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Abbreviations

1-phosphohistidine N°! phosphorylated histidine

1,3-diphosphobhistidine N°! and N2 phosphorylated histidine

3-phosphohistidine N phosphorylated histidine

Ac Acetate

ATP Adenosine triphosphate

BglG [-glucoside specific antiterminator protein in Escherichia coli (transcription fac-
tor)

CAT co-antiterminator

El first member of the PTS: Enzyme I (part of the general PTS)

Ellgc / Ell carbohydrate specific member of the PTS: Enzyme II (part of the specific
PTS); the AB fragment was used in this work

GIlcT Glucose specific antiterminator protein in Bacillus subtilis (transcription factor,
member of the BglG family)

GST Glutathione S-transferase

HNP-NMR Nuclear Magnetic Resonance correlation spectroscopy combining 'H, N
and 3'P nuclei

HPr second member of the PTS: histidine containing phosphocarrier protein (part of
the general PTS)

LicT [-glucoside specific antiterminator protein in Bacillus subtilis (transcription factor,
member of the BglG family)

NMR Nuclear Magnetic Resonance spectroscopy

OD optical density (measured at 600 nm)

PA Phosphoramidate

PEP Phosphoenolpyruvate

PRD PTS regulation domain

PTS Phosphoenolpyruvate: sugar phosphotransferase system (bacterial system to trans-
port carbohydrates)

ptsGHI operon induced by glucose and controlled by the GlcT protein, encoding Ellgy,
EI and HPr

RAT Ribonucleic antiterminator

RBD RNA-binding domain (N-terminal domain of antiterminator proteins)

SacY sucrose specific antiterminator protein (transcription factor, member of the BglG
family)

TEV protease tobacco etch virus protease

UV ultraviolet electromagnetic radiation ranging from 10 to 400 nm



1 Introduction

1.1 Histidine phosphorylation in proteins

Phosphorylation is defined as "the addition of a phosphate (PO4) group" to a
target molecule’. Small molecules such as adenosine triphosphate (ATP), phos-
phoramidate (PA) and phosphoenolpyruvate (PEP) are various phosphate donor
molecules, which often phosphorylate proteins. In general, protein phosphoryla-
tion is wide spread and is considered as an essential posttranslational modification.
This modification involves the modulation of the biological activity, subcellular lo-
cation, half life and docking with other proteins [Cohen, 2000]. Although one of
the common targets for such phosphorylations are histidine amino acids [Attwood
et al., 2007], histidine phosphorylation was neglected for quite a long time because
of the difficulties in phosphohistidine detection [Klumpp and Krieglstein, 2002].
Recently, histidine phosphorylation has been found to be involved in many bio-
logical processes and thus investigation of histidine phosphorylated proteins has
become an emerging interest [Puttick et al., 2008|.

Over decades, histidine phosphorylation was assumed to occur only in prokary-
otic cells [Parkinson, 1993, Thomason and Kay, 2000]. Two prominent examples are
the prokaryotic two component cell signalling system |[Robinson and Stock, 1999
and the bacterial sugar phosphotransferase system (PTS) [Meadow et al., 1990],
which will be described in the following section. However, histidine phosphoryla-
tion has also been found among eukaryotic cells [Thomason and Kay, 2000, Steeg
et al., 2003].

'http://en.wikipedia.org/wiki/Phosphorylation
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1.2 The bacterial sugar Phosphotransferase
System (PTS) and the role of a
transcriptional antiterminator: GlcT

The bacterial phosphotransferase system (PTS) is a paramount example of his-
tidine phosphorylation. It well illustrates that the phosphorylation of histidines
plays a fundamental role in the uptake and utilization of carbohydrates for the
glycolysis in prokaryotes. As shown in Figure 1.1 a) phospho(enol)pyruvic acid
(PEP) transfers a phosphate to Enzyme I (EI) and this phosphate is cascaded
sequentially to the histidine-containing phosphocarrier protein (HPr), Enzyme II
(EII) and glucose, through histidine phosphorylations.

This PTS is also regulated by histidine phosphorylation on the transcriptional
level through antiterminator proteins (for reviews see [van Tilbeurgh and De-
clerck, 2001, Deutscher et al., 2006]). One of the first identified antitermina-
tor proteins was BglG which regulates the uptake of S-glucosides in FEscherichia
coli |[Amster-Choder and Wright, 1992, Amster-Choder and Wright, 1997|. An-
other well known antiterminator protein (LicT), which regulates the [-glucoside
metabolism in Bacillus subtilis, was biochemically and structurally studied in the
recent years [Declerck et al., 1999, van Tilbeurgh et al., 2001, Graille et al., 2005].
A variety of homologous antiterminators of different specificities have been iden-
tified [Greenberg et al., 2002]. Among them, our model system GlcT specifically
regulates the uptake of glucose in Bacillus subtilis, which is the preferred carbon
and energy source for these bacteria.

The GlcT antiterminator protein acts as a transcription factor, which modulates
the expression level of the PTS gene products encoded by the ptsGHI operon
|Bachem and Stiilke, 1998|. "ptsG", "ptsH" and "ptsI" encode the glucose specific
EII, EI and HPr proteins, respectively. The function of GlcT in the context of the
PTS is summarized and shown in Figure 1.1.

GlcT is a 288 amino acids protein comprising three domains, which are com-
mon for proteins of the BglG family of transcriptional antiterminators. The N-
terminus starts with the RNA-binding domain (RBD), followed by two PTS reg-
ulation domains (PRDs) known as PRDI and PRDII. In the presence of glucose,
GlcT forms a dimer to bind its RNA-binding motif and stabilizes the specific
RNA antiterminator target structure formed by this motif (RAT; Figure 1.1 a).
In the absence of glucose the constitutive stable terminator motif causes efficient
termination of the transcription (Figure 1.1 b) because Glc¢T forms an inactive
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a)

PEP EI-P HPr-P
pyruvateX El HPr X
active GIcT (dimer)
(anti-termination)

b) out

PEP EI-P HPr-P
pyruvateX El HPr X
inactive GIcT (monomer)
(termination)

terminator

RAT //

NO mRNA of the ptsGHI operon CM

51 EDKGYDKMFI LKDEKEQKQF KKLLDYVDEK
101 NEHIHIALTD HIAFAIKRQQ QGFDMKNPFL
151 INEKAGLCLP EGEIGFIALH IHSALTNRPL

C) 1 MTKELRIVNG SFTVKKVLNN NVLIASHHKY SEVVLIGKGI GFGKKQDDVI 50

LVDISNDVIY HISNRTNHSL 100
METQSLYPEE YQIAKEVIDM 150
SEVNQHSQLM AQLVEVIEDS 200

201 FOMKVNKESV NYLRLIRHIR FTIERIKKEE PTKEPEKLML LLKNEYPLCY 250
251 NTAWKLIKIL QQTLKKPVHE AEAVYLTLHL YRLTNKIS 288

Figure 1.1: GlcT and its regulatory function in a) the presence of glucose and b) the absence of
glucose. The full length sequence of GIcT is shown in ¢) (section: 2.3). A colour code is used to
highlight domain boundaries as follows: purple = RBD (RNA-binding domain), green = PRDI
(PTS regulation domain I) and blue = PRDII (PTS regulation domain II). The same colour
code is used in a) and b). CM indicates the cell membrane. Conserved histidine residues are
underlined and highlighted in red in ¢). In a) and b) these conserved histidines are illustrated as
red dots and phosphate groups are drawn only schematically. In the presence of glucose (a) the
dimeric transcription factor GIcT binds to its RAT (Ribonucleic Antiterminator Target; shown
in red in a and b) motif to prevent transcriptional termination. Consequently, mRNAs of Ellg,,
EI and HPr are synthesized. In the absence of glucose (b) the phosphorylation of the PRDI
domain of GlcT leads to an inactive monomeric state not capable to bind the RAT motif. Hence,
the transcriptional terminator is active.
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monomer upon PRDI phosphorylation. Only upon binding of dimeric GlcT to its
RAT motif this RAT structure is stabilized and hence, the terminator is desta-
bilized which causes ptsGHI transcription (Figure 1.1 a). Thus, the process of
termination/antitermination requires binding of dimeric GlcT and consequently
leads to a protein-dependent riboswitch mechanism, which is based on the exis-
tence of alternative, mutually exclusive RNA structures [Schilling et al., 2004].
One of these structures is the transcriptional terminator, whereas the alternative
structure (RAT) prevents the formation of the terminator and allows transcrip-
tion elongation to proceed. The RAT sequence (shown in red in Figure 1.1 a
and b) is part of the terminator region, which constitutes the protein-dependent
riboswitch [Schilling et al., 2004].

Ellgi. (Enzyme II) is a three
HPr-P domain enzyme, which has
a membrane integrated ’C’-

U domain to incorporate glucose
from the outer environment
(Figure 1.1). EI and HPr are

considered as general members

of the PTS because their pres-

\\/ ence is needed for even more

regulatory processes. Hence,

the expression level of those

Figure 1.2: Phosphorylation states of PRDI and PRDII two proteins is controlled by

of GlcT and their aggregation behaviour. Dimerization additional promotor elements

of PRDII is triggered by HPr-dependent phosphoryla- forming a constitutive ptsHI
tion of monomeric PRDII whereas inactivation of GlcT oberon [S tiilke et al 1997]

is achieved upon phosphorylation of dimeric PRDI. This b K )
PRDI phosphorylation leads to GlcT monomerization and
is driven by Ellg).-dependent phosphorylation in the ab- Interestingly, homology stud-

sence of glucose. ies revealed that antitermina-

tor proteins usually comprise

four highly conserved histidine
residues, two in each of the two PRDs |Greenberg et al., 2002]. It is proposed and
generally accepted that these conserved residues are essential in the regulatory
processes leading to active or inactive states of GlcT upon their phosphorylation.
In GIcT these conserved histidines are residues 111 and 170 in PRDI and 218 and
279 in PRDII (Figure 1.1 ¢).

In the absence of glucose PRDI is phosphorylated by the carbohydrate spe-
cific Enzyme II (EII) whereas PRDII is phosphorylated by HPr [Schmalisch et
al., 2003]. The latter HPr-dependent, phosphorylation of PRDII is not as manda-
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tory as for homologous proteins, such as LicT or BglG [Schmalisch et al., 2003].
Interestingly, the phosphorylation of histidines in both PRDs results in opposite
effects. Whereas PRDI phosphorylation leads to the inactive monomeric form of
GlcT, phosphorylation of PRDII stabilizes the dimer. Thus, different members
of the PTS are involved in the antagonistic regulation pathway of transcriptional
antitermination. In Figure 1.2 the consequences upon PRDI and PRDII phospho-
rylation are summarized. The non-phosphorylated PRDI and the phosphorylated
PRDII strongly favour the dimeric aggregation state of GlcT. The formation of
the RNA-protein complex is supposed to take place only upon binding to dimeric
GlcT [Schmalisch et al., 2003].

The specific characteristics of phosphorylated histidines are discussed in the
following section.

1.3 Characteristics of phosphohistidines

Unlike well studied phospho-
serine, phosphothreonine and

1 2
R H R H phosphotyrosine, which con-
2 2 tain phosphoester bonds, phos-
51 2 51 2 phohistidines form a cova-

"HO,P—N 7 N N N N—PO,H"  lent phosphoramidate bond be-
Y Y tween the phosphorus and
the imidazole nitrogen atoms

(N-PO3).  Phosphoramidates
are significantly different com-

1 2 pared to phosphoester bonds
HOP—N. . NTPOH (O-PO3). Hydrolysis of P-N
N bonds of histidines in proteins
release a higher energy (AG°=
-12 to -14 kcal mol™! ) than
Figure 1.3: Illustration of all possible histidine phosphoester bonds (AG°= -

phosphorylation  states: 1) 1-phosphohistidine ¢ 5 to -9.5 kcal mol'l) point-
(61-phosphorylation), 2)  3-phosphohistidine  (e2-
phosphorylation), 3) 1,3-diphosphohistidine (41, €2-
diphosphorylation).

ing already to the ability of an
efficient phosphate transfer to
other target molecules |[Besant
and Attwood, 2009].
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Also, a clear difference in pH stability is observed between phosphoramidates
and phosphoesters. Whereas phosphoester bonds are stable under acidic condi-
tions phosphoramidates undergo rapid hydrolysis and are stabilized under basic
pH conditions. The loss of stability at low pH is a main reason that the detection
and characterization of phosphohistidines in proteins was difficult for quite a long
time. Since most techniques, such as mass spectrometry, require or at least prefer
acidic conditions (which are suitable to detect phosphoesters), histidine phospho-
rylations were left undiscovered and unnoticed [Macek et al., 2007].

Another difference between phosphoramidates and phosphoesters is the regio-
chemistry of phosphorylation. Phosphoester of serine, threonine or tyrosine are
restricted to their specific functional hydroxyl groups of these amino acids. The
imidazole of histidines provides two nitrogen atoms called 01 and €2 which are
the potential phosphorylation targets. In Figure 1.3 all possible phosphorylation
states and their nomenclature are summarized.

The following labelling schemes are known: d1-phosphorylation which is also
known as 1-phosphohistidine, €2-phosphorylation (3-phosphohistidine) and d1-,
e2-diphosphorylation (1,3-diphosphohistidine). The two nitrogen phosphorylation
sites are significantly different in their stability. Over the entire pH range 1-
phosphohistidine is more labile and has a shorter half life time than 3-phospho-
histidine [Hultquist et al., 1966, Hultquist, 1968]. This reduced half life time is
caused by the a-amino group of histidine, which has a destabilizing effect on the
d1-phosphorylation site and, hence, promotes the hydrolysis of 1-phosphohistidine.

Due to their chemical nature the detection of phosphohistidines is challenging
and will be explained in the following section.

1.4 Detection of histidine phosphorylation

All attempts to characterize phosphohistidines involve very time consuming and
cumbersome methods. First of all two main issues can be identified: i) to prove
the presence of a phosphorylated histidine and ii) which nitrogen site is phospho-
rylated, addressing the question of the regiochemistry. Further questions arise
for proteins comprising several histidine residues. In this situation experiments
are needed to identify how many and which histidines are phosphorylated in the
protein sequence. The characteristics of phosphohistidines can be used to identify
histidine phosphorylation. pH- and temperature dependent hydrolysis studies have
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revealed whether the phosphate bond is sensitive to certain pH conditions, allow-
ing to distinguish between phosphoesters and phosphoramidates [Amster-Choder
and Wright, 1997|. The regiochemistry of histidine phosphorylation can be de-
termined by comparing the pH- and temperature-dependent hydrolysis rates of
the N-P bond to free phosphohistidines [Hultquist et al., 1966]. This allows to
distinguish between 01- and €2 phosphorylation sites. However, hydrolysis rates of
phosphohistidines in proteins can differ compared to free phosphohistidines due to
the protein environment. In addition, pH- and /or temperature-dependent titration
series can often convert proteins from a folded into a partially or even totally un-
folded state, which most likely affects hydrolysis rates. Furthermore, denaturation
and precipitation of a target protein leads to the loss of the sample, which hinders
a complete data accumulation through the experiment [Dooijewaard et al., 1979|.
Another practical problem is that hydrolysed phosphate needs to be separated
from the protein sample and quantified. In order to achieve this separation, addi-
tional chromatographic methods such as reverse phase thin layer chromatography
(RP-TLC) need to be performed. Frequently, radioactively labelled *?P-phosphate
is used to detect and quantify phosphorylations [Waygood et al., 1985, Besant et
al., 1998, Besant et al., 2000].

Free phoshohistidines are often deployed as reference compounds for phospho-
rylated histidines in proteins. Similar to hydrolysis studies, 3'P NMR was used
for chemical shift comparisons [Bock and Sheard, 1975, Fujitaki et al., 1981, Vogel
et al., 1982, Brauer and Sykes, 1984, James, 1985, James, 1985, Vogel et al., 1989).
Due to 3'P phosphorus’s favourable properties for NMR, no isotope enrichment
is necessary to carry out 3'P NMR experiments. NMR spectroscopy also allows
to perform experiments under conditions appropriate for the target protein (e. g.
pH). 3!'P chemical shifts of phosphorylated histidines were measured in 1D NMR
experiments to distinguish between all phosphorylation states in order to identify
and verify histidine phosphorylation in proteins [Surette et al., 1996|. However, in-
dividual chemical shift variations due to the protein environment might arise and,
eventually, data interpretation becomes difficult or even impossible to specify the
regiochemistry of the phosphohistidine. The low dispersion of 3P chemical shifts
of all species of phosphohistidines (ranging from approx. 0 to -10 ppm) makes
it more likely that chemical shifts obtained from a phosphoprotein do not agree
with the chemical shifts gained from free phosphohistidines. In one instance the
regiochemistry of an unfolded phosphoprotein could be only determined by 3'P
NMR using short reference peptides instead of free phosphohistidines [Lecroisey
et al., 1995].

Histidine phosphorylations can be indirectly observed by '*N chemical shift ef-
fects in long range 2D 'H,'"”N-correlation spectra |Pelton et al., 1993, Zhou and
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Dahlquist, 1997]. Those N chemical shifts of phosphohistidines, which are rang-
ing approx. from 200 to 210 ppm, also show low dispersion similar to the 3'P
chemical shifts. Unfortunately, various reasons can cause additional chemical shift
differences such as pH, temperature or solvent effects. Hence, both 1D 3'P and 2D
'H,N-spectra fail to give a direct and reliable proof of phosphorylated histidines,
especially in proteins. However, 2D 'H,'N-long range experiments are preferred
and necessary in order to determine pK, values and to study the tautomeric condi-
tions of histidines, since chemical shifts are sensitive to the protonation of imidazole
nitrogen atoms [Pelton et al., 1993,Zhou and Dahlquist, 1997, Garrett et al., 1998].

Another important biophysical method to investigate phosphohistidines is mass
spectrometry. In recent years proteins have been successfully investigated to iden-
tify histidine phosphorylations [Zu et al., 2007]. The process of collision-induced
dissociation (CID), commonly used to generate peptide fragments during tandem
mass spectrometry (MS-MS), may result in a loss of phosphate, depending on the
residue and the collision energy used. The loss of 80 Da, which results from the loss
of a phosphate group (HPOj), is characteristic for phosphoramidates in phospho-
histidines [Ross, 2007]. Commonly, a tryptic proteolysis and subsequent enrich-
ment of the peptides is performed to improve the sensitivity for mass spectrometric
experiments. Hence, sample conditions for such experiments (pH, temperature and
time) need to be adjusted in order to preserve the stability of phosphoramidates.
However, despite all the recent advancements in sample preparation and method
optimization the characteristic loss of 80 Da does not allow to distinguish between
both nitrogen sites in the imidazole of phosphohistidines.

Other experimental approaches, such as native gel analysis often need very spe-
cialized experimental conditions (e. g. regarding pH, buffer composition and gel
preparation) [Niepmann, 2007]. Observed bands are often blurred and other con-
ditions affecting the migration process can be observed and need to be correctly
interpreted. At best, a qualitative proof of general phosphorylation can be seen in
combination with radioactively labelled 32P. However, no direct evidence of phos-
phates, which are attached to histidine sidechains is supplied. Furthermore, no
information regarding the regiochemistry is provided.

1.5 Goal of this dissertation

A combined technique giving both the evidence of phosphohistidines and providing
regiochemistry information of phosphorylated histidines is still in need. A spec-
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troscopic method, which does not rely on radioactively labelled material or time
consuming titration series is highly desired. My goal was to develop and establish
a new Nuclear Magnetic Resonance (NMR) spectroscopy technique to address the
issue of histidine phosphorylation in proteins and its regiochemistry. By applying
this new NMR technique, I wanted to gain new insight in the regulatory histidine
phosphorylation of the bacterial antiterminator protein GlcT from Bacillus sub-
tilis. 'The GlcT-dependence of the PTS is a fundamental regulatory pathway of
glucose utilization and depends on histidine phosphorylation. Hence, it was my
goal to study and characterize the phosphohistidines in each regulatory domain
(PRDI, PRDII) individually.

This goal included determining the number of phosphate groups, which are
involved in the phosphorylation process of each domain. I wanted to optimize the
sample conditions for mass spectrometry in order to detect the phosphoprotein
within a complex phosphorylation mix of three enzymes (Enzyme I, HPr and the
target protein). It was further my goal to combine NMR and mass spectrometry to
specify, which histidine(s) is (are) phosphorylated in the protein sequence. Finally,
I wanted to study differences in the aggregation states upon phosphorylation by
analytical gel filtration to validate possible functional consequences.

It has been proposed that both PRDs are specialized in the choice of their phos-
phorylation partners [Schmalisch et al., 2003]. Hence, by applying the methods
mentioned above, I wanted to gain insight into why PRDI interacts with Enzyme
IT and PRDII with HPr.



2 Materials & Methods

In this chapter a summary of the used materials, chemicals and methods is given.
Detailed descriptions can be found in textbooks such as [Lottspeich, Zorbas; Bio-

analytik; Spektrum Verlag].

2.1 General materials

2.1.1 Important chemicals

Compound

Supplier

1,4-Dithio-D,L-Threitol (DTT)

Gerbu Biotechnik GmbH

2-Methyl-2,4-pentanediol (MPD) Fluka
2-propanol Merck
Acrylamide (Rotiphorese Gel 30, 37.5:1) Carl Roth
Acrylamide bis, ready to use solution 40 % (19:1) Merck
Agar AppliChem
Agarose (Electrophorese Grade) Invitrogen
Ammonia solution 25 % Merck
Ammonium-°N chloride (**NH,4Cl) isotec
Ammonium acetate (NHy4 Ac) Merck
Ammonium chloride (NH4Cl) Carl Roth
di-Ammonium hydrogen phosphate (NHy)osHPOy Fluka
Ammonium peroxodisulphate (APS) Carl Roth
Ampicillin Sodium salt Carl Roth
Bromophenol blue Sodium salt Carl Roth

Chloramphenicol
Complete (EDTA / EDTA free)

ICN Biomedicals Inc.
Roche

Coomassie Brilliant Blue G 250 Carl Roth
Dodecylsulfate Sodium salt Serva
Ethidium bromide (10 mg/ml solution) Carl Roth



General materials

Compound Supplier
Ethylenediamine tetraaceticacid (2x Na™, 2x HyO) (EDTA) Carl Roth
Gentamycin sulfate Carl Roth
Glacial acetic acid Merck
13C4-D-Glucose Spectra Stable Isotopes
D(+)-Glucose monohydrate Merck
Glutathione Sepharose 4B GE Healthcare
Glycerol Merck
Glycine Merck
HEPES Carl Roth
15N5-histidine isotec
Imidazole 1PN, isotec
Imidazole Carl Roth
Isopropyl-3-D-thiogalactopyranosid (IPTG) AppliChem
Kanamycin sulfate Carl Roth
Magnesium chloride hexahydrate (MgCly 6x HoO) Carl Roth
Magnesium sulfate heptahydrate (MgSO4 5x Hy0) Merck
Ni-NTA Agarose Qiagen
Pefabloc (protease inhibitor) Carl Roth
Phenylmethylsulfonyl fluoride (PMSF) Carl Roth
Phospho(enol)pyruvic acid tri(cyclohexylammonium) salt Sigma
Phospho(enol)pyruvic acid trisodium salt Sigma
Phospho(enol)pyruvic acid monopotassium salt Sigma,
Phosphoramidate (PA) this work
Poly (ethyleneimine) solution (50 %) (PEI) Sigma

Polyethylene glycol 3350 (PEG 3350)
Potassium chloride (KCI)

Potassium dihydrogen phosphate (KH2POy)
Sodium chloride (NaCl)

Sodium dihydrogen phosphate (NaHyPOy)
di-Sodium hydrogen phosphate (NagHPOy)
Sodium hydroxide (NaOH)

Sodium iodide (Nal)

N,N,N " N’-Tetramethylethylenediamine (TEMED)
Thiamine chloride hydrochloride
Tris(hydroxymethyl)aminomethane (Tris)
Triton X-100

Tryptone / Pepton from casein

Yeast extract

Hampton Research
Merck
Carl Roth
Merck
Merck
Merck
Merck
Fluka
Sigma
Merck
VWR
Merck
Carl Roth
Carl Roth

Table 2.1: List of relevant chemicals used during this work in alphabetical order.
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2.1.2 Important materials & Enzymes

Name

Product & Supplier

Balances

Bp 3100 S; Sartorius
A 210 S; Sartorius

Centrifuges

Avanti J-20 & J-30I; Beckmann-Coulter
rotors: JLA 8.100, JLA 9.100, JLA 16.250,
JA 25.50 Ti, JA 30.50 Ti; Beckmann-Coulter
5415D; Eppendorf

5804; Eppendorf

5415C; Eppendorf

Concentrators

Vivaspin 2, 6, 20 ml, MWCO: 5,000 & 10,000; Sartorius

Dialysis

Tube-O-DIALYZER ( 1K MWCO, Micro); G-Bioscience
Spectra / Por membranes; Carl Roth

DNA-kits

midi prep: Nucleo Bond PC 100; Macherey-Nagel
plasmid purification: Nucleo Spin Plasmid; Macherey-Nagel

Electrophoresis

SDS-PAGE: Mini-PROTEAN 3 Cell; BioRad
Agarose gel: Sub-Cell GT Mini; BioRad
Power Pac 300; BioRad

Freezer

VIP series -86°C MDF-U71V; SANYO
Hera freeze -80°C; Heraeus Instr.
Comfort -20°C; Liebherr

Filtration

Rotilabo steril filters 0.22 pum; Carl Roth

FPLC

Akta prime, basic, purifier; GE Healthcare
Superdex 75 (16/60;) GE Healthcare
Superdex 75 (10/300); GE Healthcare

Imaging (gels)

DC120 zoom, digital science; Kodak
TFX-20M Transilluminator, life Technologies

Multitron HT; Infors AG

Incubator Certomat R; B. Braun Biotech Intern.
B6 function line; Hereaus Instr.
Lyophilisation Christ Alpha 2-4; B. Braun Biotech Intern.

Marker (DNA)

A/ HindIII (2); Fermentas
¢x 174 DNA/ BsuRI (Haelll) (9); Fermentas

Marker (protein)

BenchMark protein ladder 10747-012; Invitrogen

Mass spectrometry

Micromass ZQ 4000; Waters




General materials

19

Name

Product & Supplier

NMR

AVANCE I 400; Bruker

AVANCE I 600 cryo; Bruker

AVANCE IIT 600; Bruker

AVANCE I 700 cryo; Bruker

AVANCE III 700; Bruker (Oxford magnet)
AVANCE IIT 800; Bruker

AVANCE I 900; Bruker

NMR sample tubes 5 mm; Hilgenberg
NMR Shigemi tubes 5 mm; Shigemi Corp.

PCR

Phusion, High-Fidelity PCR Master Mix; New England Biolabs
Quickchange II Site-Directed Mutagenesis Kit; Stratagene
Hot Star Taq; Qiagen

pH Meter

PB11 + PY-P10; Sartorius
SevenEasy; Mettler Toledo
Spintrode pH NMR electrode; Hamilton

Protein purification

5 ml / 10 ml single use plastic column, PIERCE

Restriction enzymes

Fermentas & New England Biolabs
(Ndel, BamHI, EcoRI, Sall)

Sonication

SONOPULS HD 2200 + UW 2200; Bandelin
SONOPULS GM 3100 +UW 3100; Bandelin

thermocycler

HYBIAD PCR sprint; Perkin Elmer

UV /VIS spectroscopy

UV/VIS spectrometer; Hewlett-Packard
DU-70 spectrophotometer; Beckman

Table 2.2: List of relevant materials and enzymes used during this work in alphabetical order.
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2.1.3 Software

Software Provider Reference
Cara (1.8.4) http://cara.nmr.ch/doku.php
Igor Pro (4.04) http://www.wavemetrics.com/
S s i gl el o 10
pyMOL (0.99r¢6) http://pymol.org/
swiss-PdbViewer (4.01) http://www.expasy.org/spdbv/
Bruker http://wuw.

TOPSPIN (2.0/2.1)

bruker-biospin.com/nmr.html

InforMax, Inc.; Invitrogen, http:
//www.invitrogen.com/site/us/
en/home/LINNEA-Online-Guides/
LINNEA-Communities/
Vector-NTI-Community/
vector-nti-software.html

Vector NTT 8

Table 2.3: List of special software, which was used in this work.

2.1.4 Growth media & Antibiotics

Name Chemical Amount Remarks
ddH50O 758 ml autoclaved
Trace elements 10 ml filtered
Thiamine HCI 6 ml filtered
(5mg ml ™)

M9 minimal medium CaCly (2 M) 50 pl filtered
MgSO; (1 M) 2 ml filtered
Glucose (4 g I'!) 20 ml filtered
NH4CI (1 g I'h) 1 ml filtered
M9 salts (5x) 200 ml autoclaved
NasHPOy 339 ¢g final pH 7.4
KHyPOy4 150¢g

M09 salts (5x) NaCl 925 g
ddH5O addto 1 L

Trace elements FeSO,4 7x H,O 0.6 g important order
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Name Chemical Amount Remarks
Trace elements MnCls 4x HyO 0.115 g
COCIQ 6x HQO 0.08 g
ZnSO4 7x HoO 0.07g
CuCl; 2x H2O 0.03 g
H3BO4 0.002 g
(NH4)6M07024 4x HQO 0.025 g
ddH20 add to 100 ml filter the mixture
Tryptone 10 g final pH 7.2
LB(lysogeny broth)  Yeast extract 5g [Bertani, 1951]
medium NaCl 10g [Bertani, 2004]
ddH>0O addtolL autoclave the mixture
Tryptone 16 g
Yeast extract 10 g
2x YT NaCl 5g
ddH50O addto 1 L autoclave the mixture
- Ampicillin 25 mg ml! in H,O
Ampicillin (stock) (sodium salt)
Kanamycin (stock) Kanamycin 70 mg ml! in HoO
Isopropyl-5-D- 1M in HoO
IPTG (stock) thiogalactopyranosid
Agar plates Agar 38 [Hitchens and Leikind, 1939]
§ar b LB medium 200 ml He an B

Table 2.4: List of compounds used for media preparation and antibiotics. The media were
supplemented with appropriate amounts of antibiotics prior to the expression. For liquid media
ampicillin was diluted 1:500, for agar plates 1:250. Kanamycin was diluted 1:1000 for both liquid
media as well as for agar plates.
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2.1.5 Vectors

The protein constructs, which are listed in Table 2.10 were cloned into the expres-
sion vectors that are shown in Figure 2.1.

E
Bl | vl

a) b) Z-tag TEV-site / /. HindIIT
Apall GSTA His(7x)-tag \q "/A”‘ﬂ
| tag Nool///\v\\/ﬂ/ B 1 origin
\ TEV-site T7 Promotor Ry

Apall \ Kan coding
] sequence

| —Xmal

Al pGEX2-GST-TEV vector oo || pET28a-His-Z-TEV vector Aul

4960bp \ 5539bp
¥

-

Apall

pBR322 origin /
Apall

\ \pBR322 origin

Apall

Figure 2.1: Two expression vectors were mainly used for protein overexpression during this
work. In a) the pGEX vector is shown, which was used for the overexpression of PRDI. This
vector encodes an N-terminal GST fusion protein (in the figure: GST-tag). In b) the pET28a
vector is shown, which encodes a hepta-histidine tag (in the figure: His(7x)-tag) fused to the
Z-domain (in the figure: Z-tag). This vector was used for the overexpression of PRDII and
RBD-PRDI. Specific restriction sites are indicated. Genes, encoding for antibiotic resistance are
indicated by Amp (ampicillin) and Kan (kanamycin). In both vectors there is a TEV cleavage
site between the fusion tag and the target protein (in the figure: TEV-site).
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2.2 General methods

2.2.1 DNA plasmid purification & Sequencing

DNA plasmid purification was carried out using the "Nucleo Bond midi prep kit"
(Macherey-Nagel) following the protocol of the supplier. After DNA purification,
final UV absorption was measured at 260 and 280 nm UV wavelength and multi-
plied by a factor of 50 to obtain approximately the plasmid concentration in ug
ml!.

DNA sequencing was done by the Seqlab company (Gottingen)?. For successful
sequencing the Aggp/Assp ratio is recommended to be 1.6 or higher. Samples for
sequencing were prepared as follows: approx. 600 ng of plasmid DNA were mixed
with 2 ul of sequencing primers (10 M) and ddH,O was added to a final volume
of 7 pl.

2.2.2 PCR: DNA cloning primers

DNA cloning primers were purchased from Invitrogen and IBA GmbH?. The melt-
ing temperatures (Ty,) of the PCR cloning primers were calculated according to
the following formula [Marmur and Doty, 1962]: T\, = 69.3 + 41(%£€) — (820)
where N is the primer length in bases and G+C the summation of guanine and
cytosine bases within the sequence. PCR was carried out according to section
2.2.3.

Mutagenesis primers were designed following the formula for T, calculation:
Ty = 815 + 41(%EE) — (88)—%mismatch where "%mismatch" is given in whole
numbers reflecting the number of mutated bases based on the primer length. De-

tailed information is given in the instruction manual of the mutagenesis kit.

Cloning and mutagenesis primers are listed in Table 2.5.

2http://www.seqlab.de/
*http://www.iba-go.com/index.html
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2.2.3 PCR: Cloning & Mutagenesis

The polymerase chain reaction (PCR) is a molecular biology tool for efficient DNA
amplification [Saiki et al., 1988]. For DNA amplification 100 ng template DNA
were mixed with 2 pl (10 M) primer solution (forward and reverse) and 20 pul

"Phusion" master mix solution, containing buffer, polymerase and dANTP’s (New
England-BioLabs, "Phusion" kit). ddH,O was added up to a final volume of 40

wl.

"QuickChange II Site-Directed Mutagenesis Kit" (Stratagene) was used for site
directed mutagenesis. 20 ng of template DNA were mixed with 5 pl 10x reaction
buffer, 125 ng of each mutagenesis primer (forward and reverse), 1 ul ANTP’s and
1 @l PfuUltra HF DNA polymerase. The final volume of 50 ul was adjusted by
adding ddH,O.

Experimental conditions for all PCR experiments are summarized in Table 2.6.

Step Temperature Time Cycles Remarks
initial denaturation 98°C 30sec 1

denaturation 98°C 20 sec

annealing 55°C 30 sec 25

extension 72°C 30 sec 15-30 sec/kb
final extension 72°C 10 min 1

Table 2.6: The table shows the PCR parameters for the amplification using plasmid DNA as
template. For the amplification using genomic DNA (Bacillus subtilis) the initial denaturation
time was prolonged to 2 min, the annealing time was set to 20 seconds and the number of ampli-
fication cycles was increased to 28. For site directed mutagenesis experiments all denaturation
steps were performed at 95°C and the denaturation length in each cycle was set to 30 sec. The
annealing time was increased to 1 min at 55°C and the extension was carried out with 1 min per
kb of plasmid length at 68°C. For single base mutations the number of cycles was 16.

The PCR fragments were digested with restriction enzymes (Fermentas, NEB)
and purified by agarose gel electrophoresis (for further information see section:
2.2.4). After the electrophoresis the "Nucleo Spin Plasmid Kit" (Macherey-Nagel)
was used for the purification according to the protocol of the supplier.

The ligation into host plasmid DNA was carried out by mixing the vector DNA
with an excess of target DNA. 1 ul T4-ligase, 1.5 pl 10x ligase buffer and ddH,O
were added for a final volume of 15 ul. The ligation was performed overnight
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in a 14°C water bath. After ligation the plasmid DNA was transformed into
XL2blue host cells (see section: 2.2.5). These cells were spread onto LB agar
plates containing appropriate antibiotics and were incubated overnight at 37°C.
Colony PCR (Hot Star Taq polymerase; Qiagen) was used to confirm the presence
of the insert. Colonies were picked and mixed with 2.5 ul 10x PCR buffer, 0.2 ul
dNTP’s (25 mM), 1 pl of forward and reverse primers (10 M), 0.125 ul polymerase
and 20.2 pl ddH50O. 1 ml 2x YT medium was heated to 37°C and mixed with 3 pul
of the PCR mixture to start cell growth. The amplified fragments were analysed
by agarose gel electrophoresis (see section: 2.2.4).

Plasmids, mutated by site directed mutagenesis, were directly transformed into
XL2blue host cells without further plasmid purification. Prior to transformation
Dpn I restriction enzyme was used to digest parental template DNA for one hour
at 37°C.

Colonies, verified by DNA sequencing, were stored at -80°C. For this purpose
150 ul 50 % glycerol were mixed with 350ul of cells grown at 37°C in 2x YT
medium for several hours.

2.2.4 DNA agarose gel electrophoresis

Agarose gel electrophoresis was used to separate mixtures of DNA molecules
and/or to estimate the size of such fragments [Brody and Kern, 2004]. Agarose
gels were prepared as follows: 0.4 g agarose was dissolved in 40 ml 1x Tris-EDTA-
Borate (TBE) buffer by heating the solution to 100°C for a few minutes. 1 pl of
Ethidium bromide was added after the solution was cooled down to about 40°C.
Gels were prepared in BioRad gel boxes. Electrophoresis was performed at room
temperature for 30 to 120 minutes with constant 60 mV in 1x TBE buffer. A
DNA ladder (Fermentas) was used as molecular weight standard. Gel pictures
were taken with the "DC120 zoom, digital science" camera from Kodak.

Name Chemicals Amounts

Tris 445 mM (54 g)
Boric acid 445 mM (27.5 g)

i 0.01 mM (20 ml 0.5 mM stock)
ddH,O addto 1 L

Table 2.7: Chemical composition used for one liter of 5x TBE buffer.
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2.2.5 Plasmid transformation

Plasmids verified by DNA sequencing were transformed into E. coli strains. XI2blue
host cells were used for DNA preparation and BI21 strains for high yield protein
overexpression. A summary of host strains is given in Table 2.8. Plasmid trans-
formation was performed by heat shock. 0.5 to 1 ug of purified plasmid DNA were
incubated on ice along with an aliquot of competent host cells for 30 minutes, fol-
lowed by 40 seconds of heat shock at 42°C and another two minutes incubation on
ice. Cells were mixed with one ml of 2x YT medium (37°C) and incubated at 37°C
for 60 to 120 minutes. Grown cells were centrifuged at room temperature (1500
rcf, 4 minutes) and spread onto LB agar plates, containing appropriate antibiotics,

for overnight incubation (37°C).

Strain Genotype

Reference

X12blue recAl endAl gyrA96 thi-1 hsdR17
supE44 relAl lac [F'proAB
lacI1ZAM15Tn10 (Tet') Amy Cam']

BL21 (DE3) F-, ompT, hsdSg,(rp., mp.), dem, gal
A(DE3)

BL21 F-, ompT, hsdSp,(rp., mp.), dem, gal

Stratagene

|Grodberg and Dunn, 1988|

|Grodberg and Dunn, 1988|

Table 2.8: List of bacterial strains used in this work.

2.2.6 Denaturating SDS-PAGE

Sodium dodecylsulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) was wused to verify
and analyse proteins by their molecular weight
[Laemmli et al., 1970]. For this purpose separat-
ing and stacking gels containing 12 to 15 % and
3 % acrylamide were used, respectively. A list of
buffers and solutions is shown in Table 2.9. The
electrophoresis was performed at room tempera-
ture and with constant 25 mA per gel in a BioRad
gel chamber. An appropriate molecular weight pro-
tein ladder (BenchMark protein ladder 10747-012;
Invitrogen) was used as molecular weight marker
(Figure 2.2). Pictures were taken with the "DC120
zoom, digital science" camera from Kodak.

15 s

10—

Figure 2.2: The 10747-012 molec-
ular weight ladder (Invitrogen)
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Name Chemicals Amounts Remarks
acrylamide 0.5 ml (Rotiphorese)
ddH,0 3.76 ml
Stacking gel Tris HC1 1M 0.626 ml pH 6.8
APS (10 %) 50 pl stored at - 20°C
SDS (10 %) 50 pl
TEMED 4 ul stored at - 4°C
acrylamide 4.3 ml (Rotiphorese)
ddH,0 3 ml
Separation gel Tris HC1 1M 2.5 ml pH 8.8
APS (10 %) 100 gl stored at - 20°C
SDS (10 %) 100 gl
TEMED 4 ul stored at - 4°C
Coomassie Coomassie blue G250 2.2 g
staining ddH,0O 650 ml
solution glacial acetic acid 100 ml
2-propanol 250 ml
SDS (10 %) 8.5 ml
sample buffer  Tris HCl 1M 3.75 ml pH 6.8
(4 x) glycerol 11.5 ml
bromophenol blue 25 mg
ddH,0O 25 ml
Running buffer Tris 151.5 g (1.25 M)
(10 x) Glycine 720.5 g (9.6 M)
Electrophoresis  SDS 09¢g
buffer running buffer (10 x) 90 ml

ddH,0O

add to 900 ml

Table 2.9: List of chemicals and solutions used for SDS-PAGE. The amounts refer to two gels.
The sample buffer was prepared without 2-mercaptoethanol for long time storage at -20°C. Prior
to use 10 pl of 2-mercaptoethanol were added to 1 ml of sample buffer.
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2.2.7 Determination of protein concentration

Protein concentrations were determined by UV absorption at 280 nm based on
extinction coefficient calculation |Gill and Hippel, 1989]. The extinction coeffi-
cient Aggg is available from analytical tools such as Protparam within the Expasy
internet portal®.

The concentration of proteins containing no tryptophane (W), tyrosine (Y)
and cysteine (C) residues can be determined by measuring UV absorption at
205 and 280 nm. The calculation of the concentration was performed as follows:
Agos(Img/ml) = 27 + 120( Aaso/Azos) as described previously [Scopes, 1974].

A brief overview about both methods is given by [Kelly et al., 2005].

2.3 Protein sequence

All constructs listed in Table 2.10 were derived from the GlcT full length protein
sequence, which is shown in Figure 1.1 ¢)°. Plasmid DNA and genomic DNA of
Bacillus subtilis were provided by the group of Prof. Dr. Jorg Stiilke, Department
of General Microbiology, University of Gottingen.

2.4 Protein constructs

Protein constructs that were designed and used in this study are listed in Table
2.10. All constructs were stored at -20°C.

Different PRDI constructs were designed according to Table 2.10 to optimize
the spectral quality of NMR experiments. The length of PRDI constructs varied
between 100 and 114 amino acids.

‘http://www.expasy.org/tools/protparam.html
Shttp://srs.ebi.ac.uk/srsbin/cgi-bin/wgetz?-e+[EMBLCDS:CAB13261]+-newId
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2.5 Protein expression & Purification

All proteins were expressed either in LB (for mass spectrometry or analytical gelfil-
tration) or in M9 minimal medium (for uniformly isotope enriched NMR samples).
Cells were grown for 4 to 5 hours at 37°C in 1 ml of 2x YT medium. 50 ul were
transferred into 20 ml of either LB or M9 media for overnight cultivation (37°C).
The overnight culture was added to 1 L of LB or M9 media. The GlcT-domains
were expressed overnight at 22°C. For this purpose, the temperature was lowered
to 22°C after an optical density (ODggo) of 0.5 to 0.6 was reached. Protein over-
expression was induced by adding isopropyl f-D-1-thiogalactopyranoside (IPTG;
final concentration: 0.3 to 0.5 mM). HPr, Enzyme I (EI) and the AB-fragment
of Enzyme II (EII) were either overexpressed at 37°C approx. for 12 hours or
overnight at 22°C. Upon reaching stationary phase (ODgy: approx. 2.0) the cells
were harvested by centrifugation (7500 rcf, 20 to 30 minutes at 4°C) and either
directly lysed for protein purification or stored at -80°C.

2.5.1 Caell lysis

Cell pellets were thawed on ice and resuspended in approx. 40 ml of lysis buffer
(His-tagged proteins; Table 2.11) or 1x PBS buffer (GST-fusion proteins; Table
2.12). Protease inhibitors (PMSF, Carl Roth; Complete TM, Roche) were used
optionally. The resuspended cells were sonicated 8 to 9 times for 20 seconds (80
to 90 % of the maximal output). The lysate was centrifuged for 45 to 60 minutes
at 48,000 rcf (4°C).

2.5.2 Nucleic acid precipitation by polyethylenimine (PEI)

Proteins containing the RNA binding domain (RBD) were treated with polyethylen-
imine (PEI) to remove unspecifically bound nucleic acids. On ice, PEI was added
to a final concentration of 0.2 % (stock: 10 %) to the supernatant obtained after
the cell lysis. The soluble fraction was separated by centrifugation for 45 to 60
minutes at 48,000 rcf (4°C).
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2.5.3 Nickel-nitrilotriacetic acid (Ni-NTA) agarose affinity
chromatography

Enzyme I, Enzyme II and HPr were purified as His(7x)-tagged proteins. In the
case of PRDII and RBD-PRDI a His(7x)-Z fusion protein was attached to the
N-terminus to improve the protein expression and protein stability. The Z-tag
comprises 58 amino acids (approx. 6 kDa) and is derived from the B domain of
protein A from Staphyloccocus aureus [Chen et al., 2006]. To purify PRDII and
RBD-PRDI the His(7x)-tag was used as described in this section.

Proteins containing a His-tag were purified by Ni?* chelating affinity chromatog-
raphy. For this purpose the supernatant (after cell lysis or nucleic acid precipita-
tion) was incubated (one hour at 4°C) with 3 to 4 ml of Ni-NTA agarose (Qiagen)
for 1 L of cell culture. Prior to incubation Ni-NTA agarose was equilibrated with
lysis buffer (Table 2.11). The agarose resin loaded with the protein was washed
first with 5 to 10 ml of lysis buffer (5 mM imidazole) followed by 5 to 10 ml wash
buffer (20 mM imidazole; optional for HPr purification). The elution was carried
out by adding stepwise 5 ml elution buffer (4 to 5 times; 250 mM imidazole). The
eluted protein was either used for proteolytic TEV cleavage or concentrated using
Vivaspin concentrators (Sartorius; section: 2.5.6).

Name Chemicals Amounts Remarks
Tris HCI 20 mM pH 7.9
NaCl 300 mM
Lysis buffer Imidazole 5 mM
PMSF 330 pl/100 ml optional
Complete 1 tablet/100 ml optional
Tris HCI 20 mM pH 7.9
NaCl 300 mM
Wash buffer Imidazole 20 mM
PMSF 330 pl/100 ml optional
Complete 1 tablet/100 ml optional
Tris HCI 20 mM pH 7.9
. NaCl 300 mM
Elution buffer Imidazole 250 mM
PMSF 330 pl/100 ml optional
Tris HCI 50 mM pH 7.4
. NaCl 200 mM
Gel filtration buffer MeCl, 5 mM optional
DTT 2 mM

Table 2.11: List of buffers used for the purification of His-tagged proteins.
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2.5.4 Purification of GST-fusion proteins

Glutathione S-transferase (GST) is approx. a 26 kDa protein and provides rapid
protein purification of high yield [Frangioni and Neel, 1993]. In this work PRDI
was overexpressed as GS'T fusion protein.

The purification of GST-PRDI was based on the protocol for His-tagged pro-
teins. 4 ml Glutathione Sepharose 4B (GE Healthcare) were used for 1 L of cell
culture. The protein was washed on column with gel filtration buffer (Table 2.12).
Proteolytic TEV-cleavage was performed as described in the next section. After
TEV digestion the flowthrough was pooled and concentrated for gel filtration.

Name Chemicals Amounts Remarks
NaCl 140 mM
| x PBS KCl 2.7 mM

NaQHPO4 10 mM
KHyPOy4 1.8 mM

Tris HC1 50 mM pH 7.4

pH 7.3

) NaCl 200 mM
Gel filtration buffer MeCly 5 mM optional
DTT 2 mM

Table 2.12: List of buffers used for the purification of GST-fusion proteins. The PBS buffer
was prepared as 10x stock solution.

2.5.5 Proteolytic cleavage with TEV-protease

The specific cleavage site for the TEV protease is ENLYFQG, with the proteolytic
cleavage site between () and G.

The proteolytic cleavage of His-tagged proteins was carried out during protein
dialysis at room temperature. After the elution of the protein, the sample was
dialysed overnight against gel filtration buffer (Table 2.11). The TEV cleavage was
performed using 200 to 300 pul TEV-protease (1 mg/ml) for 1 L of cell culture. In
rare cases His-tagged proteins were digested on column prior to protein elution by
using STREP-TEV-protease. This TEV protease comprises a N-terminal peptide
of eight amino acids (STREP tag: Trp-Ser-His-Pro-Gln-Phe-Glu-Lys) instead of a
histidine tag. The STREP tag prevents the immobilization of the TEV protease to
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the Ni** chelating NTA. Prior to TEV digestion the resin was thoroughly washed
with gel filtration buffer.

GST-fusion proteins were digested overnight on column using 200 to 300 wul
TEV-protease (1 mg/ml) for 1 L of cell culture.

2.5.6 Concentrating of proteins

Proteins were concentrated at 4°C using Vivaspin concentrators (Sartorius) of
appropriate molecular cut off.

2.5.7 Size exclusion chromatography (gel filtration)

Akta chromatography systems (Akta basic, Akta purifier; GE Healthcare) equipped
with Superdex 75 (16,/60) gel filtration columns were used for preparative size ex-
clusion chromatography. The gel filtration buffers are listed in Tables 2.11 and

2.12. The flow rate was 1 ml min™.

2.5.8 PRDI

PRDI has a molecular weight of 11 to 14 kDa and was purified according to
section 2.5.4 using the GST-fusion tag. In Figure 2.3 the purification of wild
type PRDI is shown. After proteolytic TEV digestion, which was carried out
overnight on column, PRDI was efficiently eluted (Figure 2.3 a). In Figure 2.3
b) the UV spectrum of purified and concentrated PRDI is shown. This spectrum
was measured after the preparative gel filtration was performed, which is shown in
Figure 2.3 ¢). This preparative gel filtration (Superdex 75 16/60, GE Healthcare)
was performed in two different buffers. The solid line shows the chromatogram of
PRDI, which was purified in 200 mM NaCl, 50 mM Tris HCI, 2 mM DTT, pH
7.4 whereas the dashed line shows purification in 200 mM ammonium acetate, 2
mM DTT, pH 7.4. The ammonium acetate purification was carried out to prepare

samples for mass spectrometric experiments. In both chromatograms a single peak
can be seen for PRDI.

Different PRDI constructs of various lengths (100-114 amino acids) were de-
signed and purified to optimize the quality of PRDI NMR spectra (Table 2.10).
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Figure 2.3: The purification of a GST-PRDI fusion protein is shown. In a) the SDS-PAGE
gel shows all purification steps before gel filtration was applied. The lanes are read as follows:
1: before sonication; 2: after sonication; 3: supernatant; 4: flowthrough; 5: wash (gel filtration
buffer); 6: resin before TEV protease overnight digestion; 7: resin after TEV protease digestion;
8: flow through; 9-12: wash fractions 1-4 (2 ml); 13: final resin. M stands for the molecular
weight marker. The example shows the complete digestion of the fusion protein and the almost
quantitative "elution" of PRDI. In b) a UV spectrum of purified and concentrated PRDI is shown
after preparative gel filtration (shown in ¢). A 280/260 ratio of 1.8 indicates well purified protein.
Superimposed gel filtration chromatograms (280 nm UV absorption) of two PRDI purifications
are shown in ¢). The solid line indicates the protein purification in 200 mM NaCl, 50 mM Tris
HCIl, 2 mM DTT, pH 7.4 whereas the dashed line stands for protein, which was purified in 200
mM ammonium acetate, 2 mM DTT, pH 7.4 for mass spectrometric experiments. The numbers
on top of both peaks correspond to the retention volumes, which are given along the x-axis.



36 Materials & Methods

2.5.9 PRDII

PRDII was purified according to section 2.5.3 using the His-Z-fusion tag. The
molecular weight of Gl¢T PRDII is 13 kDa. Upon phosphorylation, carried out
in the temperature range between 22 - 30°C, PRDII showed severe precipitation.
In order to avoid this precipitation, phosphorylation of PRDII was carried out
maintaining the His-Z-fusion tag (His-Z-PRDII). Hence, the molecular weight of
His-Z-PRDII is 23.6 kDa.

As shown in Figure 2.4 the PRDII fusion protein can be expressed and purified
in high amounts.

In Figure 2.5 two superimposed gel filtration chromatograms of PRDII are shown
(Superdex 75 16/60, GE Healthcare), which was purified in two different buffers.
The solid line shows PRDII purified in 200 mM ammonium acetate, 2 mM DTT,
pH 7.4 for mass spectrometric experiments whereas the dashed line shows pro-
tein purified in 200 mM NaCl, 50 mM Tris HCl, 2 mM DTT, pH 7.4. Both
chromatograms show that PRDII eluted in three peaks and SDS-PAGE analysis
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Figure 2.4: The purification of PRDII is shown. No TEV protease cleavage was applied to
PRDII to maintain the His-Z-fusion tag for better protein stability upon phosphorylation. In
a) the PRDII purification steps are shown on SDS-PAGE and the lanes are read as follows:
1: before sonication; 2: after sonication; 3: supernatant; 4: flow through; 5: wash (5 mM
imidazole); 6: wash (20 mM imidazole); 7-10: elution steps 1-4 (1 ml each); 11: final resin. In b)
the UV spectrum is shown for all three concentrated peaks, which are present after preparative
gel filtration as seen in Figure 2.5 (solid line). Each peak contains purified PRDII protein of
good quality indicated by 280/260 nm UV ratios of 1.7 to 1.8.
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Figure 2.5: Superimposed gel filtration chromatograms of PRDII purified in different gel fil-
tration buffers. Three peaks can be clearly seen after each protein purification. The solid line
(PRDII (NH4Ac)) indicates PRDII, which was purified in 200 mM ammonium acetate, 2 mM
DTT, pH 7.4 for mass spectrometric experiments whereas the dashed line stands for protein pu-
rified in 200 mM NaCl, 50 mM Tris HCI, 2 mM DTT, pH 7.4. The numbers on top of the peaks
correspond to the retention volumes, which are indicated at the x-axis. In both purification runs
three PRDII species can be seen: monomer (70 and 60 ml), dimer (66 and 55 ml) and a higher
PRDII aggregate (58 and 48 ml).

confirmed that each peak contained the target protein in roughly equal amounts
(data not shown). These three peaks can be assigned to the monomer, dimer and
a higher aggregation state of PRDII. Figure 2.4 b) shows the UV spectrum of each
PRDII peak (purified for mass spectrometry; solid line). A 280/260 nm ratio of
1.7 - 1.8 was obtained for all three PRDII species.

Three PRDII mutants were designed (summarized in Table 2.10). Two single as-
partate mutants, (PRDII H218D and PRDII H279D) and a double mutant (PRDII
H218D H279D) were purified in ammonium acetate for mass spectrometric experi-
ments but were also used for analytical gel filtration. The preparative gel filtration
chromatograms of PRDIT H218D and PRDII H279D are shown in Figure 2.6.
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Figure 2.6: Gel filtration chromatograms of PRDII H218D (a) and PRDII H279D (b) purifi-
cations, which were performed in 200 mM ammonium acetate, 2 mM DTT, pH 7.4 for mass
spectrometric experiments, are shown. In a) and b) a broadened peak can be seen approx. be-
tween 52 and 61 ml for both mutants. The numbers on top of the peaks correspond to the
retention volumes, which are given along the x-axis.
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As shown in Figure 2.6 a) a broad peak appeared between 52 and 61 ml after
preparative gel filtration of PRDII H218D. Compared to the chromatogram of the
wild type PRDII only a minor peak at 48 ml was observed, which indicates that the
amount of the higher aggregate of PRDII is significantly reduced in PRDIT H218D.
The same effect can be observed for PRDII H279D (Figure 2.6 b). However, in
both chromatograms the monomeric PRDII, which was assigned to the peak at
60 ml (Figure 2.5) in the chromatogram of the wild type PRDII, is not as clearly
separated from the dimer as in the case of the wild type protein. This could be
explained by a dimer-monomer equilibrium, which seems to be more pronounced
in PRDIT H218D than in PRDIT H279D. However, the gel filtration runs indicate
that the formation of the dimeric form of both single aspartate mutants seems to
be favoured. A very similar preparative gel filtration chromatogram was observed
for the double aspartate mutant (PRDII H218D H279D) where an intense peak
was equally observed at 55 ml (data not shown).

2.5.10 RBD-PRDI

GlcT comprises three domains. A RNA binding domain (RBD) forms the very
N-terminus of the protein followed by two regulatory domains (PRDI and PRDII;
Figure 1.1). The RBD-PRDI fragment comprises 180 amino acids with a molecular
weight of approx. 20.6 kDa. Recombinant RBD-PRDI was expressed as a His-Z
fusion protein. The protein was purified using Ni?* chelating affinity chromatog-
raphy (section: 2.5.3), which was performed similar to the purification of PRDII
(section: 2.5.9).

In Figure 2.7 a) and b) the SDS-PAGE gels show the purification steps before
the preparative gel filtration was carried out (Figure 2.7 ¢). The precipitation of

nucleic acids and the proteolytic TEV digestion were performed according to the
sections 2.5.2 and 2.5.5.

In Figure 2.7 ¢) the preparative gel filtration chromatogram of RBD-PRDI is
shown (Superdex 75 16/60, GE Healthcare). The chromatographic run was per-
formed in 200 mM NaCl, 10 mM Tris HCI, 2 mM DTT, pH 8.0. Fractions were
checked on SDS-PAGE to validate the purity of the protein. The first protein peak,
identified as RBD-PRDI by SDS-PAGE analysis, eluted at 67 ml, whereas the free
His-Z domain eluted at 84 ml. As shown in section 4.6 (Figure 4.8) RBD-PRDI
formed dimers, which is in agreement with what was reported for RBD-PRDI of
the homologous LicT, which also exists as homodimer in solution [Ducat et al.,
2002, Ducat et al., 2006].
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Figure 2.7: Purification of RBD-PRDI. In a) the purification steps are shown until TEV cleavage
was carried out. The lanes are numbered as follows (several samples are shown twice): 1: after
sonication; 2: supernatant; 3: supernatant after PEI precipitation; 4: flow through; 5, 6: wash
(5 mM imidazole); 7, 8: wash (20 mM imidazole); 9, 10: elution step 1 (250 mM imidazole); 11,
12: elution step 2 (250 mM imidazole); 13, 14: final resin after elution. In b) the TEV cleavage is
emphasized as follows: 1, 2: His-Z-RBD-PRDI before TEV cleavage in solution; 3, 4: after TEV
cleavage. The gel filtration chromatogram and subsequent SDS-PAGE analysis of RBD-PRDI is
shown in ¢). The numbers on top of each peak represent the specific retention volumes of the
peaks (in ml). Selected fractions are shown on the SDS-PAGE gel. M stands for the molecular
weight marker and the numbers that are given for each lane correspond to the fraction numbers
in the chromatogram of RBD-PRDI, which are indicated at the x-axis. The gel filtration run
was carried out in 200 mM NaCl, 10 mM Tris HCI, 2 mM DTT, pH 8.0.
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2.5.11 Enzyme | (EI)

Enzyme I (EI) is the first member of the general PTS (Figure 1.1). The expression
construct for EI was provided by Prof. Stiilke’s lab (University of Géttingen). The
His-tagged protein was expressed and purified according to sections 2.5 and 2.5.3.
In Figure 2.8 a preparative gel filtration chromatogram (Superdex 75 16/60, GE
Healthcare) of Enzyme I is shown.

The molecular weight of EI is approx. 64 kDa. Since EI is one of the biggest
proteins in the phosphorylation cascade of the PTS its retention volume after
preparative gel filtration is relatively small compared to other protein members (e.
g. HPr: 88 ml, PRDI: 78 ml, EIIl: 66 ml; Superdex 75 16/60, GE Healthcare). As
shown in the chromatogram, EI eluted approx. at 54 ml. Enzyme I is capable of
reversibly forming monomers as well as dimers |LiCalsi et al., 1991| and the dimeric
structure was recently published [Schwieters et al., 2010]. As seen in Figure 2.8
and shown by SDS-PAGE analysis the dimeric fraction can be seen at 45 ml.
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Figure 2.8: Gel filtration chromatogram and SDS-PAGE analysis of purified Enzyme I (EI).
The purification was carried out in 200 mM ammonium acetate, 2 mM DTT, pH 7.4 for mass
spectrometric experiments. The SDS gel shows selected fractions after the gel filtration was
carried out. M stands for the molecular weight marker and the numbers that are given for each
lane correspond to the fraction numbers in the chromatogram, which are indicated at the x-axis.
The numbers on top of the peaks correspond to the retention volume (in ml).
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2.5.12 Enzyme II-AB (Ell-AB)

The His-tagged Enzyme II (EII) contains only the soluble AB domain without
the membrane bound C-domain (for further information see section: 1.2). The
expression clone was provided by Prof. Stiilke’s lab (University of Gottingen). The
molecular weight of EII is approx. 31 kDa. EII was overexpressed and purified
according to sections 2.5 and 2.5.3. The preparative gel filtration chromatogram
(Superdex 75 16/60, GE Healthcare) and the SDS-PAGE gel are shown in Figure
2.9.

The chromatogram shows the elution of EIl at 66 ml and clearly indicates that
the UV absorbance at 260 nm is significantly higher than at 280 nm. This can
be explained by the absence of tryptophans in the protein sequence of EII and
the presence of only one tyrosine and one cysteine. These three amino acids
(primarily tryptophan) are responsible for the absorption at 280 nm in a UV
spectrum. As a consequence, the protein concentration of EIl was determined at
205 nm (according to section: 2.2.7). SDS-PAGE analysis clearly showed a large
amount of well purified EII-AB with its characteristic molecular weight of 31 kDa.
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Figure 2.9: Gel filtration chromatogram and SDS-PAGE analysis of the Enzyme II-AB fragment
(EIT). The purification was carried out in 200 mM ammonium acetate, 2 mM DTT, pH 7.4 for
mass spectrometric experiments. EII-AB eluted at 66 ml as indicated by the number on top of
the peak. The SDS-PAGE gel shows selected fractions after preparative gel filtration. However,
no information are available, which fractions are shown on the gel.
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2.5.13 HPr

HPr is the second member of the general PTS (Figure 1.1) and is strongly involved
in the transfer of phosphate groups within the PTS. HPr was cloned into the
pET16bTEV expression vector, which encodes a N-terminal His(7x)-tag and a
TEV cleavage site between His-tag and HPr. The overexpression and purification
was carried out according to sections 2.5 and 2.5.3. Figure 2.10 a) shows a SDS-
PAGE gel of all purification steps before the preparative gel filtration (Figure
2.10 b) was carried out. The gel shows one additional washing step with 40 mM
imidazole (lane 7), which is not mentioned in the protein purification protocol
(section: 2.5.3). Only the 5 mM imidazole washing step is essential since most
HPr protein started to elute upon higher imidazole concentrations (20 and 40
mM imidazole). A preparative gel filtration chromatogram (Superdex 75 16/60,
GE Healthcare) of HPr is shown in Figure 2.10 b) and HPr eluted at 88 ml. A
characteristic UV spectrum of concentrated HPr is shown in Figure 2.10 c).
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Figure 2.10: Purification of HPr. In a) a coomassie blue stained SDS-PAGE gel of a HPr
purification is shown before preparative gel filtration was performed. The lanes are labelled as
follows: 1: before sonication; 2: after sonication; 3: supernatant; 4: flow through; 5: wash (5 mM
imidazole); 6: wash (20 mM imidazole); 7: wash (40 mM imidazole); 8-11: elution fractions 1-4
(250 mM imidazole); 12: final resin after elution. The preparative gel filtration chromatogram
of HPr is shown in b). The presence of the protein was monitored by measuring the 280 and 260
nm UV wavelength. HPr eluted at 88 ml in 200 mM NaCl, 50 mM Tris HCl, 2 mM DTT, pH
7.4. The UV spectrum of HPr after gel filtration is shown in ¢) with a 280/260 ratio of 1.9. HPr
shows a characteristic bump in its UV gpectrum around 280 nm.
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2.6 Specialized methods

2.6.1 Phosphoramidate (PA) synthesis

Phosphoramidate is a high energy phosphate donor molecule that can be used for
the chemical phosphorylation of free histidine and proteins. PA was synthesized
as previously described [Buckler and Stock, 2000].

2.6.2 Analytical gel filtration & Sample preparation

Size exclusion chromatography and in particular analytical gel filtration was used
to analyse the aggregation states of GlcT domains upon phosphorylation. The
samples were prepared as follows: 15 to 25 nmol of the target protein (considered
as monomer) were mixed with HPr in an equimolar, Enzyme I in a 1/30 molar ratio
and phospho(enol)pyruvic acid trisodium salt (PEP) in a 50 to 100 fold excess.
The final sample volume did not exceed 50 to 70 ul (injection loop: 100 pl). The
phosphorylation was carried out at 37°C for 60 to 120 min prior to the sample
injection.

Gel filtration runs were performed with Superdex 75 (10/300, 24 ml volume; GE
Healthcare) gel filtration columns for all proteins except for PRDI (Superdex 75
(16/60, 120 ml volume). Both runs were significantly different in their duration
(Superdex 75, 10/300: approx. 30 minutes; Superdex 75, 16/60: approx 100
minutes). The gel filtration buffer was composed of 200 mM NaCl, 50 mM Tris
HCI, 5 mM MgCl, (optional) and 2 mM DTT at pH 7.4.

2.6.3 Mass spectrometry & Sample preparation

Electrospray ionization mass spectrometry (ESI-MS) was used to verify the cor-
rect molecular weight of proteins and to detect protein phosphorylation. For this
purpose preparative gel filtration (section: 2.5.7) of the proteins was performed
in 200 mM ammonium acetate, 2 mM DTT and pH 7.4. 10 nmol of target pro-
tein was mixed with the phosphorylation proteins as follows: Enzyme I in a 1/30
molar ratio, HPr in a equimolar (PRDI) or 1/8 molar ratio (PRDII) and Phos-
pho(enol)pyruvic acid tri(cyclohexylammonium) salt in a 50 fold excess. The pH
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of the reaction buffer (40 mM ammonium acetate, 2 mM DTT, pH 7.4) used for
mass spectrometry was adjusted by using liquid ammonia (25 %). The final sample
volume was 100 pl. The phosphorylation was achieved prior to the measurements
by incubation at 37°C for 60 to 120 min and analysed by mass spectrometry.

The analytical internet tool Protparam (Expasy)” was used determining theo-
retical protein masses.

Sample preparation and tandem mass experiments (MS-MS and MS-MS-MS),
carried out with PRDI, were performed in the lab of Dr. Henning Urlaub (MPI for
Biophysical Chemistry). Prior to mass spectrometric experiments PRDI was phos-
phorylated as described in this section. The phosphorylated PRDI was digested by
trypsin and, afterwards, phosphopeptides were enriched by immobilized metal-ion
affinity chromatography (IMAC) [Andersson and Porath, 1986, Ross, 2007].

Tandem mass spectrometry is used to generate fragments of a peptide or protein.
For this purpose, usually, two mass analysers are separated by a collision cell into
which an inert gas (e.g. argon, helium or xenon) is admitted to collide with the
selected sample ions and bring about their fragmentation (CID = collision-induced
dissociation).® This dissociation is commonly used to generate peptide fragments
during MS-MS experiments |[Ross, 2007|. However, depending on the amino acid
and the collision energy the loss of protein modifications, such as phosphate groups,
can be observed without generating additional fragments of the peptide. In case of
PRDI, MS-MS experiments were used to identify histidine phosphorylated peptides
of PRDI, which show a significant loss in mass of approx. 80 Da upon tandem
mass analysis [Ross, 2007| (section: 4.5). In order to interpret the results, the
theoretical masses of the peptides with and without phosphorylation need to be
known.

Upon further modulation of the collision energy, fragments of PRDI were gen-
erated (MS-MS-MS or MS3). Such MS3 spectra allow to derive structural and
sequential information. In case of PRDI such spectra were primarily used to vali-
date the correct peptide sequence to avoid matching to other peptides of identical
masses. The fragmentation of peptides is well documented [Johnson and Biemann,
1989] and can occur between three different bonds along the peptide backbone:
the NH-CH, CH-CO, and CO-NH bonds. As a result, after each fragmentation
two species are observed. One fragment is without charge, whereas the other one
is charged and can be observed in a mass spectrum. This charge can stay on

"http://www.expasy.org/tools/protparam.html
8http://www.astbury.leeds.ac.uk/facil/MStut/mstutorial.htm
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either of the two fragments. Fragments, which have the charge retained on the
N-terminal end are usually labelled with b, whereas fragments having the charge
retained on the C-terminal end are labelled with y. This labelling scheme refers to
the most common cleavage site at the CO-NH bond and was also observed in the
MS3 spectrum of PRDI, where peptide fragments (b and y) with single, double and
triple charges were detected (Figure 4.5). The length of the fragments is usually
indicated by subscripted numbers. After CID fragmentation, ions from peptide
fragments are often present due to the loss of ammonia, water, or carbon monox-
ide |[Johnson and Biemann, 1989, Papayannopoulos, 1995]. Thus, these losses need
to be considered in the calculation of the masses.

2.6.4 RNA synthesis (RAT RNA)

RNA synthesis and RNA band shift assays (section: 2.6.5) were carried out in our
department by C. Schwiegk.

The GIcT specific RAT RNA sequence used in our studies was ggACGUGU-
UACUGAUUCGAUCAGGCAUGAGUcc [Schilling et al., 2004]. The flanking nu-
cleotides (gg—cc) were proposed and designed to stabilize the RAT RNA (RAT
sequence is highlighted in capital letters) by palindromization. The palindromized
RAT sequence was provided by Prof. Stiilke’s group, Department of General Mi-
crobiology, University of Gottingen and is supposed to form the secondary struc-
ture of a loop [Schilling et al., 2004].

The RAT RNA sequence was converted into a DNA sequence and was cloned
into a pUC19 vector by artificially introduced restriction sites flanking both ends.
The plasmid was transformed into XL2blue host strains for DNA preparation (1L
LB, 37°C, 5 to 7 hours). The plasmid DNA was isolated in preparative amounts
and linearised by 3’ cleavage (PtsI) for in vitro amplification. The reaction mix (20
ml) containing template DNA, transcription buffer (1x), MgCly (20 mM), DTT
(5 mM), PEG 8000 (32 pl; stock: 0.5 g/ml), NTP’s (ribonucleotide triphosphates:
10 mM final concentration each), T7 RNA polymerase and ddH,O was incubated
for amplification for 5 to 8 hours at 37°C. The composition of the transcription
buffer is shown in Table 2.13.

The target RNA was separated from the protein fraction by mixing the solu-
tion in a 1:1 ratio (final volume 40 ml) with phenol solution (water saturated) to
precipitate proteins. The RAT RNA remains in the aqueous phase only under
constant pH conditions (approx. pH 7). In a second step the aqueous phase was
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Name Chemicals Amounts Remarks
Tris HCI1 400 mM pH 8.0
Spermidine 10 mM

10x RNA transcription buffer DTT 50 mM

Triton X-100 0.1 %

Table 2.13: 10x RNA transcription buffer composition, which was used for in vitro RAT RNA
synthesis.

extracted and RNA was precipitated by adding NaCl (300 mM final concentra-
tion) and mixed in a 1:1 ratio with 2-propanol (final volume again approx. 40
ml). The precipitated RNA was centrifuged for 30 to 60 minutes at 70,000 rcf. A
further washing step was applied by redissolving the RNA pellet in 10 to 20 ml
70 % ethanol followed by another centrifugation step (30 to 60 minutes at 70,000
rcf) to spin down the RNA. A "speed vac" system was used to remove all traces of
ethanol. A preparative denaturating polyacrylamide gel (15 %) was used to sep-
arate RNA of correct size from other RNA fragments (N-+1, N-1 etc.). After gel
purification RNA bands of desired size were cut out and eluted (electroelution, S
& S ELUTRAP; Schleicher & Schuell). 2-propanol precipitation (300 mM NaCl),
ethanol purification and "speed vac" drying were carried out twice and the isolated
and lyophilized RNA was stored at -80°C.

2.6.5 Electrophoretic mobility shift assay (EMSA)

Protein-RNA interactions were studied by electrophoretic mobility shift assays
(EMSA or band shift assay) [Garner and Revzin et al., 1981]. For this purpose the
RAT RNA was reannealed for two minutes at 85 to 88°C and equilibrated for 10 to
30 minutes at room temperature prior to binding experiments. Protein and RNA
were mixed in desired molecular ratios (1:9 or 1:13 for RBD-PRDI; section: 4.6)
and portions of 20 ul were incubated for one hour on ice. 10 ul portions were mixed
with 5 ul loading buffer and used for electrophoresis with 10 % polyacrylamide
native gels to perform RNA band shift assays. 40 % Acrylamide/Bis-Acrylamide
(19:1) was used for gel preparation. 100 V were applied for approximately four
hours (1-8 V ¢cm™'; depending on the room temperature). RNA was detected by
Ethidium bromide staining and visualized on an UV screen.
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2.6.6 Nuclear magnetic resonance spectroscopy (NMR)

Nuclear magnetic resonance spectroscopy (NMR) and x-ray crystallography are
the major techniques to determine structures of macromolecules at atomic level.
Besides structure determination, NMR provides a broad variety of applications to
investigate further dynamic processes such as molecular interactions and kinetics
|[Cavanagh; Protein NMR Spectroscopy; Elsevier Academic Press|. In this study
NMR was used to study the regiochemistry of histidine phosphorylated proteins
(chapter: 3).

Sample preparation

Samples for NMR spectroscopy were dialysed against 40 mM sodium phosphate,
5 mM MgCl,, 2 mM DTT and pH 7.4. The final sample concentrations were
between 1 and 6 mM depending on the proteins, their stabilities and the desired
NMR experiments. The samples were measured in 90 % H0/10 % D,O unless
indicated otherwise. The final sample volume was 200 - 250 pul.

Name Chemicals Amount Remarks
Sodium phosphate 40 mM pH 7.3 to 7.4
NMR buffer (NaH;POy) (1.62 g )
MgCly 5mM (1.02 g)
DTT 2 mM (0.31 g)

Table 2.14: Buffer composition which was used for NMR experiments (amounts in g are for 1
L of buffer).

Samples for HNP experiments (chapter: 3) were prepared by mixing the phos-
phorylation enzymes in a molar ratio as follows (PRDs were considered as monomers):
PRDI : HPr: EI: PEP =1: 1: 1/30: 100; PRDII : HPr: EI: PEP =1: 1/8
: 1/30 : 100. Phosphorylation enzymes were purified and dialysed against NMR
buffer except for EI, which was only purified in ammonium acetate. The sample
was concentrated to 200 - 250 ul. The mixture was phosphorylated prior to the
measurement by adding phospho(enol)pyruvic acid trisodium salt (PEP), followed
by 60 to 120 minutes of incubation at 37°C.
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pH-titration of phosphohistidines

To determine the pH dependence of 'J['*N 3P| coupling constants two titration
series, starting at neutral pH and titrating to low and high pH conditions were
measured. The sample for low pH titration was prepared by mixing 3.2 mg “Nj
L-histidine (isotec) with 2.9 mg phosphoramidate (PA; section: 2.6.1) in 200 pul
H,O. The pH was adjusted stepwise by adding 18.5 % HCIL. For the titration to
high pH 3.7 mg N3 L-histidine were mixed with 3.0 mg of PA and dissolved in
182.5 pl of Hy,O (180 pl HoO and 2.5 pl 5 M NaOH) for initial pH adjustment.
The pH was measured before and after each NMR experiment.

The NMR experiments were carried out at 303K using a 600 MHz NMR magnet
equipped with an Avancelll console and a QXI room temperature probe. The
measurements were performed by accumulating 64 scans with 2048 complex points
(center frequency 0 ppm, sweep width 20 ppm). 'J|'®N*'P] coupling constants
were extracted with TOPSPIN 2.0 software (Bruker, Germany) and were non-
linearly fitted with the sigmoidal function f(z) = a + Hlo—‘m using the Igor
Pro software package. In this equation a is the basis in y direction, b the height
along the y axis (equals the difference between the lowest and the highest coupling
constant), ¢ a factor turning the graph and used as quality factor (should be 1
because of base 10) and d is the shift along the x-axis representing the inflection
point.

HNP-NMR

All HNP experiments were carried out with N uniformly labelled proteins. The
experiments were performed at 303 K using a 600 MHz magnet equipped with
a Bruker Avancel console and a QCI cryo probe. The HNP experiments were
carried out with 512 ('H), 13 (3'P) and 15 (®N) complex points, unless indicated
otherwise. Accumulated scans were ranging from 24 to 216 depending on the
protein and its concentration. The processing was performed with NmrPipe (Table
2.3). Delays were set as follows: 'H,'N-transfer: 7, = 11 ms and '°N 3! P-transfer:
T, = 25 ms. 'H carrier frequencies were set to 4.7 ppm for all samples whereas >N
carrier frequencies were set differently for each sample: Phosphohistidines: 210
ppm, HPr: 200 ppm, PRDI and PRDII: 205 ppm.
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Figure 3.1: Tllustration of phosphorylation states in the
imidazole ring of histidine. 1:  §1-phosphorylation, 1-
phosphohistidine; 2: e2-phosphorylation, 3-phosphohistidine;
3: 01,e2-diphosphorylation, 1,3-diphosphohistidine. Arrows in-
dicate possible magnetization transfer pathways used by NMR
(HNP experiment) to identify all individual species. Long
dashed line (1): a single 'H'-15N9L31Pol correlation; solid
lines (2): 'H-15N231P2 apd THO2-ISN231P2 correlations;
short dashed lines (3): THE'-15NO131pot 1 el_15Ne2_31pe2 gpd
THO2_IBN231Pe2 correlations. 'H, '®N, and *'P nuclei in-
volved in the magnetization transfer are in bold. Magnetization
is transferred through 2J['H,'5N] and 'J['5N,3'P] scalar cou-
plings. Identification of phosphorylation sites in the imidazole
ring of histidine can be achieved by counting the number of
cross peaks (which is the same as the number of arrows).

As described in section 1.5,
the goal of the thesis was
to determine where PRDI
and PRDII are phospho-
rylated in the regulation
of the glucose uptake. As
outlined in the mentioned
section, the phosphoryla-
tion involves two regio-
chemistry problems: a)
to find the correct histi-
dine(s) that is (are) phos-
phorylated and b) to de-
termine the regiochemistry
of phosphorylation within
the histidine(s). For the
latter question, the HNP
experiment was designed
and is described in this
chapter. Parts of this
publication [Himmel et al.,
2010] are cited in the fol-
lowing paragraphs.

Since 1D 3'P NMR spec-
tra for the detection of
histidine phosphorylation
only allow for the distinc-
tion between certain phos-
phorylations based on er-

ratic chemical shift comparisons, a more reliable method is needed without to
resort to chemical shift information. As shown in Figure 3.1 the correlation be-
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tween 'H, !N and 3!P seems to be an obvious way to detect and resolve the regio-
chemistry either in 2D or 3D NMR experiments. Surprisingly, such experiments

were not developed yet.
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Figure 3.2: pH dependence for the 1J[**N ?1P] scalar coupling
for a) 1 (M d1-phosphorylation) and 2 (¥ e2-phosphorylation)
and b) 3 ( W d1l-phosphorylation and ¥ e2-phosphorylation).
Numbering scheme is used according to Figure 3.1. The cou-
pling constants were extracted from 1D 3'P NMR experiments
of a pH titration series and were fitted with a sigmoidal func-
tion shown as solid lines (section: 2.6.6). Inflection points of 1
and 2 were at pH 7.4 and 6.6, respectively, which reflect pro-
tonation of the non-phosphorylated nitrogen atom of histidine.
Since 3 does not have a non-phosphorylated nitrogen atom no
pH dependence is observed in (b). The Figure clearly shows
that the coupling constants of 1 and 2 at low pH value are
almost identical to the corresponding coupling constants of 3,
due to the similarity of electron environment for the fully pro-
tonated imidazole ring. As a result of fast hydrolysis, signals
of 3 could not be observed below pH 6.0.

Advantages of such an
HNP experiment are ob-
vious: i) HNP-NMR pro-
vides direct proof of his-
tidine phosphorylation, ii)
data can be interpreted
based on the individual
peak pattern independent
of chemical shift informa-
tion, iii) proteins can be
measured in their folded
states, iv) radioactively
labelled 32P phosphorus
can be avoided, v) HNP-
NMR provides informa-
tion about the regiochem-
istry of phosphorylation,
thus providing information
about the nitrogen site of
the imidazole side chain.
Therefore, HNP-NMR, will
provide essential contribu-
tions to investigate histi-
dine phosphorylated pro-
teins.

In Figure 3.1 individ-
ual magnetization transfer
pathways are shown for all
three species of phospho-
histidines. Magnetization

can be transferred from 'H to 3'P in phosphohistidines through scalar cou-
plings between 'H and "®N (2J|'H,'®N] and 2J|'H,'>N]) and between '°N and 3'P
(*J["®N,3'P]) for all three possibilities of a phosphorylated histidine (Figure 3.1).
One, two and three cross peaks between 'H and 3'P can be seen in a spectrum for
1, 2, and 3, respectively, provided that the efficiency of the transfer through the
LJ[*N,3P| couplings is as independent as possible of the phosphorylation pattern.
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Intensities of cross peaks depend on the size of couplings between 'H and °N
(2J[*H,'N] and *J['H,'N]). Since *J|'H,!"N] (-2 Hz) is significantly smaller than
2J|'H,'N] (-5 to -10 Hz) in histidine, the transfer through 3J|'H,'”N] is inefficient
and thus cross peaks arising through 3J['H,'SN| are smaller by a factor of 6 to
20 than those from the ?J['H,'"N]| couplings |Blomberg et al., 1977, Pelton et al.,
1993]. Therefore, histidine phosphorylation and phosphorylation states, as shown
in Figure 3.1, can be easily identified on the basis of individual peak patterns
(HNP spectrum).

Beside proton-nitrogen couplings the 'J["®N3!'P| coupling needs to be known
to set up an HNP experiment. However, 'J['">N3'P| are not well documented
in the literature for phosphohistidines. This might be due to the broad range
of the 'J[*N 3P| coupling constants that depend on the chemical structures of
the compounds [Berger, Braun, Kalinowski; Wiley-Chichester, 1997, Wrackmeyer
et al., 2002, Marek et al., 2007]. Therefore, 'J["®N3'P| coupling constants were
determined for all three phosphohistidines (1, 2, and 3 according to Figure 3.1)
under which they were stable: from pH 3 to pH 10 for 1 and 2 and pH 6 to pH 9
for 3. The 'J['°N 3P| coupling constants were extracted from 1D 3P pH titration
series and summarized in Figure 3.2 (for further information see section: 2.6.6).
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Figure 3.3: NMR pulse sequence of the HNP experiment for identification of phosphorylated
histidines. Thin and thick bars represent 90° and 180° non-selective pulses, respectively. Default
phases are x unless indicated otherwise. The phase cycle was set to {¢$1 = X, -X; P2 = X, X, -X, -X;
¢3 = X, X, X, -x}. 1N decoupling was achieved by the GARP pulse sequence with field strength
of 1.3 kHz. Pulsed field gradients (PFG) indicate the magnetic field gradient strength applied
along the z-axis: Gg and Gg: duration = 1 ms; G5 = 0.5 ms. Go: amplitude = 45 G cm™, G4
=11Gem?, Gy =17CGem?, G3 =36 CGem?, G, =6Gem™!, Gy =15 G em™?, Gg = 30 G
em™. States-TPPI quadrature detection methods were applied for frequency discrimination in
both indirect dimensions by altering phases ¢, and ¢s.
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We find a strong dependence of the 1J[**N 3P| couplings on the pH value for 1
and 2 varying between 5 and 17 Hz. Since the inflection point of the 'J['°N 3P|
couplings coincide with the pKa value of the respective non-phosphorylated ni-
trogen atom |Hultquist et al., 1966, Gassner et al., 1977] we conclude that the
protonation state of this nitrogen atom strongly influences the size of the cou-
pling constant. In agreement with this interpretation, for 3, which does not have
a nitrogen atom that can be protonated, the J[!N3'P| coupling constants are
independent of pH value. Owing to the steepness of the titration curves, the dif-
ference in pKa values for 1 and 2 of only 0.8 units results in 'J|">N3'P| couplings
that differ by almost a factor of 2 at pH 6.3.

The strong dependence of 'J['®N,*'P| on the protonation state is not surprising,
since similar effects were observed for 'J['3C,'®N| couplings in histidine [Blomberg
et al., 1977, Alei et al., 1980, Schmidt et al., 2008], for other amino acids [Severge
et al., 1976] and for 2J[*'P 3P| in guanosine nucleotides [Résch et al., 1980].

Similar to the 'J['®N 3'P] couplings for 1 and 2, pH-dependent sigmoidal curves
were also observed for N chemical shifts (data not shown). It is noteworthy that
the 'J[N 3P| values for 3 are almost identical to the ones for protonated 1 and
2. We conclude that the electron-withdrawing effect of the phosphate group is
similar to that of a proton.

Based on the derived data about 'J['N 3P| coupling constants the HNP ex-
periment was designed for magnetization transfer from 'H through N to 3'P and
back. The pulse sequence is shown in Figure 3.3.

The designed HNP-NMR experiment is a regular long-range 'H,">’N-HSQC [Pel-
ton et al., 1993] combined with an additional N3 P-HSQC. The 'H,'>N-HSQC
is preferred over the HMBC since there are no homonuclear couplings of 'H that
could reduce the transfer function in the HSQC. The dephasing and rephasing
delay for the 'J["’N*'P] is set to 7,=25 ms based on an average coupling (10 Hz;
Figure 3.2) of free phosphohistidines to achieve sufficient magnetization transfer
for all phosphohistidine species.

To test the performance of the HNP experiment, we applied it to a mixture of
1, 2, and 3 which are readily obtained by phosphorylation of histidine by phos-
phoramidate (PA) [Hultquist et al., 1966]. Two 2D projections of the 3D HNP
experiment for phosphohistidines can be seen in Figure 3.4. In agreement with
Figure 3.1, compound 1 gave one 'H 3P cross peak, compound 2 shows two 'H,3'P
cross peaks with identical 3'P chemical shift, and compound 3 shows three 'H,3'P
cross peaks as three of the four corners of a rectangle. Additional minor peaks for
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1 and 3 originate from non-zero 3J[*H,'”N] couplings between ‘H°? and '°N°! as

described already before [Pelton et al., 1993].
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Figure 3.4: Contour plots of 2D projections from a 3D HNP
spectrum of phosphorylated histidines at pH 7.5 and 303 K. a)
'H,'*N and b) 'H3!'P projections are shown. The spectrum
was recorded with 4 scans in approximately 4 h and 17 (3'P),
35 (1°N), and 512 (*H) complex points with t1max=8.7 ms,
tomax—17.2 ms, and tzma.,—65.8 ms. Identification of all three
possible phosphorylation states in the imidazole ring of histi-
dine is highlighted according to Figure 1: (1) one peak pattern
(pattern 1) characteristic for 1, (2) two peak pattern (pattern
2) for 2, and (3) three peak pattern (pattern 3) for 3. The
minor peaks in patterns 1 and 3 result from a small three-bond
coupling 2J['H,'®N] between 'H?? and 5N°!.

Since histidine phospho-
rylation is a fundamental
step of phosphate transfer
within the PTS [Meadow
et al., 1990] the histidine
carrier protein (HPr) was
the first protein tested by
HNP-NMR to show the
applicability of the pulse
sequence. The phospho-
rylation of histidine 15 is
well characterized [Ander-
son et al., 1971, Schrecker
et al., 1975, Jones et al.,
1997] and can be effi-
ciently achieved by enzy-
matic phosphorylation as
described in section 2.6.6.
Figure 3.5 shows the re-
sult of HPr phosphory-
lation detected by HNP-
NMR.

A single one peak pat-
tern can be nicely observed
clearly indicating a N°!
phosphorylation site corre-
sponding to 1. This is in
perfect agreement with the
results already obtained
for HPr [Anderson et al.,
1971,Schrecker et al., 1975,

Kalbitzer et al., 1982]. The 'J|'*N*P] coupling constant was additionally mea-
sured for phosphorylated HPr by conventional long range 2D 'H,">’N-HSQC (data
not shown). The determined value of 9.5 Hz at pH 7.4 agrees very well with the
LJ[*N*'P] coupling constant for free 1-phosphohistidine obtained from the pH
titration (Figure 3.2). However, further HNP experiments additionally revealed
the presence of 3 in phospho-HPr. This result is discussed in chapter 6.
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After successful application to HPr HNP-NMR was performed with the PRDI
and PRDII domains of GlcT. These results are presented and discussed in sections
4.2 and 5.1.

One has to take
into account that cou-
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Figure 3.5: Contour plots of 2D projections from a 3D HNP ex- ditions of the protein

periment of phosphorylated HPr. In a) the 'H,'®N and in b) the
H,3'P projections are shown. The experiment was measured at 303 itself or the solvent. In
K at pH 7.4. A one peak pattern points to a phosphorylated §1 site addition, pK, values

in HPr corresponding to 1. can differ more than 1

pH unit before and af-
ter phosphorylation of a histidine [Van Dijk et al., 1990,Rajagopal et al., 1994, Gar-
rett et al., 1998]. Hence, the precise knowledge of the exact pK, value is mostly
unknown especially for uncharacterized proteins. However, since all phosphory-
lation sites in the free phosphohistidine were easily identified from specific H,P
correlation patterns (Figure 3.4), 7,=25 ms is a good starting point. In principle,
Ty, can also be adjusted so that all the phosphorylation states of a histidine can
be determined based on the individual 'J|'*N 3P| coupling constants of the free
phosphohistidine and the pK, value of the specific phosphohistidine in a protein.

The sensitivity can be improved by a factor of v/2 by recording the experiment
either as a 2D 'H,"N or 'H>*'P correlation spectrum. However, if more than
one histidine is phosphorylated in a protein, because of the narrow chemical shift
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ranges of phosphohistidines (approx. 200 to 210 ppm for °N and approx. 0 to -10
ppm for 3P), ambiguities arising from possible overlap of 1°N or 3!P resonances
are best avoided, by using the 3D version. For larger proteins with shorter proton
and nitrogen 7'y times the delays 7, and 74, can also be reduced.

3.1 Summary

The newly developed HNP-NMR experiment is a technique, which gives both the
evidence of phosphohistidines and provides regiochemistry information of such
phosphorylations. Histidine phosphorylation can be identified and characterized
by its specific peak pattern in the spectrum.

We anticipate that the HNP experiment proposed herein will play a significant
role in studying histidine phosphorylation which is important in prokaryotic sys-
tems. Furthermore, our HNP experiment may give insight into recent findings of
phosphohistidines in eukaryotic proteins [Matthews, 1995, Steeg et al., 2003, Sri-
vastava et al., 2006, Klumpp and Krieglstein, 2009, Xu et al., 2010].



4 The PRDI of the
antiterminator GlcT

As described in section 1.2 PRDI is the first regulatory domain of GlcT, which
is controlled by histidine phosphorylation. In this chapter the analysis of PRDI
phosphorylation is presented.

To determine the precise composition of the phosphorylation enzymes that phos-
phorylate PRDI, NMR spectra were recorded and compared to each other (section:
4.1). Furthermore, to study the regiochemistry of phosphohistidines in PRDI upon
phosphorylation our newly developed HNP experiment was employed (Chapter 3)
and the result is shown in section 4.2. The optimization of sample conditions for
mass spectrometric experiments can be seen in section 4.3. These optimized condi-
tions were used to determine the number of phosphate groups that were involved in
the phosphorylation of PRDI (section: 4.4). In order to identify which histidine(s)
was (were) phosphorylated in the protein sequence tandem mass spectrometry was
applied (section: 4.5). The change in the aggregation state upon phosphorylation
was verified by analytical gel filtration (section: 4.6).

The protein purification was performed as described in section 2.5.4 and the
results are shown in section: 2.5.8. PRDI phosphorylation was carried out by mix-
ing PRDI, Enzyme I (EI), HPr and a specific salt of phospho(enol)pyruvic acid
(PEP). This basic mixture is called phosphorylation mix. For NMR experiments
(section: 2.6.6) and analytical gel filtration (section: 2.6.2) phospho(enol)pyruvic
acid trisodium salt was used to prepare this phosphorylation mix. This PEP
contains no acidic protons and, hence, the phosphorylation mix did not affect
the pH of those samples. PRDI phosphorylation, studied by mass spectrome-
try, was carried out according to section 2.6.3 using phospho(enol)pyruvic acid
tri(cyclohexylammonium) salt.
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4.1 Composition of the PRDI phosphorylation
mix

To characterize the conditions, which were needed to obtain phosphorylated PRDI,
NMR was used intensively. As reported, phosphorylation of PRDI is mediated by
Enzyme II [Schmalisch et al., 2003]. To study the role of Enzyme II upon PRDI
phosphorylation the cytosolic AB-fragment of Enzyme II (EII) was added to the
phosphorylation mix (for further details about Enzyme II see section: 1.2). 'H,'>N-
HSQC spectra of different sample compositions were measured and compared to
each other in order to determine the best composition for the phosphorylation
mix. According to this composition, which mainly depends on the concentration
of HPr, different states of PRDI phosphorylation can be seen in Figure 4.1. In a)
the spectrum of the pure PRDI is shown (the chemical shift list can be found in the
appendix). In all the other figures (b to e) spectra are shown, where the samples
contained an identical amount of PEP but different molar ratios of EI, HPr and EII
compared to monomeric PRDI. In b) to d) of the same figure selected resonances
are highlighted, which show the presence of a second set of signals. This indicated
that non-phosphorylated but likewise phosphorylated PRDI was observed in those
spectra. Upon reaching the final composition in the phosphorylation mix (PRDI
:EI: HPr: EII : PEP = 1: 1/70 : 1: 1/10 : 100) one preferential set of sig-
nals was observed, which points out that under such conditions PRDI is almost
fully phosphorylated. These experiments showed that a constant increase of HPr,
finally reaching a 1:1 ratio compared to monomeric PRDI, was crucial to obtain
PRDI phosphorylation whereas the EI and EII concentrations were significantly
reduced. To exclude changes in the spectra that are not dependent on PRDI phos-
phorylation a spectrum of the phosphorylation mix without PEP was measured
but no differences between the spectra of the pure PRDI and the PEP-free phos-
phorylation mix were observable (data not shown). Therefore, in the absence of
PEP, PRDI is not affected by one of the other enzymes and changes in the spectra
of Figure 4.1 can be attributed exclusively to the phosphorylation of PRDI.

As already mentioned, the concept of PRDI regulation is specifically achieved
by Enzyme II-mediated phosphorylation [Schmalisch et al., 2003|. The tendency
that an increased HPr concentration, accompanied by a reduced concentration of
EII-AB, increased the amount of phosphorylated PRDI prompted us to record a
spectrum of the phosphorylation mix in the absence of EIL. To our surprise identi-
cal peak shifts were observed upon phosphorylation pointing to a phosphorylated
PRDI (data not shown). Hence, EII was not necessary for PRDI phosphoryla-
tion and further phosphorylation experiments of PRDI were carried out as follows:
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Figure 4.1: 'H,'>N-HSQC spectra of PRDI measured at a 'H frequency of 700 MHz. Shown are
the NH-signals of the amide backbone. In a) PRDI is shown before phosphorylation compared to
e), which was recorded after phosphorylation. In b) to d) the partial phosphorylation is shown
and can be followed by different peak intensities until the resonances of non-phosphorylated PRDI
almost disappear. A selection of resonances showing significant changes upon phosphorylation
are highlighted by red circles. (The chemical shift list of the non-phosphorylated PRDI can be
found in the appendix.) The composition of the different phosphorylation mixtures are given in
molar ratios compared to monomeric PRDI in the order PRDI : EI : HPr : EII : PEP a) pure
PRDIL,b)1:1/5:1/7:1/5:100,c)1:1/2:1/3:1/2:100,d)1:1/2:2/3:1/2: 100 and
e)1:1/70:1:1/10: 100.
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Figure 4.2: Superimposed 'H,'>N-HSQC spectra of the PRDI-backbone before phoshorylation
(positive and negative signals are shown in black and green, respectively) and after phosphory-
lation (positive and negative signals are in magenta and dark yellow, respectively). Both spectra
were measured at 303 K at a 'H resonance frequency of 600 MHz.

PRDI: EI : HPr: PEP = 1: 1/30 : 1 : 100. These results emphasized that an
equimolar ratio of HPr compared to monomeric PRDI is the minimal prerequisite
to obtain almost fully phosphorylated PRDI.

In Figure 4.2 two superimposed 'H,"”’N-HSQC spectra of the phosphorylation
mix in the absence and in the presence of PEP are shown. A multitude of res-
onance shifts can be observed and such dramatic changes between both HSQC
spectra indicate massive structural rearrangements in the backbone of PRDI upon
phosphorylation. In contrast to the non-phosphorylated PRDI, no chemical shift
assignment is available for the phosphorylated PRDI.
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4.2 Regiochemistry of PRDI phosphohistidines

The HNP spectrum of the PRDI phosphorylation mix was measured as described
in section 2.6.6 and interpreted according to chapter 3.

Figure 4.3 shows a HNP spectrum of phosphorylated PRDI. In a) the 'H,'°N
and in b) the 'H,3!'P projections can be seen. The strongest resonances, which are
approx. at 8.0 and 7.1 ppm showed an identical chemical shift of 202.5 and -4.8
ppm in their N and *'P dimensions, respectively (label 2). In both projections
they form a clear two peak pattern, which can be attributed to the presence of 3-
phosphohistidine.
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tion patterns PRDI showed all the patterns that were observed for all three species
of free phosphohistidines (Figure 3.4).

A very low noise level was chosen to identify all possible resonances in the
spectrum. An additional two peak pattern of weak intensity is present around 8.6
and 6.8 ppm and could point to an additional formation of 3-phosphohistidine.
However, the signal intensity is too low to reliably distinguish between spectral
noise and true signals. However, the strong intensity of the other two peak pattern
in the HNP spectrum of PRDI showed that 3-phosphohstidine is the dominant
phosphohistidine species in this regulatory domain.

4.3 Sample optimization for mass spectrometry

Upon phosphorylation, HNP-NMR clearly confirmed the presence of phosphohis-
tidines in PRDI of GlcT (section: 4.2). Mass spectrometry was used to study how
many phosphate groups are involved in the phosphorylation reaction.

Electrospray ionization mass spectrometry (ESI-MS) was used for spectrometric
experiments of PRDI. To identify protein phosphorylations the theoretical molec-
ular weight of a protein needs to be known. A single phosphate group attached
to a protein can be determined based on an increased molecular weight of 80 Da
(HPO3) in the positive ion mode and 79 Da (POj) in the negative ion mode |Be-
sant and Attwood, 2009|. However, optimized sample conditions were needed to
detect sensitive and labile phosphohistidines in proteins by mass spectrometry.

For successful ionization and signal detection, appropriate buffer conditions are
crucial. Usually, protein buffers contain salt(s), buffer components or detergents
in amounts, which cause severe problems for ESI-MS experiments. In these con-
ditions, the signal intensity is significantly reduced and the formation of stable
protein-ion adducts (e. g. with metal cations, such as sodium or potassium, [M*-
protein]) was often observed in mass spectra in combination with electrospray
ionization |Kerwin et al., 1994|. In a protein mixture each protein (and protein-
ion adduct) shows a characteristic peak distribution according to its m/z ratio
and contributes to a mass spectrum. As a result, the interpretation of such a
mass spectrum becomes more complicated as different species are present in the
sample. Hence, the purity of each enzyme and the use of an appropriate buffer, to
minimize the formation of protein-ion adducts, is essential to obtain interpretable
mass spectra of such a complex protein mixture. ESI-MS is a very sensitive ana-
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lytical technique but the sensitivity deteriorates with the presence of non-volatile
buffers and other additives, which should be avoided®. Hence, adjusted buffer con-
ditions are inevitable in order to obtain optimal results. Buffer compounds such
as ammonium acetate at neutral pH conditions were favourable to study PRDI
phosphorylation.

Sample preparation as described in section 2.6.3 provided optimal conditions for
mass spectrometric experiments. The use of phospho(enol)pyruvic acid tri(cyclo-
hexylammonium) salt and liquid ammonia for the pH adjustment of the ammonium
acetate buffer showed the best results that avoided the formation of protein-ion
adducts. These conditions were of great advantage to measure the phosphorylation
mix that contained not only the PRDI, but in addition all the other enzymes of
the phosphorylation mix (Enzyme I and HPr).

The 50 fold excess of phospho(enol)pyruvic acid tri(cyclohexylammonium) salt
in the phosphorylation mix did not disturb mass spectrometric experiments. Ex-
periments, even carried out after 24 hours of phosphorylation, showed no negative
effects during the measurement although histidine phosphorylated proteins are
subjected to hydrolysis and the concentration of free phosphate increased over
time in the sample.

The sample conditions, which were described in this section, were used to deter-
mine the amount of phosphate groups that were involved in PRDI phosphorylation
(section: 4.4). Furthermore, these conditions were also applied to PRDII (section:
5.2).

4.4 Quantification of PRDI phosphorylation

In this section results are shown in order to determine the number of phosphate
groups involved in PRDI phosphorylation. The quantity of histidine phosphory-
lation was already studied for homologous antiterminator proteins. It was shown
that HPr-dependent in wvitro phosphorylation of Bacillus subtilis LicT resulted
in a one-, two and threefold phosphorylated LicT. Both conserved histidines in
PRDII and one in PRDI were subjected to phosphorylation [Lindner et al., 1999].
Further studies showed phosphorylation of the fourth histidine residue in PRDI
of LicT by the PTS |Deutscher et al., 1997, Tortosa et al., 2001|. In contrast, a
threefold and a single HPr-dependent phosphorylation was proposed for Bacillus

http://www.astbury.leeds.ac.uk/facil/MStut/mstutorial.htm
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Figure 4.4: Mass spectrum of the PRDI phosphorylation mix measured in ammonium acetate
buffer after approx. 27 hours of phosphorylation. Besides PRDI, HPr can be seen in the mass
spectrum with its characteristic mass of 11354.87 + 2.79 Da (theoretical: 11353.6 Da) and
PRDI, which was measured at 11586.69 £+ 1.11 Da (theoretical: 11586.1 Da). Phosphorylation
was identified by a mass shift of 80 Da, which corresponded to a single phosphate group in both
proteins: HPr at 11433.29 + 3.61 Da (theoretical: 11433.6 Da) and PRDI at 11666.11 + 2.46
Da (theoretical: 11666.1 Da). Additional masses indicated a second phosphate group, which is
involved in PRDI and HPr phosphorylation. A further shift in mass by approx. 160 Da can be
seen for HPr (11511.67 £+ 3.49 Da; theoretical: 11513.6 Da) and PRDI (11752.96 £+ 10.35 Da,
theoretical: 11746.1 Da).

subtilis SacY |Tortosa et al., 1997] and Staphylococcus carnosus GlcT [Knezevic
et al., 2000|, respectively. Hence, no general rule about the number of phosphate
groups that are involved in the phosphorylation of antiterminator proteins can be
derived [van Tilbeurgh and Declerck, 2001]. Furthermore, no specific results were
known so far for the regulatory domains of GlcT of Bacillus subtilis.
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Figure 4.4 shows the mass spectrum of a sample that was measured after approx.
27 hours of phosphorylation. In the mass spectrum of the phosphorylation mix
an increase of approx. 80 and 160 Da was observed for the molecular weights of
PRDI as well as for HPr.

The mass of non-phosphorylated PRDI and HPr was found at 11586.69 4+ 1.11
Da (theoretical: 11586.1 Da) and 11354.87 £ 2.79 Da (theoretical: 11353.6 Da),
respectively. A molecular mass increased by 79.4 Da for PRDI and 78.4 Da for
HPr resulted in molecular weights of 11666.11 4+ 2.46 Da (theoretical: 11666.1
Da) for PRDI and 11433.29 & 3.61 Da (theoretical: 11433.6 Da) for HPr. These
mass differences corresponded well with a single phosphate group involved in the
phosphorylation of both PRDI and HPr. Furthermore, additional masses were
measured. The molecular weights of 11752.96 =+ 10.35 Da (theoretical: 11746.1 Da)
and 11511.67 £ 3.49 Da (theoretical: 11513.6 Da) differed by 166.3 Da and 156,8
Da compared to the non-phosphorylated species of PRDI and HPr, respectively.
Such a difference in mass, which is approx. 160 Da, strongly indicated the presence
of a second phosphate group in PRDI and HPr (for further details see chapter: 6).

Mass spectrometric analysis clearly showed that a single phosphate group is
primarily involved in PRDI phosphorylation but a second phosphate group was
also observed.

4.5 Histidine phosphorylation sites in PRDI

As shown in the introduction (section: 1.2) each regulatory domain individually
comprises two conserved histidine residues |Greenberg et al., 2002| which are pro-
posed to be involved in histidine phosphorylation [van Tilbeurgh and Declerck,
2001]. Homology studies revealed that histidine residues 111 and 170 in PRDI are
the potential targets of regulatory phosphorylation in PRDI of GlcT [Greenberg et
al., 2002|. Homologous antiterminators such as LicT were studied and phosphory-
lation sites were identified. It has been shown that LicT phosphorylation occurs at
all four conserved histidines in both regulatory domains |Lindner et al., 1999, Tor-
tosa et al., 2001]. As described in section 4.4 phosphorylation of PRDI in Glc¢T
clearly involved a single phosphate group but the presence of a lower populated
double phosphorylation was also suggested. This could indicate that both con-
served histidines are phosphorylated (possibility A). However, HNP experiments
of PRDI (section: 4.2) revealed the presence of 1,3-diphosphohistidine which leads
to the possibility that only one histidine is phosphorylated but at both nitrogen
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sites (possibility B; Figure 1.3). Mass spectrometric experiments, as shown in
Figure 4.4 (section: 4.4), cannot distinguish between the possibilities A and B or
exclude one of the two conserved histidines. To investigate the phosphorylation
site(s) in PRDI tandem mass spectrometry was performed after tryptic proteolysis
of phosphorylated PRDI (for further details see section: 2.6.3).

As described in sections 4.3 and 4.4 protein phosphorylation can be identified by
an increased molecular weight of 80 Da, which corresponds to a single phosphate
group. The identification of the phosphorylation sites was performed by tandem
mass spectrometry, which was carried out by He-Hsuan Hsiao in the group of Dr.
Henning Urlaub (Bioanalytical Mass Spectrometry) and the results are shown in
Figure 4.5. After tryptic proteolysis the C-terminal peptide was found to have an
increased molecular weight by approx. 80 Da. This peptide contains two histidines,
the conserved His 170 and one additional histidine in close vicinity (His 172).

This C-terminal peptide of PRDI contains 37 amino acids and has a mass of
4005.5 Da. In Figure 4.5 a) the mass spectrum of the peptide is shown. This
peptide was triple charged as seen by the isotopic distribution pattern. The dif-
ference between the peaks was approx. 0.33 thus, identifying the factor z in the
m/z ratio with 3. 1362.01 Da multiplied by a factor of 3 resulted in a final mass of
4086.03 Da. Compared to the theoretical mass of the peptide, which is 4005.5 Da,
a difference of 80.53 Da remains, which nicely corresponds to a single phosphate
group (80 Da).

To further identify the phosphorylated amino acid and to distinguish between
phosporamidates and phosphoesters MS-MS (MS2) experiments were applied [Ross,
2007] in particular to the mass identified in a). Collision induced dissociation (CID)
mostly carried out using inert gas (e.g. argon, helium or xenon) provides additional
energy to destabilize chemical modifications, such as phosphorylations [Ross, 2007]
(for further information see section: 2.6.3).

As seen in Figure 4.5 b) the MS-MS spectrum showed an additional triple
charged peak of 1335.36 Da which is magnified in ¢). A back-calculation resulted
in a mass of 4006.08 Da, which excellently corroborated with the theoretical mass
of 4005.05 Da of the C-terminal peptide without the phosphate group. The dif-
ference between 1362.0 Da and 1335.4 Da in b) was 26.6 Da and, multiplied with
3, resulted in 79.8 Da. This difference in mass, of approx. 80 Da, was the exper-
imental proof of a -PO3 group corresponding to a phosphoramidate (-N-POj) in
proteins.
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Phosphoesters in proteins (-O-PO3) would have resulted in a significant loss of
96 Da corresponding to a -O-POj group [Ross, 2007]. Thus, MS-MS experiments
carried out with PRDI clearly showed histidine phosphorylation in the C-terminal
peptide. However, possibly due to low chemical stability or low population no
1,3-diphosphohistidine was observed in this peptide.

In Figure 4.5 d) a MS-MS-MS (MS3) spectrum of the C-terminal peptide is
shown. Upon increasing the collision energy (CID) fragments of the PRDI peptide

A10;1253.63
A11
1139.90 PRDI H172A: 12445.81 +1.34
P-PRDI H172A: 12526.19 + 1.90
P,-PRDI H172A: 12605.40 + 5.19
A9
1392.87
B11
1132.54
A12
1044.86
1578.41
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1038.05
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Figure 4.6: Phosphorylation of PRDI H172A shown by mass spectrometry. The non-
phosphorylated PRDI H172A was measured with 12445.81 + 1.34 Da (theoretical mass: 12444.0
Da) and the single phosphorylated protein with 12526.19 £ 1.90 Da (theoretical mass: 12524.0
Da). Besides a single phosphorylation an additional measured mass of 12605.40 £+ 5.19 Da in-
dicates the presence of a second phosphate group attached to PRDI H172A (theoretical mass:
12604.0 Da)
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were generated. This experiment was performed with the non-phosphorylated
mass, shown in c), to validate the peptide sequence and to avoid matching to
other peptides of identical masses. After fragmentation, y and b fragments with
their specific charges are shown in Figure 4.5 d) and confirmed that the detected
ions refer to the C-terminal peptide of PRDI. Further details about the analysis
and interpretation of the MS3 spectrum are explained in section 2.6.3.

The tryptic proteolysis, which was performed after phosphorylation, resulted in
peptides of defined length. These known lengths are needed to identify PRDI pep-
tides later by mass spectrometry. Unfortunately, the C-terminal peptide, which is
shown in Figure 4.5 and coincides with the location of the found phosphohistidine,
contained not only the conserved histidine His 170 but one additional histidine
His 172, which is considered not to be conserved |Greenberg et al., 2002|. This
histidine 172, which is part of a -His-Tle-His- motif, was mutated to alanine (-His-
Ile-Ala-) in order to exclude phosphorylation of His 172 in the C-terminal end
of PRDI. After phosphorylation of PRDI H172A mass spectrometric experiments
without proteolysis were repeated as already shown in section 4.4.

In Figure 4.6 phosphorylation of PRDI H172A is shown. The non-phosphorylated
protein has a theoretical molecular weight of 12444.0 Da and was measured at
12445.18 + 1.34 Da in the mass spectrum. A single phosphate group attached to
PRDI H172A resulted in a theoretical mass of 12524.0 Da, which was clearly seen
in the mass spectrum at 12526.19 4+ 1.90 Da. Besides the single phosphorylated
PRDI H172A, an indication of a second phosphate group was observed. An addi-
tional mass, measured at 12605.40 4 5.19 Da, differed by 159.6 Da as compared to
non-phosphorylated PRDI H172A. The theoretical mass of a double phosphory-
lated PRDI H172A (12604.0 Da) corresponded well to this finding. Furthermore,
this is in good agreement with the result we obtained by mass spectrometry for
the wild type PRDI (Figure 4.4). Hence, the phosphorylation of PRDI H172A
excluded histidine 172 as phosphorylation site.

Since it was reported that mutation of one conserved histidine site prevents
phosphorylation on both sites [Schmalisch et al., 2003] PRDI H172A was the only
mutant in order to exclude a phosphorylation site besides histidine 170 in the
C-terminal peptide.

Thus, the combined results of ESI- and tandem mass spectrometry strongly
suggest that PRDI is dominantly phosphorylated by a single phosphate group at
His 170 in the C-terminal end of the protein.
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4.6 Specificity of PRDI phosphorylation

As described in the introduction (section: 1.2), the regulation through histidine
phosphorylation involves massive alterations in the aggregation state of PRDI.
Upon phosphorylation PRDI causes the inactivation of Gl¢T by its monomerization
which thereby interrupts RNA binding [Schmalisch et al., 2003]. Such dramatic
effects in the aggregation state can be observed by analytical gel filtration and are
presented in this section.

As shown in section 4.4, PRDI and HPr are of similar molecular weights (12
to 9 kDa, respectively; Table 2.10) and phosphorylation of PRDI was performed
according to section 2.6.2. The separation between both proteins during analytical
gel filtration was improved by using a Superdex 75 (16/60) gel filtration column
(120 ml separation volume) and His-tag free HPr. In addition, the gel filtration
run was carried out at 4°C to minimize the hydrolysis of the phosphoprotein (for
further experimental details see section: 2.6.2).

As shown in section 4.1, phosphorylation of PRDI led to significant changes in
the 'H,">’N-HSQC NMR spectra and, hence, in the protein conformation. In Fig-
ure 4.7 the gel filtration chromatograms of the PRDI phosphorylation mix in the
absence and in the presence of PEP are shown. The phosphorylation mix with-
out PEP can be seen in solid line whereas the dashed line shows phosphorylated
PRDI. Prior to phosphorylation PRDI eluted at 76 ml and HPr at 87 ml. Upon
phosphorylation PRDI was split into two peaks. The first peak (76 ml) refers to
dimeric and non-phosphorylated PRDI whereas the second peak (81 ml) points to
monomeric and phosphorylated PRDI. SDS-PAGE clearly confirmed that PRDI
is present in both peaks (76 and 81 ml; fractions 40 - 48) whereas HPr is seen
in the last peak (85 ml; fractions 49 - 51). Furthermore, upon phosphorylation,
the retention volume of HPr was slightly reduced (from 87 to 85 ml). This minor
difference is significant because it indicates the phosphorylation of HPr and can
be used as an internal standard to validate successful HPr phosphorylation. This
effect can be observed in all other gel filtration chromatograms in this work and
was also observed by other authors [Knezevic et al., 2000].

Interestingly, HPr and PRDI show swapped band positions on the SDS-PAGE
gel in Figure 4.7 as compared to their molecular weights. Although HPr has
the lowest molecular weight of the proteins in the phosphorylation mix its band
appeared above PRDI, which is slightly larger. This inversion can be explained
because it has been reported that HPr is not sensitive to higher temperatures. The
first HPr samples were purified from heat treated crude extracts [Anderson et al.,



72 The PRDI of the antiterminator GlcT

6 280 nm
PRDI
M 18 19404142434445464748495051 [ |  ~°7°° PRDI
1 phosphorylated

7
e El

53

i .‘l'\"\l.-"w"l"b ,

oyt N“
", 58

b
Y iy, m“\.'b'l' * ‘..-‘l'”‘| LM ¢
\ 7 \ 8 \ 9 \10\1 1\12\1 3‘14‘15‘16‘17‘18‘19‘20‘21‘22‘23‘24‘25‘26‘27‘28‘29‘30‘31‘32‘33‘34‘35‘36‘37‘38‘39‘40‘41‘42‘43‘44‘45‘46‘47‘48‘49‘50‘51‘52‘53‘54‘55‘56‘57‘58‘59‘60‘61‘62‘63‘64‘65|

50.0 60.0 70.0 80.0 90.0 ml

Figure 4.7: Superimposed analytical gel filtration chromatograms of PRDI before (solid line)
and after (dashed line) phosphorylation performed in 200 mM NaCl, 50 mM Tris HCL, 5 mM
MgCls, 2 mM DTT, pH 7.4. The numbers on top of each peak represent the specific retention
volumes of the peaks (in ml). The SDS-PAGE gel shows some selected fractions after phosphory-
lation was performed. M stands for the molecular weight marker and the numbers that are given
for each lane correspond to the fraction numbers in the chromatogram of PRDI. No Enzyme II
(EII) was used for phosphorylation.

1971]. Thus, HPr might be still partially folded although the sample was prepared
for denaturating SDS-PAGE analysis. This could be reflected in unexpected band
positions on the SDS gel.

Analytical gel filtration nicely confirmed the monomerization of PRDI upon
phosphorylation, which was obtained in the absence of Enzyme II (EII). This was
very surprising because the inactivating phosphorylation (leading to the mono-
meric form) of PRDI was supposed to be mediated by Enzyme II [Schmalisch et
al., 2003]. In order to confirm the result a GlcT fragment, which comprised the
N-terminal RNA binding and the PRDI domain (RBD-PRDI) was phosphorylated
and equally tested by analytical gel filtration (section:2.6.2). In two experiments
phosphorylation was investigated in the i) absence and in the ii) presence of En-
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Figure 4.8: Two superimposed analytical gel filtration chromatograms of RBD-PRDI are shown
before (solid line) and after (dashed line) phosphorylation (in the absence of Enzyme IT). A clear
monomerization can be seen for RBD-PRDI upon HPr-dependent phosphorylation. The numbers
on top of each peak represent the specific retention volumes of the peaks (in ml). On the left
side the SDS-PAGE gel, which is labelled with a) shows selected fractions before phosphorylation
was carried out (solid line), on the right site (gel b) fractions can be seen after phosphorylation
was performed (dashed line). M stands for the molecular weight marker and the numbers that
are given for each lane correspond to the fraction numbers in the chromatograms, which are
indicated at the x-axis. The gel labelled with a) also contains reference samples showing all PTS
relevant enzymes. The analytical gel filtration was performed in 200 mM NaCl, 10 mM Tris HCI,
2 mM DTT, pH 8.0 and no Enzyme II (EII) was used for this experiment.

zyme II as shown in Figures 4.8 and 4.9, respectively. As seen in Figure 4.8
RBD-PRDI eluted at 10.7 ml prior to phosphorylation. Confirmed by SDS-PAGE
analysis RBD-PRDI shifted to 11.8 ml upon phosphorylation. (On both gels HPr
is present as split bands, because partly digested HPr was used and the phospho-
rylation mix also contained HPr with its His-tag.) In this sample no Enzyme II
was present in the phosphorylation mix. The shift to a higher retention volume
clearly indicated a similar effect as observed for the isolated PRDI (Figure 4.7)
and can be interpreted as the monomerization of RBD-PRDI.
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Figure 4.9: Two superimposed analytical gel filtration chromatograms of RBD-PRDI are shown
before (solid line) and after (dashed line) phosphorylation. The phosphorylation mix contained
catalytic amounts of Enzyme II (EII). The numbers on top of each peak represent the specific
retention volumes of the peaks (in ml). No significant differences can be seen upon Enzyme II
addition compared to the Enzyme II-free phosphorylation mix (Figure 4.8). The SDS-PAGE
gel labelled with a) shows selected fractions before phosphorylation was carried out and selected
fractions can be seen on the gel (labelled with b) after phosphorylation was performed. M stands
for the molecular weight marker and the numbers that are given for each lane correspond to the
fraction numbers in the chromatogram, which are indicated at the x-axis. The analytical gel
filtration was performed in 200 mM NaCl, 10 mM Tris HCI, 2 mM DTT, pH 8.0.

The analytical gel filtration run with RBD-PRDI was repeated in the pres-
ence of catalytic amounts of Enzyme II (Figure 4.9). A molecular ratio of 1/13
compared to dimeric RBD-PRDI was used for the second gel filtration run. The
RBD-PRDI eluted at 10.8 ml prior to phosphorylation, which is similar to the
Enzyme II-free experiment (10.7 ml), and was equally shifted to 11.8 ml upon
phosphorylation, corresponding to monomeric RBD-PRDI. These findings agree
with the retention volumes that were reported for the non-phosphorylated RBD-
PRDI of LicT [Déméné et al., 2008|. The dimer and monomer of LicT RBD-PRDI
were found approx. at 11.2 and 12.3 ml (Superdex 75, 10/300; GE Healthcare),
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respectively. Our results showed that, upon phosphorylation, no significant dif-
ference in the aggregation state of RBD-PRDI can be observed irrespective of
the absence or presence of Enzyme II. Hence, GlcT RBD-PRDI monomeriza-
tion was efficiently mediated by HPr-dependent phosphorylation. This result
confirms the monomerization of the isolated PRDI upon HPr-dependent phos-
phorylation. However, a significant difference of GlcT RBD-PRDI compared
to RBD-PRDI of LicT is that non-phosphorylated LicT RBD-PRDI exists in a
dimer / monomer equilibrium, always showing two concentration-dependent peaks
upon gel filtration [Déméné et al., 2008]. On the contrary, non-phosphorylated
RBD-PRDI of GlcT showed a clear single peak upon analytical gel filtration,
which can be attributed to the dimer. Furthermore, no tendency was observed
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Figure 4.10: Ethidium bromide
stained native gel of the RBD-PRDI-
RAT complex. Lane 1 contains 2.6
nmol RAT RNA, whereas lane 2 con-
tains only 0.1 nmol of RBD-PRDI. In
the lanes 3 and 4 5.2 nmol RAT RNA
were mixed with 0.38 and 0.57 nmol
RBD-PRDI, respectively. A band shift
can be seen in lanes 3 and 4 upon RNA
binding. The complex formation was
carried out in 200 mM NaCl, 50 mM
Tris HCL, 2 mM DTT, pH 8.0 and in-
cubation was performed for 60 minutes
on ice.

that the dimeric GlcT RBD-PRDI converted
into a monomer without phosphorylation.

In addition, the dimeric aggregation state of
RBD-PRDI was confirmed by electrophoretic
mobility shift assay (EMSA; Figure 4.10),
which was performed according to section 2.6.5.
A 33 nucleotide RAT RNA was prepared (sec-
tion: 2.6.4) to form RAT-RBD-PRDI com-
plexes (section: 2.6.5). The Ethidium bromide
stained RNA can be seen in lane 1. Lane 2
contained the pure RBD-PRDI and as expected
no Ethidium bromide staining was observed for
the sole protein. As seen on the gel, upon ad-
dition of the RAT RNA a clear band shift can
be observed in lanes 3 and 4. In the samples,
which are shown in the lanes 3 and 4, the RNA
was mixed with RBD-PRDI in molar ratios of
13:1 and 9:1, respectively, compared to dimeric
RBD-PRDI, providing a 9 to 13 fold excess of
RNA. An additional minor band can be seen
for the pure RAT (lane 1), which has not been
clearly attributed to a specific state of the RAT
RNA. A similar effect can be observed upon
complex formation (lanes 3 and 4), which could
be possibly caused by an alternative secondary
structure formation of the RNA.

It is suggested that only dimeric GlcT and,
thus, dimeric RBD-PRDI is capable to bind its
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RNA target [Schmalisch et al., 2003] (Figure 1.1). Hence, one can conclude that
GlcT RBD-PRDI is a dimer in solution.

4.7 Summary

PRDI is the first regulatory domain in GlcT, which is controlled by histidine
phosphorylation (section: 1.2). Two conserved histidines (His 111 and His 170)
are supposed to be the target of regulatory phosphorylation |Greenberg et al.,
2002, Schmalisch et al., 2003]. HNP-NMR showed that the dominant phospho-
histidine species in PRDI is 3-phosphohistidine (section: 4.2). Furthermore, PRDI
is mainly regulated by a single phosphate group (section: 4.4), which is strongly
suggested to be located at histidine 170 as shown by tandem mass spectrome-
try (section: 4.5). A second phosphate group was identified by mass spectrome-
try and can be attributed either to two onefold phosphorylated histidines or one
twofold phosphohistidine (1,3-diphosphohistidine). A 1,3-diphosphohistidine was
observed by HNP-NMR (section: 4.2) but its position in the protein sequence
could not be established by NMR. Thus, the combined results of HNP-NMR and
mass spectrometry revealed that the second phosphate group in PRDI forms a
1,3-diphosphohistidine most likely at histidine 170 (for further information see
chapter: 6). Upon phosphorylation analytical gel filtration verified that dimeric
PRDI forms monomers, a process which did not depend on the presence of Enzyme
IT in our experiments (section: 4.6).



5 The PRDII of the
antiterminator GlcT

The PRDII is the second regulatory domain, which is regulated by histidine phos-
phorylation, and forms the C-terminal end of the antiterminator protein GlcT
(Figure 1.1, section: 1.2).

In this chapter the application of the new HNP experiment (chapter: 3) is de-
scribed in order to determine the regiochemistry of histidine phoshorylation in
PRDII (section: 5.1). The number of phosphate groups, which are involved in
PRDII phosphorylation was studied by mass spectrometry and is presented in
section 5.2. Optimized sample conditions, which were also used for PRDI exper-
iments, were necessary to apply mass spectrometry and were already described
in section 4.3. To gain information about the phosphorylated histidine(s) in the
protein sequence two PRDII single aspartate mutants (PRDII H218D and PRDII
H279D; Table 2.10) were investigated by HNP-NMR and mass spectrometry (sec-
tion: 5.3). Aspartate mutants were chosen because it was observed that those
mutants are mimicking the phosphorylation of PRDII in the homologous antiter-
minator protein LicT [Tortosa et al., 2001]|. Finally, to study the aggregation state
of PRDII upon phosphorylation, analytical gel filtration was used (section: 5.4).

Protein purification was performed as described in section 2.5.3 and the results
are shown in section 2.5.9. Phosphorylation was carried out by mixing monomeric
PRDII, Enzyme I (EI), HPr and phospho(enol)pyruvic acid (PEP). This mix-
ture of the enzymes and PEP is again called phosphorylation mix in this chapter.
Phosphorylation of PRDII was performed similar to PRDI (chapter: 4) accord-
ing to sections 2.6.6 (NMR), 2.6.3 (mass spectrometry) and 2.6.2 (analytical gel
filtration).

To avoid massive protein precipitation upon phosphorylation the experiments,
which are described in this chapter, were performed with PRDII maintaining its
His-Z fusion tag. Hence, PRDII refers to His-Z-PRDII in this work (for further
information see section: 2.5.3).



78 The PRDII of the antiterminator GlcT

5.1 Regiochemistry of PRDII phosphohistidines
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Figure 5.1: Contour plots of 2D projections of a 3D HNP spec-
trum of phosphorylated wild type PRDII showing the presence of
phosphohistidines. In a) and b) 'H,!>N and 'H,*'P projections are
shown, respectively. In both spectra four two peak patterns can be
observed (labelled with 2A to 2D), which point out the presence of
3-phosphohistidines in PRDII. A one peak pattern (labelled with
1) indicates the presence of 1-phosphohistidine. 13 (3'P), 15 (1°N),
and 512 (*H) complex points with t ., =6.7 ms, tomax=8.2 ms, and
tamax —66 ms were recorded within 196 scans. The experiment was
performed in 40 mM sodium phosphate buffer, 5 mM MgCls, 2 mM
DTT and pH 7.4 at 303 K.

PRDIT HNP-NMR ex-
periments were car-
ried out with the wild
type protein and both
single aspartate mu-
tants (PRDII H218D
and PRDII H279D)
as described in sec-
tion 2.6.6. In Fig-
ure 5.1 the HNP spec-
trum of the wild type
PRDII is shown. In
a) the 'H,'°N and in
b) the 'H'P projec-
tions can be seen. Sev-
eral peak patterns are
present in both pro-
jections, which are la-
belled with 1 and 2A
to 2D. Each pair of the
latter resonances (2A
to 2D) has their char-
acteristic '°N chemi-
cal shift, ranging from
201 to 207 ppm. The
same signals showed
even less dispersion in
the 'H*'P projection
and their 3'P chemical
shifts are closely cen-

tered around -4.9 ppm. The signals labelled with 2A to 2D can be clearly identified
as four two peak patterns, clearly emphasizing the presence of 3-phosphohistidines
in PRDII. A further single resonance at 8.1 ppm (label 1) possibly indicates a one

peak pattern that represents 1-phosphohistidine.

As described in the introduction (section: 1.2) each regulatory domain (PRDs)
comprises two conserved histidine residues |Greenberg et al., 2002|, which are
attributed to their regulatory function [van Tilbeurgh and Declerck, 2001|. In
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Figure 5.2: Contour plots of 2D projections of a 3D HNP spectrum of phosphorylated PRDII
H218D (in a and b) and PRDII H279D (in ¢ and d) to investigate histidine phosphorylation in
both single aspartate mutants. In a) and c¢) 'H,'N and in b) and d) 'H3'P projections are
shown, respectively. PRDII H218D (a and b) shows at least two two peak patterns in both
projections (8.0 and 7.1 ppm; label 2A and 2B) together with a single one peak pattern (8.3
ppm, label 1). PRDII H279D (c and d) shows clearly one two peak pattern (7.9 and 7.0 ppm,
label 2), a single one peak pattern (8.2 ppm, label 1) and possibly one three peak pattern (label
3), which is only seen in the 'H,'N projection. The clear two peak patterns, which can be
seen in the spectra of both mutants, strongly indicate the presence of 3-phosphohistidines as
the dominant phosphohistidine species in PRDIL. 13 (*'P), 15 (!°N), and 512 (*H) complex
points with t1,x=6.7 ms, tonax=8.2 ms, and tgna.x=66 ms were recorded within 204 scans for
H279D and 68 scans for H218D, respectively. The number of scans to measure PRDII H218D
was reduced because the sample showed precipitation during three days of measurement time
(reduced to one day). For both proteins the experiments were performed in 40 mM sodium
phosphate buffer, 5 mM MgCls, 2 mM DTT and pH 7.4 at 303 K.

PRDII these histidines are His 218 and His 279 and they were individually mutated
into aspartates. The HNP spectra of these two PRDII mutants were recorded to
study the phosphorylation in the absence of one of those two conserved histidines.
In Figure 5.2 the 'H,'>N and 'H,3'P projections of these spectra are shown for
PRDII H218D (in a and b) as well as for PRDII H279D (in ¢ and d).

Compared to the HNP spectrum of the wild type PRDII, where four two peak
patterns were observed (Figure 5.1), two two peak patterns (labelled with 2A and
2B; not referring to 2A and 2B in Figure 5.1 of the wild type PRDII) were found
in the spectrum of PRDII H218D (Figure 5.2 a and b). In the proton dimension,
the chemical shifts of both two peak patterns are 8.0 and approx. 7.1 ppm and
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the peaks have almost identical N and *'P chemical shifts, which are found at
approx. 203 and -5 ppm, respectively. These two peak patterns clearly show
that 3-phosphohistidine is the major phosphohistidine species in PRDII H218D.
Compared to the HNP spectrum of the wild type PRDII a one peak pattern
(labelled with 1) can be clearly seen at 8.3 ppm, pointing to a 1-phosphohistidine
in PRDII H218D. Furthermore, this could also indicate the presence of a one peak
pattern in the spectrum of the wild type PRDII, where a weak single resonance
was observed approx. at 8.1 ppm.

The 2D projections of the HNP spectrum of PRDII H279D can be seen in Figure
5.2 ¢) and d). Upon phosphorylation a strong two peak pattern (labelled with 2)
was observed in the spectrum at 7.9 and approx. 7.0 ppm in both projections. A
chemical shift of 202 and -4.9 ppm can be noticed in the >N and 3!P dimensions,
respectively. A three peak pattern (labelled with 3), which points to the presence
of a 1,3-diphosphohistidine is very unlikely since i) the intensity is too weak to
clearly distinguish between signal and spectral noise and ii) no resolved three peak
pattern can be seen in the 'H*'P projection (Figure 5.2, d). Again, a single
resonance was seen approx. at 8.2 ppm (label 1), which can be interpreted as a
one peak pattern, indicating the presence of 1-phosphohistidine.

In the HNP spectra of both mutants as well as for the wild type protein a single
one peak pattern of different intensities was observed, which indicated the presence
of a 1-phosphohistidine in PRDII. However, based on the clear and strong two peak
patterns that can be seen for the wild type PRDII as well as for both mutants 3-
phosphohistidine is the major phosphohistidine in PRDII of GlcT. Furthermore,
HNP-NMR revealed histidine phosphorylation for both single aspartate PRDII
mutants.

As described in the outline of this chapter the phosphorylation of PRDII was
carried out with the His(7x)-Z-PRDII. To exclude phosphorylation that potentially
could originate from the fusion tag a mass spectrum of the phosphorylation mix,
which contained a PRDII double aspartate mutant (PRDII H218D H279D), was
measured. No phosphorylation was observed for this mutant and the results are
further described in section 5.2. Thus, one can conclude that the histidines in
the fusion protein as well as the hepta histidine tag are not involved in histidine
phosphorylation.
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5.2 Quantification of PRDII phosphorylation

As described in the beginning of this chapter PRDII contains its purification tag
(His-Z-PRDII) to avoid protein precipitation upon phosphorylation. Hence, the
molecular weight of PRDII is significantly increased by the additional His-Z fusion
tag (His-Z-PRDII: 23.6 kDa; PRDI: approx. 11 to 13 kDa). In this section the
results of the mass spectrometry studies are reported in order to identify the
number of phosphate groups, which are involved in PRDII phosphorylation (for
experimental details see section: 2.6.3).

In Figure 5.3 the mass spectrum of the PRDII wild type phosphorylation mix
is shown. The measured mass of 23582.42 + 10.47 Da corresponds well with
the theoretical molecular weight of non-phosphorylated PRDII (23581.8 Da). A
mass, which was measured at 23659.61 £ 10.86 Da showed a difference of 77.2 Da
compared to the non-phosphorylated PRDII. This can be clearly interpreted as
a single phosphate group, which is attached to PRDII (theoretical mass: 23661.8
Da). The low population of an additional mass at 23753.41 + 13.36 Da could
indicate a second phosphate group that is involved in PRDII phosphorylation
because it corresponds to a mass difference of 167.4 Da (approx. 2x 80 Da). The
theoretical mass of a double phosphorylated PRDII is 23741.8 Da. A mass at
23845.08 4+ 14.58 Da, which differed by 262.7 and 185.5 Da as compared to the
non-phosphorylated PRDII and single phosphorylated PRDII, respectively, could
not yet be attributed to a protein in the phosphorylation mix.

As described in the introduction (section: 1.2) the domain specific phosphoryla-
tion of PRDs occurs at conserved histidine residues [van Tilbeurgh and Declerck,
2001], which are the histidnes 218 and 279 in PRDII. Two single aspartate mutants
(PRDII H218D and PRDII H279D), which were also used for HNP experiments
(section: 5.1), were also measured by mass spectrometry. However, in contrast to
the results of the HNP experiments the phosphorylation mix of PRDII H218D did
not show a mass difference and hence, no evidence of a phosphorylation can be
derived from this mutant (data not shown).

The mass spectrum of the PRDIT H279D phosphorylation mix is shown in Fig-
ure 5.4. A mass of 23562.91 £ 14.80 Da is in good agreement with the theoretical
molecular weight of 23559.7 Da of the non-phosphorylated PRDII H279D. A mass,
different by 79.5 Da, was measured at 23642.38 £ 17.02 Da and strongly empha-
sized the attachment of a single phosphate group to PRDII H279D. The expected
molecular weight of a single phosphorylated PRDII H279D is 23639.7 Da. In-
terestingly, the phosphorylated PRDII H279D was lowly populated as compared
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Figure 5.3: Mass spectrum of the PRDII wild type phosphorylation mix, which shows an
increased molecular weight of PRDII upon phosphorylation. The theoretical molecular weight of
PRDII is 23581.8 Da and was measured at 23582.42 £+ 10.47 Da. Phosphorylation is indicated
by an increased mass of 80 Da compared to the non-phosphorylated PRDII. A measured mass
at 23659.61 £ 10.86 Da is increased by 77.2 Da, which corresponds to a single phosphate group
attached to PRDII. The experiment was performed in 40 mM ammonium acetate, 2 mM DTT,
pH 7.4.

to the non-phosphorylated protein whereas the mass spectrum of the wild type
PRDII showed an almost fully phosphorylated protein (Figure 5.3). This clear
difference indicates that the efficiency of phosphorylation is strongly decreased in
PRDII H272D. An additional mass of 23738.46 4+ 11.82 Da, different by 175.6 Da
as compared to the non-phosphorylated PRDII H272D, cannot yet be attributed to
a protein and was already present in the mass spectrum of the non-phosphorylated
PRDII H279D (23741.82 £ 10.07; data not shown).
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Figure 5.4: Mass spectrum of the PRDII H279D phosphorylation mix, which shows a minor
phosphorylation effect. PRDIT H279D was measured at 23562.91 £ 14.80 Da, which is in good
agreement with the theoretical molecular weight of 23559.7 Da. A lower population of a mass at
23642.38 £+ 17.02 Da, which is increased by 79.5 Da, indicates a single phosphate group attached
to the protein (theoretical molecular weight: 23639.7 Da). The experiment was carried out in 40
mM ammonium acetate, 2 mM DTT, pH 7.4.

In section 5.1 it was shown that histidine phosphorylation was observed in the
wild type PRDII as well as in both single aspartate PRDII mutants. A double
aspartate mutant (PRDII H218D H279D) was prepared and tested by mass spec-
trometry to detect phosphorylation sites apart from the two conserved histidine
residues (data not shown). No significant difference before (23537.24 £ 13.35 Da)
and after (23537.69 £ 12.89 Da) phosphorylation was observed for the double mu-
tant (theoretical molecular weight: 23537.7 Da), which strongly indicates that no
other histidines than the two conserved ones (His 218 and His 279) are involved
in the regulatory histidine phosphorylation of PRDII. As similarly observed for
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the wild type PRDII as well as for PRDII H279D an additional mass, which is
increased by 179.2 Da, was measured at 23716.47 4+ 11.04 Da in the spectrum of
the non-phosphorylated PRDII H218D H279D. This mass, which was also present
in the spectrum of the phosphorylation mix of PRDII H218D H279D (23718.82 £+
11.56 Da), is not yet attributed to a specific protein in the phosphorylation mix.

Hence, mass spectrometry clearly shows the presence of a single phosphate group
attached to PRDII upon phosphorylation. Little indication was found for the wild
type PRDII that a second phosphate group is involved in the phosphorylation
reaction. PRDIT H279D was equally phosphorylated by a single phosphate group
but significantly lower in population as compared to the wild type PRDII. However,
no phosphorylation was observed by mass spectrometry for PRDII H218D and the
double aspartate mutant PRDII H218D H279D.

5.3 Histidine phosphorylation sites in PRDII

In this section the combined results obtained from HNP-NMR (section: 5.1) and
mass spectrometry (section: 5.2) were used to identify the phosphorylation sites
in PRDII of GlcT.

As shown in the introduction (section: 1.2) each regulatory domain of an antiter-
minator protein individually comprises two conserved histidine residues [Greenberg
et al., 2002] which are proposed to be involved in histidine phosphorylation [van
Tilbeurgh and Declerck, 2001|. The homologous antiterminator protein LicT was
studied and phosphorylation sites were identified. It has been shown that LicT
phosphorylation occurs at both conserved histidines in PRDII [Lindner et al.,
1999, Tortosa et al., 2001]. In GlcT, homology studies and previous experiments
revealed that histidine residues 218 and 279 in PRDII are the potential targets of
regulatory phosphorylation [Greenberg et al., 2002, Schmalisch et al., 2003].

The HNP-NMR spectra clearly confirmed histidine phosphorylation of the wild
type PRDII as well as for both single aspartate mutants (section: 5.1). Mass
spectrometric experiments performed with the phosphorylation mix of the PRDII
double aspartate mutant (PRDII H218D H279D) confirmed that only these two
conserved histidines are involved in the phosphorylation reaction (section: 5.2).
This is in agreement with what has so far been suggested [van Tilbeurgh and
Declerck, 2001, Schmalisch et al., 2003], and confirms the concept of conserved his-
tidines required for regulatory phosphorylation. The HNP-NMR spectra of both
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single aspartate mutants clearly showed that both conserved histidines in PRDII
can be individually phosphorylated (section: 5.1). The presence of phosphohis-
tidines in these mutants showed that each conserved histidine can be phosphory-
lated independently from the other conserved one. Hence, one can conclude that
those two histidines are involved in the phosphorylation reaction.

However, the primary result from mass spectrometry revealed that a single phos-
phate group is clearly involved in the phosphorylation of the wild type PRDII as
well as of PRDII H279D (section: 5.2). A double phosphorylation of the wild
type PRDII was indicated but in only minor population. Interestingly, the HNP
spectrum of the wild type PRDII showed four individual two peak patterns (5.1),
which - in principle - indicate four phosphorylated histidines. However, these
four peak patterns exceed the number of potential phosphorylation sites in PRDII
(two conserved histidines) by two. The NMR result also seems to contradict the
mass spectrometric results, where a single phosphate group was clearly identified.
Hence, the four individual two peak patterns in the HNP spectrum of the wild
type PRDII could be explained by the presence of three different PRDII species:
individual single phosphorylation of PRDII at i) histidine 218 and ii) histidine 279,
which results in two two peak patterns in the spectrum and iii) the simultaneous
phosphorylation of PRDII at histidine 218 and 279, which additionally contributes
two two peak patterns. This would be in agreement with a twofold phoshorylated
PRDII, which was indicated by mass spectrometry in lower population (section:
5.2). The second two peak pattern, which was observed for the H218D mutant,
might be the result of local conformational changes of the phosphohistidine (see
also chapter: 6).

5.4 Specificity of PRDII phosphorylation

The regulatory HPr-dependent phosphorylation of PRDII domains in various an-
titerminator proteins stimulates the activity of the full length protein by forming
stable dimers in order to modulate the binding activity of the N-terminal RBD
(RNA-binding domain). Whereas this activating phosphorylation is mandatory
for PRDII domains of other antiterminator proteins, such as SacT and LicT, HPr
is not required to stimulate the activity of Glc'T because constitutive activity of
GlcT was observed in mutants affecting HPr or Enzyme II [Schmalisch et al.,
2003]. A similar effect was observed for the homologous antiterminator protein
SacY [Bachem and Stiilke, 1998|. It was also shown that HPr (phosphorylated by
EI) is able to efficiently phosphorylate PRDII of GlcT in order to reach its full
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Figure 5.5: Superimposed analytical gel filtration chromatograms showing the aggregation state
of monomeric PRDII before (solid line) and after (dashed line) phosphorylation. A clear shift to a
lower retention volume can be observed upon phosphorylation, which indicates the dimerization
of PRDII. The proteins were detected by their 280 nm UV absorption and the numbers on top
of each peak represent the specific retention volumes of the peaks (in ml). Two SDS-PAGE gels
show selected fractions before (a) and after (b) phosphorylation. M stands for the molecular
weight marker and the numbers that are given for each lane correspond to the fraction numbers
in the chromatogram, which are indicated at the x-axis. The gel filtration run was performed in
200 mM NaCl, 50 mM Tris HCI, 5 mM MgCl,, 2 mM DTT, pH 7.4.

activity [Schmalisch et al., 2003|. Such findings are in agreement, with the results,
which were found for the isolated PRDII domain of GlcT in this study. Protein
purification of PRDII revealed three peaks after preparative gel filtration, which
can be attributed to the monomer, dimer and a higher aggregate (Figure 2.5). All
three peaks were subjected to phosphorylation and reloaded onto the gel filtration
column according to section 2.6.2. As described in the introduction, phosphoryla-
tion of monomeric PRDII leads to the dimer (section: 1.2), which is shown in this
section by analytical gel filtration.
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Figure 5.6: Superimposed analytical gel filtration chromatograms of the phosphorylation mix
of dimeric PRDII, which was performed in the absence (solid line) and in the presence (dashed
line) of PEP. No significant difference can be observed upon phosphorylation. The numbers on
top of each peak correspond to their retention volumes (in ml). The gel filtration was performed
in 200 mM Na(Cl, 50 mM Tris HCI, 5 mM MgCl,, 2 mM DTT, pH 7.4.

In Figure 5.5 the superimposed analytical gel filtration chromatograms of the
monomeric wild type PRDII phosphorylation mix can be seen in the absence (solid
line) and in the presence (dashed line) of PEP. Prior to phosphorylation the chro-
matogram (solid line) showed the elution of PRDII at 10.7 ml and of HPr at 13.5
ml. Both proteins were confirmed by SDS-PAGE analysis. The chromatogram of
the phosphorylated PRDII (dashed line) significantly highlights the shift of PRDII
to a lower retention volume at 9.6 ml, which indicated a change in the aggregation
state of PRDII upon phosphorylation. Interestingly, the retention volume of the
constitutively dimeric PRDII (9.4 ml; Figure 5.6) was almost identical with the
PRDII dimer upon phosphorylation (9.6 ml). This clearly showed that due to
phosphorylation, the monomeric PRDII was converted into a dimer (Figure 5.5),
whereas phosphorylation of the constitutive dimer did not show any shift and re-
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Figure 5.7: Superimposed analytical gel filtration chromatograms of the phosphorylation mix,
which contained the higher aggregate of PRDII. The experiments were carried out in the absence
(solid line) and in the presence (dashed line) of PEP. No significant difference can be observed
upon phosphorylation. The numbers on top of each peak correspond to their retention volumes
(in ml). The gel filtration was performed in 200 mM NaCl, 50 mM Tris HCl, 5 mM MgCl,, 2
mM DTT, pH 7.4.

mained unaltered at 9.4 ml (Figure 5.6). The existence of dimeric PRDII (after
preparative gel filtration; Figure 2.5) in the absence of the phosphorylation en-
zymes (Figure 5.6) confirmed the concept of constitutive GlcT activity [Schmalisch
et al., 2003|. However, the full activity (dimerization) might be achieved through
the additional phosphorylation of monomeric PRDII.

Analytical gel filtration was also performed with the higher aggregate of PRDII,
which was reinjected onto the gel filtration column (Figure 5.7). No significant dif-
ferences in the retention volumes were observed in the chromatograms before (8.6
ml, solid line) and after (8.3 ml, dashed line) phosphorylation. This aggregation
state of PRDII was not further investigated in this study, but most likely repre-
sents a biologically inactive form, or a "dead end folding state". A similar effect



Specificity of PRDII phosphorylation 89

mAU 9.4
IA)
120 't
[}
! ! M 10 11 13 14 15 21 22|10 11 13 14 15 20 21
b)
1
1001 280 nm . £
]
_— |
PRDIIH218D X
80 : — - [p— PRDII H218D
I
_____ X — HPr
601  PRDIIH218D i
phosphorylation imer
1
I
40 | X
1
I
20 |
0
10 ] 11 12 13 14 15 16 17 18 | 19 20 ] 21 22 | 23
8.0 9.0 10.0 11.0 12.0 13.0 14.0 ml

Figure 5.8: Superimposed analytical gel filtration chromatograms, which show the aggregation
states of PRDII H218D before (solid line) and after (dashed line) phosphorylation. Upon phos-
phorylation an increased amount of PRDIT H218D can be seen at lower retention volume (9.4
ml), which corresponds to the dimer. The numbers on top of each peak represent the specific
retention volumes of the peaks (in ml). The SDS-PAGE gel shows in a) selected fractions before
and in b) after phosphorylation was carried out. M stands for the molecular weight marker
and the numbers that are given for each lane correspond to the fraction numbers in the chro-
matogram, which are indicated at the x-axis. Analytical gel filtration was performed in 200 mM

NaCl, 50 mM Tris HC1, 2 mM DTT, pH 7.4.

was observed for RBD-PRDI of LicT [Déméné et al., 2008|. It was reported that
upon reaching a protein concentration of 15 mg/ml they noticed the presence of
minor peaks in the gel filtration chromatogram corresponding to higher molecular
weight aggregates, which were not further characterized in their study.

As shown in sections 5.1 and 5.2 single aspartate mutants of PRDII were in-
vestigated and histidine phosphorylation was observed by HNP-NMR. The aggre-
gation state of both PRDII mutants (PRDII H218D and PRDII H279D) upon
phosphorylation was analysed by analytical gel filtration. In the Figures 5.8 and
5.9 the results are shown for PRDII H218D and PRDII H279D, respectively. As
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Figure 5.9: Superimposed analytical gel filtration chromatograms, which show the aggregation
states of PRDII H279D before (solid line) and after (dashed line) phosphorylation. The numbers
on top of each peak represent the specific retention volumes of the peaks (in ml). Upon phos-
phorylation a clear shift to a larger retention volume can be observed. This retention volume is
in good agreement with the aggregation state of monomeric wild type PRDII. The gel filtration
run was carried out in 200 mM NaCl, 50 mM Tris HCl, 2 mM DTT, pH 7.4.

described at the beginning of this chapter aspartate mutants were chosen because
they successfully mimicked histidine phosphorylation in the PRDII domain of the
homologous antiterminator protein LicT [Tortosa et al., 2001, Declerck et al., 2001].
Since, non-phosphorylated dimeric wild type PRDII eluted at 9.4 ml both mutants
showed the tendency to form dimers, which were equally found at approx. 9.4 ml.
Upon phosphorylation of PRDIT H218D an increase of dimeric PRDII at 9.4 ml was
observed (dashed line; Figure 5.8) compared to a significantly decreased PRDII
species at 10.1 ml. The presence of PRDII H218D was confirmed by SDS-PAGE
analysis.

Upon phosphorylation of PRDII H279D, a different effect was observed as shown
in Figure 5.9. PRDII H279D eluted at 9.4 and 9.7 ml prior to phosphorylation.
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Upon phosphorylation a significant shift to a larger retention volume (10.6 ml)
was observed, which agrees with the retention volume of the monomeric wild type
PRDII (10.7 ml). This change in the aggregation state was unexpected since
HPr-dependent PRDII phosphorylation is expected to lead to the dimer or the
stabilizing dimeric aggregation state. A possible explanation could be the repul-
sive interaction of the phosphorylated histidine 218 and the negatively charged
aspartate at residue 279. Ionic interactions were identified to be the driving force
of protein dimerization in the homologous antiterminator protein LicT [Ben-Zeev
et al., 2005]. It was reported that phosphorylation in PRDI (His 100 and His
159) results in strong electrostatic repulsion, which leads to a monomerization
whereas phosphorylation in PRDII (His 207 and His 269) improves the geometric-
electrostatic complementarity and hence, contributes to the stabilization of the
dimer. Thus, the artificially introduced H279D mutation in PRDII of GlcT could
negatively interact with the phosphate group at histidine 218, leading to unex-
pected PRDII monomers.

5.5 Summary

PRDII is the C-terminal end and the second regulatory domain of GlcT, which
is controlled by histidine phosphorylation (section: 1.2). The dominant phospho-
histidine species in PRDII is 3-phosphohistidine, which was identified by HNP-
NMR (section: 5.1). The clear presence of a single phosphate group, which is
involved in the phosphorylation reaction, was found by mass spectrometry (sec-
tion: 5.2) and our results suggest that both conserved histidines are individually
subjected to phosphorylation (section: 5.3). However, a second phosphate group
is possibly involved in the phosphorylation of the wild type PRDII, since such an
indication was found by mass spectrometry (section: 5.2). This result is further dis-
cussed in chapter 7. Analytical gel filtration confirmed that, upon HPr-dependent
phosphorylation, monomeric PRDII is converted into a dimer (section: 5.4).
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Figure 6.1: The HNP experiments of an approx. 6 mM HPr sample
after 12 hours of phosphorylation are shown. In a) and b) the 'H,'°N
and 'H,3'P projections are shown, respectively. 32 (31P), 32 (1°N),
and 512 (*H) complex points with timax=6.6 ms, tomax=6.6 ms,
and t3max—66 ms were recorded within 4 scans. A clear one peak
and three peak pattern can be seen as well as a strong and some
minor two peak patterns. HPr of Bacillus subtilis contains a single
histidine residue (His 15).

In the last years it
has been found that
in histidine phospho-
rylated proteins either
1-phosphohistidine or
3-phosphohistidine is
present. For ex-
ample in the PTS,
1-phosphohistidine is
known to occur in HPr
[Kalbitzer et al., 1982]
whereas 3-phosphohis-
tidine was found in
Enzyme I and some
isoforms of Enzyme II
[Weigel et al., 1982,
Alpert et al., 1985,
Postma et al., 1993]
(the latter one for
a thorough review).
Interestingly, so far
no report has been
published about 1,3-
diphosphohistidine phos-
phorylation in proteins
[Besant and Attwood,
2009].

As shown by HNP-

NMR, for PRDI 1,3-diphosphohistidine was clearly identified by a three peak pat-
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tern in the HNP spectrum (section: 4.2). To study this phenomenon the phos-
phorylation of HPr was further investigated. In Figure 6.1 the 2D 'H,!N- (a) and
'H,3'P-projections (b) of a HNP spectrum of HPr are presented. A 6 mM HPr
sample was phosphorylated for approx. 12 hours. In both projections multiple
peak patterns can be observed, which are labelled with 1, 2 and 3. The charac-
teristic one peak pattern (label 1) can be observed at 8.05 ppm and has a 3'P
chemical shift which is close to -3.3 ppm. This resonance agrees well with what
was already found for HPr by HNP-NMR, (Figure 3.5, Chapter: 3). However, ad-
ditional peak patterns (labels 2 and 3) were present in this spectrum. A significant
two peak pattern (7.9 and 7.1 ppm) can be seen at -4.8 ppm in the "H*'P pro-
jection, which is accompanied by additional two peak patterns of lower intensity.
A three peak pattern (labelled with 3) is clearly present and can be seen at 8.5
and 7.25 ppm, respectively, but is better resolved in the *H,'N projection (Figure
6.1 a). Besides PRDI, this clear three peak pattern emphasized the presence of
1,3-diphosphohistidine in HPr.

The HPr protein of Bacillus subtilis comprises only a single histidine residue
(His 15) and its phosphorylation is well described [Schrecker et al., 1975, Gassner
et al., 1977, Deutscher et al., 2006]. Hence, all peak patterns that were observed in
the HNP spectrum of HPr (Figure 6.1) can be attributed to the phosphorylation
of histidine 15. During the 12 hours of phosphorylation *H,">N-HSQC spectra
were measured to observe the constancy of the phosphorylation reaction (data not
shown). Small differences in those spectra could indicate local structural changes,
which could explain that different two peak patterns were observed for HPr. On
the other hand, the presence of a one peak pattern and the additional three peak
pattern indicates that different phosphohistidine species were formed during phos-
phorylation. In the 'H,">N-HSQC spectra some additional minor resonances ap-
peared over time, which could be interpreted as additional sets of signals. They
possibly indicate the presence of HPr in different phoshporylation states such as 3-
phosphohistidine-HPr and 1,3-diphosphohistidine-HPr although such effects were
not observed for PRDI (chapter: 4).

The HNP experiments of HPr and PRDI clearly showed the presence of 1,3-
diphosphohistidine in phosphoproteins. This is in very good agreement with the
mass spectrometric results obtained for PRDI and HPr (section: 4.4). For both
proteins an increase of the molecular weight by approx. 160 Da was observed
(Figure 4.4), which clearly indicated that two phosphate groups were individually
involved in the phosphorylation reaction of HPr and PRDI.



7 Discussion and comparison
between PRDI and PRDII

In this chapter the results of PRDI and PRDII are discussed and compared to
each other. A detailed overview of our results is shown in Table 7.1 and references
are given to the sections where those details were presented.

The results we obtained from the HNP-NMR experiments of PRDI, PRDII and
HPr clearly proved the presence of phosphorylated histidines. The intense two
peak patterns in the spectra of PRDI and PRDII identified 3-phosphohistidine
as the dominant phosphohistidine species (sections: 4.2 and 5.1) whereas in HPr
the presence of 1-phosphohistidine was confirmed (chapter: 3). In the HNP spec-
tra of PRDI and HPr additional three peak patterns were found (section: 4.2
and chapter: 6), which indicated the existence of 1,3-diphosphohistidines. So far,
1,3-diphosphohistidines have not been observed in phosphoproteins [Besant and
Attwood, 2009]. Hence, we show for the first time that 1,3-diphosphohistidine
exists in phosphoproteins. However, the exact significance or biological relevance
of a 1,3-diphosphohistidine in proteins is not yet known.

Several attempts were made to identify the phosphorylation sites in antitermi-
nator proteins and a summary of these results can be found in the literature [van
Tilbeurgh and Declerck, 2001] (for a brief review). It is generally accepted that the
four conserved histidines in the two PRDs are the targets of regulatory phospho-
rylation to modulate the nucleic acid binding activity of the RBD (RNA binding
domain) |van Tilbeurgh and Declerck, 2001|. However, no general rule can be es-
tablished for antiterminator proteins, in predicting which or how many of the con-
served histidines can be phosphorylated in each PRD. Examples have been shown
where all four (LicT) [Deutscher et al., 1997, Bachem and Stiilke, 1998, Lindner et
al., 1999, Tortosa et al., 2001] or three histidines (SacY; one in PRDI and two in
PRDII) [Tortosa et al., 1997] were phosphorylated by HPr.
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Matters were complicated further by the fact that the activity of some antiter-
minator proteins, such as GlcT and SacY is irrespective of the presence or absence
of HPr, whereas HPr-dependent phosphorylation of PRDII is mandatory for LicT
and SacT activity [Crutz et al., 1990,Arnaud et al., 1992,Le Coq et al., 1995, Stiilke
et al., 1997]. For GlcT of Bacillus subtilis the first conserved histidine (His 111)
in the PRDI protein sequence was proposed to be the target of regulatory phos-
phorylation [Bachem and Stiilke, 1998|. In this study reporter gene assays were
used to investigate the Enzyme II-dependent PRDI phosphorylation of GlcT. Sim-
ilar results were obtained for SacY [Tortosa et al., 1997, Tortosa et al., 2001] and
LicT [Tortosa et al., 2001] where the first conserved histidine in both PRDIs is the
target of regulatory phosphorylation. Hence, it was concluded that the activity is
regulated by Enzyme II-controlled or -mediated phosphorylation of the first con-
served histidine residue in the PRDI of antiterminator proteins [Deutscher et al.,
2006]. In contrast, mutagenesis studies with the PRDI of LacT in Lactobacillus
caser suggested that both conserved histidines contribute equally to the regulatory
activity [Gosalbes et al., 2002] which emphasizes the difficulty to establish a gen-
eral rule for the determination of the phosphorylation sites. However, the tandem
mass analysis in this work strongly suggests that HPr-dependent phosphorylation
(no Enzyme II-dependence) of PRDI in GlcT of Bacillus subtilis occurs at histidine
170, the second conserved histidine in PRDI (section: 4.5). In addition, mass spec-
trometry showed the presence of a single and double phosphorylated PRDI. This
double phosphorylation is in agreement with the result of our HNP spectrum of
PRDI, which showed the existence of a 1,3-diphosphohistidine whereas the single
phosphate group can be attributed primarily to 3-, but also to 1-phosphohistidine
which was also found by HNP-NMR (section: 4.2). Mutational studies of PRDI
(PRDI H111D, PRDI H170D) showed that no phosphorylation was observed for
PRDI H111D and no protein expression was seen for PRDI H170D (data not
shown). The result for PRDI H111D is in agreement with the finding that the mu-
tation of one potential phosphorylation site prevents phosphorylation of the whole
PRDI in GleT [Schmalisch et al., 2003]. On the basis of this result, it can be
concluded that the Enzyme II-free phosphorylation of PRDI leads to all three pos-
sible phosphorylation states of histidine 170 but primarily to 3-phosphohistidine
(Figure 1.3). In contrast, histidine 172, which is the second C-terminal histidine
in PRDI, is not involved in histidine phosphorylation.

Interestingly in our studies, the PRDI of Bacillus subtilis GlcT was significantly
phosphorylated by HPr in the absence of Enzyme II. Similar findings have been
reported for homologous antiterminator proteins, such as for SacY, where HPr-
dependent phosphorylation was not only observed for both conserved histidines in
PRDII, but also for the first conserved histidine in PRDI [Tortosa et al., 1997].
In contrast, phosphorylation in PRDI of Bacillus subtilis Glc'T has been shown to
occur through Enzyme IT [Schmalisch et al., 2003| and this Enzyme II-dependence
was also proposed for other antiterminator proteins, such as LicT and SacY |Tor-
tosa et al., 2001] (for a review see [Deutscher et al., 2006]). However, in our
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experiments the phosphorylation of PRDI in the absence of Enzyme II, which
has not been shown before, led to the monomerization of PRDI (section: 4.6).
The monomeric aggregation state was proposed to similarly exist upon Enzyme
II-dependent phosphorylation of GlcT [Schmalisch et al., 2003|. Hence, one can
conclude that the phosphorylation of PRDI, which is independent of Enzyme II,
is biologically relevant. Furthermore, analytical gel filtration runs, which were
performed with RBD-PRDI, confirmed the same HPr-dependent monomerization
upon phosphorylation (section: 4.6). Thus, the N-terminal RBD obviously did not
counteract the regulatory phosphorylation of PRDI through HPr.

The highly efficient HPr-dependent phosphorylation of PRDII (independent of
Enzyme II; Figure 1.2) has already been described [Schmalisch et al., 2003]. How-
ever, it was not yet clear whether HPr phosphorylates the first, the second, or
both conserved histidines in PRDII [Schmalisch et al., 2003]. The HNP spectra
of the two PRDII single aspartate mutants (PRDII H218D and PRDII H279D)
clearly showed individual phosphorylation of both conserved histidines at their N2
nitrogen atoms (section: 5.1). Additional phosphorylation sites besides them were
excluded by mass spectrometric results of the double aspartate mutant (PRDII
H218D H279D). Furthermore, mass spectrometry revealed that a primary single
phosphate group is involved in PRDII phosphorylation but our results also suggest
a second phosphate group in a minor population. Thus, it can be concluded that
both conserved histidines in PRDII (His 218, His 279) are mono-phosphorylated
by HPr in different quantities at their N nitrogen atoms.

Previously, three general scenarios for PRD phosphorylation were suggested
|[Schmalisch et al., 2003]: i) The two conserved histidine residues in each PRD
may be both phosphorylated individually; ii) there might be an intra-PRD phos-
phate transfer and iii) one of the two conserved histidines in each of the PRDs
might be phosphorylated, whereas the other one would be required for the phos-
phorylation reaction. Phosphorylation of PRDI could be attributed to model iii),
since mutation of H111D led to the loss of phosphorylation and a single phosphate
group was clearly found by mass spectrometry upon PRDI phosphorylation. Phos-
phorylation of PRDII fits in some cases to model i) but also to model ii). Our HNP
results suggest that both conserved histidines can be individually phosphorylated
(model i). However, mass spectrometry clearly showed that PRDII is primarily
phosphorylated by a single phosphate group. Hence, one can conclude that one of
the conserved histidine residues might be the final preferential phosphate acceptor
in PRDII and an intra-PRDII phosphate transfer might be possibly involved in
PRDII phosphorylation (model ii). However, at that moment we cannot assign
one of the two conserved histidines to that specific function.

Our results, obtained by analytical gel filtration, showed that PRDII consti-
tutively forms monomers and dimers (section: 2.5.9). Since the GlcT dimer is
considered as the active form, which binds to the nucleic acid ( [Schmalisch et al.,
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2003]; section: 1.2) the tendency of both PRDI and PRDII to constitutively form
dimers without phosphorylation could possibly explain why GlcT is active irre-
spective of the presence or absence of HPr |Bachem and Stiilke, 1998|. However,
our results clearly showed the efficient phosphorylation of monomeric PRDII lead-
ing to the dimerization of PRDII. This possibly explains why the GlcT activity is
enhanced upon HPr-dependent phosphorylation [Schmalisch et al., 2003].

Our results about the HPr-dependent PRDI and PRDII phosphorylation of
Bacillus subtilis GlcT allow us to contribute to the question of phosphoryla-
tion specificity. The two PRDs of GlcT are similar to each other in their pro-
tein sequence and share 34 % identical amino acids [Schmalisch et al., 2003]. It
was proposed that the PRDs are specialized in the choice of their phosphoryla-
tion partner and that some specific determinants in the PRDs determine whether
they are targets for HPr- (PRDII) or Enzyme II- (PRDI) dependent phosphoryla-
tion |Schmalisch et al., 2003|. Those determinants are yet unknown. However, our
results show that HPr can individually phosphorylate both regulatory domains,
which indicates that HPr cannot distinguish between the two isolated PRDs of
GlcT. Hence, the arrangement of the two regulatory domains in the full length
GlcT could affect the specificity of domain phosphorylation in a way that PRDI,
as an individual domain, is accessible for HPr but less approachable in full length
GIcT [Schmalisch et al., 2003] (personal communication with Prof. Stiilke).

Interestingly, the same phosphorylation cascade (Enzyme I, HPr and the target
domain) led to opposite aggregation states of the PRDs. Whereas HPr-dependent
PRDI phosphorylation resulted in a monomer, PRDII formed a dimer upon phos-
phorylation. As shown in sections 2.6.3 and 2.6.6, phosphorylation of PRDII was
efficiently achieved using a molar ratio of 1 : 1/8 of monomeric PRDII to HPr, re-
spectively. On the contrary, PRDI phosphorylation strongly depends on a minimal
1: 1 molar ratio between monomeric PRDI and HPr (section: 4.1). This difference
in the molar ratios indicated a reduced specificity of HPr-dependent PRDI phos-
phorylation, since this phosphorylation is attributed to the carbohydrate specific
Enzyme II (PRDI is a minor substrate) [Bachem and Stiilke, 1998, Schmalisch et
al., 2003].

An additional and interesting side effect is that HPr phosphorylation, which
depends on Enzyme I (Figure 1.1), was successfully carried out in the absence
of magnesium ions. The auto-phosphorylation of Enzyme I requires Mg?" ions
for its activity, but divalent ions such as Mn?" and Co?" can, in an appropriate
concentration range, substitute for Mg?" [Weigel et al., 1982, Alpert et al., 1985].
However, sample preparation for mass spectrometric experiments was performed in
ammonium acetate buffer even throughout preparative gel filtration of the enzymes
and target proteins (section: 2.6.3). Efficient phosphorylation was also observed
although no Mg?" salts or other divalent cations were used or added to the buffer.
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7.1 Conclusion

The newly developed HNP-NMR, experiment will be a great tool to characterize
the regiochemistry of phosphohistidines in other proteins. The combined results of
this newly developed HNP-NMR experiment, mass spectrometry and analytical gel
filtration revealed new insight in the regulatory histidine phosphorylation of PRDI
and PRDII of the Bacillus subtilis antiterminator protein GlcT. We successfully
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Figure 7.1: Phosphorylation pathways in the PTS. In black: state of knowledge before start of
the PhD, red: insights from this PhD thesis. In a) the phosphate transfer from PEP to glucose
via Enzyme I, HPr and Enzyme II is shown. The regulatory phosphate transfer to the PRDs
of Bacillus subtilis GlcT is shown by additional arrows and further explained in b) and ¢). Ex-
perimental results and interpretations of this thesis are highlighted in red and compared to the
published literature. In b) and c) the individual phosphorylation effects of PRDI and PRDII are
emphasized. In b) the HPr-dependent phosphorylation of PRDII is illustrated which leads to a
dimer. Both conserved histidines (His 218 and His 279) can be individually phosphorylated at
their N2 imidazole nitrogen atoms. An intramolecular phosphate transfer is possibly involved
between both histidine residues. In ¢) the regulatory phosphorylation pathways of PRDI are
shown. In red the newly found Enzyme II-free phosphorylation pathway is highlighted which
leads to a monomer. Phosphorylation occurs at histidine 170 and includes N°', N¢2-double
phosphorylation of the imidazole ring. In black the well known Enzyme II-dependent phospho-
rylation of PRDI is shown which phosphorylates the first conserved histidine in PRDI. Both
phosphorylation pathways result in a PRDI monomer.
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confirmed HPr-dependent histidine phosphorylation in both regulatory domains of
GlcT and conclude that HPr plays a similar role in the phosphorylation of GlcT as
for homologous antiterminator proteins. The results of this thesis are summarized
and visualized in Figure 7.1.
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9 Appendix

Tobacco Etch Virus (TEV) protease

A pMALC-TEV plasmid, coding for the MBP fusion protein of the TEV protease
with a TEV cleavage site between MBP and TEV, was transformed into BL21
Codon Plus for protein overexpression. For this purpose, 1 ml of LB medium,
containing ampiciline (50 pg ml') and chloramphenicol (50 pg ml™), was inocu-
lated and cells were grown for 6 hours at 37°C. 50 pul of this culture were used
to inoculate 20 ml of LB medium for overnight growth. At the next morning the
grown cells were diluted 1:80 compared to 750 ml of LB medium to start the final
cultivation. After the bacterial growth (37°C) reached the ODggg of 0.3 the culture
was cooled down to 17°C. Upon reaching an ODggo of 0.6 to 0.7 the protein over-
expression was induced by adding IPTG to a final concentration of 0.4 mM. The
overexpression took place overnight at 17°C and the harvested cells were stored at
-80°C.

The frozen cells were resuspended on ice in 40 ml lysis buffer (Table 9.1) and
sonication was performed 8x 20 sec (approx. 90 % of the maximum power) to
break the cells. Afterwards, the cell debris was centrifuged at 4°C for 45 minutes
at 25,000 rcf. The supernatant was incubated for 45 minutes at 4°C with 3 ml
of equilibrated Ni-NTA agarose. 10 ml single use plastic columns (PIERCE) were
used to collect the loaded resin, which was washed with 50 ml of the lysis buffer
followed by another 60 ml of the wash buffer. The elution was done stepwise (10x
2 ml) with elution buffer T and II. The protein content of each fraction was checked
by SDS-PAGE analysis. The elution buffer III was only applied if there was still
protein attached to the resin. After elution, the pooled fractions were dialysed
overnight at 4°C against the dialysis buffer. VIVA spin concentrators (MWCO:
10,000; Sartorius) were used to concentrate the dialysed protein up to 2 mg ml™*.
After concentrating the protein, glycerol was added to dilute the TEV protease
down to a final concentration of 1 mg ml™* and was stored at -80°C.
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Name Chemicals Amount Remarks

lysis buffer Tris HCI1 20 mM pH 8.0
NaCl 100 mM
Imidazole 5 mM
2-mercaptoethanol 10 mM
PMSF 0.5 mM (final)

wash buffer Tris HCI 20 mM pH 8.0
NaCl 100 mM
Imidazole 20 mM
PMSF 0.5 mM (final)
2-mercaptoethanol 10 mM

elution buffer I Tris HCI 20 mM pH 8.0
NaCl 100 mM
Imidazole 100 mM
2-mercaptoethanol 10 mM
PMSF 0.5 mM (final)

elution buffer II  Tris HCI 20 mM pH 8.0
NaCl 100 mM
Imidazole 300 mM
2-mercaptoethanol 10 mM
PMSF 0.5 mM (final)

elution buffer III  Tris HCI 20 mM pH 8.0
NaCl 100 mM
Imidazole 500 mM
2-mercaptoethanol 10 mM
PMSF 0.5 mM (final)

dialysis buffer Tris HCI 100 mM pH 7.5
EDTA 1 mM
DTT 5 mM

Table 9.1: List of buffers, which were used for the purification of the TEV protease. PMSF

needs to be added freshly.
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Appendix

Chemical shift (cs) list of PRDI

. E o _ . E o .
zZ § g zZ = § g

S - gy L 2
~ ~ < & ~ ~ < &
2 SER CA 58312 6 LEU CD1  24.004
2 SER CB 63.250 6 LEU CD2 23.780
2 SER HA 4.432 6 LEU H 7.916
2 SER HB2 3.841 6 LEU HA 4.086
2 SER HB3  3.841 6 LEU HB2 1708
3 ASP  CA 54489 6 LEU HB3 1604
3 ASP CB 40.558 6 LEU HG 1.610
3 ASP H 8.579 6 LEU HD1 0.867
3 ASP  HA  4.527 6 LEU HD2 0824
3 ASP  HB2 2595 6 LEU N  120.094
3 ASP HB3  2.686 7 VAL CA  65.136
3 ASP N 122.181 7 VAL CB 31.590
4 GLU CA 57.843 7 VAL CG1 20.627
4 GLU CB 29251 7 VAL CG2  21.722
4 GLU CG 36121 7 VAL H 7.847
4 GLU H 8.440 7 VAL HA  3.686
4 GLU HA 4106 7 VAL HB  2.060
4 GLU HB2 1971 7 VAL HB  2.060
4 GLU HB3 2.040 7 VAL HG1 0.899
4 GLU HG2 2.260 7 VAL HG2 0.960
4 GLU HG3 2260 7 VAL N 120.899
4 GLU N  121.719 8 ASP  CA  56.402
5 LYS CA 57.110 8 ASP CB 40.354
5 LYS CB 31.995 8 ASP H 7.805
5 LYS CG 24543 8 ASP  HA 4477
5 LYS CD 28541 8 ASP HB2  2.682
5 LYS CE  41.550 8 ASP HB3  2.759
5 LYS H 8.236 8 ASP N 121.091
5 LYS HA 4.253 9 ILE CA 63.647
5 LYS HB2  1.847 9 ILE CB 38011
5 LYS HB3  1.847 9 ILE CG1 28914
5 LYS HG2 1479 9 ILE CG2 17.679
5 LYS HG3  1.436 9 ILE CD1 13918
5 LYS HD2  1.686 9 ILE H 8.043
5 LYS HD3  1.686 9 ILE HA 3874
5 LYS HE2 2.962 9 ILE HB 1.849
5 LYS HE3 2962 9 ILE HG12 1.732
5 LYS N 120.349 9 ILE HG13  0.999
6 LEU CA  56.511 9 ILE HG2 0801
6 LEU CB  41.168 9 ILE HD1 0.758
6 LEU CG 26911 9 ILE N 118895
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. 2 g = R g =
I 3 ;= § g
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10 SER CA 62.305 14 ILE N 121.284
10 SER CB 58.003 15 TYR CA 60.912
10 SER H 8.301 15 TYR CB 37.288
10 SER HA 3.875 15 TYR CD1 133.006
10 SER N 115.841 15 TYR CE1 117.604
11 ASN CA 55.927 15 TYR H 8.193
11 ASN CB 37.380 15 TYR HA 4.214
11 ASN H 8.209 15 TYR HB2 3.176
11 ASN HA 4.362 15 TYR HB3 3.176
11 ASN HB2 2.733 15 TYR HDI1 7.210
11 ASN HB3 2.930 15 TYR HE1 6.815
11 ASN HD21 7.782 15 TYR N 121.335
11 ASN HD22 6.808 16 HIS CA 60.398
11  ASN N 119.773 16 HIS CB 31.601
11 ASN ND2 112.769 16 HIS CD2 114.675
12 ASP CA 57.234 16 HIS CE1  139.292
12 ASP CB 39.911 16 HIS H 8.018
12 ASP H 7.987 16 HIS HA 4.236
12 ASP HA 4.472 16 HIS HB2 3.080
12 ASP HB2 2.647 16 HIS HB3 3.309
12 ASP HB3 2.864 16 HIS HD2 6.473
12 ASP N 121.264 16 HIS HE1 7.741
13 VAL CA 65.981 16 HIS N 119.539
13 VAL CB 31.203 17 ILE CA 66.055
13 VAL CG1 22.510 17 ILE CB 37.867
13 VAL CG2 22.330 17 ILE CG1 29.011
13 VAL H 8.328 17 ILE CG2 16.953
13 VAL HA 3.776 17 ILE CD1 13.948
13 VAL HB 2.309 17 ILE H 8.379
13 VAL HGI1 1.033 17 ILE HA 3.245
13 VAL HG2 0.920 17 ILE HB 1.806
13 VAL N 120.423 17 ILE HGI12 1.986
14 ILE CA 64.436 17 ILE HGI13 0.677
14 ILE CB 36.387 17 ILE HG2 0.810
14 ILE CG1 29.258 17 ILE HD1 0.736
14 ILE CG2 17.171 17 ILE N 116.896
14 ILE CD1 12.347 18 SER CA 61.351
14 ILE H 8.303 18 SER CB 62.532
14 ILE HA 3.439 18 SER H 8.484
14 ILE HB 1.754 18 SER HA 4.143
14 ILE HGI12 0.919 18 SER  HB2 3.892
14 ILE HGI13 1.361 18 SER  HB3 3.953
14 ILE HG2 0.497 18 SER N 116.686
14 ILE HD1 0.521 19  ASN CA 55.492
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19 ASN CB 38.329 23 HIS H 8.092
19 ASN H 8.187 23 HIS HA 4.584
19 ASN HA 4.287 23 HIS HB2 3.020
19 ASN HB2 2.549 23 HIS HB3 2.788
19 ASN HB3 2.549 23 HIS HD2 6.894
19 ASN HD21 7.359 23 HIS HE1 7.816
19 ASN HD22 6.224 23 HIS N 117.604
19 ASN N 119.329 24 SER CA 58.227
19 ASN ND2 112.245 24  SER CB 62.910
20 ARG CA 56.399 24  SER HA 4.313
20 ARG CB 30.423 24 SER HB2 3.791
20 ARG CG 28.072 24 SER HB3 3.753
20 ARG CD 40.899 25 LEU CA 53.597
20 ARG H 8.268 25 LEU CB 41.299
20 ARG HA 4.093 25 LEU cG 26.531
20 ARG HB2 1.596 25 LEU CD1 25.491
20 ARG HB3 1.659 25 LEU CD2 22.888
20 ARG HG2 1.132 25 LEU H 8.883
20 ARG HGS3 0.726 25 LEU HA 4.358
20 ARG HD2 3.088 25 LEU HB2 1.182
20 ARG HD3 3.117 25 LEU HB3 1.898
20 ARG N 117.589 25 LEU HG 1.692
21 THR CA 61.238 25 LEU HDI1 0.744
21 THR CB 70.301 25 LEU HD2 0.700
21 THR CG2 21.608 25 LEU N 124.256
21 THR H 7.635 26  ASN CA 52.411
21 THR  HA 4.306 26  ASN CB 38.740
21 THR HB 4.250 26  ASN H 7.979
21 THR HG2 1.149 26  ASN HA 4.534
21 THR N 106.445 26  ASN HB2 3.001
22 ASN CA 53.979 26 ASN HB3 3.001
22 ASN CB 37.411 26 ASN HD21 7.710
22 ASN H 7.905 26 ASN HD22 7.114
22 ASN HA 4.357 26  ASN N 119.072
22 ASN HB2 2.715 26 ASN ND2 113.413
22 ASN  HBS3 3.060 27  GLU CA 59.224
22  ASN HD21 7.498 27  GLU CB 29.260
22 ASN HD22 6.724 27 GLU CG 35.591
22 ASN N 119.322 27 GLU H 8.866
22 ASN ND2 112.303 27 GLU HA 3.857
23  HIS CA 55.713 27 GLU HB2 1.913
23  HIS CB 31.876 27 GLU HB3 1.913
23 HIS CD2 119.609 27  GLU HG2 2.076
23 HIS CEl 137.718 27 GLU HG3 2.076
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27 GLU N 119.529 31 ILE HGI12 1.722
28 HIS CA 58.399 31 ILE HGI13 1.154
28 HIS CB 29.628 31 ILE HG2 0.890
28 HIS CD2  119.440 31 ILE HD1 0.844
28 HIS CE1 138.628 31 ILE N 120.210
28 HIS H 8.097 32 ALA CA 54.968
28 HIS HA 4.406 32 ALA CB 17.690
28 HIS HB2 3.190 32  ALA H 7.704
28 HIS HB3 3.190 32  ALA HA 4.273
28 HIS HD2 6.947 32  ALA HB 1.410
28 HIS HE1 7.763 32 ALA N 121.512
28 HIS N 117.902 33 LEU CA 57.481
29 ILE CA 62.800 33 LEU CB 41.638
29 ILE CB 37.074 33 LEU CG 26.908
29 ILE CG1 28.265 33 LEU CD1 25.228
29 ILE CG2 18.403 33 LEU CD2 22.566
29 ILE CD1 12.865 33 LEU H 8.462
29 ILE H 7.800 33 LEU HA 3.850
29 ILE HA 3.691 33 LEU HB2 1.753
29 ILE HB 1.843 33 LEU HB3 1.182
29 ILE HGI12 1.502 33 LEU HG 1.462
29 ILE HGI13 0.982 33 LEU HDI1 0.541
29 ILE HG2 0.841 33 LEU HD2 0.286
29 ILE HD1 0.799 33 LEU N 118.457
29 ILE N 120.418 34 THR CA 67.734
30 HIS CA 59.672 34 THR CB 67.237
30 HIS CB 30.901 34 THR CG2 21.166
30 HIS CD2 117.772 34 THR H 8.024
30 HIS CEl 137.935 34 THR HA 4.334
30 HIS H 8.091 34 THR HB 3.672
30 HIS HA 3.996 34 THR HG2 1.162
30 HIS HB2 3.184 34 THR N 116.253
30 HIS HB3 3.184 35 ASP CA 56.899
30 HIS HD2 6.670 35 ASP CB 39.646
30 HIS HE1 7.584 35 ASP H 8.511
30 HIS N 119.968 35 ASP HA 4.244
31 ILE CA 64.190 35 ASP HB2 2.850
31 ILE CB 37.972 35 ASP HBS3 2.850
31 ILE CG1 28.761 35 ASP N 122.613
31 ILE CG2 17.009 36 HIS CEl 136.755
31 ILE CD1 12.883 36 HIS HE1 7.169
31 ILE H 8.086 37 ILE CA 65.220
31 ILE HA 3.716 37 ILE CB 37.398
31 ILE HB 1.849 37 ILE CGl1 29.033
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37 ILE CG2 17.072 41 ILE HD1 0.697
37 ILE CD1 12.995 41 ILE N 119.075
37 ILE H 8.281 42 LYS CA 59.468
37 ILE HA 3.332 42 LYS CB 32.314
37 ILE HB 1.905 42 LYS cG 24.990
37 ILE HGI2 1.721 42 LYS CD 29.009
37 ILE HGI13 0.907 42 LYS CE 41.529
37 ILE HG2 0.757 42 LYS H 8.001
37 ILE HD1 0.662 42 LYS HA 3.996
37 ILE N 119.328 42 LYS HB2 1.900
38 ALA CA 55.221 42 LYS HB3 1.954
38 ALA CB 17.698 42 LYS HG2 1.471
38 ALA H 8.164 42 LYS HG3 1.381
38 ALA HA 3.867 42 LYS HD2 1.655
38 ALA HB 1.412 42 LYS HD3 1.655
38 ALA N 121.062 42 LYS HE2 2.820
39 PHE CA 59.149 42 LYS HE3 2.923
39 PHE CB 38.074 42 LYS N 121.262
39 PHE CD1 130.435 43 ARG CA 59.684
39 PHE CZ 128.817 43 ARG CB 29.863
39 PHE H 8.106 43 ARG CG 28.067
39 PHE HA 4.332 43 ARG CD 43.827
39 PHE HB2 2.772 43 ARG H 8.269
39 PHE HB3 2.863 43 ARG HA 4.046
39 PHE HDI1 6.994 43 ARG HB2 1.862
39 PHE HZ 7.060 43 ARG HB3 1.862
39 PHE N 118.527 43 ARG HG2 1.504
40 ALA CA 54.835 43 ARG HG3 1.504
40 ALA CB 16.990 43 ARG HD2 2.839
40 ALA H 8.328 43 ARG HD3 2.839
40 ALA HA 3.709 43 ARG N 117.758
40 ALA HB 1.285 44 GLN CA 58.461
40 ALA N 123.271 44 GLN CB 26.907
41 ILE CA 65.590 44 GLN CG 33.670
41 ILE CB 37.885 44  GLN H 7.514
41 ILE CG1 29.506 44  GLN HA 4.126
41 ILE CG2 16.262 44 GLN HB2 2.101
41 ILE CD1 13.908 44 GLN HB3 2.287
41 ILE H 8.257 44 GLN HG2 2.420
41 ILE HA 3.482 44 GLN HG3 2.361
41 ILE HB 1.816 44 GLN HE21 7.419
41 ILE HGI12 1.847 44 GLN HE22 6.702
41 ILE HGI13 0.805 44 GLN N 119.220
41 ILE HG2 0.789 44 GLN NE2 110.796
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45 GLN CA 58.036 49 ASP  HB2 2.369
45 GLN CB 28.096 49  ASP HB3 2.480
45 GLN CcG 33.993 49  ASP N 127.622
45 GLN H 8.356 50 MET CA 54.059
45 GLN HA 3.969 50 MET CB 32.374
45 GLN HB2 2.043 50 MET CcG 32.544
45 GLN HB3 2311 50 MET CE 17.085
45 GLN HG2 2.376 50 MET H 8.276
45 GLN HG3 2.566 50 MET HA 4.146
45 GLN HE21 7.402 50 MET HB2 1.467
45 GLN HE22 6.734 50 MET HB3 1.424
45 GLN N 119.970 50 MET HG2 2.305
45 GLN NE2 111453 50 MET HGS3 2.090
46 GLN CA 55.399 50 MET HE 1.532
46 GLN CB 28.762 50 MET N 124.788
46 GLN CG 33.647 51  LYS CA 56.191
46 GLN H 7.779 51  LYS CB 32.351
46 GLN HA 4.202 51  LYS CG 25.001
46 GLN HB2 2.167 51 LYS CD 28.442
46 GLN HB3 2.071 a1 LYS CE 41.751
46 GLN HG2 2.423 91 LYS H 8.183
46 GLN HG3 2.372 51 LYS HA 4.031
46 GLN HE21 7.399 51 LYS HB2 1.662
46 GLN HE22 6.560 o1 LYS HB3 1.754
46 GLN N 115.830 a1 LYS HG2 1.379
46 GLN NE2 110.377 51 LYS HG3 1.379
47 GLY CA 45.569 51 LYS HD2 1.566
47 GLY H 7.758 51 LYS HD3 1.636
47 GLY HA2 3.796 51 LYS HE2 2.927
47 GLY HA3 3.984 a1 LYS HE3 2.927
47 GLY N 107.510 91 LYS N 127.364
48 PHE CA 55.925 52  ASN CA 48.013
48 PHE CB 39.990 52  ASN CB 39.927
48 PHE CD1 131.347 52 ASN H 8.763
48 PHE H 7.960 52 ASN HA 5.083
48 PHE HA 4.675 52 ASN  HB2 2.175
48 PHE HB2 2.912 52 ASN  HB3 2.979
48 PHE HB3 2.782 52 ASN HD21 6.979
48 PHE HDI1 6.950 52 ASN HD22 6.194
48 PHE N 120.567 52  ASN N 116.500
49 ASP CA 52.602 52 ASN ND2 106.633
49 ASP CB 41.257 53 PRO CA 62.527
49 ASP H 8.204 53 PRO CB 31.294
49 ASP HA 4.472 53 PRO CG 25.146
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53 PRO CD 50.314 56 MET HE 1.964
53 PRO HA 4.324 56 MET N 118.737
53 PRO HB2 1.872 57 GLU CA 60.315
53 PRO HB3 0.856 57 GLU CB 28.821
53 PRO HG2 0.466 57 GLU CG 36.968
53 PRO HG3 1.646 57 GLU H 9.848
53 PRO HD2 3.350 57 GLU HA 3.851
53 PRO HD3 3.629 57 GLU HB2 1.782
54 PHE CA 54.873 57 GLU HB3 1.875
54 PHE CB 37.807 57 GLU HG2 2.197
54 PHE CD1 130.957 57 GLU HG3 2.498
54 PHE CE1 131.070 57 GLU N 122.392
54 PHE CZ 128.523 58 THR CA 67.547
54 PHE H 7.091 58 THR CB 67.735
54 PHE HA 5.320 58 THR CG2 21.468
54 PHE HB2 2.114 58 THR H 8.188
54 PHE HB3 2.164 58 THR HA 4.561
54 PHE HD1 6.803 58 THR HB 3.955
54 PHE HE1 7.216 58 THR HG2 1.609
54 PHE HZ 6.774 58 THR N 116.182
54 PHE N 116.719 59 GLN CA 58.996
55 LEU CA 59.359 59  GLN CB 26.507
55 LEU CB 41.332 59  GLN CG 33.394
55 LEU CG 26.350 59 GLN H 7.574
55 LEU CD1 25.133 59 GLN HA 3.185
55 LEU CD2 23.809 59 GLN HB2 1.585
55 LEU H 7.734 59 GLN HB3 0.528
55 LEU HA 3.810 59  GLN HG2 1.697
55 LEU HB2 1.736 59  GLN HG3 1.697
55 LEU HB3 1.643 59 GLN HE21 6.930
55 LEU HG 1.724 59 GLN HE22 6.633
55 LEU HDI1 0.940 59 GLN N 121.950
55 LEU HD2 0.944 59  GLN NE2 109.936
55 LEU N 124.900 60 SER CA 60.281
56 MET CA 58.024 60 SER CB 62.774
56 MET CB 31.134 60 SER H 7.421
56 MET cG 32.017 60 SER HA 4.001
56 MET CE 16.957 60 SER HB2 3.790
56 MET H 8.723 60 SER  HB3 3.757
56 MET HA 4.007 60 SER N 109.925
56 MET HB2 1.946 61 LEU CA 56.607
56 MET HB3 1.840 61 LEU CB 42.937
56 MET HG2 2.565 61 LEU CG 26.306
56 MET HGS3 2.407 61 LEU CD1 24.498
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61 LEU CD2 22.900 65 GLU H 10.248
61 LEU H 7.604 65 GLU HA 3.709
61 LEU HA 3.837 65 GLU HB2 1.994
61 LEU HB2 1.196 65 GLU HB3 2.291
61 LEU HB3 0.303 65 GLU HG2 2.117
61 LEU HG 1.243 65 GLU HG3 2.348
61 LEU HDI1 0.621 65 GLU N 121.276
61 LEU HD2 0.522 66 TYR CA 62.317
61 LEU N 120.588 66 TYR CB 39.175
62 TYR CA 53.121 66 TYR CD1 132.379
62 TYR CB 37.735 66 TYR CE1 117.831
62 TYR CD1 132.050 66 TYR H 9.187
62 TYR CE1 116.831 66 TYR HA 3.783
62 TYR H 7.766 66 TYR HB2 2.923
62 TYR HA 5.120 66 TYR HB3 3.181
62 TYR HB2 2.866 66 TYR HDI1 6.736
62 TYR HB3 3.385 66 TYR HE1 6.556
62 TYR HDI1 6.830 66 TYR N 119.335
62 TYR HE1 6.051 67 GLN CA 58.255
62 TYR N 115.602 67 GLN CB 26.916
63 PRO CA 65.820 67 GLN CG 32.455
63 PRO CB 31.119 67 GLN H 7.800
63 PRO CG 27.500 67 GLN HA 4.062
63 PRO CD 49.567 67 GLN HB2 2.224
63 PRO HA 4.476 67 GLN HB3 2.343
63 PRO HB2 1.977 67 GLN HG2 2.540
63 PRO HB3 2.403 67 GLN HG3 2.332
63 PRO HG2 2.094 67 GLN HE21 8.348
63 PRO HG3 2.094 67 GLN HE22 6.946
63 PRO HD2 3.240 67 GLN N 118.054
63 PRO HD3 3.709 67 GLN NE2 114.255
64 GLU CA 59.444 68 ILE CA 64.907
64 GLU CB 28.816 68 ILE CB 38.003
64 GLU CG 36.078 68 ILE CG1 28.787
64 GLU H 8.619 68 ILE CG2 18.630
64 GLU HA 4.221 68 ILE CD1 14.389
64 GLU HB2 2.069 68 ILE H 8.043
64 GLU HB3 1.970 68 ILE HA 3.654
64 GLU HG2 2.302 68 ILE HB 1.727
64 GLU HG3 2.302 68 ILE HG12  2.006
64 GLU N 119.951 68 ILE HG13  0.686
65 GLU CA 61.747 68 ILE HG2 0.807
65 GLU CB 27.818 68 ILE HD1 0.697
65 GLU CG 38.704 68 ILE N 118.665
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69 ALA CA 55.030 73 ILE CGl1 28.576
69 ALA CB 20.063 73 ILE CG2 17.456
69 ALA H 8.465 73 ILE CD1 10.710
69 ALA HA 3.649 73 ILE H 8.334
69 ALA HB 1.410 73 ILE HA 3.657
69 ALA N 122.163 73 ILE HB 2.043
70 LYS CA 59.813 73 ILE HGI12 1.534
70 LYS CB 31.684 73 ILE HG13 1.152
70 LYS CG 24.794 73 ILE HG2 0.796
70 LYS CD 29.027 73 ILE HD1 0.580
70 LYS CE 41.744 73 ILE N 121.869
70 LYS H 8.372 74 ASP CA 57.349
70 LYS HA 3.583 74 ASP CB 39.414
70 LYS HB2 2.055 74  ASP H 8.324
70 LYS HB3 2.055 74  ASP HA 4.410
70 LYS HG2 1.381 74  ASP HB2 2.582
70 LYS HG3 1.470 74  ASP HB3 2.745
70 LYS HD2 1.668 74  ASP N 120.536
70 LYS HD3 1.734 75 MET CA 58.916
70 LYS HE2 3.027 75 MET CB 33.073
70 LYS HE3 3.027 75 MET CcG 31.295
70 LYS N 120.187 75 MET CE 15.793
71 GLU CA 58.367 75 MET H 7.917
71 GLU CB 28.796 75  MET HA 4.106
71  GLU CG 35.395 75 MET HB2 2.189
71 GLU H 7.841 75 MET HB3 2.010
71 GLU HA 3.998 75  MET HG2 2.514
71 GLU HB2 2.681 75 MET HG3 2.335
71 GLU HB3 1.888 75  MET HE 1.694
71 GLU HG2 2.782 75  MET N 120.196
71 GLU HG3 2.417 76 ILE CA 65.734
71 GLU N 118.651 76 ILE CB 37.889
72 VAL CA 66.077 76 ILE CGl1 28.799
72 VAL CB 30.895 76 ILE CG2 17.494
72 VAL CG1 21.964 76 ILE CD1 14.269
72 VAL CG2 23.357 76 ILE H 8.375
72 VAL H 8.496 76 ILE HA 3.368
72 VAL HA 3.593 76 ILE HB 1.814
72 VAL HB 2.468 76 ILE HGI12 1.873
72 VAL HGI1 0.903 76 ILE HG13 0.692
72 VAL HG2 1.094 76 ILE HG2 0.795
72 VAL N 119.556 76 ILE HD1 0.684
73 ILE CA 62.780 76 ILE N 120.798
73 ILE CB 34.990 77  ASN CA 55.450
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77 ASN CB 37.416 81 GLY HAS3 3.859
77 ASN H 8.503 81 GLY N 109.062
77 ASN HA 4.374 82 LEU CA 52.857
77 ASN  HB2 2.927 82 LEU CB 44.370
77 ASN  HB3 2.927 82 LEU CG 25.919
77 ASN HD21 7.567 82 LEU CD1 23.773
77 ASN HD22 6.565 82 LEU CD2 25.821
77 ASN N 118.994 82 LEU H 7.572
77 ASN ND2 107.083 82 LEU HA 4.568
78 GLU CA 58.763 82 LEU HB2 1.485
78 GLU CB 29.740 82 LEU HB3 1.518
78 GLU CG 35.803 82 LEU HG 1.401
78 GLU H 8.058 82 LEU HDI1 0.792
78 GLU HA 4.005 82 LEU HD2 0.722
78 GLU HB2 2.048 82 LEU N 118.127
78 GLU HB3 2.131 83 CYS CA 56.392
78 GLU HG2 2.144 83 CYS CB 26.739
78 GLU HG3 2.144 83 CYS H 8.133
78 GLU N 118.887 83 CYS HA 4.422
79 LYS CA 58.245 8 CYS HB2 2.538
79 LYS CB 33.481 8 CYS HB3 2.754
79 LYS CG 25.874 83 CYS N 119.733
79 LYS CD 28.872 84 LEU CA 53.576
79 LYS CE 41.710 84 LEU CB 40.359
79 LYS H 8.392 84 LEU CG 27.713
79 LYS HA 4.132 84 LEU CD1 25.508
79 LYS HB2 1.751 84 LEU CD2 24.070
79 LYS HB3 1.751 84 LEU H 9.268
79 LYS HG2 1.518 84 LEU HA 4.339
79 LYS HG3 1.638 84 LEU HB2 1.188
79 LYS HD2 1.523 84 LEU HB3 1.818
79 LYS HD3 1.641 84 LEU HG 1.795
79 LYS HE2 2.909 84 LEU HDI1 0.801
79 LYS HE3 2.965 84 LEU HD2 0.758
79 LYS N 116.790 84 LEU N 127.393
80 ALA CA 51.368 8  PRO CA 62.033
80 ALA CB 19.095 8  PRO CB 32.567
80 ALA H 8.655 85 PRO CG 27.593
80 ALA HA 4.453 85 PRO CD 50.512
80 ALA HB 1.354 8 PRO HA 4.487
80 ALA N 118.205 8 PRO HB2 2.270
81 GLY CA 46.484 8 PRO HB3 2.326
81 GLY H 7.619 85 PRO HG2 2.101
81 GLY HA2 3.948 8 PRO HG3 2.189
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8 PRO HD2 3.638 90 GLY N 101.637
8 PRO HD3 3.798 91 PHE CA 60.187
8 GLU CA 58.749 91 PHE CB 37.536
8 GLU CB 29.057 91 PHE CD1 131.300
8 GLU CG 35.883 91 PHE CZ 129.426
86 GLU H 8.518 91 PHE H 7.088
8 GLU HA 3.874 91 PHE HA 4.610
8 GLU HB2 1.993 91 PHE HB2 3.314
8 GLU HB3 1.993 91 PHE HB3 3.314
8 GLU HG2 2.322 91 PHE HDI1 7.320
8 GLU HG3 2.322 91 PHE HZ 7.281
8 GLU N 118.890 91 PHE N 118.663
87 GLY CA 48.044 92 ILE CA 64.630
87 GLY H 8.703 92 ILE CB 36.578
87 GLY HA2 3.803 92 ILE CG1 29.181
87 GLY HAS 4.022 92 ILE CG2  16.763
87 GLY N 104.863 92 ILE CD1 11.336
88 GLU CA 57.143 92 ILE HB 1.926
88 GLU CB 28.570 92 ILE HD1 0.430
88 GLU CG 34.863 93 ALA CA 55.694
88 GLU H 7.915 93 ALA CB 16.982
88 GLU HA 4.596 93 ALA H 8.419
88 GLU HB2 2.186 93 ALA HA 3.848
88 GLU HB3 2.034 93 ALA HB 1.488
88 GLU HG2 2.466 93 ALA N 124.153
88 GLU HG3 2.402 94 LEU CA 57.448
88 GLU N 116.454 94 LEU CB 41.082
89 ILE CA 65.124 94 LEU CG 26.312
89 ILE CB 37.769 94 LEU CD1  25.750
89 ILE CG1 29.609 94 LEU CD2 22.415
89 ILE CG2 17.460 94 LEU H 7.810
89 ILE CD1 13.914 94 LEU HA 4.007
89 ILE H 8.161 94 LEU HB2 2.276
89 ILE HA 3.216 94 LEU HB3 2.276
89 ILE HB 1.843 94 LEU HG 2.291
89 ILE HGI2 1.721 94 LEU HD1 1.391
89 ILE HG13  0.559 94 LEU HD2 0.927
89 ILE HG2 0.030 94 LEU N 114.534
89 ILE HD1 0.931 95  HIS CA 59.911
89 ILE N 120.145 95 HIS CB 29.921
90 GLY CA 47.105 95 HIS CE1 136.024
90 GLY H 6.702 95 HIS H 7.923
90 GLY HA2 3.611 95 HIS HA 4.355
90 GLY HAS3 3.737 95  HIS HE1 7.349
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95 HIS N 122.605 99 ALA HB 1.463
96 ILE CA 66.218 99 ALA N 123.251
9% ILE CB 37.888 100 LEU CA 55.463
9% ILE CG1 29.239 100 LEU CB 41.753
9% ILE CG2 16.854 100 LEU CcG 26.294
96 ILE CD1 14.170 100 LEU CD1 25.152
96 ILE H 8.857 1000 LEU CD2 21.693
96 ILE HA 3.425 100 LEU H 7.525
9% ILE HB 1.821 100 LEU HA 3.962
9% ILE HGI12 0.707 100 LEU HB2 1.360
9 ILE HGI13 0.707 1000 LEU HB3 1.716
96 ILE HG2 0.810 1000 LEU HG 1.740
96 ILE HD1 0.742 100 LEU HD1 0.745
9% ILE N 119.119 100 LEU HD2 0.495
97 HIS CA 60.171 100 LEU N 114.955
97 HIS CB 28.072 101 THR CA 61.267
97 HIS CD2 123.924 101 THR CB 69.381
97 HIS CEl 138.235 101 THR CG2 20.950
97 HIS H 8.457 101 THR H 7.293
97 HIS HA 4.146 101 THR HA 4.329
97 HIS HB2 2.481 101 THR HB 4.122
97 HIS HB3 2.790 101 THR HG2 0.999
97 HIS HD2 6.462 101 THR N 110.090
97 HIS HE1 7.897 102 ASN CA 55.100
97 HIS N 116.164 102 ASN CB 40.356
98 SER CA 62.103 102 ASN H 7.605
98 SER CB 58.048 102 ASN HA 4.464
98 SER H 8.089 102 ASN  HB2 2.676
98 SER HA 3.965 102 ASN  HBS3 2.722
98 SER N 114.306 102 ASN HD21 7.402
99 ALA CA 54.012 102 ASN HD22 6.867
99 ALA CB 18.514 102 ASN N 126.978
99 ALA H 8.370 102 ASN ND2 112.526
99 ALA HA 4.031

Table 9.2: Chemical shift list of the non-phosphorylated PRDI.
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