chemical Atom Residue

#
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
31s
316
317
318
319
320
321

Shift

174.030
121.177
7.920
54.371
4.138
1.375
18.255

177.660
115.384
8.026
54.477
4.068
1.486
18.509

177.790
120.253
7.452
53.468
4.164
1.433
18.191

175.154
120.680
8.793
55.583
3.770
1.334
16.975

176.623
118.518
7.794
54.403
4.192
1.491
17.547

178.352
121.126
7.690
54.745
4.135
1.538
17.919

176.277
117.805
7.970
51.434
4.439
1.356
19.817

Type
HG23
QQG
C

N

H
CA
HA
QB
CB
HB1
HB2
HB3

T Z 0N

ca

0B
CB

HB1
HB2
HB3

oz 0

[07:

QB
CB

HB1
HB2
HB3

=20

ca

QB
CB
HB1
HB2
HB3

§ 9 220

QO
o o

e
W

#
14
14
14
15
15
15
15
15
15
15
15
15
15
16
16
16
16
16
16
16
16
16
16
17
17
17
17
17
17
17
17
17
17
18
18
18
18
18
18
18
18
18
18
19
19
19
19
19
19
19
19
19
19
20
20
20
20
20
20
20
20
20
20
21
21
21
21
21
21

Peak Chemical Atom

#
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390

Sshift

174.548
107.514
7.797
45.416
3.967

172.085
118.702
8.054
52.958
4.613
43.530
1.521
1.403
26.084
1.482
0.759
0.658
22.149

173.295
115.206
8.206
57.983
4.490
63.551
3.863
3.756

171.177
122.925
8.239
59.521
4.278
32.219
2.025

50.454
63.294

4.407
31.767

2.311

Type
HB1
HB2
HB3

HB2
HB3

HB2
HB3
QB

Residue
#
21
21
21
21
22
22
22
22
22
22
22
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
24
24
24
24
24
24
24
24
24
24
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
26
26
26
26
26
26
26
26



Peak Chemical Atom Residue Peak Chemical Atom Residue Peak Chemical Atom Residue

# shift Type # # Shift  Type # # shift Type #
391 27.066 CG 26 460 124.628 N 31 529 - QE2 35
392 2.091 HG2 26 461 8.203 H 31 530 - c 35
393 1.996 HG3 26 462 52.024 CA 31
394 - QG 26 463 4.380 HA 31
395 3.851 HD2 26 464 1.523 QB 31
396 3.640 HD3 26 465 19.403 CB 31
397 - QD 26 466 - HB1 31
398 174.721 C 26 467 - HB2 31
399 108.911 N 27 468 - HB3 31
400 8.433 H 27 ‘469 174.808 C 31
401 45.074 CA 27 470 118.945 N 32
402 3.967 HA2 27 471 8.038 H 32
403 - HA3 27 472 62.187 CA 32
404 - QA 27 473 4.142 HA 32
405 171.609 C 27 474 32.533 CB 32
406 118.956 N 28 475 2.081 HB 32
407 7.820 H 28 476 - QG1 32
408 62.064 CA 28 477 - QG2 32
409 4.118 HA 28 478 21.471 CG1 32
410 32.680 CB 28 479 - HG11 32
411 2.081 HB 28 480 - HG12 32
412 - QG1 28 481 - HG13 32
413 - QG2 28 482 19.791 CG2 32
414 21.319 CG1 28 483 - HG21 32
415 - HG11 28 484 - HG22 32
416 - HG12 28 485 - HG23 32
417 - HG13 28 486 0.938 QQG 32
418 20.249 CG2 28 487 173.468 C 32
419 - HG21 28 488 122.708 N 33
420 - HG22 28 489 8.084 H 33
421 - HG23 28 490 62.102 CA a3
422 0.914 QQG 28 491 4.159 HA 33
423 173.209 C 28 492 32.680 CB 33
424 126.648 N 29 493 2.106 HB 33
425 8.272 H 29 494 - QG1 33
426 52.303 CA 29 495 - QG2 33
427 4.338 HA 29 496 21.471 CG1 a3
428 1.367 QB | 29 497 - HG11 33
429 18.876 CB 29 498 - HG12 33
430 - HB1 29 459 - HG13 33
431 - HB2 29 500 19.944 CG2 33
432 - HB3 29 501 - HG21 33
433 174.851 C 29 502 - HG22 33
434 119.851 N 30 503 - HG23 33
435 8.153 H 30 504 0.963 QQG 33
436 55.727 CA 30 505 173.770 C 33
437 4.285 HA 30 506 112.606 N 34
438 31.332 CB 30 507 8.406 H 34
439 1.860 HB2 30 508 44.727 CA 34
440 1.720 HB3 30 509 3.967 HA2 34
441 - QB 30 510 - HA3 34
442 - CG 30 511 - QA 34
443 - HG2 30 512 170.529 C 34
444 - HG3 30 513 124.636 N 35
445 - QG 30 514 7.805 H 35
446 42.939 CD 30 515 56.853 CA 35
447 - HD2 30 516 4.215 HA 35
448 - HD3 30 517 30.217 CB 35
449 3.209 QD 30 518 2.147 HB2 35
450 - NE 30 519 1.924 HB3 35
451 - HE 30 520 - QB 35
452 - Ccz 30 521 34.118 CG 35
453 - NH1 30 522 - HG2 35
454 - HH1 30 523 - HG3 35
455 - NH2 30 524 2.298 QG 35
456 - HH21 30 525 - CD 35
457 - HH22 30 526 - NE2 35
458 - QH2 30 527 - HE21 35

459 173.338 C 30 528 - HE22 35
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