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_____________________________________________________ Chapter 1 - Introduction
would therefore be much more flexible in relation to the rest of the molecule. This

flexibility means that the size of the hydrophobic cleft can be moderated to allow for the

accommodation of different sized substrate molecules. The published structure is thought

to be that of the substrate bound form of PDI as the �+��domain of a symmetry related

molecule is located within the cleft between the �"��and �"�9��domains.

�)

�5���������	�� �-���6����The crystal structure of yeast PDI as determined by (Tian et al., 2006) shown in two orientations 

(A) and (B). Domains are coloured as Figure 1.2 (domain boundaries PDI) with �"��domain (purple), �+��domain 

(light blue), �+�9��domain (gold), x region (royal blue), �"��domain (red) and ����region (green). Catalytic CXXC 

cysteines: Cys64/Cys61 and Cys406/409 are shown as Corey-Pauling-Koltun (CPK) space fill in yellow.
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_____________________________________________________ Chapter 1 - Introduction
misfolded substrate is regenerated. The mechanisms of these reactions can be seen in

Figure 1.5.

Misfolded
substrate �: Native

substrate

Reduced
substrate

�5���������	�� �-���;����Disulphide rearrangement mechanism of PDI. The reaction begins by attack of the nucelophillic 

cysteine to produce a mixed disulphide. The thiolate formed can then either form a new or the original 

disulphide bond or the disulphide bond can be left reduced.

The N-terminal cysteine residue of the first active site in the a domain of PDI has a low 

pKa of 4.5 in contrast to the typical cysteine yH pKa between 9.0-9.5. The ionisable state 

of this cysteine side chain is partly stabilised by the nearby histidine imidazole group 

within the active site motif and by the helix dipole: partial positive charges at the N- 

terminus of the helix proceeding this cysteine (Ferrari and Soling, 1999). This maintains 

the cysteine as a thiolate (S-), as opposed to a thiol (SH) which is a weaker nucleophile. 

The second cysteine residue is essentially unreactive and buried within the three- 

dimensional structure of the molecule (Darby and Creighton, 1995a). This is also the case 

in the a’ domain. The disulphide bond which forms between the two active site cysteines 

destabilises the folded structure, especially in the a’ domain (Darby and Creighton, 1995a, 

Darby and Creighton, 1995b). In intact PDI it is possible that the additional domains 

increase the stability of the overall protein when it is in the oxidised state.

Interestingly, the second cysteine residue of the active site has a high pKa value and so is

unlikely to form a thiolate, yet re-oxidation of PDI occurs even at low pH and so the

thiolate of this residue must somehow be stabilised to initiate oxidation of the PDI active

site and allow the isomerisation cycle to progress. A high pKa of the C-terminal cysteine

favours formation of mixed disulphides with substrate molecules and allows a thiolate

from within the substrate to displace the mixed disulphide bond causing oxidation of the
13
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_____________________________________________________ Chapter 1 - Introduction
Sequence alignments made by Alanen �����������) (2003b) comparing ERpl8 to the a domain of

PDI, Figure 1.7, have predicted a 23 amino acid insertion between 03 and a3 of the

thioredoxin fold forming an extended loop adjacent to the active site (refer to Figure 1.1)

where it may regulate access to the active site residues. It also suggests Pro 135 is the

conserved cis-proline at the N-terminus of 04, and that there is no conserved arginine

residue equivalent to R120 in PDIa thought to be important in enzyme re-oxidation.

PDIa 25 HVLVLRKSNF A-EALAAHKY LLVEFYAPWC GHCKALAPEY AKAAGKLKAE GSEIRLAKVD A---------
ERpl8 37 HIHWRTLEDG KKEAAASGLP LMVIIHKSWC GACKALKPKF AESTEISELS HN-FVMVNLE DEEEPKDEDF

a3 a4

PDIa ----------  ----TEESDL AQQYGVRGYl TIKFFRNGDT ASPKEYTAGR EADDIVNWLK KRTG 134
ERpl8 SPDGGYIPRI LFLDPSGKVH PEIINENGN| SYKYFYVSAE QVVQGMKEAQ ERLTGDAFRK KHLEDEL 172

�5���������	�� �-��������Sequence alignment between human ERpl8 and the �"��domain of human �(������as reported by 

Alanen ������ �����) (2003b). The secondary structure elements of �(�����"��are shown above the alignment with a- 

helices in red and P-strands in cyan. The thioredoxin-like active site sequences are highlighted in yellow and 

the conserved cis-Proline is highlighted in green.

The crystal structure of ERpl8 has been deposited in the protein data bank (lSEN.pdb) 

after the start of this project in February 2004, under the name TLP19 (thioredoxin-like 

protein) by the South East Collaboratory for Strutural Genomics (SECSG) though no 

investigation into the relationship of its structure to its function has been published. The 

structure displays a thioredoxin-like fold with secondary structure in the order al-01-a2- 

02-a3-03-a4. As in thioredoxin, the active site CXXC motif is located at the beginning of 

helix-2 with the N-terminal cysteine solvent accessible and the C-terminal cysteine buried. 

The structure, Figure 1.8, shows the presence of an extended loop before a4 rather than 

between 03 and a3 as suggested by the above sequence alignment, however, this region is 

again adjacent to the active site and could prove to be functionally important. It also 

highlights Proll3 as being the potential conserved cis-proline at the N-terminus of 04. 

Despite the structure reportedly being for oxidised TLP19, the two cysteine sulphur atoms 

of the active site are 3.77 ����apart; too far for a disulphide bond to be present.

16
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The relative stability of the oxidised and reduced forms of thioredoxin-like proteins can

determine whether it will preferentially act as an oxidase or reductase. Section 1.4.3

mentions the relative stabilities of the a and a’ domains in yeast PDI and the impact this

has on the role played by each domain during thiol/disulphide exchange catalysis. The

stability of the a domain in full length yeast PDI is different to that reported in isolated

human PDIa (Alanen et al., 2003b) which is more stable against guanadinium chloride

denaturation in the reduced state suggesting it acts as an oxidase. This difference could be

due to the presence of additional domains or the difference in sequence between the two

homologues, but it is clear that other factors are involved in determining the function of

thioredoxin-like proteins.

The reducing power of thioredoxin family members is dependent on the stability of the 

disulphide bond or more specifically the degree of stabililsation of the thiolate anion of the 

reduced form. More stable thiolates have low pKa values and lower stability of the 

disulphide bond. The disulphide bond stabilities of thioredoxin family members vary by 

approximately 7 kcal mof1 (Carvalho et al., 2006). Due to the similarity between the 

stuctures of all these family members, this difference is unlikely to be due to steric strain. 

There are several possible methods of stabilisation of the thiolate, although no one method 

appears to be sufficient to explain the differences in reduction potential between the 

enzymes. These mechanisms include: stabilisation by the dipole of the helix containing the 

active site, interaction of the thiolate with charged residues located within the vicinity of 

the active site, and hydrogen bonding or proton sharing between the two cysteine residues 

of the active site itself (Carvalho et al., 2006). The common stabilising factor for the 

cysteine thiolate in all thioredoxin-fold proteins are the interaction with the helix dipole 

and hydrogen bonding with the other active site cysteine.

An obvious feature that differs between thioredoxin family members is the active site 

sequence residues between the two cysteines. An active site sequence of the form Cys- 

Xxx-Pro-Cys, as found in thioredoxin itself (Cys-Gly-Pro-Cys), is found in thiol- 

disulphide reductants. Multi-domain family members, containing a non active b’-like 

domain and an active site with an histidine residue compared to the proline in thioredoxin 

(Cys-Xxx-His-Cys), as found in PDI, are found to be thiol-disulphide oxidase/isomerases; 

those without a b’ domain show oxidase activity. Electrostatic calculations suggest the 

side chain of this histidine stabilises the thiolate anion by forming a salt bridge, however as 

this histidine is largely exposed to solvent the stabilisation effect is likely to be small and 

also the distance between the two residues is no different in the two oxidation states 

(Kortemme et al., 1996, Lundstrom et al., 1992, Chivers et al., 1997).
19











_____________________________________________________ Chapter 1 - Introduction
construct has recently been published (Kozlov et al., 2006) giving insight into its function

(see Figure 1.11).

�5���������	�� �-���-�-����The crystal structure of the �+�+�9��fragment of ERp57 (2H8L.pdb). The �+��domain is coloured 

red/yellow and cyan and the �+�9��domain navy/blue and green for contrast. The numbering of helices and 

strands are shown based on their relative position from the N-terminus.

ERp57 (also known as ER-60 or GRP58) is thought to be specific for the folding of TV- 

glycosylated proteins such as viral hemagglutinin, rhodopsin and transferrin. This 

specificity arises through an interaction with the ER-resident lectins calreticulin (CRT) and 

calnexin (CNX) which bind TV-glycoslyated proteins. These lectins possess a negatively 

charged section at the tip of the long proline rich region known as the P domain (Schrag et 

al., 2001). Electrostatic interactions between this and a conserved positively charged 

region on the �+�9��domain provides binding of CRT/CNX to ERp57 (Frickel et al., 2002, 

Leach et al., 2002, Russell et al., 2004). Interestingly the CNX binding site of ERp57 

occupies an equivalent position in the thioredoxin fold as the active site cysteines in the 

P2-a2 loop, and the primary peptide binding site in the �+�9��domain of PDI (Kozlov et al., 

2006, Pimeskoski et al., 2004). This supports the suggestion made by (Kanai et al., 1998) 

that the substrate binding domains of PDIs were formed via gene duplication of catalytic 

domains followed by evolutionary modification of the active sites in favour of substrate 

binding.

The crystal structure of the �+�+�9��domains of ERp57 show similarities and differences 

between the �+�+�9��domains of �(�����?��they both show two thioredoxin folds with the biggest 

differences being the presence of two insertions in the �+��domain and a deletion in the �+�9

24
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ERp27 is a newly identified member of the PDI family of proteins; it consists of two 

domains which are homologous to the ����and ������domains of PDI with short N- and C- 

terminal extensions (Alanen et ah, 2006). It is unusual in that neither domain contains an 

active site (Cys-Xxx-Xxx-Cys) sequence and unlike other catalytically inactive family 

members (eg. ERp29) it does not have an all helical domain: both ERp27 domains are 

predicted to have thioredoxin folds. ERp27 does possess two cysteine residues, one in 

each of the domains, however these cysteines are likely to be buried and exist as free 

thiols, so will not form disulphide bonds or display catalytic activity. ERp27 has an 

unusual C-terminal sequence; Lys-Val-Glu-Leu (KVEL) which acts as an ER retention 

motif. It is able to bind the small molecule A-somatostatin; the binding site being located 

to residues Leu-166, Met-168, Tyr-182 and He-196 of the ������like domain (Alanen et ah, 

2006). These residues are homologous to the substrate binding site in PDI of Leu-259, 

Leu-261, Phe-275 and Ile-289. In both cases the binding is governed by hydrophobic 

interactions. Upon binding of A-somatostatin the ������like domain undergoes conformational 

changes in a loop between (34 and (35 of the thioredoxin fold; a location on the opposite 

face to the substrate binding site. This loop has the sequence Asp-Glu-Trp-Asp, a 

sequence similar to the motif at the tip of the P-domain of CRT which is bound by ERp57. 

In fact, ERp57 binds with ERp27 through interactions between this loop region and the 

CRT binding site of ERp57, and so ERp57 cannot bind with ERp27 and CRT/CNX 

simultaneously. This interaction could mean that ERp27 plays a direct or indirect role in 

the folding of N-glycosylated protein substrates.

�3�)�9�)���� �����������!�(���A ���������4���?

EndoPDI is a novel human PDI highly expressed in endothelial cells. It is upregulated in 

conditions of hypoxia and is present in hypoxic lesions such as endothelial tumours and 

artherosclerotic plaques. It is only expressed ������ �&���&�� under hypoxic conditions and is 

required for the survival of endothelial cells under hypoxic conditions due to its ability to 

enable the folding of several endothelial cell survival factors (Sullivan et ah, 2003). 

EndoPDI could therefore be a potential target for treatment of diseases that manifest 

cellular properties under conditions of hypoxia such as in tumours.

EndoPDI is unusual in that it does not contain an inactive thioredoxin-like ���� domain; 

instead consisting of three active thioredoxin domains containing Cys-Gly-His-Cys active

27
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NMR isotopes 13C and l5N are NMR active but they have much lower natural abundances

of 1.10 % and 0.37 % respectively. 13C and l5N nuclei are also only -0.25 and -0.1 times

as sensitive as 'H NMR on a nucleus for nucleus basis. Biological NMR attempts to

circumvent these issues by using isotopic enrichment where biomolecules are produced to

contain >95 % incorporation of l3C and/or bN. This enables the use of multidimensional

experiments giving greater resolution, data simplification and more efficient NMR

correlation methods, allowing protein structures to be determined by NMR with molecular

weights in excess of 25 kDa (Sattler et al., 1999). Producing isotopically labelled proteins

is achieved either by chemical synthesis from labelled amino acids or recombinant

expression in a host organism grown in enriched media (see Chapter 2). NMR

experiments that utilise enrichment with stable isotopes date back to around 1980 (for

further information see Chapter 5 of NMR of Macromolecules -  A Practical Approach

(Markley and Kainosho, 1993) and references therein). Advances in cell free expression

systems have also aided the large scale production of isotopically labelled and unlabelled

proteins for structural analysis (Yokoyama, 2003). In addition to uniform isotopic

labelling, recent strategies include the incorporation of selective isotope labels in methyl

groups of side chains (Tugarinov et al., 2006) and stereo-array isotope labelling (SAIL)

(Kainosho et al., 2006).

Biomolecular solution structure determination by NMR began in the 1980s with the 

solution structure of membrane bound glucagon (Braun et al., 1981) although several 

examples of NMR being used in the understanding of biological function had been 

reported much earlier such as the study of ribonucléase (Saunders et al., 1957). Pioneering 

NMR structures, such as BPTI in 1985, used only 'H NMR based approaches that quickly 

highlighted the limitations in this method such that the maximum molecular weight of 

protein structure determination was around 14 kDa (Williamson et al., 1994) due to NMR 

signal losses via spin relaxation as well as limited spectral resolution leading to peak 

overlap that causes problems with resonance assignment.

The importance of data simplification can be illustrated with reference to the molecular 

formula of mature ERpl8 �����������������	���������������	���������� where full NMR assignment would 

require identification of 1137 'H, 742 °C and 199 l5N resonances (natural abundance 160  

and 32S are not NMR active). The upper molecular weight limit has been increasingly 

pushed back by the onset of three and four dimensional experiments using ���	������������labelled 

protein as well as deuteration and the removal of NMR experimental pathways that cause
30
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rapid decay of the NMR signal by spin relaxation (Tugarinov et al., 2006, Pervushin et al.,

1997). Transverse relaxation optimised (TROSY) NMR (Pervushin et ah, 1997) has

opened the window of opportunity further, and recently Kay authored a review which

included details of the NMR assignment of the 723 residue protein malate synthase G

using TROSY based methods (Kay, 2005).

NMR is a powerful technique due to its ability to provide information regarding the 

chemical and structural environment in a molecule using a property known as the chemical 

shift. For example, a small molecule that contains three chemically distinct protons will 

provide a 'H NMR spectrum with three resonance lines. Furthermore, the position of these 

resonances provides information regarding adjacent chemical groups and atoms as the 

NMR resonance position is sensitive to electron donating and withdrawing effects. An 

example of a 'H spectrum of a small protein (ubiquitin) is shown in Figure 1.13.

�B�$�������	�������"�����������0�����C���,�,��

�5���������	�� �-���-�2����'H ID spectrum of ubiquitin (MW 8,565 Da) showing the resonance localities of various 

protons within the protein. ������ ��6.0-10.0 ppm, 'Haro™,,,,;: 6.5-7.5 ppm, 'Ha:3.0-6.0 ppm and 1 Hside chain: -1.0 to 

4.0 ppm. The large resonance at 4.766 ppm is the residual 'H20  resonance from the buffer solvent following 

suppression. This 'H NMR spectrum was acquired on the Kent NMR spectrometer (600 MHz 'H) using the 

13C/i5N enriched 0.8 mM human ubiquitin sample used as the laboratory standard (Cavanagh et al., 2007, 

Cavanagh et al., 1996).

NMR data was for many years displayed as traces of intensity against chemical shift that 

defined the one-dimensional NMR spectrum (as in Figure 1.13) until the two-dimensional 

correlated NMR method was proposed (Jeener, 1971) and finally applied (Muller et al.,
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as expected. Reaction with IAM gives a clearer picture of the oxidation state of the protein

than mass spectrometry alone as the mass difference between an oxidised species and a

reduced species that has reacted with IAM (116 Da) is much greater that the mass

difference between an oxidised and reduced protein (2 Da).
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�5�)�6�)�5�� �-�������������������8���������.��������

After lysis of the ���)�� �������� cells, centrifugation was used to separate the soluble (clear 

supernatant) from insoluble (pellet) material. Analysis of the supernatant and the pellet by 

SDS-PAGE (Figure 2.1, lanes 4, 5 and 6) revealed that the majority of the ~20 kDa ERpl8 

band is present in the supernatant and is therefore soluble. A fraction (~10 %) of the 

ERpl8 produced is present in the pellet and may indicate incomplete cell lysis rather than 

the presence of insoluble ERpl8. By visual comparison of the ERpl8 band with those of 

known amounts of N-TIMP-2 loaded onto the same gel (lanes 7, 8 and 9) the expression 

yield was estimated to be 20 mg from the 400 ml of culture (60 mg/1). Yields for 

unlabelled and l3C/15N ERpl8 were 80 mg/1 and 25 mg/1 respectively (data not shown).

�5�)�6�)�6�� �������������������������� �%�����������	�����������1�����������������8�������"������������������

During purification of unlabelled ERpl8, A����onm values were measured for each fraction 

collected as shown in Figure 2.2A. As the filtered lysis supernatant was loaded onto the 

nickel charged column, a large proportion of the protein content did not bind and was 

washed out in the flow through (fractions showed slight yellow colouration). Any bound 

protein was eluted along with the nickel (fractions showed blue colouration) when the 

elution buffer containing EDTA was passed through the column. In subsequent 

purifications, A������nm measurements were taken only for fractions deemed to contain 

significant amounts of protein as indicated by yellow or blue colourations to the solution. 

All purification runs produced comparable results.

A range of fractions from the purification, including the eluted protein, were analysed by 

SDS-PAGE in order to determine the extent of purification. It can be seen in Figure 2.2B 

that many of the impurities present in the crude cell extract did not bind to the column and 

were washed through in early fractions. The purified material shows a large amount of 

ERpl8 as well as low levels of impurities. However, in proportion to the ERpl8 band, the 

impurity bands, illustrated by low levels of Coomassie staining, represented a small 

proportion of the total protein content (~10 %).
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absorption upon elution were analysed by SDS-PAGE to determine the protein content

(Figure 2.3B). Fractions 47 and 48 contained protein from peak a, fractions 49 and 50

contained protein from peak b. It was shown that both of the major peaks consisted

predominantly of a protein with a molecular weight of approx. 20 kDa, and thought to be

ERpl8.

�5���������	�� �����2����Chromatogram of anion exchange chromatography �7���8��and SDS-PAGE analysis �7�)�8��of 

unlabelled ERpl8 grown in LB media. ���E��The blue dotted line shows the gradient. The red trace of UV 

absorbance at 280nm shows that two peaks were eluted. These peaks were investigated further using SDS- 

PAGE and mass spectrometry. �)�E��Lane 1: Molecular Weight Marker; lane 2: Original Load (5x dilution); 

lane 3: Fraction 47 (peak a); lane 4: Fraction 48 (peak a); lane 5: Fraction 49 (peak b); lane 6: Fraction 50 

(peak b); lane 7: Fraction 51; lane 8: Fraction 52 (15 pi loaded per lane). The gel shows that both peaks 

contain large quantities of a 20 kDa protein thought to be ERpl8, with low levels of impurities seen in 

fractions 51 and 52.
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�5�)�6�)�?�� �����������A�!���������������������!���������"��������������

The results of mass spectrometric analysis of samples of 15N ERpl8 treated with I AM and 

/ or DTT are shown in Table 2.1. Untreated ERpl8 appears to be in the oxidised state as a 

gain of two mass units can be seen upon treatment with DTT corresponding to the 

reduction of the disulphide bond and addition of two protons. Reduction followed by 

reaction with IAM gives a product with a mass difference of 116 Da, this corresponds to 

the addition of an acetamide group to each of the two reduced thiols. Two mass peaks of 

approximately equal proportion are seen when untreated ERpl8 is modified with IAM as 

shown in Figure 2.6. The peak at 17982.7 Da corresponds to unreacted ERpl8, whereas 

the peak at 18102.0 Da shows that some ERpl8 has reacted with the IAM. This suggests 

that two forms of ERpl8 were present at the time of reaction, both oxidised and reduced.

�*���	�������"��

�3���	�"�����	����

���"���������0�����,�	�����	�� 

���	���	�����	�����C�����"

A ���"�������0������ 

���������	�"���	�����C�����"
���������0�����"��������

Untreated 17983.2 0 None

DDT 17985.5 2.3 Reduction

IAM
17982.7 
(peak a)

-0.5 None

18102.0 
(peak b)

118.8 Addition of 
2 x acetamide

DTT and IAM 18099.3 116.1
Reduction followed 
by addition of 2 x 

acetamide

�3�"�+���	�� �����-����Results of mass spectrometric analysis from thiol determination of ERpl8. The mass data 

reported is accurate to ± 2 Da.
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analysis of untreated ER.pl 8 but with the difference between oxidised and reduced ERpl8

being only 2 Da the peaks could not be resolved. Another possibility is that in the time

between incubation and mass spectroscopic analysis, any reduced ERpl8 in the untreated

material could have become oxidised to give only one peak. The cytoplasm of ���)�� �������� is

highly reducing and does not favour the formation of disulphide bonds although some

cases in which disulphide bonds have formed in the ���)�� �������� cytoplasm have been reported

(Bessette et al., 1999). However, it is likely that ERpl8 is expressed in the reduced state

and becomes oxidised due to environmental conditions. The amount of protein in each

oxidation state will depend on a number of factors such as the pH and metal ion content of

the culture media, the time taken to purify the material, the volume of material produced

and the surface area of solution exposed to the atmosphere. Due to both species being

present, it was necessary to ensure protein samples used for NMR experiments were in

either the oxidised or reduced state by addition of oxidised glutathione of dithiothreitol

respectively.
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The solution to these problems was to enable TOCSY transfer not through the ]H nuclei

but through C nuclei. This would make use of the fact that magnetization transfer losses

are not as marked with C TOCSY transfers as well as there being several C sites on

each side chain to allow multiple overlapping opportunities for magnetization transfer and

so correlation of the chemical shifts of H and C amino acid side chains. The experiment

produced was called the HCCH-TOCSY experiment (Bax et al., 1990b). There is a

simpler COSY version: HCCH-COSY (Bax et al., 1990a, Kay et al., 1990a) that provides

two- and three-bond separated H- C correlations but the HCCH-TOCSY version offers

the ability as with the 'H-'H and 'H-^N TOCSY methods to correlate through the bonding

network of each residue.

�6�)�3�)�6�� ������������������������������������������������������������

Since protein NMR became a successful technique for structure determination, it was 

acknowledged that chemical shift data of nuclei in such structures contained information 

beyond local chemical group properties (Wtithrich, 1986). It was not until the early 1990’s 

that a correlation between chemical shift and secondary structure was discovered (Wishart 

et al., 1991a, Wishart et al., 1991b). These correlations which were initially identified for 

'Ha nuclei but later expanded to include 13Ca and 13Cp (Wishart and Sykes, 1994b, Wishart 

and Sykes, 1994a, Wishart and Sykes, 1994c) to provide a secondary structure prediction 

method called the chemical shift index (CSI) (Wishart and Sykes, 1994c). CSI works by 

comparing measured chemical shifts from key nuclei such as 'Ha, 13Ca and 13Cp and 

working out the deviation from the shift determined for the nuclei from that amino acid in 

random coil conformation. Wishart and Sykes identified that 'l ia chemical shifts, for 

example, were upfield from random coil for amino acids in helices whereas the same shifts 

were downfield from random coil when in strands. Upfield shifts have lower chemical 

shift values than random coil and downfield shifts are �&�������� �&���������) A relationship was also 

identified between secondary structure and l3Ca shifts where in this case the deviations 

from random coil were the reverse of that observed for 'Ha (Wishart and Sykes, 1994c).

Chemical shifts also hold more specific information about torsion angles and a method for

using chemical shifts to predict torsion angles evolved. This method, known as Torsion

Angle Likelihood Obtained from Shift and sequence similarity (TALOS) uses a database

system for empirical prediction of phi and psi backbone torsion angles (Comilescu et al.,

1999). These torsion angles form the basis of the Ramachandran plot that defines helix

and strand secondary structure elements. TALOS is a computer program that uses
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Briischweiler and Ernst, 1992) to create cross-correlated relaxation-enhanced polarisation

transfer (CRIPT) (Riek et al., 1999). The results of these approaches is best illustrated

through the ^N-'H-CRIPT-TROSY NMR spectra of the 800 kDa tetradecameric GroEL

(Riek et ah, 2002, Wider, 2005). The experimental data shown in these articles was

acquired over 12 h using a 1.5 mM sample at 35 °C in 25 mM KC1 and 25 mM phosphate

buffer at pH 6.2; this shows conditions were not altered to any large extent in order to

improve sensitivity or resolution and illustrates the power of these new NMR methods.

Wider’s perspective for the future states that the NMR of 1 MDa samples is possible using

these methods, but he also acknowledges that classical methods such as NOE based

transfer approaches are not useless and that such approaches coupled with new isotope

labelling methods will also be the key for pushing the molecular weight boundaries

forward (Wider, 2005).
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Assignment of multi-dimensional NMR data for ERpl8 was achieved using NMRView 

(Johnson, 2004, Johnson and Blevins, 1994) software running on Silicon Graphics 

workstations. NMRView did not support the storage of data with labelling that followed 

the IUPAC recommendations for NMR chemical shifts from proteins, peptides and amino 

acids (Markley et ah, 1998). However, all chemical shifts and labels presented here have 

been modified to conform to the IUPAC recommended system. NMRView enabled the on 

screen viewing, annotating and storage of assignments with associated 2D and 3D NMR 

datasets from both oxidised and reduced ERpl8. The output formats from NMRView 

allowed this data to be cleanly exported to Microsoft Excel for tabulation and further 

analysis.
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One-dimensional 'H NMR datasets were analysed by visual inspection to identify the 

primary 'H chemical shift groups in amino acids such as Hn, Ha and HSjdechain (both 

aliphatic and aromatic) as outlined in Figure 1.13.
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^N-'H HSQC NMR data for both oxidised and reduced ERpl8 were analysed and labelled 

using NMR chemical shifts identified through sequential backbone assignments as 

described in section 3.2.3.4.
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Sequential assignment of the NMR backbone resonances from both oxidised and reduced 

ERpl8 were achieved using triple resonance data from CBCA(CO)NH, CBCANH and 

HBHA variant experiments. The approach utilised the unique Ca and Cp patterns for 

amino acids Glycine and Alanine as well as the CaCp pattern that distinguishes Serine or 

Threonine from all other amino acids. These patterns are shown in Figure 3.1, created 

from NMR chemical shift data obtained by Sykes and co-workers (Wishart et al., 1995)
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involving methyl and methine protons to display positive resonances whereas correlations

involving methylene protons display negative resonances (Vuister and Bax, 1992, Santoro

and King, 1992).

15N-'H Asn and Gin side chain chemical shift assignments were made using 15N-edited 

NOESY experiments in conjunction with ''N-'H HSQC experiments for oxidised ERpl8. 

Through-space NOESY resonances between the amide and side chain protons (particularly 

‘Hp) are correlated in this experiment and the chemical shifts that result are also matched to 

the resonance pair observed at the same l5N shift in the HSQC experiment. The resonance 

pair is usually observed because Asn and Gin side chains have two protons attached to one 

side chain nitrogen in the NH�� group.

^C^H aromatic chemical shift assignments were made using the 13C-edited aromatic 

NOESY experiment in conjunction with a ^C-'H aromatic HSQC. The NOESY 

experiment enabled the identification of 'H side chain to 'H aromatic resonances. Using 

sequential methods, *Hp side chain resonances from aromatic amino acids can be identified 

and attributed to having a NOESY transfer to the protons within the aromatic ring 

(primarily 'Hg) of that residue. This method requires caution because NOESY transfer can 

be inter- as well as intra-residue and the standard chemical shift list of 13C nuclei in 

aromatic amino acids was used to assist in assignment.
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Chemical shifts used in all secondary structure analyses were obtained from oxidised and 

reduced ERpl8 data from triple resonance experiments described in Section 3.2.2.4. Both 

CSI and TALOS approaches produce prediction data through UNIX based programs that 

accepts a tabulated input of chemical shifts for 'Hn, Ha, Ca and Cp. NMRView has a 

facility to output NMR chemical shift data in the correct format ready for TALOS analysis.

The chemical shift index provided graphical output describing the prediction of secondary 

structure elements within oxidised or reduced ERpl8. CSI output is given the value of +1 

or -1 for each residue with chemical shifts submitted. For Ha, clusters of three or more 

sequential -1 values signify a helical propensity where a similar cluster of +1 values 

signifies a potential strand. For Ca based CSI the clusters of +1 values signify a helical 

propensity whereas -1 values signifies a potential strand.
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�5���������	��3.4: 1D 'H WATERGATE NMR spectrum of oxidised (A) and reduced (B) ERpl8 in solution at 25 
°C. Note the wide chemical shift dispersion within the typical 'H NMR regions of different chemical groups 
in amino acids. The large resonance at 4.766 ppm is due to residual 'H20  after solvent suppression.
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Figure 3.4 shows example one-dimensional 'H spectra for both oxidised and reduced

ERpl8 illustrating a large degree of resonance dispersion both sides of the water resonance

indicative of folded protein. Resonance dispersion is due to 'H nuclei experiencing

different micro-environments created by a folded polypeptide chain. Additional

characteristics of a folded domain observed in Figure 3.4 are upheld methyl protons below

0 ppm and Ha resonances directly downfield from the water resonance, between 5 and 6

ppm. Resonances with chemical shifts less than 0 ppm are typical of protons in methyl

groups in close proximity to aromatic rings, such that the ring current effect creates a

reduction in chemical shift compared to that predicted for methyl groups in an amino acid

with random coil conformation. Resonances between 5 and 6 ppm are typically observed

for 'Ha of amino acids involved in (1-strand secondary structure. 'Ha in a-helix or random

coil are not usually observed downfield of the water resonance (Wishart and Sykes,

1994c).

Reduced ERpl8 only had backbone assignments obtained for �� �� ����N, Ca and Cp whereas all 

backbone resonances were assigned for oxidised ERpl8. Protein backbone NMR 

assignments for both oxidised and reduced ERpl8 were invaluable for completing side 

chain assignments for use in structure determination of oxidised ERpl8 and also to provide 

15N-'H HSQC assignments as shown in Figure 3.5(A and B) and for backbone dynamics 

studies as reported in Chapter 5. The 1sN-'H HSQC data in Figure 3.5 illustrates further 

that both oxidised and reduced ERpl8 are single stable species with no evidence of extra 

resonances or significant line broadening that could suggest instability or complicated 

dynamic behaviour of the two domains. The 15N-'H HSQC assignments shown in Figure 

3.5 are a combination of information from assignments made using the triple resonance 

data, examples of which are shown in Figures 3.6, 3.7, 3.8 and 3.9. Figure 3.6 

demonstrates the power of CBCA(CO)NH/CBCANH (A) and HBHA(CO)NH/HBHANH 

(B) experiment pairs for assigning stretches of amino acids in oxidised ERpl8. These data 

are typical of that expected from such a protein sample and comparable to that illustrated 

in the original applications (Grzesiek and Bax, 1992a, Grzesiek and Bax, 1992b) and also 

for DsbA (Couprie et al., 1998). Figure 3.7 highlights the problem of assigning the active 

site in ERpl8 where no triple resonance data was observed for Cys51, Gly52 and Ala53 of 

the oxidised protein. This suggests that there is increased localised dynamic behaviour in 

the region of the oxidised active site on the millisecond timescale that causes these 

resonances to be in intermediate exchange and so broadened beyond detection. This effect 

of NMR line broadening of resonances in the vicinity of oxidised disulphide bonds has 

been reported before (Gao et al., 2000, Howard and Smales, 2005, Muskett et al., 1998,
90
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cis-proline in ERpl8 that is equivalent to ProlOO in PDIa (Alanen et al., 2003b). Should

the NMR prediction prove correct upon full structure determination however, a comparison

of the secondary structure elements suggests that Pro98 in ERpl8 could be the equivalent

residue to Prol20 in PDIa. As there is no equivalent to pi of the thioredoxin fold

predicted by the NMR data, the cis-proline is located at the beginning of strand-3 which is

equivalent to strand-4 of thioredoxin. It is interesting that Ser64 is highlighted by TALOS

as breaking the continuity of the helix. It is possible that Ser64 has some structure-

function relationship within the oxidation status of ERpl8 even though in sequence it is 10

amino acids beyond the second cysteine in the active site and is predicted to be in the

centre of a long helix from, Cys51 to Leu70, running down one side of the molecule.

It has been seen in several studies (Dorman and Bovey, 1973, Howarth and Lilley, 1978, 

Wuthrich et al., 1972) that the chemical shifts of cis- and trans-proline residues are 

different. Such differences make it possible to predict from proline chemical shifts 

whether a particular proline is in a cis- or trans-conformation. Chemical shifts of the Ca, 

Cp and CY of prolines in random coil conformation have been reported in a study of the 

difference in chemical shifts between oxidised and reduced thioredoxin (Chandrasekhar et 

al., 1994). These chemical shifts are shown in the first two rows of Table 3.1 which also 

shows the equivalent chemical shifts of the proline residues in ERpl8. The difference 

between the cis- and trans-proline Ca shifts is too small to be conclusive. Analysis of the 

Cp chemical shift value of Pro98 shows that the chemical shift is closer to that found in a 

cis-proline, it could however be argued that Pro85 also has a Cp chemical shift value closer 

to that in a cis-conformation. Unfortunately no Cy chemical shift information is available 

for Pro98 and so no definitive conclusion can be drawn. An additional point to note is that 

Pro98 is predicted to be within a P-strand rather than at the N-terminus of a strand and so 

this would affect the chemical shift. Cp shifts in P-strands usually have higher chemical 

shift values than those in random coil and so the high Cp shift for Pro98 could be due to 

secondary structure conformation rather than the presence of a cis-proline.

Chemical shift mapping is often based on ^N-'H HSQC data and a comparison of the 

extent of resonance movement in such datasets is shown in Figure 3.20 between oxidised 

and reduced ERpl8. The primary shift movements are in the vicinity of the active site as 

expected, with a small number of other residues, such as Asp81 and Ile97, also having 

significant shifts. The majority of ^N-'H chemical shift changes are minor and within the 

error of the experiment suggesting that both oxidised and reduced ERpl8 exhibit the same 

overall fold. This justifies the use of the oxidised secondary structure prediction above the
94





Discussion___________________________________ Chapter 3 -  Resonance Assignment
changes are not obvious as being adjacent to the active site. Once again, the full structure,

as discussed in Chapter 4, should provide insight into these observations.

Complete NMR assignments of oxidised ERpl8 along with backbone assignments of the 

reduced form, as reported in this chapter, will enable the structural determination of the 

oxidised form of the protein and a comparative backbone dynamics study with reduced 

ERpl8. It is hoped that this chapter has highlighted the effort, application and 

understanding within NMR assignment required for manual attribution of the chemical 

environment to many nuclei. Furthermore, this chapter illustrates useful information 

regarding the secondary structure prediction of ERpl8 and an analysis of the similarities 

and differences of both oxidised and reduced states. As a result, before embarking on 

structural calculation, it was already known that ERpl8 conformed to a thioredoxin-like 

protein fold and so placed these studies within the realms of ER protein structure-function 

research.
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Structure calculation from NMR data is a challenging and time consuming process that can 

be broken down into four parts: collection of experimental data, processing the data, 

determination of structural constraints, and finally calculation of structures which satisfy 

these constraints (Sutcliffe, 1993). Although resonance assignments for oxidised ERpl8 

have already been discussed, there are aspects of all four parts of the process to be 

considered within this chapter; in particular the collection and understanding of structural 

constraint data. Such data is mainly considered as distance constraint based although 

dihedral angle and partial magnetic alignment data are also of importance and rapidly 

being used as primary structural data sets in their own right (Bax, 2003). However, the 

structure of oxidised ERpl8 was calculated using methods that primarily utilised through- 

space data, with refinement that included addition of dihedral angles.

In any NMR based structure determination the first step is to assign, as far as possible, all 

NMR resonances, as described in Chapter 3. Once these assignments are known, they can 

be utilised with additional NMR data, be it through-space, dihedral angle or alignment, to 

provide constraints that enable a structure to be predicted from that data. Structures 

calculated are then refined by an iterative approach that assesses how well the NMR data 

correlates to the structural model it created. This iterative process is shown in Figure 4.1 

illustrating that validation and analysis occurs throughout structure determination. 

Validation at a late stage of structure determination can necessitate reassessment of data at 

any earlier stage in the process.

Initial calculations can be expected to produce a violation list; data that does not fit with 

the model and so cannot be satisfied in the structure calculations. Iterative re-analysis of 

NMR data that is violating before successive structure calculations hopefully enables the 

violation list to be reduced or eliminated. This process is repeated until all violations are 

satisfied and the structure is refined and completed. Refinement can take many different 

guises such as involvement of data defining dihedral angles, hydrogen bonding networks, 

chemical shift index (CSI) and NMR relaxation.
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CYANA, XPLOR, XPLOR-NIH and CNS programs and it is generally assumed that all 

programs create suitable model structures from NMR data when used correctly. It was 

fortunate that senior members of the Kent NMR team had used both DYANA/CYANA 

and XPLOR/CNS based approaches. For example see the following references (Carr et al., 

2003, Howard et al., 1998, Muskett et al., 1998, Ricaud et al., 1996, Roberts et al., 1999, 

Williamson et al., 1994) which allowed several options for structural elucidation of 

oxidised ERpl8.

Computational methods involved in NMR structural determination are not confined to 

those programs that take data and create structural models. There are several programs 

that are also used for validation and analysis of structures produced from NMR data. 

Structures are validated using a variety of computational methods including calculating the 

backbone root mean square deviation (RMSD) of an ensemble of structures from the mean, 

listing restraint violations, number and quality of restraints, Z-scores, bonded and non- 

bonded geometries and comparing NMR and X-ray structures. A large array of methods 

were reviewed comprehensively by Vuister and co-workers (Spronk et al., 2004). The 

integrity of the stereochemistry of structures including dihedral angles, steric hindrance 

and residue packing can be obtained from programs such as PROCHECK (Laskowski et 

al., 1993), PROCHECK-NMR (Laskowski et al., 1996) and WHATIF (Vriend, 1990). 

Historically, the complete relaxation matrix analysis method (CORMA) was an approach 

considered powerful for NMR structure assessment (Keepers and James, 1984). This 

approach uses calculated structures to estimate expected NOE intensities from a NMR 

relaxation rate matrix which can be compared to the actual NOE data obtained for the 

protein and displayed as a figure of merit or R value (Cavanagh et al., 2007).

�4�)�3�)�4�� �������������������&���������"���������� �����������������������������������������������������"�����������������#�������	��

As mentioned previously, one of the most powerful recent developments is the use of weak 

alignment data to provide structural constraints (Bax, 2003, Bax et al., 2001). Dipolar 

couplings restrain all bond vectors to a common frame as well as defining local structural 

geometry and so provides a method that complements NOE and dihedral angle based 

approaches (Bax, 2003, Bax et al., 2001). Dipolar coupling based methods have been 

taken a step further by creating a molecular fragment replacement approach that uses 

dipolar couplings together with NMR chemical shift data and homology database mining 

of the protein databank to predict protein structures (Kontaxis et al., 2005).
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Returning to NOE based methods, recent advances have been concentrating on 

improvements regarding NOE analysis as it is generally recognised that the bottleneck in 

protein structure determination has been the assignment of NOEs (Wishart, 2005). The 

major source of this bottleneck is the ambiguity associated with NOE assignments due to 

overlapping chemical shift values. This ambiguity will clearly increase as molecular 

weight increases as the proton spectral window is the same finite size regardless of the 

sample investigated. Increasing the magnetic field does provide a limited increase in 

resolution and works against overlap but this is seldom sufficient to adequately remove 

ambiguity within datasets. ARIA (Ambiguous Restraints for Iterative Assignment) is a 

program that can use ambiguous NOEs (Linge et al., 2001) that is dovetailed into CNS to 

also automate structural calculations. Using CNS enables ARIA to calculate structures 

using MD annealing protocols. There are also automated DG variable torsion angle 

approaches attached to programs such as DYANA and CYANA called NOAH (Oezguen et 

ah, 2002) and CANDID (Herrmann et ah, 2002). These automated methods rely heavily 

on the production of a complete chemical shift list for all protein resonances in order for 

the computer algorithms to confidently and correctly assign NOEs for structure calculation 

(Giintert, 2003).

Perhaps the future of NMR structure calculations is without complete chemical shift 

assignment using methods such as ANSRS that use 13C and 15N chemical shifts with a 

complete database of unassigned ’H-^C and 'H-' ̂ N NOE correlations for the protein from 

a 4-dimensional NOESY dataset (Kraulis, 1994). The structure is calculated in three 

stages: First, using the table of unassigned NOEs, second, using the sequence to estimate 

spin system combinations and third, using this data with C/ N assignments to create low- 

resolution structures using Monte Carlo simulated annealing (Giintert, 2003). Even more 

impressive is the CLOUDS method of structure determination (Grishaev and Llinas, 2005) 

that uses a ‘gas’ of hydrogen atoms that are condensed computationally into a region of 

structured proton distribution called a cloud. The protein sequence is then mapped into the 

hydrogen density map to produce a structural conformation. This process uses inter-proton 

distance data obtained from NOE relaxation matrix experiments and theoretically requires 

no chemical shift assignments at all.

103







Materials and Methods__________________________ Chapter 4 -  Structural Calculations

Manual assignment of NOE NMR data for ERpl8 was achieved using CCPN Analysis 

(Fogh et al., 2002, Vranken et al., 2005) with oxidised ERpl8 chemical shift data obtained 

as described in Chapter 3. These data were converted from NMRView (Johnson, 2004, 

Johnson and Blevins, 1994) using the Format Converter module within CCPN Analysis. 

Analysis offers mouse-driven interfaces within the program to interrogate experimental 

NOE data and cross-reference this with the known chemical shift list for oxidised ERpl8. 

The program offers a ranked list of possible NOE assignment matches with a score 

associated within the list. Confirmation and assignments were made manually. Analysis 

software was fully compliant with the iterative process of assignment (see Figure 4.1) such 

that NOEs could be validated and modified as structural refinement took place. Initial 

assignment of unambiguous cross peaks in the 15N NOESY (those with chemical shifts 

between 5.0 and 6.7 ppm and chemical shifts greater than 9.3 ppm) were used to produce a 

fold template, from this the presence of the thioredoxin fold could be confirmed and 

further assignments were made.

Analysis and NMRView programs were capable of converting NOE data into either CNS 

or CYANA formats. For automated assignment, no calibration of NOEs were necessary 

due to the CANDID approach having automatic calibration built into the CYANA structure 

calculation. However, for manual assignment using analysis, NOE bins and distance 

bounds had to be decided. The NOE distance bounds were initially set using default values 

from CCPN Analysis, and then bin boundaries were optimised by iterative calculation to 

achieve the correct distance classes whilst maintaining a low number of violations. The 

final boundaries had 15N bins set with minimum intensities of 0, 0.3 and 1.8 and maximum 

distances of 6.0 ������4.5 ����and 3.5 ����respectively, and l3C bins with minimum intensities of 

0, 0.5, 1.3, 3.5 and the corresponding distances of 6.0 ������5.0 ������4.0 ����and 3.0 ������The 

minimum distance in each case was set at 1.8 ����

For manual assignment using CCPN analysis and CNS programs, NOE assignments were 

validated using number and type of distance constraint violations from an initial 10 

structure ensemble. Once major violations greater than 6 ����were satisfied, larger 40 

structure ensembles were used in the iterative process and in addition to correcting 

violations, energy values from CNS output were used to test structure calculation 

validation. Energy values specifically analysed in validation were E(overall), E(bon), 

E(ang), E(vdw), E(noe) and E(cdih) that illustrated each structures own overall, bond, 

angle, van der Waals, NOE and carbon dihedral energies. Therefore, each structure in the
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internally by the program. CYANA creates annealed structures in an angle file format 

(ang) that can be converted to the protein data bank (pdb) format. Target function values 

in CYANA are reported in f i n a l . ovw  a target function/ violation overview output file.

The method for manual assignment of NOE constraints used the Crystallography and NMR 

system (CNS) program for the production of structural models. CNS structure 

determination requires three processes: First, generation of the oxidised ERpl8 sequence 

in CNS format using the three-letter amino acid code of the protein sequence. Second, 

generation of an extended structure of oxidised ERpl8 where the protein backbone is laid 

out in a straight line. Third, the anneal process of using constraints data to create folded 

structure models using the extended structure as the starting point. This final process was 

driven iteratively according to violations and alterations in the constraints lists used to 

generate oxidised ERpl8 structures. The protocol used for this third process was simulated 

annealing using the standard CNS anneal protocol for NMR structure determination from a 

single extended chain. This protocol was used as provided within CNS and as a result all 

annealing and temperature cycling was standard except for the final ensemble structure 

calculations that used 10,000 slow cooling steps, as opposed to 1,000 steps, from 50000 to 

2000 K. NOE intensities were averaged using sum averaging (as opposed to r'6, centre, r'3 

or symmetrical averaging also available in CNS anneal protocols) due to the presence of 

ambiguous NOEs, as it has been previously reported that sum averaging is best used in 

such cases (Schwieters et al., 2006, Nilges, 1993). Furthermore, sum averaging can also 

reduce errors found for methyl groups of valine and leucine as the centre averaging method 

selects a region between ambiguously assigned methyl groups and not each methyl group 

in turn (Guntert, 1997). Structural constraint data was read into CNS as individual tables 

for 13C based NOEs, l5N based NOEs, dihedral angles and hydrogen bond pairs. NOE 

tables were produced using Format Converter in CCPN Analysis from data assigned with 

this package. Dihedral angle and hydrogen bond pair data were created and edited by hand 

from templates provided by Dr. Mark Howard. Where cis-proline was predefined for 

Pro98 in CNS structural calculations the CISP patch within the generate sequence script 

was used and has the following form:

P a t c h  C I S P

R e f e r e n c e = - =  ( r e s i d  97)

R e f e r e n c e = + =  ( r e s i d  98)

E n d
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Attempts to use the program CYANA with its automated NOE assignment protocol 

CANDID proved unsuccessful. Calculation runs did not produce converged folded 

structures as seen in Figure 4.2.

�5���������	�� �6��������Structures calculated using CYANA showing residues 25 to 145. Final ensemble of 20 

structures (A) showing lack of convergence (RMSD for backbone atoms = 12.850 Â). Two example 

structures (B) with N- and C- termini labelled, demonstrating absence of a thioredoxin-like fold.
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Manual assignment of unique NOE cross peaks was achieved using the CCPN Analysis 

package. Assignment of unambiguous cross peaks produced a structure outline as shown 

in Figure 4.3.

Once this initial structure was obtained further NOE assignments were made where 

possible. Due to overlap of chemical shifts many NOE peaks could not be assigned with 

any degree of certainty, especially in the region between 3.0 and 1.0 ppm. When assigning 

NOE resonances priority was given to intra-residue correlations. As the initial fold 

produced from unambiguous NOEs supported the crystal structure, lSEN.pdb, it was 

possible to disregard some ambiguous NOEs based on the distance between the proton 

pairs in the crystal structure. This was only done in cases where all but one possible

assignment were far away in the structure (>9 A).
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Figure 4.16b. Structure alignments between ERpl8 (blue and green) NMR structure and structures 

identified as being similar by the software Dali (red and orange). The structures shown are: (E) 2DLX.pdb, 

(F) 1 UC7.pdb (G) lERV.pdb, (H) lQGV.pdb. The overlay of each structure shown on the right of each row, 

are fitted to the three central strands of ERpl8 (residues L42-I46, V75-L79 and R99-L103); the overlaid 

backbone p-strands are highlighted in green or orange. The respective RMSD values are shown in Table 4.2. 

Cysteine residue bonds of the thioredoxin-like active site are highlighted in yellow. The asterisk in 4.16H 

indicates the approximate location of a loop missing in the crystal structure due to lack of electron density for 

these residues.
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Sequence alignments for ERpl8, human thioredoxin, human PDI a domain and human PDI 

a’ domain are shown in Figure 4.17 below. Structures were visually analysed in 

MOLMOL to identify equivalent amino acids that contributed to cross-strand hydrogen 

bonds and this information used to update the sequence-based alignment generated using 

Clustal-W.
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Figure 4.17. Modified sequence alignments of ERpl8 with human thioredoxin (Thx), PDI a and a’ domains. 

Alignments were modified from initial Clustal-W searches to maximise alignment based on equivalent 

hydrogen bonding between adjacent strands. Secondary structure elements are those defined in the pdb. 

Strands are shown in CYAN, a-helices are shown in H  and 3]0 helices are shown in PINK. Key 

hydrophobic core residues (as identified from the ERpl8 structure) are asterisked (*).

�4�)�6�)�@�� �(���������������������������� ������������ �Z�������������&�����[������������������������

Original structures as shown in Figure 4.10 have proline 98 in the trans-conformation, an 

example of which is shown from the ensemble average structure in Figure 4.18.

Figure 4.18. Part ribbon diagram of the NMR structure of oxidised ERpl8 with strands in cyan and helices 

in red/yellow. Amino acids 96 to 99 are shown with Ile97 and Pro98 labelled and illustrating Pro98 in trans 

conformation.
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Figure 4.20. Overlay of the structures closest to the mean for structure ensembles calculated with trans- 

Pro98 (blue) and cis-Pro98 (red). Pro98 bonds are highlighted in green (trans-) and orange (cis-) with the 

cysteine residues of the active site highlighted in yellow.

A close up of the region around Pro98 in the structure closest to the mean from the 

ensemble obtained using cis-Pro modified calculations is shown in Figure 4.21 and 

illustrates that this proline is indeed in the cis conformation.

Ile97

Figure 4.21. Part ribbon diagram of the NMR structure of oxidised ERpl8 with cis-Pro98. Strands are 

shown in cyan and helices in red/yellow. Amino acids 96 to 99 are shown with lle97 and Pro98 labelled and 

illustrating Pro98 in the cis-conformation.

PROCHECK-NMR results of the 40 structure ensemble produced with cis-Pro98 can be 

found in Appendix 4.9 and together with hydrogen bonding patterns define the secondary 

structure elements as being very similar to those with trans-Pro98 defined in Section 4.3.6.
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comparing the 800 MHz NOESY data resolution observed in Figures 4.4 and 4.5 with the 

600 MHz TOCSY data shown in Figures 3.11 and 3.12.

Information used to calculate the NMR structure of oxidised ERpl8 is summarised in 

Figures 4.6 to 4.8. The summary of structural constraints including sequential NOEs can 

be seen as a typical diagram in Figure 4.7. This further confirms secondary structure 

assignments from contacts specific for those regions such as aN:i-i+l/i-i+3/i-i+4 for the 

standard a-helix and aN:i-i+l/i-i+2 for 3 io-helix (Sutcliffe, 1993, Wuthrich, 1986). 

Information such as this has allowed for confirmation of the heterogeneity of helix type in 

helix-2 from successive structure calculations that predicted this helix to be made up of 

two standard a-helices that flank a short 3io-helical stretch. This secondary structure 

element seems rather extraordinary but NOE information confirms that standard a-helical 

contacts are broken and replaced by 3 io-helical contacts between Ser64 to Ile67. The 

presence of these contacts dictates that this region will be 3io-helical and TALOS data 

shown in Figure 3.19 also confirms a structural alteration around Ser64. It appears that 

helix-2 is modified to contain a 3)0 region in order to span the length of ERpl8 within the 

number of residues allocated to it. Helix-2 of other thioredoxin fold proteins also contain 

this characteristic ‘kink’ to enable the helix to span the length of the protein, however the 

secondary structure within the pdb files of these proteins state a break in an a-helix or a 

section of a-helix followed by a section of 3io helix rather than a section of 3io helix 

flanked by two sections of a-helix. Other structural regions within ERpl8 are consistent 

with the NOE contacts shown in Figure 4.7 and in addition both TALOS and hydrogen 

exchange donors that are listed on this figure and in Sections 3.3.5 and 4.3.3 support the 

NOE data.

It has been mentioned several times that proteins in this class, including thioredoxin, have 

a cis-proline within the structure. The equivalent position of this proline in ERpl8 is at 

Pro98. Analysis of Pro98 from all structures in the ensemble shown in Figure 4.10 

supports the Ile97-Pro98 peptide bond in the trans- conformation as shown in Figure 4.18. 

Analysis of the NOE tables in Appendix 4.1 and 4.2 confirms that there were 10 NOEs to 

or from Pro98; 6 between Ile97-Pro98 (i-i+1) and 4 being intra-residue. All of these NOEs 

are in the 1.8-6 A class and it was concluded that the structural data available did not 

support or refute the cis-Pro conformation. CNS calculations are biased toward the trans 

conformation due to the residue definitions that are used to provide the elongated starting 

structure for calculations, therefore the CNS input was modified to constrain this proline in
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|3N contacts are mirrored by l3C based contacts. However, 15N based contacts will have 

assisted specifically in the definition of secondary structure elements where both helices
i  o

and strand definitions rely on amide proton contacts to form structural elements. C NOE 

experiments are crucial for the long-range hydrophobic based contacts that form the 

structural core illustrated later.

The final ensemble as calculated by CNS, before restraint on Pro98 to ensure the cis- 

conformation, had 2,997 NOEs, 152 backbone <|> and v|/ dihedral angles and 52 hydrogen 

bond donor/acceptor pairs. This provides a total of 3,207 constraints and as ERpl8 has 

149 amino acids (excluding the His tag) this provides a number of restraints per residue of 

21.5. Structural refinement to this final stage is shown pictographically in Figure 4.9 and 

illustrates that the successive addition of dihedral and hydrogen bond constraints further 

refined and reduced the backbone RMSD in these example 10-structure ensembles. It is 

also worth noting that the number of NOEs changes throughout the iterative refinement 

and reflects that violations from all constraints were assessed at every stage of the 

structural process. Final refinement was achieved by modification of the CNS simulated 

annealing (SA) routine that provided a further reduction in RMSD. This strategy was 

borne from a recent publication involving slow cooling for automated structure 

determination (Fossi et al., 2005). However, this article recommended slow cooling step 

numbers up to 144,000; much greater than the 10,000 steps used with ERpl8 in a manual 

structure determination context. The choice to slow-cool for 10,000 steps instead of the 

standard 1,000 steps as shown in CNS was two-fold. First, it was noted that standard 

ARIA and CNS structures were being reported with cooling steps of the order of 10,000 

with torsion angle based SA using 9,000 steps as standard (Fossi et ah, 2005). Second, 

slow cooling in SA calculations acts to assist the energy minimisation method because 

slow cooling is theoretical and acts only as a measure of probability for the calculated 

structure to cross an energy barrier. If NOEs are incorrectly assigned, violations will still 

exist, but slow cooling provides an opportunity for the SA model calculation to sample 

larger conformational space and finding the global minimum and not a local minimum in 

the calculation (Fossi et ah, 2005). This was observed as the proportion of ERpl8 

structures calculated with overall energies less than 1,000 kJ mol'1 was 97 % with 10,000 

cooling steps but this value fell to 55 % when only 1,000 cooling steps were used. Further 

support for using 10,000 cooling steps was observed using the cis-Pro CNS patch where 95 

% of all structures calculated had overall energies of less than 2,000 kJ mol'1. A higher 

energy threshold of 2,000 kJ mol'1 is used for the cis-Pro patch ensemble because CNS
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regards any cis-peptide bond as being energetically unfavourable within its simulated 

annealing protocol; even with the patch present. Despite constraining Ile97-Pro98 peptide 

bond in the cis- conformation, no NOE violations were observed. Therefore, in accordance 

with general consensus that all members of the thioredoxin family contain such a specific 

cis-Pro, this ensemble was chosen to represent the final model of oxidised ERpl8.

The solution structure of oxidised ERpl8 is shown as the ensemble in Figure 4.19. The 

backbone heavy atom RMSD for the 67 amino acids in structural regions, Leu28 to Ser38; 

Pro41 to Ser46; Gly52 to His72; Phe75 to Leu79; Glu88 to Phe90; IlelOO to Aspl04; 

Lysl08 to HisllO; Alal29 to Glul41, is 0.647 ����for the 40 structures. The backbone 

heavy atom RMSD over the entire structural limits of ERpl8 Gly20 to Glyl45 (125 amino 

acids) is 0.846. This RMSD value is of an order of magnitude that is considered 

acceptable for a structure of this type with a backbone RMSD value for the �+��domain of 

PDI being reported as 0.47 ����for the structural region (95 amino acids) over 24 structures 

(Kemmink et al., 1999).

Validation of the structure was undertaken using the Procheck-NMR (Laskowski et al., 

1993) with key results of this process for the original ensemble with trans-Pro98 shown as 

the Ramachandran plots for all residues forming the ensemble in Figure 4.11 and on an 

individual residue basis in Figure 4.12 very little difference is seen between these results 

and those for the ensemble with cis-Pro98 as can be seen from Tables 4.1 and 4.3. Figure 

4.11 shows only 3.0 % of residues in disallowed regions of the Ramachandran and equates 

to 162 out of 5320 amino acids checked by this process. In comparison, Procheck-NMR of 

the cis-Pro ensemble highlighted 3.6 % of residues in disallowed regions of the 

Ramachandran: 190 out of 5320 amino acids. Upon inspection, such residues found in 

disallowed regions were at the termini or in turns with the majority being in the former. 

Inspection of the ensembles in Figures 4.10A and 4.20 illustrates the lower definition of 

turns due to fewer constraints being available for these elements of structure �/���)���) fewer 

NOEs and no dihedral angle or hydrogen bond data). This can also be confirmed by 

inspection of Figures 4.12A and 4.12FI that show the individual amino acid Ramachandran 

information at both N- and C-termini; the extent of red boxes outside the allowed regions 

is quite conclusive. This was also observed in the individual Ramachandran plots from the 

cis-Pro ensemble. Furthermore, careful inspection of individual amino acid Ramachandran 

plots for the ensemble illustrates clearly the regions of secondary structure as defined in 

Sections 4.3.6 and 4.3.9. Examples of secondary structure definition as highlighted
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Figure 4.26 shows the arrangement of hydrophobic residues and provides the immediate 

impression of a core of such residues with very few on the outer helical sections of the 

protein. This would explain the advantageous solubility and stability properties of the 

protein as described in Chapter 2. A more in depth analysis of hydrophobic residues 

within the central strands of ERpl8 are shown in Figure 4.27. A clear set of stacked 

residues that define the hydrophobic core are shown with the active site being closest to the 

Leu79 -  Ile46 pair of residues. This hydrophobic core assisted in the alignment of 

sequences shown in Figure 4.17 and discussed later.

�5���������	�� �6�����=����Ribbon diagram of the NMR structure of oxidised ERpl8 with strands in cyan and helices in 

red/yellow. Hydrophobic residues phenylalanine, tyrosine, tryptophan, valine, leucine and isolucine are 

shown as blue sticks.
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�5���������	�� �6����������Ribbon diagram of the NMR structure of oxidised ERpl8 with strands in cyan and helices in 

red/yellow. Hydrophobic residues within strands 1 to 4 are shown as blue sticks and are labelled in visual 

order next to the structure. The active site would be found at the highest point on the structure.
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turn regions al-(32, a2-(33 and a3-(34 (see Figure 1.1) suggested some nanosecond-

picosecond motion in these regions.
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Figure 5.2 displays plots of amide 15N 7) and 73 with residue number with both relaxation

times shown on the same graph where 5.2A is for oxidised ERpl 8 and 5.2B is for reduced

ERpl8. Both oxidised and reduced 15N 7) and ���5 plots follow similar trends with

deviations from the mean observed in the loop containing helix a3 (residues 80 to 98) as

well as the loop between strand p4 and helix a4 (residues 111 to 127). The mean l5N 7)

values calculated over the structured regions (those within one standard deviation of the

mean) were 732 ± 40 ms and 706 ± 30 ms for oxidised and reduced ERpl8 respectively.

The mean 15N ���5 values calculated over the structured regions were 88 ± 16 ms for

oxidised, and 99 ± 9 ms for reduced ERpl8. Using these data mean 7)/73 ratios for

oxidised and reduced ERpl8 were 8.32 and 7.13 respectively. Equations 5.3 to 5.8 were

used to estimate an isotropic correlation time xc of 8.72 ns and 7.96 ns for oxidised and

reduced ERpl 8 assuming an average ���3 of 0.95 and xe of 50 ps. These estimates of global

correlation time were used in the computational modelling of the data that obtain the

model-free parameter results in Section 5.3.4.

�>�)�6�)�5��� (� >� � � � � ,���������������������������������=�������	���������������������������������������� ���������������������������� 
������������������ �� ������

Figure 5.3 displays plots of amide ^N-'H heteronuclear NOE with residue number where 

5.3A is for oxidised ERpl8 and 5.3B is for reduced ERpl8. As with the 7) and 73 data, 

greatest deviations are observed for both oxidised and reduced proteins in the loop 

containing helix a3 (residues 80 to 98) and the loop between strand P4 and helix a4 

(residues 111 to 127). However, deviations in the loop containing helix a3 are more 

noticeable in the data from oxidised ERpl8.
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�>�)�6�)�4 /J/V �	�������������������������������������� �������5�������������������� ����������������������������������������������������������

Figure 5.5 displays the model-free calculated order parameter ���5 and rate of exchange ������ 

for each residue of both oxidised and reduced ERpl8 based on the 7j, and hetNOE 

relaxation parameters displayed in Figures 5.2, 5.3 and 5.4. The mean and standard 

deviation of �����5 were calculated to be 0.814 ± 0.108 and 0.907 ± 0.101 for oxidised and 

reduced ERpl8 respectively. ������ contributions were required to fit model-free to the 

oxidised ERpl8 relaxation data for residues Asp21, Glu29, Ser38, Ile45, Ile46, Leu57, 

Asn73, Asp89, Arg99, Leul03 and Asp 104. Model-free fitting did not require an ������ 

contribution for the reduced ERpl8 data. Model-free highlights a general difference in 

average S'2 between oxidised and reduced ERpl8 although the overall trend patterns are 

similar. Figures 5.5A and 5.5B have reduced ���5 at the C-termini as well as within the loop 

between strand (35 and helix a4 (residues 111 to 127). However, greater variation in ���5 are 

observed for the oxidised protein in the loop containing helix a3 (residues 80 to 98) and 

the C-terminal region of helix a2 in the area of residues 64 to 70.

�>�)�6�)�>�� �3�>�� ���������������������������������"���������������"�������������������� ����������������������������������������������������������

In order to assist in the interpretation of all the NMR relaxation data, plots of 15N ���+ �:���(�$�J�#�(�$��

against 7),oxidised for each residue are shown as Figure 5.6 and comparable plots of 15N 

72,���(�$�J�#�(�$��against 7 \0xidised are also shown as Figure 5.7. The ���+ comparison plot, Figure 5.6, 

is quite dispersed and the majority of points fall slightly below the correlation line 

confirming that the ���+ values are smaller for reduced than oxidised on a residue by residue 

basis. The equivalent figure 5.7 for ���� oxidised and reduced data shows a more compact 

group of points above the correlation line and so confirms the reduced ���5 values are larger 

than the oxidised. As the ���5 data holds chemical exchange information, key residues that 

show visually significant ���5 deviation from the bulk concentration of points are labelled on 

figure 5.7. These residues are AsplO, Glyl4, Leu40, Ile67, Asp87, IlelOO, Asnll9, 

Serl21, Thrl44, Glyl45, Aspl46, Phel48, Lysl50 and Leul53.
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�>�)�6�)�?�� �,��������������������������������

'H nuclei in retarded exchange with solvent 2H were identified from rapid l5N HSQC 

methods for both oxidised and reduced ERpl 8. The oxidised protein had 50 unambiguous 

and 5 further ambiguous resonances and the reduced protein had 62 unambiguous and 6 

further ambiguous resonances for protons in retarded exchange (see Figures 5.8A and 

5.8B). A full list of retarded 'H nuclei, exchange data intensities and exponential fit 

constants can be found in Appendices 5.3 and 5.4. Of these retarded 'H resonances, 40 and 

42 could be fitted with a confidence level of 80 %, to a single exponential decay for the 

oxidised and reduced protein exchange datasets respectively and are shown in Figures 

5.9A and 5.9B. Resonances that had retarded exchange but could not be fitted to a single 

exponential were given the rate of zero on each plot as these resonances had exceptionally 

slow rates of exchange. General patterns of oxidised and reduced data in Figures 5.9A and 

5.9B are similar, however, retarded exchange is more prevalent in the loop containing helix 

a2, in particular residues 56 to 69, in the reduced protein. Exchange rates from amino 

acids found in both oxidised and reduced ERpl8 are also displayed in Figure 5.10 as the 

difference between the oxidised and reduced rates against residue number, to highlight 

differences in the data. Retarded hydrogen exchange rates are similar over most of the 

protein with the exceptions that residues Trp25, Lys32 in helix a l, Lys58, Ser68 and 

Glu69 in helix a2, Glyl07 and HisllO in strand (35, Ilel 13 and Tyrl24 for the loop 

between strand (35 and helix a4 have faster measurable hydrogen exchange rates for 

oxidised ERpl8. Residues with marked faster measurable exchange in reduced ERpl8 

were Seri 06 in the loop between strands (34 and (35 as well as Argl42 in the random coil 

C-terminus following helix a4.
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Figure 5.9. Plots of the rate of proton/deuterium exchange from l5N HSQC data for oxidised ERpl8 (A) (□) 

and reduced ERpl8 (B) (O) with residue number. Error bars are the error directly obtained from the 

Levenberg-Marquardt fitting by Kaleidagraph software. Above each graph is shown a schematic of 

secondary structure elements of ERpl8 (al-pl-a2-p2-a3-P3-(34-a4) from the NMR structure with strands 

( ^ )  and helices ( ) shown. 310 helices are distinguished with a dotted border.
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Figure 5.10. Plot of the difference in rate of proton exchange from deuterium oxide exchanged 15N HSQC 

data with residue number for those residues providing rate data in both oxidised and reduced protein forms. A 

schematic of secondary structure elements of ERpl8 from the NMR structure with strands (■>) and helices 

( ) shown above the graph. 3i0 helices are distinguished with a dotted border.
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ms). This fact is confirmed by inspection of Figures 5.3, 5.5 and 5.6 and noting the

position of the bulk collections of points on each graph.

There are two potential reasons for this general observation: First, both proteins have 

similar hydrodynamic volumes but different shapes and second, each protein has a 

different hydrodynamic volume such that one is larger than the other. It is unlikely that 

either one of these hypotheses is correct in its own right but that a combination of both is 

more plausible: changing the hydrodynamic volume of such a complex molecule would 

also change the shape of it and hence the isotropic/anisotropic tumbling and �&���������&���������) As 

seen in Chapter 3, NMR data from both oxidised and reduced ERpl8 suggest that both 

proteins have the same secondary structure elements and so possess the thioredoxin fold. 

Chemical shift mapping also suggests some local structural differences but no major 

changes in topology of the protein between the two forms, which is in agreement with that 

observed for oxidised and reduced thioredoxin (Jeng et al., 1994a). As a result, regardless 

of the isotropic or anisotropic tumbling nature of ERpl 8, it is not likely that large structural 

differences between oxidised and reduced exist. NMR relaxation differences are therefore 

likely to reflect differences in the anisotropic tumbling nature of these two proteins 

meaning that the proteins must exhibit a difference in hydrodynamic volume such that the 

volume of the oxidised molecule is greater than that of the reduced molecule. This would 

explain the increase in xc for oxidised ERpl8 and also the observed trend in ���+ and ���B�: as 

an increase in molecular volume would increase ���� which would increase ��i but depress T) 

in the NMR dipolar relaxation case (Abragam, 1961, McConnell, 1987). In turn, this 

would suggest that ERpl 8 has different conformational stabilities in both the oxidised and 

reduced forms.

The model-free data supports these findings as the average order parameter ���5 is —0.1 

lower for oxidised compared to reduced protein. The average lower ���5 values for oxidised 

ERpl 8 suggest this form is more conformationally flexible and the reduced number of 

retarded exchange protons suggests a less compact structure and possible less stable 

hydrophobic core. These properties will manifest in the NMR relaxation data to make the 

oxidised protein tumble slower than the reduced protein, which is indeed the case within 

the 15N NMR relaxation analysis presented here.

The higher degree of flexibility in the oxidised protein from ���3 value analysis is also

supported by the hydrogen exchange data. There are 55 retarded resonances observed in

the oxidised form compared to 68 from the reduced form and although many of those
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Figure 5.15 shows the p-sheet core and the loops adjacent to the active site of both

oxidised and reduced ERpl8 having equally well-defined hydrogen bond networks. As

well as helix a2 being distinct between each form, helix a l  and the loop containing the 3� �� �

helix a3 have more retarded protons in the reduced form. This does appear to be

compensated by strand P3 having more retarded protons in the oxidised form than reduced.

As strand P3 and helix a3 are near to each other in the structure, this suggests a region that

may differ between both structural forms and the relatively fast exchange of Seri06 in the

loop between strands P3 and P4 of reduced ERpl8 also supports this. An increased

difference in the oxidised and reduced ERpl8 chemical shifts between residues Glu80 and

lie 100 also suggests that there may be some difference in the structures of oxidised and

reduced ERpl 8 in the area of helix a3.

NMR relaxation analysis presented here has assumed the isotropic case and modelling the 

data to an anisotropic tumbling case could be achieved using more advanced methods as 

outlined elsewhere (Palmer, 1997, Palmer, 2001). However, the purpose of this study was 

to highlight differences between oxidised and reduced ERpl 8 using NMR relaxation rather 

than obtain an advanced NMR relaxation study of these proteins in their own right. The 

depth of data analysis and knowledge required would be beyond the time scales available 

within this research degree when combined with protein production and structure 

determination of oxidised protein. Despite this, the relaxation study presented in this 

chapter has provided a clear view that the dynamics of oxidised and reduced ERpl8 are 

different. In addition, they vary more than that observed for oxidised and reduced 

thioredoxin, the functional differences between these molecules can not simply be due to 

local conformational flexibility near the active site loop as in thioredoxin (Jeng and Dyson, 

1995b).
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Human endoplasmic reticulum protein ERpl8 was successfully produced as unlabelled and 

isotopically enriched species, in milligram quantities, for NMR structural investigations. 

NMR experiments at 14.1 Tesla were used to provide NMR assignments of 'H, 13C and 

15N nuclei in ERpl8. Almost complete assignment of nuclei was achieved for the oxidised 

protein and backbone nuclear assignments were also obtained for the protein in the reduced 

state. Experimental data obtained at 18.8 Tesla for the oxidised protein were used to 

obtain through-space data that was subsequently used to calculate a model solution 

structure ensemble. Investigation of the backbone dynamics of both oxidised and reduced 

ERpl8 using NMR has revealed increased flexibility, with motion in the pico- to 

nanosecond timescale, of residues in loops close to the active site for both oxidised and 

reduced ERpl8. Milli- to microsecond motion suggesting conformational exchange is 

limited to the oxidised form of ERpl8 and is found mainly in residues in proximity to the 

active site and in helix-2 which directly precedes the active site.

�=������ �P�	���	���"�����/�+���	���'�"����������

There have been many points worthy of note during the process of ERpl8 structure 

determination, with the two of the most important observations being summarised below:

Secondary structure prediction is common practice in NMR structure determination as it 

can be done at an early stage following the backbone assignment of resonances. ERpl8 

structure prediction used a combination of TALOS, CS1 and the known published 

alignment to PDIa (Alanen et al., 2003b). This created issues that upon final structure 

calculation showed that the published alignment was good for the N-terminal half of the 

protein, but poor for the C-terminal half. TALOS and CSI conflict with this prediction but 

the exact location of the extended loop and C-terminal secondary structure elements could 

not be confirmed until the full structure was elucidated. Knowing the correct position of 

the secondary structure was important for our collaborator to know which proline in the 

sequence was the conserved cis-Pro, found in all thioredoxin family members, for 

mutagenesis and further database searches. ERpl8 made identification harder by having
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reported differences between both oxidised and reduced forms of ERpl8, NMR was also

able to confirm that the global fold and architecture of these two species is very similar as

both 15N and l3C based chemical shift differences only highlight changes in the vicinity of

the active site. Structural elucidation of oxidised ERpl8 has enabled a detailed sequence

alignment with other related proteins that highlights an extended loop between strand-4

and helix-4 in ERpl8 that may have functional significance. Initial studies on the

biophysical characterisation of ERpl8 suggested that it was an oxidase, with the reduced

form being 4.8 kJ mol'1 more stable than the oxidised form (Alanen et al., 2003b). This

increased stability of the reduced state over the oxidised state was also confirmed from

NMR backbone relaxation dynamics that confirmed increased backbone rigidity on the

milli- to microsecond timescale for reduced ERpl8 when compared to oxidised ERpl8.

Very little difference in back bone conformation is seen between the structures of oxidised 

and reduced human thioredoxin (Qin et ah, 1994), with the RMSD over the entire 

backbone being just 0.824. This is also apparent in the distance between the two sulphur 

atoms in the active site being 2.02 A apart in the oxidised structure, consistent with the 

disulphide bond length, yet still only 3.09 A in the reduced structure showing very little 

conformational change is necessary to form the disulphide bond. Unfortunately no 

chemical shift information is available for the amide proton and nitrogen nuclei in oxidised 

and reduced human thioredoxin so no comparison can be made with chemical shift 

differences in ERpl8 with respect to changes in electronic environment. Chemical shift 

differences in ���)�� �������� thioredoxin have, however, been reported (Dyson et al., 1988) and 

show minor differences in amide and alpha proton chemical shifts that correspond to minor 

differences in the backbone conformations of the two oxidation states. These differences 

are limited to the area immediately surrounding the active site, and loops close to the active 

site in the structure, namely at the C-terminus of strand-3, the N-terminus of strand-4 

(where the cis-proline is located) and the C-terminus of strand-5. Equivalent chemical 

shift mapping for oxidised and reduced ERpl8 show larger chemical shift differences than 

seen for thioredoxin, again these are located in the region of the active site and areas close 

to it: the loop close to the cis-proline and the extended loop at the C-terminus of strand-4 

(equivalent to strand-5 in thioredoxin). Some difference is also seen in helix-2, the helix 

following the active site. These more pronounced chemical shift differences suggest that 

there will be more conformational change between the two oxidation states of ERpl8 than 

those seen for thioredoxin, they will however, still be limited to areas close to the active 

site.
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_____________________________________________________ Chapter 6 - Conclusions
also recognise hydrophobic species in an analogous way to that in which ���)�� ��������

thioredoxin was implicated in redox interactions with thioredoxin reductase and

ribonucleotide reductase (Eklund et ah, 1984). One hypothesis could be that as ERpl8 is

most stable in the reduced form, like the PDIa’ domain, it may be involved in the

reduction-oxidation pathway of oxidation state regeneration of PDI. In this respect, ERpl8

could become a cellular alternative to Erol and catalyse the oxidation of PDIa’. Although

not directly supporting of this theory, it was reported using guanidinium hydrochloride

denaturation curves that under non-denaturing conditions, ERpl8 is considered more stable

in the reduced form than PDIa (Alanen et al., 2003b). Even if this is the case then it still

leaves the question of what oxidises ERpl8?
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62 40.805 32.795 28.042 24.208 20.923 17.776 15.264 33.271 20.694
63 31.328 27.143 22.249 18.913 15.779 13.806 12.113 26.817 16.290
64 31.750 26.652 22.163 19.690 17.419 14.777 12.239 26.230 16.542
65 49.474 41.834 34.698 30.085 26.159 22.105 18.843 41.324 25.550
66 30.920 27.259 22.949 19.232 16.361 13.632 11.570 27.462 16.522
67 32.162 26.301 21.756 18.871 15.379 13.295 11.329 26.756 15.599
68 39.485 33.691 28.413 24.321 19.698 18.145 15.206 33.215 21.305
69 10.103 7.929 5.720 4.927 4.335 4.256 3.169 7.035 4.384
70 31.101 26.585 22.471 18.838 15.319 12.759 11.029 26.192 15.276
71 18.871 15.522 14.253 11.931 9.696 8.833 6.950 15.152 10.272
72 33.705 28.382 23.650 19.401 17.003 13.454 11.447 28.038 15.879
73 65.189 55.999 46.914 38.415 32.747 27.972 23.641 54.868 32.885
74 27.155 22.488 18.141 15.120 13.351 11.300 9.539 22.021 13.090
75 38.696 33.123 27.263 23.005 19.240 16.519 13.836 32.628 19.039
76 37.910 32.344 27.820 23.062 19.334 16.299 13.323 32.295 19.075
77 23.187 19.351 16.597 13.625 11.457 9.232 8.213 19.684 11.169
78 11.826 9.255 8.191 6.878 5.671 4.897 4.096 9.766 5.835
79 6.891 5.359 4.313 3.821 3.631 3.258 2.554 5.455 2.986
80 28.544 24.684 20.479 16.937 14.650 12.125 10.171 24.495 14.689
81 5.658 4.198 3.927 2.970 2.618 2.131 1.813 3.936 2.468
82 45.687 40.036 33.140 27.890 22.523 19.151 15.894 39.214 22.738
83 32.963 27.984 23.276 18.989 16.304 13.527 11.903 27.846 16.071
84 44.965 38.485 32.084 26.780 23.288 19.736 16.849 38.184 22.395
85 66.978 58.678 49.813 41.974 34.523 29.772 24.725 57.807 33.655
86 30.763 26.871 22.880 19.262 16.464 14.337 11.897 26.359 16.034
87 28.495 23.283 20.851 16.649 14.061 12.046 8.954 24.013 13.382
88 33.755 28.986 24.504 20.519 16.944 14.353 12.436 28.979 16.519
89 26.212 22.128 18.545 15.542 13.290 10.802 8.959 21.446 12.333
90 30.768 26.234 21.944 18.382 15.859 12.445 11.586 26.096 14.946
91 52.471 45.759 37.788 31.358 26.723 22.493 18.662 44.928 26.284
93 37.970 31.795 25.849 22.430 18.120 15.324 13.686 30.874 18.186
94 37.993 31.932 27.190 22.928 18.511 16.661 13.635 31.859 18.804
95 34.782 29.379 24.098 20.187 17.169 13.979 11.679 29.931 16.962
96 37.417 32.083 27.211 23.277 20.499 17.698 14.519 31.902 20.342
97 35.609 29.908 25.489 21.358 17.239 15.184 12.532 30.073 18.011
99 83.239 70.308 59.646 49.665 42.288 35.836 29.381 70.336 41.113
100 25.580 22.142 18.402 15.907 13.152 11.009 9.247 21.834 13.204
101 30.528 26.099 22.315 18.680 15.172 12.910 11.202 25.594 15.510
102 38.481 33.169 27.308 22.097 18.137 15.475 13.107 32.355 18.262
103 23.491 19.877 16.144 13.675 11.722 9.916 7.892 19.003 11.524
104 35.458 29.969 25.431 20.780 17.993 15.091 13.152 29.992 17.642
106 4.472 4.176 3.276 3.206 2.554 1.966 2.062 4.162 2.434
107 34.128 29.343 24.839 20.188 16.880 13.689 12.116 29.649 16.525
108 38.160 32.982 26.861 23.427 19.192 16.469 14.139 32.268 19.790
109 25.752 21.903 18.165 15.003 13.018 11.374 8.961 21.785 12.389
110 35.236 29.087 25.020 20.897 17.944 14.896 12.000 29.000 16.976
113 37.772 30.299 25.110 20.334 16.320 13.742 11.965 30.490 16.957
115 33.123 27.103 21.667 17.944 14.213 12.229 9.910 26.227 14.472
116 28.212 22.925 20.028 16.984 13.717 11.749 10.224 23.357 14.245
117 32.464 26.700 21.898 19.309 16.274 14.408 12.640 26.020 16.741
118 40.067 33.894 29.731 25.259 21.635 18.298 16.521 33.066 21.310
119 19.362 16.251 13.404 10.757 8.418 7.759 6.366 15.203 8.871
121 45.480 39.425 33.680 26.473 22.454 17.934 15.498 39.413 22.121
122 30.230 25.596 21.708 18.150 14.574 12.538 11.079 25.668 15.155
123 28.524 24.994 20.793 18.343 15.609 13.116 11.520 25.049 15.484
124 33.918 29.296 23.600 20.895 17.102 14.880 12.322 28.533 17.691
125 29.046 25.171 20.806 17.939 15.059 13.308 11.165 24.602 14.495

G - Appendices
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31 78.958 62.380 48.100 38.040 31.145 22.898 19.105 14.479 48.076 22.935
32 141.002 110.134 88.783 66.130 57.597 44.732 36.788 27.834 87.248 44.976
33 125.579 101.853 78.504 60.853 50.292 41.943 30.440 25.879 78.984 39.646
34 103.455 82.047 64.632 48.849 40.582 33.645 25.241 18.524 64.623 33.060
35 103.807 78.608 62.040 49.192 38.968 30.140 23.630 17.370 60.885 31.743
36 145.676 116.197 88.100 68.186 60.317 54.991 33.995 21.796 88.601 54.193
37 228.590 180.836 141.183 113.074 92.387 75.002 56.047 42.368 141.811 77.038
38 103.389 83.880 69.178 54.832 44.121 35.192 27.497 24.370 70.751 35.552
39 90.998 75.193 61.280 48.819 38.596 28.937 24.424 19.278 58.807 28.762
40 138.394 113.043 95.789 80.262 67.223 56.368 46.298 37.961 95.595 56.265
42 95.755 75.162 60.137 48.168 35.923 26.280 23.267 19.226 58.110 28.159
43 92.423 74.690 59.598 46.217 39.130 27.991 24.746 21.989 60.727 30.925
44 84.693 72.593 53.916 40.610 36.080 26.872 22.301 17.496 50.196 26.471
45 78.736 65.164 51.936 41.437 32.156 27.740 20.377 17.326 50.999 26.384
46 67.088 52.232 41.959 32.608 25.227 21.849 18.201 11.877 42.049 19.522
48 76.587 59.824 49.745 41.600 31.868 22.924 18.584 18.541 48.115 22.739
49 37.519 28.527 21.020 17.824 12.407 8.491 6.658 5.875 21.393 10.667
50 60.863 44.551 40.978 41.331 28.113 -3.634 4.048 24.384 41.674 -6.902
54 82.651 63.424 52.529 39.536 29.985 22.419 18.906 14.541 52.815 23.814
55 98.106 80.978 66.221 52.341 42.715 36.828 30.040 24.641 65.008 36.736
56 104.567 79.201 62.458 46.319 38.736 33.483 22.713 16.139 59.943 35.129
57 93.996 73.230 66.279 54.942 36.946 10.332 17.278 30.389 65.098 10.168
58 83.542 66.131 53.179 42.558 31.442 20.162 16.156 14.914 50.910 16.966
60 98.038 76.444 58.213 53.723 38.483 24.892 18.464 24.916 61.103 21.617
61 87.978 68.581 55.602 42.420 37.997 31.151 26.287 21.034 53.895 30.443
62 83.885 65.447 50.237 36.966 30.899 25.155 18.235 15.415 49.921 24.910
63 122.199 93.554 69.805 58.183 43.005 34.177 24.799 22.121 68.847 34.646
64 105.738 84.101 71.368 58.995 47.338 37.902 30.391 25.318 71.111 37.371
66 149.239 119.862 97.457 78.700 64.629 49.684 40.671 34.247 97.135 53.298
67 106.745 88.459 72.581 60.274 53.585 47.932 41.370 33.386 71.563 44.731
68 98.287 76.144 61.940 50.608 38.334 29.043 24.734 20.829 61.254 30.545
69 120.108 94.549 75.298 60.001 47.365 38.591 29.873 22.970 73.946 40.314
70 116.340 101.443 87.878 77.719 68.876 59.835 53.827 46.525 87.144 60.158
71 97.698 77.575 61.105 48.008 37.617 27.603 25.170 17.828 60.369 27.580
72 92.594 74.333 58.757 46.177 37.455 34.867 23.481 16.321 59.267 33.114
73 111.878 87.130 71.208 57.626 44.350 30.327 25.879 27.564 70.621 30.529
74 121.597 98.044 76.260 65.554 50.511 36.002 30.054 25.646 78.669 41.656
75 90.836 73.115 58.336 47.605 38.940 31.629 26.469 19.573 60.555 33.591
76 60.266 45.320 36.402 30.485 23.954 17.500 16.088 9.817 35.547 19.094
77 105.280 84.670 66.089 52.221 44.222 35.527 27.066 22.294 68.445 33.909
78 71.061 56.432 46.926 35.378 30.291 25.376 18.565 14.394 43.259 23.802
79 95.073 72.049 54.842 42.563 35.485 28.200 18.354 17.224 56.182 27.361
80 65.221 53.220 40.957 31.387 27.274 23.577 16.387 14.779 40.586 22.215
81 70.322 59.841 51.632 41.714 38.855 32.132 27.870 25.251 49.842 30.730
82 41.311 29.614 21.789 18.488 11.577 8.696 4.435 5.083 22.653 10.575
83 86.488 66.834 51.065 44.188 41.807 36.265 19.431 13.375 52.651 34.295
84 85.125 68.115 48.857 38.944 33.541 28.417 21.026 15.531 52.221 27.995
86 58.715 47.521 38.985 30.331 23.105 20.446 15.539 12.752 37.344 17.668
87 126.929 112.771 97.899 87.238 76.704 72.009 61.013 50.613 97.189 71.040
88 9.352 5.907 2.330 1.206 0.421 0.447 -0.957 -0.601 2.108 -1.206
89 116.367 91.309 75.076 58.537 46.963 37.720 29.151 24.675 73.473 38.832
90 81.254 58.036 43.332 29.693 25.790 20.654 13.647 11.914 43.868 18.647
91 76.749 57.630 41.239 31.511 21.791 12.326 11.794 12.273 42.295 14.214
93 67.766 53.328 42.956 34.886 27.224 19.141 14.942 13.088 42.773 20.107
94 80.597 65.998 53.048 42.689 33.539 26.981 22.495 15.382 52.754 28.002
95 54.504 41.397 33.706 26.829 21.159 17.115 13.521 9.994 34.329 19.150
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G - Appendices
96 85.759 70.126 57.145 48.562 33.726 22.083 17.446 21.747 56.717 23.133
97 159.016 127.424 95.719 78.464 56.449 46.420 34.970 29.908 97.283 46.223
99 62.395 39.416 28.401 20.457 10.116 -0.225 4.371 8.539 28.229 -1.231
100 64.515 50.140 38.435 27.101 20.241 16.475 10.509 4.310 36.192 15.806
101 82.259 67.312 53.450 39.180 33.414 25.186 19.034 15.531 51.346 24.005
102 81.274 66.342 52.941 41.931 28.859 19.766 21.182 20.081 54.273 21.521
103 82.828 64.177 52.015 43.260 37.015 25.961 21.580 17.698 52.061 28.077
104 93.315 75.062 60.966 51.175 31.925 19.767 24.440 22.586 60.588 22.420
106 95.840 76.202 61.593 49.505 40.667 32.268 27.296 21.707 65.431 33.477
107 87.184 69.126 56.420 44.290 35.012 28.753 20.785 17.253 55.135 27.282
108 100.596 82.735 65.581 51.175 41.618 35.421 27.127 20.467 64.532 35.513
109 155.026 122.569 100.637 79.995 63.225 50.345 41.493 33.175 97.757 53.198
110 135.308 106.685 85.583 68.091 53.409 43.397 34.736 25.588 85.746 43.508
112 82.211 62.560 53.384 40.258 31.868 26.826 19.736 15.391 51.008 25.186
113 105.193 82.677 66.020 53.056 44.323 36.748 26.097 19.377 64.899 35.303
115 91.396 68.551 55.468 44.199 34.339 25.890 21.426 15.599 53.509 25.468
116 97.430 79.357 65.813 52.641 43.342 34.123 28.981 22.445 64.213 35.309
117 124.117 104.147 86.403 69.821 56.316 44.313 36.087 31.207 86.152 45.396
118 107.792 87.483 68.945 57.377 47.729 38.961 31.333 26.631 69.992 38.955
119 95.202 76.259 65.196 57.038 45.866 38.252 31.099 26.206 66.666 37.893
121 98.828 85.673 77.576 69.531 62.391 56.405 48.592 42.801 76.475 55.001
122 116.434 97.361 75.755 62.535 51.804 45.763 35.517 26.782 75.464 44.588
123 68.292 55.213 44.947 36.016 31.291 23.253 19.950 15.972 45.835 22.104
124 32.987 31.220 26.403 22.299 22.355 21.311 16.513 15.364 28.754 20.030
125 84.596 63.103 51.978 40.676 33.378 24.709 19.134 15.847 49.644 27.399
126 58.117 45.923 37.785 28.655 24.183 19.927 14.938 13.390 35.574 19.460
127 135.218 105.170 81.262 66.352 48.226 38.075 29.896 24.999 81.489 39.808
128 112.868 87.900 72.631 56.777 46.215 36.213 31.506 25.501 69.854 37.959
129 76.261 57.708 48.126 35.716 31.000 22.600 14.053 16.926 44.753 22.702
130 102.162 78.541 66.599 50.024 34.389 23.971 24.680 22.906 64.365 22.695
131 96.060 75.216 60.697 49.582 35.586 25.627 18.673 19.628 57.779 25.258
132 84.857 70.122 55.551 43.989 34.772 30.645 23.033 18.358 52.892 28.844
133 235.448 184.910 139.029 113.042 89.142 68.547 52.245 41.374 140.057 71.875
134 116.979 92.010 81.730 64.568 32.768 3.338 23.462 35.786 78.986 2.610
135 91.539 69.829 55.713 41.821 32.950 27.231 20.958 16.504 54.652 26.581
137 224.820 174.550 134.013 107.604 85.720 65.326 52.012 40.207 137.491 68.926
139 13.186 10.840 9.363 5.135 7.024 5.905 6.291 4.261 8.235 6.618
140 110.061 82.890 65.387 54.448 36.645 27.809 23.280 23.074 65.859 28.729
141 228.386 176.079 138.386 108.585 91.395 73.566 55.640 38.433 138.046 74.376
142 111.685 85.700 69.522 55.102 42.762 32.078 24.993 24.006 68.430 32.854
143 201.359 162.769 131.168 106.562 84.819 68.850 54.977 46.874 129.230 68.241
144 122.750 97.903 85.517 70.437 56.516 45.465 37.836 31.785 81.041 44.069
145 100.410 84.414 72.849 59.322 53.445 44.408 40.159 31.667 68.950 44.266
146 69.307 54.303 42.503 31.953 26.557 22.029 18.814 14.181 40.238 21.088
148 157.041 137.556 119.418 108.460 92.909 80.806 73.971 66.451 118.178 79.740
149 16.265 14.858 13.032 11.386 11.495 9.364 9.274 8.141 13.048 10.673
150 16.464 14.158 14.000 11.157 10.636 10.647 10.347 9.343 11.307 13.174
151 126.979 100.766 80.950 65.978 53.191 44.662 38.100 30.767 84.221 47.084
152 109.621 88.544 70.836 54.270 45.500 36.617 28.126 23.737 67.658 37.152
153 106.030 101.725 95.779 84.886 79.845 76.869 69.737 64.533 92.746 76.625
157 200.945 190.083 183.383 179.636 171.201 165.052 156.769 147.610 184.201 163.432
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Cys 51 0.693 0.008 0.100 0.002 0.738 0.607 -0.177 1.000 0.031 0.000 0.431
Gly 52 - - - - - - - - - - -
Ala 53 0.653 0.022 0.087 0.002 0.406 0.359 -0.116 1.000 0.000 0.000 0.000
Cys 54 - - - - 0.461 0.379 -0.177 1.000 0.000 0.000 0.000
Lys 55 0.781 0.017 0.105 0.002 0.900 0.750 -0.167 0.777 0.025 0.000 0.374
Ala 56 • - - • 1.213 1.147 -0.054 1.000 0.025 0.000 0.374
Leu 57 0.710 0.012 - - 0.910 0.754 -0.171 0.945 0.025 0.000 0.374
Lys 58 0.703 0.008 0.100 0.001 0.784 0.636 -0.189 0.942 0.021 0.000 0.284
Pro 59 - - - - - - - - - - -
Lys 60 0.698 0.017 0.105 0.001 0.671 0.568 -0.154 0.951 0.000 0.000 0.000
Phe 61 0.696 0.009 0.096 0.002 0.666 0.559 -0.161 0.954 0.019 0.000 0.326
Ala 62 0.703 0.013 0.093 0.002 0.751 0.580 -0.228 0.934 0.025 0.000 0.349
Giu 63 0.705 0.014 0.098 0.002 0.914 0.776 -0.150 0.997 0.000 0.000 0.000
Ser 64 0.747 0.012 0.109 0.002 0.889 0.712 -0.199 0.885 0.022 0.000 0.305
Thr 65 - - - - - - - - - - -
Giu 66 0.722 0.006 0.096 0.002 1.439 1.178 -0.182 0.879 0.000 0.000 0.000
Ile 67 0.990 0.036 0.167 0.007 0.688 0.597 -0.132 0.964 0.000 0.000 0.000
Ser 68 0.700 0.011 0.101 0.001 0.941 0.761 -0.191 0.944 0.023 0.000 0.279
Giu 69 0.710 0.008 0.094 0.002 1.006 0.818 -0.187 0.943 0.000 0.000 0.000
Leu 70 - - - • 0.853 0.753 -0.118 - - - -
Ser 71 0.687 0.011 0.097 0.002 0.806 0.679 -0.157 1.000 0.014 0.000 0.000
His 72 0.642 0.010 0.093 0.002 0.839 0.713 -0.150 0.911 0.042 0.000 0.604
Asn 73 0.715 0.013 0.101 0.002 0.731 0.614 -0.159 0.930 0.048 0.000 0.659
Phe 74 0.712 0.015 0.099 0.001 0.808 0.708 -0.123 0.944 0.028 0.000 0.357
Val 75 0.719 0.013 0.102 0.002 0.559 0.432 -0.226 0.915 0.023 0.000 0.336
Met 76 0.722 0.018 0.104 0.001 0.333 0.350 0.053 0.765 42.940 0.000 0.590
Val 77 0.722 0.013 0.101 0.003 0.640 0.524 -0.181 0.920 0.024 0.000 0.384
Asn 78 0.692 0.015 0.103 0.003 0.612 0.546 -0.108 0.960 0.168 0.000 2.306
Leu 79 0.720 0.012 0.101 0.003 0.566 0.463 -0.183 0.922 0.024 0.000 0.429
Giu 80 0.701 0.014 0.105 0.002 0.504 0.427 -0.152 0.996 0.000 0.000 0.000
Asp 81 0.692 0.014 0.072 0.010 0.550 0.475 -0.136 0.959 0.000 0.000 0.000
Giu 82 0.701 0.034 0.096 0.003 0.351 0.288 -0.179 0.947 0.050 0.000 0.697
Giu 83 0.677 0.007 0.100 0.002 0.900 0.750 -0.167 0.986 0.000 0.000 0.000
Giu 84 0.744 0.019 0.094 0.001 0.861 0.704 -0.182 0.892 0.029 0.000 0.378
Pro 85 - - - - - - - - - - -
Lys 86 0.799 0.013 0.110 0.003 0.431 0.387 -0.102 0.831 0.022 0.000 0.353
Asp 87 0.867 0.014 0.197 0.003 1.016 0.297 -0.708 0.670 0.012 0.000 0.166
Giu 88 - - - - 0.393 0.347 -0.117 1.000 0.012 0.000 0.166
Asp 89 0.659 0.016 0.100 0.001 1.083 0.815 -0.247 0.956 0.047 0.000 0.501
Phe 90 0.709 0.010 0.089 0.001 0.681 0.544 -0.201 0.933 0.021 0.000 0.316
Ser 91 0.676 0.013 0.098 0.002 0.603 0.462 -0.234 0.983 0.000 0.000 0.000
Pro 92 - - - - - - - - - - -
Asp 93 0.729 0.024 0.100 0.002 0.548 0.497 -0.092 0.911 0.000 0.000 0.000
Gly 94 0.726 0.011 0.100 0.002 0.766 0.644 -0.160 0.915 0.035 0.000 0.494
Gly 95 0.783 0.031 0.099 0.003 0.575 0.466 -0.190 0.846 0.037 0.000 0.556
Tyr 96 0.784 0.015 0.111 0.003 0.780 0.638 -0.183 0.763 0.023 0.000 0.374
Ile 97 0.698 0.014 0.105 0.003 0.591 0.536 -0.093 0.972 0.053 0.000 0.682
Pro 98 - - - - - - - - - - -
Arg 99 0.764 0.066 - - - - - 0.893 0.053 0.000 0.682
Ile 100 0.705 0.025 0.049 0.001 0.405 0.373 -0.080 1.000 0.053 0.000 0.682
Leu 101 0.687 0.016 0.097 0.001 0.580 0.532 -0.081 0.823 1.141 0.000 0.764
Phe 102 0.686 0.018 0.100 0.002 0.593 0.463 -0.220 0.823 0.031 0.000 0.453
Leu 103 0.707 0.015 0.099 0.003 0.535 0.434 -0.190 0.938 0.027 0.000 0.427
Asp 104 0.712 0.017 0.099 0.003 0.693 0.636 -0.082 0.955 0.035 0.000 0.507
Pro 105 - - - - - - ■ - - - -
Ser 106 0.705 0.014 0.108 0.003 0.713 0.587 -0.176 0.943 0.025 0.000 0.383
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G - Appendices
Gly 107 0.692 0.015 0.099 0.002 0.665 0.560 -0.158 0.965 0.028 0.000 0.384
Lys 108 0.743 0.013 0.096 0.001 0.760 0.641 -0.157 0.894 0.000 0.000 0.000
Val 109 0.677 0.009 - - 0.774 0.542 -0.300 0.893 0.000 0.000 0.000
His 110 0.708 0.015 0.096 0.003 0.554 0.471 -0.151 0.938 0.051 0.000 0.721
Pro 111 - - - - - - - - - - -
Glu 112 0.696 0.019 0.094 0.001 0.721 0.541 -0.250 0.938 0.031 0.000 0.413
lie 113 0.676 0.014 - - 0.758 0.638 -0.158 0.997 0.031 0.000 0.413
lie 114 0.722 0.006 - - 1.439 1.178 -0.182 0.893 0.031 0.000 0.413
Asn 115 0.714 0.014 0.101 0.002 0.641 0.542 -0.155 0.930 0.000 0.000 0.000
Glu 116 0.737 0.016 0.104 0.002 0.841 0.665 -0.209 0.895 0.025 0.000 0.386
Asn 117 0.753 0.010 0.113 0.001 0.792 0.593 -0.251 0.866 0.019 0.000 0.245
Gly 118 0.788 0.011 0.111 0.001 0.770 0.617 -0.199 0.840 0.019 0.000 0.252
Asn 119 0.772 0.026 0.126 0.003 0.778 0.643 -0.174 0.860 0.000 0.000 0.000
Pro 120 - - - - - - - - - - -
Ser 121 0.722 0.009 0.103 0.003 1.504 0.366 -0.756 0.778 0.009 0.000 0.319
Tyr 122 0.743 0.010 0.110 0.002 0.795 0.650 -0.183 0.895 0.000 0.000 0.000
Lys 123 0.713 0.014 0.105 0.003 0.679 0.551 -0.189 0.929 0.025 0.000 0.421
Tyr 124 0.709 0.020 0.098 0.002 0.481 0.426 -0.114 0.937 0.000 0.000 0.000
Phe 125 0.714 0.015 0.094 0.002 0.664 0.586 -0.117 0.931 0.114 0.000 1.502
Tyr 126 0.736 0.034 0.099 0.003 0.237 0.265 0.117 0.902 0.045 0.000 0.655
Val 127 - - - - 0.562 0.450 -0.200 0.945 0.045 0.000 0.655
Ser 128 0.721 0.010 0.105 0.002 0.758 0.602 -0.206 0.915 0.021 0.000 0.285
Ala 129 0.671 0.017 0.092 0.001 0.781 0.672 -0.139 0.990 0.000 0.000 0.000
Glu 130 0.694 0.018 0.091 0.003 0.924 0.784 -0.152 0.958 0.000 0.000 0.000
Gln 131 0.770 0.016 0.100 0.002 0.769 0.615 -0.201 0.859 0.024 0.000 0.367
Val 132 0.728 0.014 0.096 0.001 0.728 0.619 -0.150 0.913 0.000 0.000 0.000
Val 133 - - - - 1.608 1.311 -0.185 0.997 0.000 0.000 0.000
Gln 134 0.708 0.010 - - 0.992 1.079 0.089 0.945 0.000 0.000 0.000
Gly 135 0.715 0.016 0.086 0.002 0.684 0.589 -0.139 0.930 0.000 0.000 0.000
Met 136 0.705 0.005 0.093 0.001 1.608 1.311 -0.185 0.943 0.016 0.000 0.224
Lys 137 0.702 0.005 0.093 0.001 1.177 1.039 -0.117 0.947 0.000 0.000 0.000
Glu 138 0.739 0.011 - - 0.821 0.721 -0.121 0.893 0.000 0.000 0.000
Ala 139 - - - - 1.294 0.997 -0.230 0.264 0.000 0.000 0.000
Gln 140 0.707 0.006 0.095 0.001 0.837 0.667 -0.202 0.935 0.019 0.000 0.273
Glu 141 0.761 0.012 0.101 0.001 1.213 1.147 -0.054 0.873 0.000 0.000 0.000
Arg 142 0.755 0.011 0.096 0.001 0.800 0.646 -0.192 0.878 0.021 0.000 0.282
Leu 143 0.722 0.009 0.106 0.001 1.504 0.366 -0.756 0.777 0.009 0.000 0.140
Thr 144 0.679 0.006 0.121 0.002 0.919 0.701 -0.237 0.979 0.013 0.000 0.226
Gly 145 0.613 0.010 0.136 0.003 0.669 0.469 -0.298 0.877 0.341 0.000 0.413
Asp 146 0.708 0.012 0.176 0.007 0.711 0.386 -0.458 0.872 0.019 0.000 0.324
Ala 147 0.621 0.051 0.316 0.012 0.849 0.463 -0.455 0.748 0.108 0.000 1.019
Phe 148 0.623 0.007 0.152 0.003 1.028 0.575 -0.441 0.822 0.037 0.000 0.449
Arg 149 - - - - 0.135 0.094 -0.301 0.736 0.037 0.000 0.449
Lys 150 0.710 0.008 0.105 0.002 0.150 -0.008 -1.056 0.936 0.010 0.000 0.142
Lys 151 - - - - 0.830 0.693 -0.165 1.000 0.010 0.000 0.142
His 152 - - - - - - - - - -
Leu 153 0.722 0.006 0.104 0.002 1.439 1.178 -0.182 0.920 0.010 0.000 0.190
Glu 154 0.707 0.010 0.108 0.001 1.294 0.997 -0.230 1.000 0.010 0.000 0.190
Asp 155 1.876 0.079 1.593 0.181 1.006 0.818 -0.187 0.351 0.016 0.000 0.213
Glu 156 - - - - - - - - - - -
Leu 157 - - - - - - - - - - -
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G - Appendices

ERp18 Reduced T1 Raw Data
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