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Zusammenfassung

Zwei-Komponenten regulatorische Systeme sind die haufigsten Systeme fiir transmembrane
Signaltransduktion in Bakterien und spielen eine Hauptrolle bei der zellularen Adaptation an
die Bedingungen der Umwelt und Stress. Sie bestehen aus zwei verschiedenen Proteinen, einer
sensorischen Histidinkinase, die normalerweise in der Membran lokalisiert ist, und einem ver-
wandten Antwortregulator im Cytoplasma. Fiir diese Systeme gibt es eine Fiille von moleku-
larbiologischen Studien. Trotzdem sind keine Strukturinformationen tiber die transmembrane
Signaltransduktion vorhanden. Das Ziel dieser Untersuchung war es, Informationen tiber die
Struktur und Dynamik der Signalerkennung und -transduktion von der periplasmatischen
sensorischen Doméne iiber den membranstiandigen zwei-Komponenten Sensor in die cyto-
plasmatische Domaéne zu erhalten. In dieser Arbeit werden Strukturuntersuchungen mittels

NMR an der periplasmatischen Doméane von zwei Histidinkinasen prasentiert.

DcuS und CitA sind bakterielle Sensorhistidinkinasen, die eine transmembrane Doméane
besitzen. Sie sind Teil eines zwei-Komponenten Signaltransduktionssystems, das den Trans-
port und Metabolismus von Di- und Tri-Carboxylaten in Abhangigkeit ihrer Konzentration
in der Umgebung regulieren. Thre periplasmitischen Doménen (DcuS-PD und CitAP) sind
homolog, haben eine PAS-Doméne und eine Bindungsstelle fiir die Carboxylate. CitA
fungiert als ein hochspezifischer Citratrezeptor wahrend DcuS von einer Reihe von C4-
Dicarboxylaten wie Fumarat und Succinat stimuliert wird. Als ein erster Schritt in Hinblick
auf die Aufklarung des Signaltransduktionsprozesses wurde die Losungs-NMR-Struktur der
periplasmatischen Doméane von DcuS gelost. Die Struktur wurde mit residualen dipolaren
Kopplungen (RDCs), die iiber eine neuartige Strategie zur simultanen Messung von RDCs
mit minimalem Resonanziiberlap gemessen wurden, verfeinert. Die Bindungstasche von
DcuS-PD fiir einige C4 Di-Carboxylate wurde mittels ?N-'H HSQC basierter Titrationen

definiert. Der Einfluss der Ligandenbindung an DcuS-PD war schwach. Weder Veranderungen
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der chemischen Verschiebungen noch Anstieg der Signalintensititen fiir Reste auflerhalb der
Bindungstasche wurden beobachtet. Deshalb blieb der Mechanismus der Signalransduktion

ungewiss.

Losungs-NMR-Strukturen von CitAP konnten aufgrund starker Linienverbreiterung, die in
den NMR-Spektren beobachtet wurde, nicht gelost werden. Konformationeller Austausch
war der Hauptgrund der Linienverbreiterung. Die Kristallstrukturen der citrat-freien und
-gebundenen Form von CitAP konnten aufgeklart werden. Hauptunterschiede wurden in der
Citratbindungsregion und in der C-terminalen Region des Proteins beobachtet. Zusatzlich
veranderten sich die chemischen Verschiebungen und die HetNOE-Werte in diesen Teilen
des Proteins stark. In der citrat-gebundenen Struktur wurde ein Na®-Ion zwischen die N-
terminale Helix und die g-Faltblatter gesetzt. Das wurde auch durch NMR-Titrationen
bestétigt. Damit konnte CitAP in Losung sowohl an der Erkennung von Citrat als auch von
Na™ beteiligt sein. Uberraschenderweise passen die fiir cirtatfreies Cit AP gemessenen RDCs
besser zu der citratgebundenen Struktur von CitAP. Das deutet darauf hin, dass in Losung
eine vorgeformte Bindungstasche von Cit AP vorliegt. Nichtsdestotrotz ermdglichten die spez-
ifische strukturellen Unterschiede zwischen der citratfreien und den -gebundenen Strukturen
den Vorschlag eines Modells fiir den Mechanismus der Signaltransduktion. Dieses Modell
passt zu den verfiigharen NMR-Daten und ist auch ahnlich zu dem fiir Aspartatsensoren

beschriebenen Mechanismus der Signaltransduktion .



Abstract

Two-component regulatory system represent the most frequent system for transmembrane
signaling in bacteria and play a major role in the cellular adaptation to environmental con-
ditions and stress. They consist of two separate proteins, a sensory histidine protein kinase
which is located typically in the membrane, and a cognate response regulator in the cyto-
plasm. Despite the wealth of molecular biological studies in these systems, no structural
informations are available on the signal transduction by these systems across the membrane.
The aim of the study was to gain structural and dynamic information on signal perception
and signal transduction from the periplasmic sensor domain of the two component mem-
braneous sensor into the cytoplasmic domain. In this thesis NMR structural studies on the

periplasmic domain of two histidine kinase are presented.

DcuS and CitA are bacterial membraneous sensory histidine kinases. They are part of a
two component signal transduction systems that regulate the transport and metabolism of
di- and tri-carboxylates in response to their environmental concentration. Their periplasmic
domains (DcuS-PD and CitAP), are homologous, share a PAS fold, and contain the binding
site for the carboxylates. CitA works as a highly specific citrate receptor whereas DcuS uses
a wider range of C4 dicarboxylates like fumarate, succinate etc as stimulus. As a first step to
understand the signal transfer process, the NMR solution structure of periplasmic domain
of DcuS was determined. The structure was refined with residual dipolar couplings (RDCs),
measured using a novel strategy for simultaneous measurement of RDCs with minimum
resonance overlap. The binding pocket of DcuS-PD for C4 di-carboxylates was defined using
5N-'H HSQC based titrations. The effect of the ligand binding to DcuS-PD was weak. No
chemical shift changes or intensity increase for residues were observed outside the binding

pocket and hence the signal transduction mechanism remained undetermined. Therefore the



sensory domain of CitAP which binds citrate more specifically was studied to obtain a better

understanding of the conformational changes that lead to signal transduction.

The NMR solution structures of CitAP could not be determined because of the large number
of missing peaks due to severe line broadening observed in the NMR spectra. Conformational
exchange was the major cause of line broadening. However the X-ray structures of citrate
free and bound form of CitAP could be determined. The major conformational changes were
observed in the citrate binding region and in the C-terminal region of the protein. Large
chemical shift changes and Het-NOE values were also observed in these parts of the protein.
In the citrate bound structure, a Na™ ion was tentatively localized between N terminal helix
and the 3 sheets. This was also confirmed by NMR titrations. Hence CitAP may be involved
in sensing both citrate and Na™ ion in solution. Surprisingly the RDCs measured for citrate
free CitAP fit better with citrate bound structure of CitAP. This indicates a pre-formed
binding pocket of CitAP in solution. Nevertheless, the specific structural differences between
the citrate free and bound structures allowed to formulate a model for the mechanism of
signal transduction. This model is consistent with available NMR data and also very similar

to the signal transduction mechanism described for aspartate sensors.
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Chapter 1

Introduction

1.1 General Introduction

Nuclear Magnetic Resonance (NMR) that originated approximately 60 years ago primarily
as a potentially accurate method for measuring nuclear magnetogyric ratios (Felix Bloch and
E.M Purcell, Nobel prize in physics, 1952) [I, 2]. But it turned out to be a drawback, when
it transpired that the rf magnetic susceptibility measured could be a quite a complicated

function, exhibiting many sharp, close lying resonances.

However, when it was realized that this complexity rather subtly reflected exceedingly fine
characteristics of the electronic environment in which the nuclei are embedded [3], NMR
began being developed as a high resolution spectroscopic technique for the elucidation of

molecular structure, dynamics and spatial distribution (i.e NMR imaging).

Development of NMR for biological application, mainly protein structural studies were ham-
pered by the poor sensitivity and crowding of signals in the NMR spectra due to the mul-
titude of resonances arising from the protein. The first, three dimensional structure of a
small protein was solved in the lab of Kurt Wuthrich ( Nobel prize in chemistry, 2002) [4] in
1985. This was made possible because of the invention of two dimensional fourier transform
spectroscopy ( Richard R Ernst, Noble prize in chemistry 1991)[5, [6] . Since then in last
two decades major improvements in NMR hardware (magnetic field strength, cryo-probes)
and NMR methodology, combined with the availability of molecular biology and biochemical
methods for the preparation, and isotope labeling of recombinant proteins have dramatically

increased the application of NMR spectroscopy for the characterization of structure and
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dynamics of biological molecules in solution. These improvements were designed to over-
come the main problems with NMR of biomolecules, namely the signal to noise ratio and
spectral overlap. Isotope labeling (incorporating magnetically active spin like *C and N
into biomolecules) [7, 8, 9, 10, 1], 12} 13, 14}, 15l [16], and multi dimensional NMR experi-
ments [17), I8, 19] have become a common procedure for protein NMR analysis. A suite of
multidimensional NMR experiments have become routine experiments for the spectroscopic
characterization of molecules [20]. Experiments have been developed for the determination
of distance restraints derived from quantification of NOESY, and ROESY spectra as well
as torsional angle restraints from measurement of scalar J coupling constants [21]. These
traditional NMR parameters provide, short to medium range structural restraints for struc-
tural calculation of proteins. During the last decade these traditional NMR parameters were
augmented by measurement and interpretation of anisotropic parameters such as residual
dipolar couplings (RDCs) and chemical shift anisotropy for structural studies and structural

refinement [22].

In this chapter an introduction to three dimensional experiments measured for protein back
bone assignment is given. A brief description of RDCs is also presented with emphasis on

the determination of the alignment tensor for proteins with already a known structure.

1.2 Backbone chemical shift assignment

The first step in NMR investigation of biomolecules is to assign the frequencies of all atoms
in a molecule. Backbone chemical shift assignments of protein serves as a starting point
for studies of its structure, dynamics and binding properties. Powerful multidimensional
experiments have been developed by which the resonance position of all the NMR active,
spin half atoms, namely 'H, N and !3C for a protein can be assigned. The underlying
principles for these experiments are correlation experiments that employ the transfer of

coherences.

Coherence transfer is realized using modules in pulse sequence. The most common coher-

ence transfer module used in multidimensional NMR experiment for backbone assignment is
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Figure 1.1: INEPT(left) and COS-CT(right) pulse sequence modules that realize coherence trans-
fers, that are incorporated into many multidimensional NMR experiments. In the COS-CT module,
concomitant with the change of the pulse with phase ¥(y to -y), sign of either one of the gradient
is changed to give two specific coherence transfer scheme (see Equation and . The value of
k depends on the ratio of gyromagnetic ratios of I and S spins. A = 1/2J;¢

the INEPT (Insensitive Nuclei Enhanced by Polarization Transfer) [23] coherence transfer
scheme (refer Figure [1.1)). This can be written in product operator term [24] as

g0l
91,5, ~— —2I.8, (1.1)

where I and S are the heteronuclear (having different frequencies; different gyromagnetic

) is the radio frequency pulse(rf) applied along the y axis on

ratios) spin half particles. 903(,1’5
both the spins simultaneously with a power corresponding to the rotation of initial magne-

tization by 90°.

Another type of coherence transfer used extensively for signal enhancement in multidimen-
sional NMR, makes use of a module which changes the coherence order (denoted by p) of

the initial and final operator in a specific (designed) way.

, Qgt; COS,t ; ;
Antiecho : IS st "2257 [ st it (1.2)
_iQst, COSt i ;
Echo : IS e st "2 [ o=t pifht (1.3)

where Sy = S, £1iS, and Iy = [, £il, and Qg is the chemical shift (frequency) of

corresponding nucleus its associated with. In equation [1.2| coherence order transfer is from
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Figure 1.2: Spin system of a peptide backbone and the size of '.J and 2J coupling constants that
are used for magnetization transfer in 3C-, 1°N-labeled proteins

p = —1to p = —1 and for equation from p = +1 to p = —1. This type of transfer is
commonly used in three dimensional experiments to increase signal sensitivity. Such modules
are called PEP ( Preservation of Equivalent Pathways) or COS (Coherence Order Selective
transfer)[25], 26, 27, 28]. Usually these modules are combined with gradient selection for
maximum sensitivity and water suppression (Figure . For multi-dimensional experiments

with only one COS transfer, a gain of v/2 in S/N is obtained with gradient selection [26].

Assignment strategies for non isotopically labeled proteins realizes on the transfer of magneti-
zation in the homonuclear spins (spins of same v’s, here 'H)[29]. The sequential connectivity
relies on the occurrence of resonance frequency of H, (i) proton of amino acid (i) in the
YHN(4), Ha(i) cross peak in the COSY spectrum and in "HY (i 4+ 1), H,(i) cross peak in
NOESY spectrum. Such an assignment strategy is limited to small proteins because of the
poor resolution of H, spins (2 ppm), and the conformational dependence of the NOESY
spectra. These difficulties are overcome in the assignment strategies for 3C-, ®N-labeled
proteins, since coherence is transfered via the one bond coupling () which is consider-

ably larger and less prone to conformational dependency than the 3J coupling used in the
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homonuclear approach. Signals can also be dispersed in multi dimensions, hence providing
lesser crowding in the spectra. Larger '.J coupling also shortens the coherence transfer delays,
making it favorable for the measurement of larger system in which the magnetization relaxes
relatively faster. Figure[1.2|shows the spin system of peptide backbone and indicates the size
of coupling constants used for magnetization transfer in a doubly 3C-, ®N-labeled proteins.
For small to medium size proteins (4 kDa—20 kDa), a set of four experiments are to be mea-

sured for the backbone assignments. These are briefly described in the following subsections.

1.2.1 HNCO

X y H_
x ¥ y

1H [eel4 AI| DIPSI2(4 |IA A/2I AR A/2IA/2| I

el 1

X !
i I T I T I I t2/2: T I T—1/2
; 7 i '
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2H, N
s ] S
2HN, W,C, ! x 2N,

15N I

z e | 2N_H,
130,5 : t1f2i 1 I
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13c0; I I _ |

Gz . 1 A . |

Gy Gy

Figure 1.3: Pulse scheme for a sensitivity enhanced three dimensional HNCO experiment with
relevant product operators given in different time point of the sequence. 180° and 90° pulses are
represented by broad and narrow bars. A =1/2'Jyy and 27 = 1/2 1J /. The phases of all pulses
are x unless specified. ¢3 = 2(x),2(—x), ¢4 = z, —z, Y=y and receiver = z,2(—z), z. Quadrature
detection in '3C’ dimension is obtained by STATES-TPPI method by incrementing the phase of
¢4. Echo-anti echo method is used in the N dimension by shifting the phase of ¢ from y to —y
with the inversion of the sign of one of the gradient G,. G, is the gradient strength in G/cm with

Kk =~yg/yNn = £10

The HNCO experiment is the prototype of all triple resonance experiments. It correlates
the '3C’ resonances of an amino acid residue with the 'HY and N resonances of the fol-
lowing residue. Schematic representation of the pulse sequence for the HNCO experiment is

given in the Figure Magnetization transfer pathway is shown in Figure[1.4] Starting at an
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Figure 1.4: HNCO experiment: The magnetization is transferred from the 'HV (i) — N(i) —
13C’(i — 1) and then comes back to 'H" (i) along the same path. The frequencies of 'H (), 1°N(i)
and 13C’(i — 1) (red) are observed.

'HY | the magnetization is transferred to the directly attached N through an INEPT step.
The initial operator for the INEPT transfer is obtained by the evolution of the proton mag-
netization under the heteronuclear weak scalar coupling hamiltonian (2'JyyH,N,) (refer
appendix [A). After the INEPT transfer, N magnetization evolves under the 'Jory cou-
pling to the N,C] term, which is converted to N,C; with the next INEPT transfer. The
C’ magnetization (NZC?’J) is frequency labeled and transferred back to ®N using a reverse
INEPT step. During the subsequent constant time delay the 'Jo/y coupling is refocused
together with the frequency labeling of '°N. During the following delays and pulses the °N
anti-phase magnetization (H,N_) is transferred to its directly attached 'HY single quantum
coherence (H_) using the COS or PEP transfer. This is an out and back experiment [30]
with the magnetization starting on 'HY and being detected also in the same 'HY. This
scheme uses echo-antiecho [31] with sensitivity enhancement for quadrature detection in the

BN dimension.

1.2.2 HN(CA)CO

The HN(CA)CO experiment provides sequential correlations between the *HY and 1N chem-
ical shifts of one amino acid residue and the '3C’ chemical shift of the same as well as pre-

ceding residue by transferring coherence via the intervening 3C,, spin (Figure [1.5]). In this
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experiment, C’(i), C'(i — 1),N (i), and H™ (i) resonances are observed. Just like the HNCO
experiment, the 'HY magnetization is transferred to its directly attached N using an INEPT
step. The N magnetization evolves with 'Jg_ n and ?Jg, y coupling constants to its directly
attached 3C,, and ¥C, (i — 1) of preceding amino acids respectively, and from there to their
directly attached 3C’ spins. After frequency labeling the 3C’ resonances, the magnetization
is transferred back to 3C, resonances and then back to N using reverse INEPT transfer
steps using the 'Jo, y and 2Jg, n couplings. Like in HNCO experiment the '°N anti-phase
magnetization is transferred to its directly attached 'HY spins using the COS-CT transfer

step.

R R
| |
3 I T LI
v’ vyt WY
N —G-0-8.-6-0-
| Al | I Il

Figure 1.5: HN(CA)CO experiment: The magnetization is transferred from the 'H (i) — 1°N(4)

— BC,(i1) — 1B3C’(i —1)/13C’(4) and then comes back to "HY (i) along the same pathway. The
130, (yellow) acts only as relay nucleus, its frequency is not detected. The frequencies of 'HY, 1°'N
and 3C’ (red) are observed.

1.2.3 HNCACB

The HNCACB experiment correlates the *C, and *Cjs resonances with the "HY and '*N
resonances of the same residue and the 'HVand N resonances of the neighboring residue
(Figure ). The magnetization transfer is similar to the HNCACO experiment till the
13C,, resonance, after which the C, (i) and C,(i — 1) resonances are partially transferred
to their attached '*Cj resonances via the 'Je, ¢, coupling. *C, and '*Cj resonances are
frequency labeled and then transferred to the attached N spins and from there to 'HY
spins using similar magnetization scheme to HNCO. In this experiment, C?(i), C(i — 1),

C(i), C*(i — 1), N(i), and HY (i) resonances are observed. For a medium-sized protein ( ~
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15 kDa), this experiment alone can provide virtually complete sequential assignment of the
THY BN, 13C,, and '3Cj resonances, because in addition to the sequential connectivities,

the C, and *Cj chemical shifts provide information on the amino acid type.

R R
I I
H3E~H Hy __QZ‘HB
' \a vy :
— G- — Bt < -
I | Il | Il
H H O @ n O

i1 i

Figure 1.6: HNCACB experiment: The magnetization is transferred from the 'HY (i) — PN(i)
— 1BC,(i)/13Cy(i — 1) and then from there to 13Cj(i)/*¥Cs(i — 1) . After which it comes back to
'HN (i) along the same path. The frequencies of 'HY (i), ¥N(3), 13C, (i), 3Cs(i), 13Cqa(i — 1) and
13C4(i — 1) (red) are observed.

1.2.4 CBCA(CO)NH

The CBCA(CO)NH experiment correlates both the *C,, and *Cjs resonances of an amino
acid residue with the 'HY and °N resonances of the proceeding residue (Figure[L.7). In this
experiment instead of starting on the '"HY | magnetization transfer starts with 'H,, and 'Hg
spins. Magnetization is transferred to its directly attached '*C, and '3Cjs with an initial
INEPT step followed by chemical shift evolution and then using another INEPT transfer to
directly attached 3C’ spins. The 3C’ spins evolves with the 'Jy¢ to its directly attached
15N which is then frequency labeled and then transferred to the 'HY magnetization using

the COS-CT step.

1.2.5 Assignment strategy

From the combination of CBCA(CO)NH and HNCACB experiments backbone resonance
assignments and the sequential connectivities can be obtained. These experiments are sensi-

tive enough for medium size proteins ( ~ 15 kDa, 130 amino acids) and provide the *C,, and
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Figure 1.7: CBCA(CO)NH experiment: The magnetization is transferred from the 'H, (i —
D)/'Hg(i —1) — BC,(i —1)/8Cs(i —1) — BC(i—1) — PN(i) — HN(i). The 'H,, 'Hz and
13 (yellow) act only as relay nucleus, their frequency are not detected. The frequencies of 1HY (i),
15N (i), 13Cq(i — 1) and 3Cp(i — 1) (red) are observed.

13C5 chemical shifts to establish the sequential link between neighboring residues. Further-
more, when both the *C, and *Cj chemical shifts are provided at the same time, it gives
important information about the amino acid type and secondary structure (e.g. a—helix and
pB—strand). 3C’ resonances from HNCO and HN(CA)CO experiments are used to resolve
the assignment ambiguities for residues for which *C,, *Cjs degeneracies exist.

This type of assignment strategy is used extensively in the proteins studied in this thesis.

1.3 Residual Dipolar Couplings (RDC)

One of the major break through in the last decade has been the use of anisotropic interactions
like RDC’s, CSAs and pseudo contact shifts in solution state NMR for structural studies of
biological molecules [22, 32 [33] [34]. This was made possible with the discovery of tunable
alignment of macromolecules as solutes in a dilute aqueous liquid crystal [35] 36, 37, [38], 39
40]. In these media the anisotropic interaction do not average to zero and the residual effect

could be measured easily through NMR.

Anisotropic interactions are magnetic properties that depend on the orientation of the

molecule with respect to external magnetic field. Hence valuable information can be obtained
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about the shape and orientation of the molecule if one could exploit these anisotropic inter-
action. RDCs are one such parameter which is comparatively very easy to measure once
the molecules are partially aligned with the external magnetic field. A brief description on
RDC is given below. Equations can be formulated for the calculation of alignment tensor
from a known molecule structure and measured residual dipolar couplings. Equations can
also be obtained for predicting dipolar coupling if the three principle component of the align-
ment tensor are known. The order matrix approach described below is commonly used in
the structural validation using RDCs. A good correlation of RDCs measured for a protein
in solution and those calculated from a known structure (X-ray or NMR) would indicate a

similar structure for molecule in solution also.

Hamiltonian for dipolar coupling between two spins ([1,l5) is given by

HI?IDZ = Dinax {3 (i -rr)To-1rp) — 1 '12} (1.4)

o,

where D« = —MO% (Refer Table in materials and methods chapter } for the
values of all the physical constants). Expressing r in equation in spherical coordinates
and taking equation to a rotating frame, and using the secular approximation, the dipolar
hamiltonian for two homonuclear spins will be

1 o 3cos?0 —1
H}llojr;l = Dmax { |:211z12z - 5([1—’_[2 + [1 [;):| %} (15)

where 6 is the angle between the magnetic field By and the internuclear vector connecting
spins I; and I5. For a weak coupling limit, only the first term in equation [1.4] need to be
considered. For two heteronuclear spins(I;=I, I,=S) the dipolar hamiltonian in the rotating
frame would be

HP' = Dyax {(21.S.) Py(cos 0)} (1.6)

(3cos?6—1)

where 5

= P»(cos ) is the second order Legendre Polynomial.

In solution, P(cosf) is time averaged due to fast tumbling of the molecule ({Ps(cos6))-
angular brackets denote time averaging). In an isotropic solution all possible orientation
of the dipolar couplings are possible (probability of all 2orientations in a sphere are same)

and hence the orientational dependence drops to zero ([ d¢ [ Pa(cosf)d(cosf) = 0). In an
0 0
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alignment media, the orientational dependence does not average to zero and hence could be

measured with NMR.

Including the time average for orientational dependence in equation [I.6, the RDC for two
heteronuclear spins is,

Di§ = Dupax [(Pa(cos 6))] (1.7)

1.3.1 Alignment tensor determination for a rigid molecule

For a rigid molecule for which the atom positions are already known, the alignment tensor
for the molecule can be readily derived [41]. The direction of the internuclear vector r;g
can be given with respect to a cartesian molecular coordinate system by the angles ¢,, ¢,
and ¢, (Figure . In the case of rigid object, the projections ¢, = cos¢,, ¢, = cos¢, and
¢, = cos¢, to axes x, y and z do not change with time and are identical for every molecule
with identical structure. This coordinate system is fixed in the molecule and this reorients
as molecule tumble in solution. Consequently, the axes x, y and z makes instantaneous
angles (,(t), ,(t) and (.(t) with the magnetic field. The time dependence is associated

with corresponding projections (C,) = cosf,, (Cy) = cosf, and (C,) = cosf3, along B.

Remembering that the scalar product between two unit vectors is identical to the cosine of

the angle 6 between the two vectors we can write cosfl in equation [1.7] as:

Hence the orientational dependence of the dipolar coupling takes the form
3 20y —1 3(<Cﬂ»‘>2cg2v +(Cy)*c; + <CZ>QC§ + 2(C.Cy)ese
(Py(cos 0)) = (3{cos* ) — 1) _ y) Gy y/CaCy

1
2 2] + 2(C,C)eye, +2(C,Ch)cpe,) — 1

(1.8)

Separating the time dependent and time independent variables, a concise notation is reached

by defining a 3x3 matrix known as Saupe order matrix[42] S such as

N | —

<P2(COS 9)> = Z [3<C@CJ> - 61]] CiCj = Z Sijcicj (19)

ij={zy,z} ij={z,y,z}
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where §;; is the kronecker delta function. Since (C;C;) = (C;C;) and (C)2+(Cy)*+(C,)? =1
the order matrix is symmetric and traceless. Consequently, there are only five independent
matrix elements which means that S can be determined when at least five non-redundant
RDCs are available. Substituting Ps(cos ) of equation in equation ,the measured RDC

will be
D;gc = Drax Z Sz'jcicj = Drax Z Sij COs ¢Z COs ¢j (110)
ij:{xvyvz} ij:{:c,y,z}

Order matrix analysis is basically setting up and solving a system of linear equation of the

»

Figure 1.8: Internuclear vector rrg makes fixed angle ¢, ¢, and ¢, with the molecular coordinate
system (green). As the molecule tumble in solution, the angles of the axes x, y, and z denotes by
Bz, By and 3, with respect to field B change with time.

type AX = b which can be explicitly written in matrix form.

ciz — cim ciy — ciz 2c1,zC1,y 2c1,yC1,2 2c1,zC1,2 D'rl‘ed
Cg,z Cg,z Cg,y — C%YI 2¢2,2C2,y 2¢2,yC2,2 2¢2,2C2,2 Syy Dfed
SZZ
Say | = (1.11)
SZZ
C%—l,z - Ci_l z C%—l,y - C%_l’x QCnfl,zcnfl,y 2C'n,fl,yc’n,fl,z 207171,1677,71,2 Syz D:Le_dl
C%,z — c%yz C%,y — ci’z 2¢n,zCn,y 2¢n,yCn,z 2¢n,zCn,z D;Led

where D,..q is obtained by the division of the measured dipolar coupling with D,
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Hence using equation [1.11]elements of the Saupe matrix can be obtained with the knowledge
of dipolar coupling and the directional cosines associated with it. Elements of the overdeter-
mined S are best determined by singular value decomposition (SVD) since the order matrix
is symmetric and real [43]. Alternatively it can also be obtained by a gradient search or by a
fitting program that minimizes the difference between the observed and predicted coupling

(details are given in chapter [2)).

By diagonalizing the order matrix , it is possible to reduce order parameter description to
a principal order parameter, S,, and an asymmetric parameter n = Sy, — S;,/S., where
|52z > |Syy| > [Szz|- The coordinate system in which the Saupe matrix is diagonal is called

principal axis system or PAS. In PAS the RDCs are given by

(¢ma¢y7¢z max Z SmczQ

i={z,y,2}
By converting the vector direction (¢;’s) to polar coordinate; ¢ = sin®9 cos? ¢, C; =

sin? ¥ sin? ¢ and 62 = cos? ¥, RDCs can be written as a function of ¥ and ¢
D(9,¢) = D} [SZZ cos? ¥ + Sy sin? ¥ cos? ¢ + S yy Sin 29 sin? go} (1.12)

Making use of the definition of 7 and using trigonometric identities like 2sin? ¢ = 1 — cos 2

and 2 cos? ¢ = 1 + cos 2¢ equation can be recast into
max 1 2 1 2
D9, ) = D7§*S.. 3 (3cos®¥ — 1) + 57sin ¥ cos 2¢ (1.13)

Equation|l.13|can be expressed in terms of alignment matrix A which is simply Saupe matrix
S scaled by 2/3. Writing A, = 5., as the axial component and n = Sy, — S,,/S.. = 3/2R

equation [1.13| can be written as
rnax Aa 2 3 2
D(3,¢) = - (3cos®¥ — 1) + §Rsm ¥ cos 2¢ (1.14)

where R is the measure of non axiality or rhombicity of the alignment tensor. Many proteins
are asymmetric in their shape and, thus, their alignment is more or less rhombic, where as

stretch of double stranded DNA is nearly axial.
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From equation [1.14] it is clear that one cannot obtain specific directions of an internuclear
vector but only possible combinations of ¥ and ¢ values along the surface of a cone is
obtained. Furthermore since the form of D is an even function of ¢ and ¢ it is impossible to

distinguish the symmetry alternative ( £ 9, £¢). Multivalued D(¥, ¢) can be overcome by

Ag _

5 = D, as the magnitude

measuring RDCs in two different alignment media. Writing D¢
of the residual dipolar coupling, the measured RDCs can be expressed in the most popular

form.

D, ) =D, |(3cos®? — 1) + gRsiHQﬁcos 20 (1.15)

1.3.2 Measurement of the RDCs

RDCs are measured in the same way as scalar coupling of comparable strength. Because
of their larger size, heteronuclear one bond dipolar couplings are usually measured in
biomolecules. For heteronculear spins the hamiltonian for evolution of dipolar couplings (see
equation is very similar to hamiltonian of weak coupling 27JI,S,. Hence for biolog-
ical macromolecules, the total evolution of J + D interaction under the operator 21,5, is
conveniently obtained from frequency resolved or intensity modulated heteronuclear multi-
dimensional correlation spectra. A simple strategy for simultaneous measurement of RDC is
given in chapter [3] These pulse sequences have been used for proteins studied in this thesis

and also for a number of other proteins.



Chapter 2

Materials and Methods

In this chapter, a general description for the materials and methods employed in this work

is given.

2.1 Materials

Protein samples used in the study were mostly prepared by our collaborators or prepared in

the molecular biology lab supervised by Dr. Stefan Becker in our department.

2.1.1 Ubiquitin

I N-13C ubiquitin sample was used in the measurement of residual dipolar couplings for the
evaluation of the pulse sequence described in chapter[3] **N-'3C ubiquitin was initially bought
as a lyophilized powder from VLI research Philadelphia, USA (http://www.vli-research.com).
Around 0.8 mM of sample solution was obtained by mixing 1 mg of the lyophilized ubiquitin
in 250 pl of buffer solution. 50 mM of sodium phosphate buffer containing 95% H,O and 5%
D>O at pH 6.5 was used for this study. To obtain anisotropic condition for the measurement of
RDCs, lyophilized ubiquitin was directly dissolved into the above mentioned buffer solution,

additionally containing 5% C12E5/n-hexanol (r=0.96) mixture [3§].

2.1.2 Periplasmic domain of DcuS (DcuS-PD)

I5N-13C labeled samples of periplasmic domain of DcuS (DcuS-PD) was produced in the lab
of Prof. Gottfried Unden in University of Mainz, Germany. It was expressed in F-coli strain

carrying the DcuSys_ 150 plasmid [44]. 5N labeled mutants namely H110A, F120A and R147A

were also produced in the same lab. The buffer condition for the wild type and mutants were
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50 mM Sodium Phosphate at pH 7.0 containing 200 mM NaCl, 0.8 mM CHAPS(a detergent),
50 mM Glycine, 50 pM PefablocSC, 0.01% NaN3 and H,O/D50O in 90/10%. Properly buffered
di-sodium salt of Fumaric Acid (Fluka) and D-Tartaric acid (Aldrich) were used for ligand
titration. The ligands were dissolved in the same buffer condition as the protein. The pH
was adjusted by drop wise addition of NaOH(0.1 mM) to the buffer containing the ligand.
Anisotropic condition for measurement of RDCs for wild type DcuS-PD was obtained by the
addition of around 10 mg/ml of Pfl phage(Asla) to the protein solution. The quadrapolar
splitting of Deuterium was 9.2 Hz.

2.1.3 Periplasmic domain of CitA (CitAP)

15N and PN-13C labeled protein was initially produced in the lab of Prof. Michael Bott in
the Institut fiir Biotechnologie, Forschungszentrum Jiilich. 1°N labeled samples were used
to optimize the NMR experimental condition for the protein. Two constructs were made:
Citsg_185 and Citys_176. Both the construct had a 6 membered Histidine tag in the C terminal.
Shorter construct, Citys_17¢, was used for the assignment experiments as it was more stable,
less prone to aggregation and the peaks in the HSQC spectrum of that construct had more
favorable line widths (see Chapter [4] Figure [4.18). The NMR buffer was: 50 mM Sodium
Phosphate at pH 6.00 containing HyO /D50 in 90/10%. Properly buffered tri-sodium citrate
di-hydrate(Fluka) and sodium molybdate (NagMoOy)(Aldrich) were used for ligand titration.
These ligands were dissolved in the same NMR buffer. The histidine tag on the protein was
cleaved for the double labeled ®*N-3C CitAP protein. All three dimensional experiments used
for the backbone assignments were measured at 298 K. Measurements had to be repeated

for the citrate bound form of CitAP.

Later N-13C labeled CitAP protein was prepared in our molecular biology lab. These sam-
ples were more stable than the ones prepared in Jiilich. The new double labeled samples were
used to re-measure the three dimensional experiments for protein backbone assignment with
and without the ligand. Owing to the higher stability, the temperature for the measurements
was set to 310 K. The new double labeled samples were also used to measure the RDCs in

anisotropic media. Citrate free and citrate bound CitAP samples were aligned separately in
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filamentous bacterial phages (Pfl). Concentration of Pf1 phage in citrate free CitAP sample
was 10 mg/ml and in citrate bound CitAP was 14 mg/ml.

2.1.4 Equipment

All NMR spectra were measured in Bruker spectrometers (Bruker Karlsruhe). Following
instruments were used to measure the spectra: AVANCE 400, AVANCE 600, DRX 600,
AVANCE 700, DRX 800 and AVANCE 900. AVANCE 600, DRX 800 and AVANCE 900 was

equipped with a cryo probe for increased signal sensitivity in proton dimension.

2.1.5 Software

The software used for processing and analysing NMR spectra, for calculating and analysing

structures and for preparing figures is summarized in Table

PROGRAM REFERENCE/ORIGIN
DALI 5]
MARS [46]
MOLMOL 7]
MATHEMATICA Wolfram Research, http://www.wolfram.com
NMRPipe/NMRDraw [48]
PALES [49]
PyMOL http://www.pymol.org
Sparky 3 T. D. Goddard and D. G. Kneller, University of California,
San Francisco
X-WINNMR 3.5 Bruker, Karlsruhe, Germany

Table 2.1: Table of software used in the study

2.2 NMR spectroscopy

Here a brief description of all the methods and the NMR experiments measured are presented.
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2.2.1 NMR experiments

All NMR experiments were acquired using Bruker AVANCE 600, 700, and 900 or DRX 600
and 800 spectrometers running under X-WINNMR 3.5. NMR spectra were processed using
X-WINNMR 3.5 or NMRPipe/NMRDraw [48] and analysed using Sparky 3 (T. D. Goddard

and D. G.Kneller, University of California, San Francisco).

2.2.2 Chemical shift assignment

All NMR experiments performed for chemical shift assignments of the different protein sam-

ples are summarized in the Tables 2.4 2.5

2.2.3 Backbone chemical shift assignment

Backbone C,, C’, N and 'HY assignments were obtained using standard triple resonance
experiments used for proteins smaller than 30 kDa [50]. The assignments were, derived from
3D HNCA, CBCA(CO)NH, HNCACB, HNCO and HN(CA)CO experiments. Relaxation
optimized experiments like TROSY [51] was also measured for citrate free CitAP protein.
The manual assignment of backbone resonances was assisted by using the automatic assign-
ment program MARS [46]. Experiment for the assignments of side chain resonances like 3D
HCCH-TOCSY, C(CO)NH-TOCSY and HC(CO)NH-TOCSY spectra were also used for the
backbone assignment of CitAP. Refocusing and mixing of '3C magnetization in the HCCH-
TOCSY experiment was performed using adiabatic pulses [52) 53]. Additional data provided
by 3D ['*N,'H]-NOESY-HSQC and ["*C,'H]-NOESY-HSQC experiments were used for fur-
ther assignment as well as confirmation of the through-bond data. For citrate bound form of
CitAP, simultanecous 3C, N edited NOESY experiment were measured [54], [55]. Following

specific experiments were also measured with the citrate free CitAP.

HSQC-CPMG

It is a N-'H HSQC experiment designed to reduce chemical exchange broadening of amide
proton signals. It was recognized that dephasing of spin by chemical exchange processes can

be reduced by CPMG(Carr-Purcell-Meiboom and Gill)-like pulse trains if the rate of the
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180° spin-echo is on the order of or exceeds the rate of the exchange process. In this HSQC
the INEPT and reverse-INEPT periods for coherence transfer through scalar coupling are
modified by the inclusion of space modulated spin echo pulse train [56]. A Bruker pulse

sequence (hsqcetf3gpxy.2) was used for the measurement of this experiment.

HACACO

The three dimensional HACACO experiment was an “out and back” experiment with H,
detection in the direct dimension. This experiment connects the *C, and C’ of the i**
residue to its H,. H, magnetization is first transferred to its one bond coupled *C,, using
the 'Joama coupling. The ¥C, magnetization is transferred to its directly attached 3C’
using the 'Joacr coupling. After frequency labeling in 3C’, the magnetization is transferred
back to *C,. It is frequency labeled in ¥C, in constant time manner and magnetization
is transferred back to directly attached H*. H® is detected in the direct dimension. Citrate
free CitAP protein was used for the measurement of this pulse sequence. The pulse sequence

used was hacacogp3d.vi.

Experiment Spectrometer Pulse program
2D T°N HSQC AVANCE 900 cryo probe hsqc.vi
3D HNCA AVANCE 900 cryo probe hnca-ge.mz.txt
3D HNCACB AVANCE 900 cryo probe | hncacb-cpd.mz.txt
3D CBCA(CO)NH | AVANCE 900 cryo probe cbcaconh-J.mz

Table 2.2: Table of experiments measured for the citrate free CitAP sample that was produced
in Jiilich

Experiment Spectrometer Pulse program
2D N HSQC AVANCE 900 cryo probe hsqc.vi
3D HNCO AVANCE 900 cryo probe hnco-cpd.fb.vi
3D HNCACO AVANCE 900 cryo probe hncacogp3d
3D HNCACB AVANCE 900 cryo probe | hncacb-cpd.mz.txt
3D CBCA(CO)NH | AVANCE 900 cryo probe cbcaconh-J.mz

Table 2.3: Table of experiments measured for the citrate bound CitAP sample that was
produced in Jiilich
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Experiment Spectrometer Pulse program
2D T°N HSQC AVANCE 900 cryo probe hsqc.vi
2D 15N HSQC-CPMG AVANCE 900 cryo probe hsqcetf3gpxy.2
2D 13C HSQC-METHYL AVANCE 600 cryo probe ct-hsqc-methyl.vi
3D TROSY-HNCO AVANCE 600 cryo probe trhncogp3d
3D TROSY-HNCA AVANCE 900 cryo probe trhncagp3d
3D HNCACO DRX 800 cryo probe hncacogp3d
3D HNCACB DRX 800 cryo probe hncacbgp3d
3D CBCA(CO)NH DRX 800 cryo probe cbcaconhgp3d.vi
3D HC(CO)NH-TOCSY AVANCE 700 hccconhgp3d2
3D C(CO)NH-TOCSY AVANCE 700 hceconhgp3d3
3D HCCH-TOCSY DRX 800 cryo probe hcchatgp3d.vi
3D N NOESY-HSQC AVANCE 900 cryo probe | noesyhsqcetf3gp3d
3D 13C NOESY-HSQC DRX 800 cryo probe noesyetgp3d13c
2D 'H-1°N HetNOE AVANCE 600 cryo probe invinoef3gpsi
3D HCACO AVANCE 900 cryo probe hcacogp3d.vi
2D 'H-1°N CCR experiment DRX 800 cryo probe hsqcccf3gpphwg.vi

Table 2.4: Table of experiments measured for the citrate free CitAP sample that was produced

in our laboratory

Table 2.5: Table of experiments measured for the citrate bound CitAP sample that was

Experiment Spectrometer Pulse program
2D I°N HSQC AVANCE 900 cryo probe hsqc.vi
3D HNCO AVANCE 600 cryo probe hncogp3d
3D HNCA AVANCE 900 cryo probe hncagp3d
3D HNCACO AVANCE 600 cryo probe hncacogp3d.vi
3D HNCACB AVANCE 900 cryo probe hncacbgp3d
3D CBCA(CO)NH DRX 800 cryo probe cbcaconhgp3d.vi
3D HC(CO)NH-TOCSY AVANCE 600 cryo probe hceconhgp3d

3D C(CO)NH-TOCSY
3D HCCH-TOCSY

3D 15N,13C Simultaneous NOESY-HSQC

2D 'H-15N Het-NOE

AVANCE 600 cryo probe
DRX 800 cryo probe
AVANCE 600 cryo probe
AVANCE 600 cryo probe

hccconhgp3d.vi
hechatgp3d.vi
noesyhsqcetf3gp3d
invinoef3gpsi

produced in our laboratory
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2.2.4 Secondary structure determination

Secondary structure elements in a protein can be identified by calculating the difference
between the experimental chemical shift (C°*?) and the random coil chemical shift (C®%).
Tabulated random coil values were used for folded proteins. Both Schwarzinger and Wishart
random coil values were used to derive the secondary chemical shifts [57, [58]. Secondary
chemical shifts (AJC) for Ca, Cf and C’ were calculated as the difference between measured

13C chemical shift (6C,,,) and random coil **C chemical shift (6C.,;) [59].
ASC = 6Clyy — 6Crnit. (2.1)

To obtain secondary structure information, the secondary chemical shifts were calculated

using the following formula:
AS(CCsC") = ASC, — AOC + ASC' (2.2)

or by adding AJC, and A§C" when AdCg is not available.

2.2.5 Residual dipolar couplings (RDCs)

Alignment media for the measurement of RDCs for individual protein is discussed in the
Material part (refer section [2.1)). RDCs were back-calculated from X-ray or NMR structures
using mostly the order matrix analyis using the singular value decomposition (SVD) method
as implemented in PALES [49]. A non linear fit using MATHEMATICA was also used to
back calculate RDCs from two or more structures simultaneously. This method was used for

the analysis for RDCS of citrate free CitAP.

A description of this method is given below. The RDC analysis described here closely follows
the description of the RDCs given in chapter [ section [I.3] Some of the equations are

reproduced here for clarity.

Residual dipolar couplings between spins m and n can be expressed as in equation

max

D™ = pmn Z Sij cos g™ cos @™ (2.3)

ij={zy,2}
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where ¢;"™ is the angle of internuclear vector connecting nuclei n and m relative to the 7,
molecular axis. S;; are elements of a 3x 3, symmetric and traceless order matrix. Equation
suggests that if the directional cosines of the internuclear vectors in an arbitrary molecular
frame are known, it is possible to determine the order parameters, and hence the molecular
orientational properties from just five independent measurements.

Carrying out an order matrix determination mean setting up and solving a system of

linear equations of the form AX =D.

cos? ¢1}l —cos? ¢l cos? ¢l — cos? L 2cos ¢l cos ¢1}l 2cos ¢l cospl  2cos qb?l/ cos gL g Died

cos? qﬁz —cos? ¢2  cos? 2 — cos? ¢p2  2cos ¢p2 cos qﬁz 2cos 2 cos 2 2cos d)i cos ¢2 Syy D%ed

cos? ¢3 — cos? 3 cos® ¢3 —cos? ¢3  2cos @l cosdd  2cosdd cosg?  2cos ¢P cos @I Szz . D3,

cos? ¢;4, —cos? ¢ cos? ¢t —cos? L 2cosp? cos d)jj 2cos ¢t cos p?  2cos (1); cos ¢ Sxy B D%ed
zz

Syz

(2.4)
Here A would be the matrix containing the directional cosines obtained from the protein
pdb file, D is the column matrix containing the measured RDCs and X would be column
matrix containing the elements of the order matrix. Usually the S;; values are obtained
by SVD method. This can also be obtained by a fitting program that minimizes the error
function AX — D by looking for the best fit parameters for the elements of the order matrix.
This is a versatile method used for a simultaneous fitting of two or more structures with
their population weighting factor to a measured set of residual dipolar couplings. Here the
equation to be solved for the order tensor would be

n—1

wiA'X + wp A’X + 4 (1= ) w)A"X =D (2.5)

Here A', A? to A" are the directional cosines derived from the 1,2 and nth pdb files and
wy, wy etc are their population weighting factors. Equation [2.5] was used for the fitting of
measured RDCs of citrate free CitAP with different pdb files of CitAP. The fitting proce-
dure was implemented in MATHEMATICA and is given in the appendix. The correlation
coefficient and the quality or Q-factor were used to evaluate the agreement between a struc-
ture and the observed RDCs. The Q-factor was determined as rms(*Dpsgsured - 1Dgglculated

)/rms(*Dpcasured) [60]. A brief description of the type of RDCs measured and the pulse

sequence used are given below.
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'H-N RDCs

I5N-1H splittings were measured under isotropic and anisotropic conditions using 2D IPAP-
IN-TH HSQC experiments [61]. '"H-">N RDCs were extracted by subtraction of the 'Jyz
scalar coupling measured for the isotropic sample [33]. Alternatively, 'H-N RDCs were

obtained from the ""N-'H splittings of a modified 3D TROSY-HNCO experiment [62].

C-PN and C’-3C, RDCs

The quantitative J correlation method was used to determine one-bond dipolar 3C’-1°N
couplings. Usually this was measured together with the 'H-"N RDCs (See Chapter 2)[63].
BC-13C,-RDCs were measured from the splitting in the *C’ dimension of a 3C,, coupled

3D HNCO experiment.

2.2.6 NMR relaxation data

Characteristic time for a brownian rotation of a molecule is usually called the molecular
tumbling time or rotational correlation time (7.). For a spherical molecule of radius r rotating

in a solution of viscosity n, 7. is given by
_Amrtn Vi
T BET T RT

where V' is the volume of the protein. As V' is proportional to molecular mass (V=p,xM,

(2.6)

where p, is the partial specific density of the protein written in terms of 1/g. p, is usually
1.39x1072 1/g for a protein). Taking this value in equation and substituting the values
for n =0.8872x1073 Ns/m? for water, and k =1.3807x1072* m?kgs®’K~! and taking the

temperature to be 298 K, we have
Te/s = M/kDa x 0.4459 x 107°. (2.7)

. where M is the molecular weight of the protein in Kilo-Dalton (kDa). As a rule of thumb

the 7. (in ns) is equal to half the molecular weight of a globular protein expressed in kDa.

An approximate value of 7, can be derived from the equation of T;, relaxation time for an

N-H dipolar coupled spins (assuming slow motion limit).

o Lo\ REk
1+ (Ho NYH
1, =< () PO {40y (2.8)
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where the spectral density is given by equation [2.12]

1D T, experiments with a spin-lock power of 2.5 kHz was used for the measurement. Two
1D T, experiments were acquired. One with a spin-lock pulse duration of 2 ms (A,4) and a
second with a spin-lock pulse duration Ap which corresponds to ~1.3 times the relaxation
time calculated from the theoretical molecular weight. The average relaxation time of all

backbone nitrogens was calculated using the following formula:
Ay —Ap

T = —
1e 111(]B/]A)

(2.9)

2.2.7 PN-'H steady state NOE

An important relaxation parameter that is usually measured for biomolecule is the Heteronu-
clear Nuclear Overhauser Effect (Het-NOE). This is measured by saturating the proton ('H)
signal and observing '°N signal. The rate at which this occurs is the heteronuclear cross
relaxation rate Ryy(H, < — >N,); for long proton saturation, it reaches the steady state
NOE(H, < — >N,) value. The Het-NOEs of N nuclei in NH groups were measured using
the Bruker standard pulse program invinoef3gpsi. 1’N-'H Het-NOE values were calculated as
the intensity ratios of the >N-1H correlation peaks from pairs of interleaved spectra acquired

with and without 'H presaturation during the recycle time of 5s.

2.2.8 Measurement of rotational correlation time (7.)

Rotational correlation time for citrate free CitAP was calculated from the cross correlated
relaxation term using the NMR relaxation experiment described below. The cross correlated
relaxation rate does not have conformational exchange term associated with it. Hence a true
value of 7. can be derived using this experiment. The experiment used here was presented
previously for determining the CSA (chemical shift anisotropy) of >N spins [64]. Here, the
same experiment was used to measure the 7, for individual residue assuming a constant CSA
for 1°N (160ppm). A brief description of the experiment is given below. The pulse sequence
used here is the same as in reference [64].

The pulse sequence is essentially an '"’N-'H HSQC with a relaxation period 2A

inserted before the '®N evolution period. The experiment is performed twice, once with
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Figure 2.1: Pulse scheme for quantitative measurement of cross correlation. In the reference exper-
iment (scheme B), the open 'H 90° and composite (90,-220,-90,) 180° pulses are not applied,
whereas they are applied in scheme (A), where all resonances are the result of cross correlation
effects during the period 2A. Narrow and wide pulses correspond to flip angles of 90° and 180°,
respectively. The two low power pulses immediately preceding and following the last non-selective
'H 180° pulse have a width of 1 ms each and correspond to flip angles of 90°. With the carrier
positioned on the HoO resonance, they are part of the WATERGATE water suppression scheme.
The radio-frequency phase of all pulses is assumed x, unless indicated. Delay durations: 7 =~
2.4 ms; § = 2.67 ms, T»/8 < A < Ty/2. Phase cycling: ¢1 = y,—y;¢2 = z,x,—x,—x; g =
4(x),4(y),4(—x),4(—y); 5 = —x; Receiver = z,2(—x),x, —x,2(x), —x. Quadrature detection in
the t1 dimension is accomplished by incrementing ¢3 in the States-TPPI manner. All gradients are
sine-bell shaped, with an amplitude of 25 G/cm at their center. Durations: G1,2,3,4,5 = 2.75, 2, 1,
1.5, and 0.4 ms.

applying the shaded 'H 90° and composite 'H 180°pulses, and once without applying these
pulses. In the first experiment signal is proportional to (et —e~)/2. In the second experiment
signal is proportional to (e* + €7)/2. Here ¢* = exp [-2A (XA £ 7). X is the auto correlation
rate and 7 the cross correlated rate of transverse relaxation of the °N spin. The ratio of

signal intensities obtained in the two experiment will then be
Ia/Ip = (- —€")/(e” +€") = tanh(2An) (2.10)

where
n = 2ad{4J(0) + 3J(wy)} (3cos® — 1)/2 (2.11)

: _ _MovIvsh _ ysBoAc
with a = (63023 and d 32

For a spherical rigid molecule

(2.12)
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For slow motion limit (w7, >> 1), the term J(w) can be neglected. Hence only J(0) contribute
to the cross relaxation term. Substituting «, d and taking only the J(0) term for the spectral

density Equation becomes

)= poYrvehBo(Ao)T.(3cos? 6 — 1)

2.13
240723 ( )

Substitution of equation to equation [2.10] and fitting that equation to signal ratios

measured at varying A gives a value for 7.. Values of the physical constants are compiled in

the table 2.6

Symbol Values
~(TH) 26.7519%107 s A kg~ 1
~(1°N) -2.7519*%107 s A kg!
h (plancks constant) 6.623*10734 J s
1o (permeability of vaccum) | 4* 7*10~7 m kg s72A 72
r (distance of N-H bond) 1.04*1010710 m
B (field strength) 800.25 MHz

Table 2.6: Compilation of physical constants

For citrate free CitAP, ratios of intensities were obtained for two delays (A =16 and
48ms). These ratios were fitted against the equation in [2.10f The slow motion limit and
spectral density for rigid spherical rotor was used.

The value of 7. obtained using this method does not take into consideration the local
motions associated with the spins . Hence a lower bound for the 7, estimate is obtained
using the spectral density function based on rigid spherical model. More general spectral
density function has been proposed by Lipari and Szabo [65], 66], 67] which is the sum of two

Lorentian shapes.

2 T, T
Jw)=z|P—""—+(1-)— 2.14
@) 5 1+ (wTy)? * >1 + (wT)? (2.14)
with 771 = 71 + 771, Here the relaxation rate depends on one global parameter (7,,)

which is same for all residues and two local parameters, 7., a correlation time for internal
motions and S?, which is a measure of amplitude of internal motion, known as the order
parameter. Usually 7, is very small (order of ps) and hence the second term in the equation

2.14] can be neglected. This truncated spectral density function is scaled by a factor of S?
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with respect to the spectral density used for the derivation of 7.. Common values of order
parameter for a globular medium size proteins range from 0.79-0.85. Hence the estimation of
the 7. using spectral density in equation underestimates the values by ~20%. But for
residues showing considerable low values of 7., the average would then indicate considerable

contribution from internal motions (order parameter low or S? << 0.8).

2.2.9 Chemical shift mapping of binding surfaces

An easy and rapid way to gain qualitative information about the interaction between two
molecules is to study the change in chemical shift values. Perturbation in the local environ-
ment of the nucleus have a great effects on the chemical shift of that nucleus. The chemical
shifts of 'H and '*N are particularly sensitive to changes of the chemical environment. There-
fore N and 'H chemical shift changes recorded via N-'H-HSQC spectra throughout an
NMR titration are commonly combined in order to map a binding site on a protein according

to the following equation

Abyn — \/ (Ady /5)22+ (Ady)? (2.15)

Adyy: average amide chemical shift change.

Ady: amide nitrogen chemical shift change.

Adg: amide proton chemical shift change.

The binding interface is defined by the residues exhibiting the largest N and 'H chemical
shift changes upon the NMR titration.



28

Materials and Methods




Chapter 3

Simultaneous measurement of protein one-bond
residual dipolar couplings without increased resonance

overlap

3.1 Abstract

A NMR strategy designed to measure simultaneously and without increased resonance
overlap scalar and dipolar couplings (RDCs) in 3C—!N—labeled proteins is presented.
Contrary to common schemes for simultaneous measurement of RDCs, a single reference
experiment is used for the extraction of more than one type of coupling, thereby reducing
the required measurement time. This is accomplished by a common reference spectrum
followed by a series of interleaved experiments, in which a particular coupling dependent
parameter is varied according to the quantitative J-correlation method or using accor-
dion spectroscopy. To illustrate this idea, we have modified the 3D TROSY-HNCO and the
3D CBCA(CO)NH experiment allowing efficient measurement of one-bond 'Dyg,'Deara,
"Dery, 'Degrp and 'Deger couplings in small to medium sized proteins. In addition, the
experiments are expected to be useful for largely unfolded proteins, which show strong reso-
nance overlap but have very favorable relaxation properties. Measurement of RDCs is demon-
strated on uniformly »N-!3C-labeled ubiquitin and on the sensory domain of the membra-
neous two-component fumarate sensor DcuS of Escherichia coli (17kDa). DcuS was found to
be unstable and to precipitate in one to two weeks. RDCs obtained from these experiments

are in good agreement with the 1.8 A X-ray structure of ubiquitin.
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3.2 Introduction

Residual dipolar couplings (RDCs) can be observed in solution when a molecule is aligned
with the magnetic field, either as a result of its own magnetic susceptibility anisotropy
[68, 69] or caused by an anisotropic environment such as an oriented liquid crystalline phase
[70] or an anisotropically compressed gel [39, [71]. When an alignment can be kept suffi-
ciently weak, the NMR spectra retain the simplicity normally observed in regular isotropic
solution, while allowing quantitative measurement of a wide variety of RDCs, even in macro-
molecules [33, B2]. In proteins, the most commonly measured dipolar couplings are the one
bond 'Dyg,'Deaiias Doy, and 'Deqcr RDCs. These couplings are sufficiently large to be
measured with good accuracy, allow definition of the orientation of a peptide plane and play

a key role in RDC-based structure determination [46], (72 [73, [74].

However, it is observed that certain proteins are unstable under the orienting media
condition. If the magnitude and/or the orientation of the alignment tensor are changing
slowly over time due to instability of the sample (protein or liquid crystal), the different
sets of dipolar couplings will not be consistent with a unique alignment tensor /structure.
This will in turn bias the protein structure calculation process. Therefore, it is desirable to
measure as many types of RDCs in the committed time in which the protein/liquid crystal is
stable. Moreover, much focus is put on dipolar couplings for rapid structure determination,
with the aim to establish NMR spectroscopy as an important tool in Structural Genomics
[75]. Therefore, there is the need to measure a large set of dipolar couplings in an as short

time as possible.

Instead of measuring one type of coupling per NMR experiment, a number of schemes have
been proposed recently that allow simultaneous measurement of different types of dipolar
couplings in a single spectrum: 'Dyx/'Deacr or 'Dyn/'Deane from frequency differences
using the IPAP-strategy [61,[76], 'Dcac/*Danca or 'Dyca/*Dnca/*Danca/*Dancea from
3D HNCO(a/B-C’Ca-J)-TROSY and HNCO(a/3-NCa-J)-TROSY [77], 'Dnca/*Danca
from ¥C* coupled or J-modulated [N, 'H]-HSQC spectra [78], ' Deorn /! Dnca/? Dyce from

a quantitative J-correlation 3D TROSY-HNC experiment, in which cross and reference axial
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peaks are observed in a single spectrum [79], ! Doarra/? Do from HNCA-TROSY [80], and
"Den/*Daner from an E.COSY-type HSQC experiment [81]. Approaches in which multiple
couplings are allowed to evolve in a single experiment, have the disadvantage that each
coupling results in a splitting that reduces the signal intensity by one half. Therefore, the
overall sensitivity of these experiments is not higher than when the couplings are measured
sequentially (potentially even lower if not multiple values for each J+D value are obtained
in the same experiment). In addition, if the multiplet components are not separated in
different spectra this will result in increased overlap. Increased overlap is also a problem for
the quantitative J-correlation TROSY-HNCO experiment, as reference peaks are located in

a single plane of the 3D spectrum and both C%(i) and C%(i-1) peaks are present [79].

Here we present a different strategy for simultaneous measurement of dipolar couplings
that is based on the quantitative J-correlation method and accordion spectroscopy. Only
a single coupling is active during a single experiment, but for different couplings the same
reference spectrum is used. This can reduce the total required measurement time without
increasing resonance overlap. In addition, the experiments, in which different couplings are
active, are recorded interleaved, such that measured RDCs correspond to a unique alignment
tensor. In order to illustrate this concept, we have modified the 3D experiments TROSY-
HNCO and CBCA(CO)NH for efficient measurement of 'Dy,'Deamra,' Den, 'Dogup and
'Deac couplings in small to medium sized, globular or larger, but intrinsically unstructured

proteins.

3.3 Description of the pulse sequences

All presented pulse sequences can be used for measurement of one-bond isotropic scalar
couplings. Dipolar couplings are obtained by performing the experiments both in an isotropic

and a partially aligned phase followed by subtraction of the two measured values.
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3.3.1 TROSY-HNCO experiment

The pulse sequence of the 3D TROSY-HNCO experiment for simultaneous measurement of
Doy and Dy g couplings is shown in Figure . It consists of three interleaved experiments

that are based on the 3D TROSY-HNCO [51].

The backbone 'Jon coupling is obtained by the quantitative J-correlation approach
[62]. A reference experiment is recorded in which peak intensities are not strongly affected
by the coupling of interest. This is achieved with the 180° pulse at position (a) and with
a conventional constant time “Nevolution period as depicted in panel (i). The ®N- 13C’
dephasing delay is adjusted to 2T = 66.7 ms and the separation of the 180°pulses amounts
to A = 16.7 ms. Thus, the effective dephasing time due to ?N- ¥C’couplings is 27" — 2A =
33.3ms, i.e., close to 1/(2'Jcy). To attenuate cross peak intensities according to the 'Joiy
coupling, the 180°inversion pulse on C’ is shifted to position (b) and the 'Jon coupling is
active for the entire interval. 1Jory can then be calculated from the intensity ratios of the

reference, I,.s, and attenuated resonances, /.4, according to

‘[att . Sin(?ﬂ'lJC/NT) (3 1)
-[T'ef N SiN[27T1JC/N(T — A)] .

This previously described approach for measurement of 'Jory[62] is extended by addition
of a third experiment, which is recorded in an interleaved manner with the two described
above, and allows simultaneous measurement of *J x5 couplings. The 180° inversion pulse on
the carbonyls is kept at position (a), in order to maximize the N-{!3C’} transfer amplitude.
Opposite to the reference spectrum, however, an additional delay is inserted at the end of the
constant time "N evolution period that is incremented together with the N evolution time
(Figure 3.1| panel (ii)) [82]. During this delay, the *'N-{'H} coupling evolves with respect to
its directly attached proton while chemical shift evolution is refocused. Therefore, the peaks
appear at wN — (k + 1) 7t Jyy rather than at wN —7!Jy g as in the reference spectrum with
Ynvm < 0. Typically & is set to 2 so that a particular cross peak is shifted between the spectra
by 'Jyg Hz in the N dimension. In this way, a common reference experiment (Figure ;
a, (1)) can be used for extraction of 'Jory (Figure 3.1} b, (i)) and YJyg (Figure .1} a, (ii)).

Note that the two 180° pulses on 'H and '°N, which are necessary for measurement of the
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1Jym coupling, are also present in the reference and the 'Jo y-attenuated experiment, to

have the same number and type of pulses in all experiments.

3.3.2 CBCA(CO)NH experiment

One-bond 'Deamas 'Desrg, and 'Deger dipolar couplings are measured with a modified
version of the 3D CBCA(CO)NH pulse sequence, which has been enhanced by the use of
adiabatic pulses [53], 83]. The experiment is performed four times in an interleaved manner
(Figure . All couplings are obtained using the quantitative J-correlation technique. The
YJeane and lchHg couplings are obtained from the first three interleaved experiments, in
which the 'H 180° pulse during the #; evolution period is switched between positions a, b
and c, respectively [84]. The rephasing of the 'Jox coupling of Cz and C,, at the end of the
carbon constant time period depends on the duration of A;. This is reflected in the spectra

by a modulation of signal intensities according to
S (A1) ~ sin [w N Jew (280 + Aeff)] (3.2)

where A.;; accounts for the effect of 'Joy dephasing during the adiabatic '*C  inversion
pulse, during the 3C 90° pulses, and during short switching delays, and from which > Jcog

can be derived by a SIMPLEX minimization routine.

'Jcacr couplings are obtained from the first experiment (this is also used as a reference
spectrum for the measurement of 'Jcqma and 'Jepns couplings) and an additional fourth,
interleaved experiment. In order to attenuate signal intensities according to the one-bond
Loacr values, the C” to N transfer step is used (Figure [3.2). In all four interleaved exper-
iments, the total dephasing delay is set to 2 (n + () = 22ms. In the regular CBCA(CO)NH
experiment (i.e. the reference experiment) a 180° inversion pulse is applied a duration ¢
after the 90° excitation pulse on C’, such that the *Jo,cr coupling is active for 2¢ = 9ms,
i.e., close to 1/(2'Jcry). In the fourth interleaved experiment, however, the open 180° pulse
on C, is shifted by a duration A closer to the 180° C’ pulse making 'Jcacr active for
2(¢ + A) = 18.7ms 'Jcacr couplings are almost rephased at the end of the C’ to '°N transfer

step, yielding weak resonance intensity. The ratio of signal intensities from the reference and
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Figure 3.1: Pulse scheme of the modified 3D TROSY-HNCO experiment for simultaneous mea-
surement of 'Jory and 'J g couplings. Narrow and wide pulses correspond to flip angles of 90°
and 180° respectively. All pulse phases are x, unless specified otherwise. *C’ pulses bracketing
the tjevolution period are 90° and have the shape of the center lobe of a sinz/z function, and
durations of 120us (at 176 MHz '3C frequency). The other two '3C’ pulses are hyperbolic secant
shaped (1 ms) and correspond to 180°. Composite pulse 13C’ decoupling (CPD) was used during
acquisition. All three 180° '3C, pulses are sine-bell shaped and have durations of 150us. Delay
durations: 7=2.5ms; T=33.7ms; §=16 ms; A=16.6 ms. For the reference and the 'Jyp -shifted
spectrum, the first 180° 3C’ pulse (open shape) is applied in position a; for the rephased, ' Jory
-attenuated spectrum in position b. The shaded portion of the pulse scheme is given in detail in (i)
and (ii). (i) Used for the first and second interleaved spectrum and (ii) used for the third interleaved
spectrum for measurement of 'Jyz couplings. In the shifted spectrum (ii) & is typically set to 2,
to obtain a shift of 'J yg Hz in the N dimension. Two FIDs are acquired and stored separately
for obtaining quadrature selection of the TROSY component in the to dimension, with phases ¢o
=y, = ,¢3 = -y , ¢4 = -y and with phases g2 = y, -z ,¢3 = y,04 = y [85]. In both cases, ¢1 = z
,x,-z,-T, and Receiver = z, y,-z,-y. StatessTPPI quadrature selection is used in the t; dimension.
Sine-bell shaped pulsed field gradients (1 ms each) have strength (G/cm) and axis: G1: 3, z; G2:
18, y; G3: 18, z; G4: 18, 2.
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Figure 3.2: Pulse scheme of the 3D CBCA(CO)NH quantitative Jog and Joacr experiment.
Narrow and wide pulses correspond to flip angles of 90°and 180°respectively. All pulse phases are
, unless specified otherwise. The first three *C’ 180°pulse has rSNOB profile [86], and a duration
of 170us (at 150 MHz 13C frequency). All other shaped 3C’ and 13Ca/5 pulses (46 ppm) are of
the hyperbolic secant adiabatic inversion type (500us), with a squareness level,u, of 3 [87]. The
open 'H pulses, applied at time point a, b, or c, is composite (90°,- 180°,-90°,). Delay durations:
e=1.3 ms; Ay = 0.77, 1.67 and 3.42 ms in the three interleaved experiments; T = 3.4 ms; = 3.4
ms; 7= 6.5 ms; y= 6.8 ms; k= 5.4 ms; 7= 2.7 ms. For the reference spectrum, the first 180°'H
pulse (open shape) is applied at position a, which gives a total Jo g -modulation duration of 2(A;
+Acr) 1.93 ms [84]. In the Joqcr -attenuated experiment (the fourth interleaved spectrum) the
open 13C 180°pulse is applied at point d, otherwise at position a/b/c. Delay durations: A= 4.85
ms; €= 4.5 ms. Note that the second 180°pulse on C, compensates the Block - Siegert shift, and
should be applied with a reverse phase profile in order to refocus the coupling evolution during the
open 3C 180°pulse [88]. Phase cycling:¢1=y,-y; ¢2 = 7,2,y,y; Receiver = z,-1,-z,7. Rance-Kay t
quadrature detection is used, [26] alternating the phase of the first 1°N 90°pulse after gradient Gs
between z and -z, in concert with the polarity of gradient Gs. States-TPPI quadrature selection is
used in the t; dimension. Pulsed field gradients G245 are sine-bell shaped (18 G/cm for Gy 2, 28
G/cm for Ggp), and Ggg,7 are rectangular (30 G/cm). Durations: Gi23456,7 = 2, 1.4, 2.705, 0.4,
0.4, 0.2, 0.074 ms, with respective gradient axes: xy, vy, 2, , Y, 2, 2.
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attenuated spectrum follow a similar relationship as Eq. [1], from which Jcacr couplings can
be extracted by a one dimensional grid search or a nonlinear fit. Note that the Cg resonances
are also modulated by the 'Jcqcr coupling. Thus, if there is signal overlap in the C, region
of the spectrum one can still obtain the couplings from the Cg resonances, provided the

particular residues do not have overlapping Cgs frequencies.

3D CBCA(CO)NH and TROSY-HNCO are among the most sensitive triple resonance
experiments for medium sized proteins and the method is applicable to any protein which
yields TROSY-HNCO and CBCA(CO)NH spectra with high S/N ( > 20:1 and > 40:1,

respectively) in a reasonable amount of time.

3.4 Data collection

The method is demonstrated for uniformly '*C/!®N-labeled human ubiquitin (VLI
Research Inc., Philadelphia) and on the uniformly ¥C/!®N-labeled sensory domain of the
membraneous two-component fumarate sensor DcuS of E. coli(17 kD) [44]. One-bond cou-
plings were measured for an isotropic sample, containing 0.8 mM ubiquitin in 95% H20,
5% D20, 50 mM phosphate buffer, pH 6.5 at 35 °C, or containing 0.8 mM DcuS in 95%
H20, 5% D20, 50 mM phosphate buffer, pH 6.5 at 30 °C, and a second sample containing
additionally either 5% C12E5/n-hexanol (r = 0.96) (in case of ubiquitin) [38] or 10 mg/ml
bacteriophage Pfl (in case of DcuS) [37, [89].

Spectra were recorded on BRUKER AVANCE 600 and 700 MHz spectrometers. TROSY-
HNCO experiments were acquired as 24*x40*x512* data matrices with acquisition times
of 16.8 ms (¢1, 13C’), 18.7 ms (t3, N), and 50 ms (t3, 'H), using 4 scans per fid and a total
measuring time of 19 hours for all three interleaved spectra. In case of the CBCA(CO)NH,
each interleaved spectrum was recorded as a 46*x25*x512* data matrix with acquisition
times of 4.9 ms (t;, *C*/#), 17.5 ms (¢, °N), and 50 ms (t3, 'H) using 8 scans per fid and
a total measuring time of 48 hours for all four interleaved spectra. Data were processed and

analyzed using NMR-PIPE/NMRDRAW [48].
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Figure 3.3: Selected regions of the modified TROSY-HNCO spectrum of ubiquitin in isotropic
solution. A) reference spectrum, B) 'Jo y-attenuated spectrum and C) !Jyg-shifted spectrum.
Dashed contours denote negative intensities. Selected regions have a C’ frequency of 171.1 ppm.

Selected regions of the spectra measured with these pulse sequences for ubiquitin in
isotropic solution are shown in Figures. and [3.4] In Figure the first interleaved
TROSY-HNCO spectrum is shown, which is used as reference for extraction of both 'Jeoy
and 1J x5 couplings. The second interleaved spectrum is shown in Figure, in which signal
intensities are modulated according to the 'Jovy coupling. In Figure resonances are not
attenuated compared to Figure [3.3]A, but shifted in the N dimension by 'Jyy Hz from
the reference spectrum of Figure |3.3A. Figure shows selected regions of the interleaved
CBCA(CO)NH experiments. In Figure the reference spectrum is shown and in Figure
and C signal intensities are modulated by the *Jcapa and 1J05Hg couplings. Figure
encodes the 'Joocr coupling.

3.5.1 Sensitivity consideration for CBCA(CO)NH experiment
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Figure 3.4: Selected regions of the modified CBCA(CO)NH spectrum of ubiquitin in isotropic
solution. A is the reference spectrum. B and C are the attenuated spectra for measuring C,—H,
and C,—Hg couplings. D) shows the spectrum for measuring C,—C’ couplings. Selected regions
have a N frequency of 116.2 ppm.

A CBCA(CO)NH experiment is much less sensitive than a conventional HNCO due to the
larger number of transfer steps and the fast relaxation of transverse C,, and Cz magnetization.
For a 11 kDa protein such as ribonuclease T1 the CBCA(CO)NH is a factor of three less
sensitive than a HNCO experiment (Bruker Avance 3D/Triple Resonance User Manual).
For larger proteins the relative sensitivity of the CBCA(CO)NH is even further reduced.
However, following considerations have to be taken into account for measurement of 'Deger
couplings. The sensitivity of the HNCO(a/3-C’C,-J) experiment proposed by Permi et
al.[15], for example, is reduced by a factor of 0.9 due to the insertion of a filter element with
a duration of 9 ms and due to an extended '3C evolution time of about 30 ms, which is
required to obtain sufficient resolution for accurate measurement of splittings (assuming a
C’ transverse relaxation time of 117 ms). Moreover, the intensity of a single resonance is split

into two reducing the sensitivity by 45% overall. For the approach proposed here, on the other
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hand, only a single additional, conventional CBCA(CO)NH experiment is required as the
reference experiment is already available either from the measurement of 'Deoapa/ 1DC,6H5
couplings or from conventional backbone assignment. No additional delays or pulses had to be
introduced into the CBCA(CO)NH pulse sequence avoiding increased relaxation losses or a
higher sensitivity towards pulse imperfections. The accuracy of the 'Jc.cr couplings obtained
from the CBCA(CO)NH is further improved, as splittings can be obtained from both the C,
and the Cg resonance. The corresponding values can be averaged, such that the sensitivity of
the CBCA(CO)NH (in terms of measurement of couplings) is effectively increased by a factor
of v/2. Therefore, for small to medium sized proteins such as ribonuclease T1, measurement
of 'Deacr couplings simultaneously with 'Degma/'Deosrs values has a similar efficiency as

separate measurement of 'Dg,cr couplings with a HNCO(a/3-C’C,, - J) experiment.

Measurement of 'Jocr couplings as proposed herein has the following favorable proper-
ties: (i) Opposite to a/f-filtered spin-state selective experiments J-mismatch is not a problem
in quantitative J-correlation experiments. This is particularly important for measurement
of RDCs where the filter period no longer matches the J+D value. (ii) Despite the lower
resolution of a CBCA(CO)NH compared a HNCO experiment, a very complete set of 'Joqcr
couplings can be obtained as in case of C, overlap the coupling might be extracted from
the Cj resonance. (iii) For extraction of 'Jocr couplings no additional experiment has to
be processed, peak picked and analysed. 'Joncr couplings are obtained in parallel with the
'Jcara and *Jogms couplings, minimizing the number of errors in extracted dipolar coupling
values. (iv) The proposed pulse sequences allow simultaneous measurement of RDCs such
that they will be in agreement with a unique effective alignment tensor even if the protein
degrades/aggregates rapidly. With the CBCA(CO)NH this is possible for 'Joacr, 'Jcama, and
YJepnp couplings without increased resonance overlap and employing a common reference

experiment.

3.5.2 Sensitivity consideration for TROSY-HNCO experiment

In case of the 3D TROSY-HNCO, the incremented delay that was introduced for the
extraction of the 'J g couplings (Figure ; a, (ii)) slightly lowers the sensitivity of the third
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interleaved TROSY-HNCO spectrum compared to the reference experiment. In addition,
during this additional delay transverse relaxation proceeds with an effective rate that is given
by the average of the individual N multiplet components. Therefore, for large molecules
a compromise between separation of the upfield and downfield component (which increases
with k) and the sensitivity of this experiment has to be made. For large molecules it might
be advantageous to reduce x. At the same time, however, the 180° pulses on °N and 3C’
could be applied simultaneously after a time T = 16ms, such that 2T would be reduced to

32 ms as in a conventional TROSY-HNCO.

1Jern couplings can be measured separately using a non-decoupled TROSY-HNCO, in
which 'Jer v values are obtained from antiphase splittings in the >N dimension [32]. In order
to resolve the small *Jo ycouplings a rather long °N acquisition time is required, which is
best implemented in a semi-constant time fashion and set to a maximum value, ¢5'**, roughly
equal to the transverse '°N relaxation time ¢y [90]. For example, for deuterated EIN (trans-
verse relaxation time of the downfield component at 600 and 800 MHz: 118 and 131 ms,
respectively) a N acquisition time of 115 ms was employed. Comparison of the relaxation
losses in the quantitative J-correlation experiment, in which the >N magnetization is 33
ms longer in the transverse plane than in a regular TROSY-HNCO, with those in a non-
decoupled TROSY-HNCO, with a semi-constant time evolution 3% = T5 (Y’ N), indicates
that the quantitative J-correlation experiment is more sensitive for Ty (**N) > 100ms [20].
Ty (> N) values larger than 100 ms are commonly observed at room temperature for globular
proteins with a molecular weight <16 kDa, for the downfield component of deuterated pro-
teins up to 30 kDa, such as EIN, or for large protonated, but natively unfolded proteins. For
example, for ubiquitin (73 (N, 25°C) ~ 160ms; Ty (*> N, 7°C) ~ 105ms) the quantitative J-
correlation experiment is 15% and 2% more sensitive than the non-decoupled experiment at
25°C and 7°C, respectively. On the other hand, for a relaxation time of 74 ms ( ~ty(**N)
of protonated EIN) the non-decoupled HNCO would be more sensitive by 20%. Therefore,
for transverse relaxation times larger than 100 ms simultaneous measurement of 'Jyy and
1Jevn couplings as proposed here achieves a time saving that corresponds to about one con-

ventional TROSY-HNCO. Note, that this does not even take into account that the reference
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experiment (Figure 3.1} a, (i)) or the shifted experiment (Figure [3.1} a, (ii)) can be used for
backbone assignment, which is difficult with the non-decoupled TROSY-HNCO. A further
drawback of the non-decoupled TROSY-HNCO is that the overlap is more pronounced.

3.5.3 Error estimation

The random error in coupling values obtained by quantitative J-correlation methods
mainly depends on the intensity of the reference spectrum (abbreviated as) L., and the
random noise (denoted as) o in the attenuated spectra. This random error in coupling values
got by quantitative J-correlation method is approximated as, o/[27 (¢ + A) I,.f] where
2 (¢ + A) is the total duration in which that particular coupling is active in the attenuated
spectrum. So for a signal to noise ratio of 50 in the reference spectrum of the CBCA(CO)NH
experiment, the random error in 'Jeaor [2(¢C+ A) = 18ms] will be 0.35 Hz (A = 4.85 mS,
¢ = 4.5 mS). Except for couplings between 3C’ and carbons resonating in the C, region,
all other couplings attenuate the reference and attenuated spectrum in the same way, and
therefore do not affect the derived coupling. The inter-residue 2Jqcr coupling, on the other
hand, affect the attenuated and the reference spectrum differentially. The magnitude of
2Joacr With the next residue being in cis position is < 3 Hz [01]. This attenuates the
reference spectrum by less than 0.4% and the attenuated spectra by 1.5%, and the I,/ f
ratio is decreased by 1.2%, resulting in a coupling which is at most 1.2% closer to 55 Hz than
its real value. When the bonds are trans, as it might be the case for residues preceding proline,
the coupling could be as large as 6 Hz [91] resulting in a more pronounced overestimation of
the derived coupling. However, these residues are any way not detected in CBCA(CO)NH
experiments. Due to the fact that the selectivity of the C, inversion pulse is not perfect,
other long-range couplings that may affect the derived 'Jcocr value can include QJC/Cﬂ and
3Jcroy. These couplings, however, are comparatively smaller. Assuming *Jeoros and *Jere,
values of 3 Hz and 4 Hz, respectively, the cumulative effect of all the three couplings would
be to make the coupling closer to 55 Hz by less than 4.6%. So a coupling of 52.0 Hz will
appear as 52.1 Hz and for an actual coupling of 54 Hz the derived coupling would be 54.05

Hz, which typically is considerably smaller than the random error.
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Figure 3.5: Correlation between observed dipolar couplings and values back-calculated from the
crystal structure of ubiquitin (PDB code: 1ubq). The correlation coefficients are 0.98, 0.96, 0.98
and 0.96 for 'Dy g, 'Doana » 'Dery and 'Deoger couplings, respectively
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Figure 3.6: A Correlation between 'Jcar measured using the CBCA(CO)NH experiment and the
same coupling measured using the C, coupled HNCO experiment for protein G. B Correlation
between measured Dy dipolar couplings using TROSY-HNCO and IPAP HSQC for DcuS-PD.

The correlation coefficients were 0.98 and 0.97 respectively.
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Hence, extracted coupling values do not contain any large systematic errors. This is also
evident from isotropic 'Joacr couplings measured with the pulse sequence presented here,
when compared to those obtained from a C,-coupled HNCO experiment recorded on the
third immunoglobulin-binding domain of streptococcal protein G (56 residues). The coupling
values from these two measurements have a correlation of 0.98 (Figure B.6/A). Comparison
of 'Dy g coupling measured for DcuS-PD with the 3D TROSY-HNCO experiment presented
here and those obtained from a 2D IPAP-HSQC have a correlation of 0.97 (Figure [3.6B)

3.5.4 Correlation of measured RDCs with structure

Figure |3.5| compares experimental dipolar couplings with those back-calculated from the
1.8 A X-ray structure of ubiquitin [92] using singular-value decomposition as implemented
in the program PALES [49]. Correlation factors of 0.98, 0.96, 0.98 and 0.96 are obtained for
"Dyw, 'Dearras 'Dery and 'Deger couplings, respectively. This demonstrates that the pulse
sequences presented here allow accurate measurement of J and dipolar couplings in medium
sized proteins. Residual dipolar couplings measured in DcuS (17 kDa)d] were used for the

structure determination of this protein [44].

3.6 Conclusions

We have presented a simple strategy for simultaneous measurement of scalar and dipolar
couplings in 3C, ®N-labeled proteins. More than one type of coupling is extracted from a
single reference experiment, thereby reducing the required measurement time for small to
medium sized globular, as well as larger, unfolded proteins. The couplings are obtained either
using the quantitative J-correlation approach or accordion spectroscopy; a second spectrum
is recorded in which the signal intensities are modulated or signals are shifted according to the
coupling of interest. Hence, simultaneous measurement of dipolar couplings does not result in
an increase in resonance overlap compared to when the couplings are measured sequentially.

The strategy presented is general and can be applied to various 3D experiments.

The interleaved 3D TROSY-HNCO and CBCA(CO)NH experiments presented here allow

measurement of four backbone RDCs and 'Degns. 'Dyw, 'Deara, 'Dern and 'Deger can be
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used in a conventional structure calculation, enabling accurate determination of peptide plane
orientations [72], or protein fold determination even in the absence of NOEs [46, [73] [74]. The
combination of 'Deama, 'Degrs, and 'Deger provides x1 rotamer information, even in the
absence of a backbone structure [84]. Moreover, the reference spectra, which are used here for
extraction of couplings, can be used for traditional backbone assignment, further reducing
the total required measurement time in a NMR structure determination project. In the
broader sense of speeding up structure determination by NMR (e.g. as required for Structural
Genomics applications), our strategy also has the advantage that peak picking, refinement of
picked peaks and reassignment of resonances only has to be done for the reference spectrum,
as long as the quantitative J-correlation approach is employed. For extraction of the !Deqer
coupling no additional experiment has to be processed, peak picked and analyzed. 'Dgoqcr
couplings are obtained in parallel with the 'D¢copq and 1Dcﬁ mp couplings. In addition, if the
anisotropic medium is unstable or the protein degrades rapidly, as it is the case for DcuS,
measured residual dipolar couplings will be in agreement with a unique effective alignment

tensor.



Chapter 4

NMR structural studies on the periplasmic domain of
DcuS and CitA

4.1 Introduction

Cells respond to changes in their physical and chemical environment by generating intra-
cellular signals that lead to the modification of their structure, metabolism and movement.
Most of these signals originate in one side of the membrane and require the sensing, and
then the transfer of the signal to the other side of the membrane facilitating the regulatory
responses [93]. Signal transduction across biological membrane is very important for the
ability of cells to integrate and process environmental information. In most prokaryotes and
a few eukaryotes this is usually performed by an evolutionarily conserved class of proteins,

called the two component system [94], 05 06]

The two-component system in their simplest form consist of two modular proteins, a
sensor kinase and a response regulator [97, (08, [99]. In prokaryotes, the sensor protein mostly
belongs to a larger family of protein kinases called Histidine kinases, which has the con-
served histidine residue in the cytoplasmic domain that upon stimulus functions as a site for
autophosphorylation. Autophosphorylation is carried out with the help of other subunit of
sensor kinase within a homodimer [100], 101}, 102} T03]. The response regulator catalyzes phos-
phoryl transfer from the phospho-histidine of the Histidine kinase to a conserved aspartate
in its own regulatory domain, and controls the expression of target genes by transcriptional
activation or repression [I04]. The majority of response regulators are transcription factors
with DNA-binding effector domains [99]. Refer Figure for the schematic representation

of the working of a typical two component system.
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Figure 4.1: Schematic representation of a two component system: Transmembrane sensor histi-
dine kinase act as the sensor domain, which upon stimulus undergoes autophosphorylation at the
conserved histidine in the kinase core with an ATP getting converted to an ADP. The phosphoryl
group is then transferred to the response regulator which in turn binds to the DNA starting the
transcription of genes.

4.1.1 Histidine Kinase (HK)

In a typical two component system, a sensor histidine kinase monitor external stimuli and
transmit this information to the response regulator by a phosphorylation event.

The main structural feature of the Histidne Kinase family include the diverse sensing
domain and the characteristic kinase core composed of dimerization domain and an
ATP/ADP-binding phosphotransfer or catalytic domain [99, [105]. In trans membrane
histidine kinase (see Figure the sensing domain is connected to the kinase core by a

linker domain.

Kinase Core

All protein in the HK family have a characteristic kinase core composed of a dimerization
domain and an ATP/ADP binding phospho-transfer or catalytic domain. [I06] X-ray struc-
ture of C terminal half of T.maritima CheA protein [107] and the NMR solution structure of
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Figure 4.2: Schematic representation of sensory trans-membrane histidine kinase with the sensor
domain present outside the cytoplasm. Ligands are sensed in the the periplasm with the help of
the sensory domain. The linker domain connects the periplasmic domain to the kinase core which
has the conserved histidine where upon binding of ligand, autophosphorylation take place.

1is 243

His 243

Figure 4.3: The kinase core of histidine protein kinases. The NMR structure of the (left) catalytic
and (right) dimerization domains of E. coli EnvZ. The dimerization domain of EnvZ (right), like
that of most histidine protein kinases, contains a conserved Histdine (blue) that is the site of

phosphorylation.
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catalytic domain [I08], of E.coli EnvZ revealed an a//3 sandwich fold consisting of five anti
parallel § strands and 3 « helices (Figure left). The dimerization domains of both EnvZ
[109] and CheA form anti parallel four-helix bundles. The dimerization domain of EnvZ, like
those of the majority of HKs, houses the conserved histidine, which is positioned midway

along the exposed face of first helix. (Figure right).

Linker domain

Its the least understood domain of HKs. But studies indicate that these linker regions are
critical for proper signal transduction [I10} 111, 1T2]. This domain may promote intra molec-
ular association or as suggested by mutational analysis of the EnvZ linker region, correct

structural alignment of monomers within the HK dimer [I13].

Sensing domain

Signal transduction cascades begin with signal detection by the sensor domain. These
domain senses wide range of ligands, redox potential and ions. These diverse sensing
domains share little primary sequence similarity, indicating that they are designed for spe-
cific ligand /stimulus interactions. One of the best known sensing module incorporated into

the sensing domain is the versatile PAS domains [114] [115].

PAS (PER-ARNT-SIM) domains are a family of sensor protein domains involved in signal
transduction in a wide range of organism [116, [117]. The PAS module was first identified
in the Drosophila clock protein PER and the basic helix-loop-helix containing transcription
factors ARNT (aryl-hydrocarbon receptor nuclear translocator) in mammals and SIM (single-
minded proteins) in insects [I1§]. A typical representative of the PAS domain is photoactive
yellow protein(PYP) [119], a phtoreceptor to be involved in a photoactive response of the
bacterium Ectothiorhodospira halophila to intense blue light [120].

Its structure has an o/ fold characterized by a central, twisted, 6 stranded anti parallel
0 sheet flanked on both sides by loops and helices. Helices a3 and a4, the short strand
(33, the loop connecting the (33 strand to the helix ab, the helix a5, span across the other

side of 3 sheet forms the binding pocket for the light sensitive chromophore p-coumeric
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Figure 4.4: X-ray Structure of photo active yellow protein(PYP) revealing a PAS fold . The
ligand, 4-hydroxycinnamyl chromophore position shown in sticks (red).

acid (see Figure . Although the PAS domains have little amino acid similarity, their

three-dimensional structures appear to be conserved [121].

In the past two decades, hundreds of two component systems have been identified.
However, many aspects of their molecular function remain obscure. In particular, for the
ligand-binding sensor kinases little is known about such fundamental processes as the stereo
chemistry of ligand-binding, the nature of the associated conformational changes, and the

mechanism of signal transduction to the cytoplasmic kinase domain.

The aim behind the study was to understand the signal perception and transduction of the
signal from the sensor domain to the cytosolic domain. As a first step we describe the NMR
studies on the soluble periplasmic domain of CitA and DcuS with and without their ligand.
Here we describe the NMR solution structure of the ligand free DcuS sensory periplasmic

domain and the X-ray structure of ligand bound and free structure of sensory domain of
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CitA. These structures reveal a PAS fold, and are the first of the few determined structures

having this fold, present outside the cytoplasm [116].
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4.2 Periplasmic domain of the sensory domain of the
two component fumarate sensor DcuS

The fumarate sensor DcuS is a prototype for a two component sensory histidine kinase
with signal perception in the periplasm, trans membrane signal transfer [122, 123] , and
autophosphorylation of a histidine residue in the kinase domain in the cytoplasm [124].
DcuS belongs to the CitA family of sensors that are specific for sensing di- and tricar-
boxylates [122, 123, 125, [126]. The periplasmic domain of the histidine autokinase CitA
works as a highly specific citrate receptor, whereas DcuS uses any type of C4-dicarboxylate,
like fumarate, succinate, and malate, as a stimulus [122] 125, 126, 127]. DcuS is predicted
to consist of two transmembrane helices and of a periplasmic sensory domain enclosed
by the trans membrane helices. The second trans membrane helix is followed by a cyto-
plasmic PAS domain of unknown function and the kinase with the consensus histidine
residue for autophosphorylation. Previous studies suggest that fumarate sensing occurs in
the periplasmic domain [122], 125, [127]. After autophosphorylation by DcuS the response reg-
ulator DcuR of the DcuSR system (Figure ) activates the expression of target genes like
dcuB and frd ABCD encoding an anaerobic fumarate carrier DcuB and fumarate reductase

125, [126].

Biochemical studies on DcuS reconstituted in liposomes indicated that in the presence of
fumarate and other dicarboxylates, kinase activity of DcuS is stimulated [122]. But the
binding site, or the exact nature of the stimulus were yet to be fully characterized. Moreover,
there was a lack of three dimensional structural information for any domain of DcuS or that
of its homologues. This study was initiated to address these issues. Hence as a first step to
understand the signal perception, NMR structural studies on the periplasmic domain of DcuS
were performed. The structure of DcuS-PD derived using NOE was refined using RDCs for
better convergence of the structure. The structure of DcuS-PD could be solved only without
bound C4-dicarboxylates which precludes direct identification of the effector binding site.
Titration experiments were necessary to establish the sensing mode of C4 dicarboxylates by

DcuS-PD.
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Figure 4.5: Schematic representation of DcuS-DcuR system. After the autophosphorylation of
DcuS, phosphoryl group on histidine 349 in DcuS is transferred to aspartate 56 in DcuR. DcuR
then binds to the dcuB codon, triggering the expression of the genes for fumarate uptake and
respiration.

4.2.1 Material and Methods

The periplasmic domain of DcuS was produced in the lab of Prof. Gotfried Unden in Univer-
sity of Mainz. DcuS-PD was overproduced in F-coli strain carrying the DcuSys_159 expression
plasmid [44]. The assignments were taken from the previously published assignment of his-
tidine tagged DcuS-PD [12§]. The assignment of DcuS-PD without the His-tag differs only
slightly from the one with the His-tag. NMR measurements were carried out with the °N-
13C labeled protein received from Prof. Unden’s group in Mainz. The wild type protein
containing samples were usually around 1 mM, in a 50 mM sodium phosphate buffer at pH
7.0, including 200 mM NaCl, 0.8 mM CHAPS, 50 mM Glycine, 50 pM of PefablocSC, 0.01 %
NaNj3 and H,O/D50. 90/10%. NMR samples were stable for a week after which it degraded
gradually.
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NOESY experiments were measured and analysed by Dr. Lucia Pappalardo and Dr. Wolf-
gang Peti. Structural calculations were done by Dr. Jochen Junker in our lab.

Hetronuclear NOE experiment was measured with 5 second recycling delay

RDC measurements

To refine the structure, several sets of RDCs were measured. Protein was oriented in bac-
terial filamentous phages. The concentration of the phage in the protein sample was 10
mg/ml giving deuterium quadrapolar splitting of 9 Hz. A set of 'Dyy, 'Dycr, 'Deca and
'"Doarra RDCs of DcuS-PD were measured using the pulse sequence described in chapter [3]
The magnitude of the alignment tensor (Da) obtained from histogram of measured dipolar
couplings is 10.7 Hz for 'Dyy and the corresponding rhombicity (R) is 0.63. RDCs were
applied in the structural calculation with different weight factors 1.0(!Dyz), 0.4(*Deoara),
4.4('Dyer) and 2.5 (*Deca ). The weighting factor used here reflect the gyromagnetic ratios

of the nuclei involved in the coupling and also the bond distances.

Effector titration of DcuS-PD

To study the effector binding, wild type DcuS-PD and the mutant forms, DcuS(F120M)-
PD, DcuS(R147A)-PD, and DcuS(H110A)-PD were dissolved in a NMR buffer at pH 7.0
containing 45 mM sodium/potassium phosphate, 10 % D20, 200 mM NaCl, 0.01 % NaNj,
50 uM Pefabloc, 50 mM glycine, and 4.5 mM imidazole. Titration with the effectors were
conducted by stepwise addition of properly buffered fumarate and tartrate solutions (pH 7.0
and upto 300 mM final concentration) to a sample of 1.2 mM of DcuS-PD. "N-'H HSQC

experiments were measured for each step of titration.

Experiments were performed in Bruker 800 DRX, 700 Avance and 600 DRX MHz
spectrometers at 30°C. The data sets were processed and analyzed using the NMR-
Pipe/NMRDraw software package.
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Figure 4.6: Secondary structure of DcuS-PD together with the intra-strand NOEs from which the
topology of the (-strands were derived.
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4.2.2 Results and discussions

The NMR solution structure of DcuS-PD without bound C4 dicarboxylates was determined.
For the final refinement of the structure, four types of RDCs were measured and included in

the structural calculations. Detail description of the structure follows.

4.2.3 Structure of DcuS-PD

Secondary structure of DcuS-PD

The secondary structure of DcuS-PD (Figure [4.6|) consists of a long N-terminal a-helix (o)
ranging from amino acid 46 to 64 with a continuation from 68 to 72 («ag). After a short
loop there is another a-helix (g, : 77-79) and (as, : 83-92) that is connected to the first
B—strand (3; : 97-102) of the four stranded anti parallel f—sheet. (31 is connected via an
a—helix (ay : 126-128) and a long loop to the second f—strand (3, : 134-138), which is
connected by a short loop to the third strand (53 : 145-153). Yet, another turn connects
to the fourth f—strand (84 : 159-167). From this strand the C-terminal helix follows after
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a short helix (as : 174-179). The secondary structural elements have been established by
secondary chemical shift and characteristic sequential NOEs and connectivity of the four

stranded anti parallel 3—sheet by HY, H, and H,, , H, cross strand NOEs (Figure .

Structure determination and discussion

Figure 4.7: Stereo view of the NMR solution structure of periplasmic domain of DcuS. It reveals
a PAS fold with 4 3 strands and 5 main « helix.The structure is a «,3-fold where both sides of the
large (-sheet form hydrophobic cores with a-helices and the long connector between helix a4 and
strand $2. The C-terminal helix is not fixed by NOEs and shows only small dipolar couplings, in
agreement with a flexible helix.

Final refinement of the structure was done with 382 RDCs. These include 107 ' N-'HV 95
'H,-13C,, 114 PN-13C" and 66 3C’-13C,, coupling. 'J cara couplings were also used to define
¢ angles. ¢ is negative for 'J cope >137 Hz and in the a-helix range for 'J(C,,H,) >145 Hz
[129]. The structure is well ordered in the region 46-168, while the first few residues in the N
and C terminal are not well ordered. The RDCs in these region are also small compared to
the rest of the residues in the structure. The Het-NOE values in these regions of the protein
are also relatively small, indicating dis-orderness in these parts of the protein. Figure [4.7]
shows the mean structure derived from the 10 structures with the lowest energy.

The structure is a novel «,F—fold completely dissimilar of the four helix bundle structure of
the aspartate sensor [130}, 131]. Consistent with gel shift data, the average T4, of the wild type
protein is around 110 mS corresponding to a monomer. This is dissimilar to the aspartate
sensor which was a dimer in solution. In a DALI [45] search the closest match is photoactive
yellow protein(PYP) from Halorhodospirahalophila [120], which also shows an «,F—fold,
however, with 5 instead of 4 J—strands. The topology of strands (33, 34 and (5 of PYP is
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Figure 4.8: Comparison of secondary structure of periplasmic domain of DcuS with its structure
homologue, photo active yellow protein (PYP).

similar to the strands (5, 53 and 34 of DcuS-PD (see Figure for comparison of secondary
structural element). However, the rest of the secondary structure is quite dissimilar. While
in PYP the PAS core domain connects the strands 35 and 33 by crossing the whole 3—sheet
in a diagonal manner, there is no PAS core domain in DcuS-PD and the connection between
sheets (31 and [, is achieved on one side of the F—sheet. Similar to PYP, thee are two
hydrophobic cores on both sides of the f—sheet formed. Helices oy and g, bind to the
bottom side of the —sheet, while helix a4 and the connector attach to the upper half of the
[—sheet. In PYP the chromophore binding site is formed by the PAS core domain. Dissimilar
to PYP, in DcuS-PD residues located in the f—sheet (Argld7) as well as in the connector
(Argl07 and His110) across the f—sheet contribute to the putative binding site of fumarate.
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Figure 4.9: 'N-'H Heteronulcear NOE values for DcuS-PD are plotted against residue number.
Most of the values are between 0.6-0.9 indicating highly rigid structures. Het-NOE values for a
number of residues in the N and C terminals were unable to be determined due to poor sensitivity
in the reference spectra.

4.2.4 Binding studies on DcuS-PD

DcuS senses a number of C4-dicarboxylates like fumarate (Kd 5 mM), succinate etc [122].
The isolated DcuS-PD was used for the binding studies of the effectors to the domain by
NMR spectroscopy. During the addition of fumarate, sharpening of peaks were observed for
some of the amino acids of the periplasmic domain in *N-'H HSQC spectra (Figure [4.10)).
The affected residues cluster in a well defined region in the structure of the periplasmic
domain of DcuS involving amino acid residues 107-168 (Figure Left panel). This region
in the structure correspond to the binding pocket of citrate in the periplasmic domain of
CitA. There were no chemical shift changes observed during the titration. Sharpening of
peaks were not observed when the protein sample contained a detergent (CHAPS) used for
the titration with fumarate. This suggest that the detergent might have shielded the binding
pocket of DcuS-PD.
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Figure 4.10: Ratio of peak heights in ""'N-'H HSQC spectrum after the addition of 30-fold excess
of fumarate to DcuS-PD. Titrations were carried out with addition of properly buffered sodium

fumarate to a solution of protein at 1.2 mM. Residue that shows the maximum peak intensity is
Q144
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Figure 4.11: Plot of chemical shift changes in »N-'H HSQC when D-tartrate (50-fold excess) is
added to periplasmic domain of DcuS (1.2 mM). The chemical shift plotted here is the sum of '°N
and "HY chemical shift, properly scaled using the method given in chapter [2, section . Residue
that shows the maximum chemical shift change is G140.
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Figure 4.12: (Right) Structure of DcuS periplasmic domain showing the residues most affected by
fumarate titration. The residues, represented as sticks in the structure are R107, A113, 1116, K121,
A128, N134, A136, A143, Q144, A145, R147, F149 and T150. (Left) Structure of DcuS periplasmic
domain showing the residues most affected by the tartrate titration. The residues shown as sticks
on the structure are V89, K91, .96, F97, V100, H110, A113, Q114, Q118, K121, D124, N134, G140,
A145, and T150. Common residues that are affected both by fumarate and tartrate titration are
represented in green colour and the residues individually affected by the ligand titration are shown
in blue sticks.

Figure 4.13: Electrostatic surface potential of DcuS-PD with positive and negative potentials
coloured blue and red respectively . This reveals a positive charged surface region in the putative
binding site of DcuS-PD. Residues of this region of the protein are mainly affected by the ligand
titration.
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D-tartrate is regarded as a non-physiological stimuli of DcuS [132], but is structurally
closely related to other C4 di-carboxylates and binds to DcuS with a higher affinity than
fumarate (apparent Kd is 0.5 mM [132]). Chemical shift changes were observed for a number
of residues when DcuS-PD was titrated with D-tartrate (Figure [.11)). Most of these residues
belong to the same region that was affected by fumarate binding. Such chemical shift changes
were observed only for D-tartrate and not for L-tartrate. There was a set of common residues
that were affected both by the fumarate and tartrate titration (Alall3, Lys121, Asnl34,
Alal45 and Thrl150-refer Figure : Residues coloured in green). Other residues were
specifically affected by fumarate (Argl07, Ile116, Alal28, Alal36, Alal43, GInl44, Argl47
and Phel49-refer Figure Residues coloured in red in the right panel) or D-tartrate
addition (Val89, Lys91, Leu96, Phe97, Val100, His110, Gln114, GIln118, Asp124 and Gly140-
refer Figure : Residues coloured in blue in the left panel). A comparison of the affected
residues reveal that fumarate and tatrate bind to the same positively charged binding pocket
in the DcuS-PD domain (Figure[.13). In addition, some residues located outside this defined
binding pocket are specifically affected by D-tartrate and more non-polar residues are affected
by fumarate than D-tartrate, the latter containing two additional hydroxyl groups. Titration
experiments were also performed with nitro-propionate (known to be sensed by DcuS at
higher affinity than fumarate, Kd 0.4 mM [I32]) as ligand, but unfortunately no visible

effects were observed in the spectrum during the titration.

Alignment of the amino acid sequence of the periplasmic domain of DcuS from E.Coli
with those from the citrate sensor CitA from Klebsiella pneumoniae[127,133] and other DcuS
and CitA proteins revealed conserved residues in the members of the CitA/DcuS family
(Figure . Most of the conserved residues are hydrophobic and might be structurally
relevant. Charged residues are conserved in both types of proteins (D102, R107, H110 and
R147).

Mutation of the charged residue like R147, H110 to a non polar residue like Alanine com-

pletely repress dcuB’-’lacZ reporter gene fusion, indicating loss of effector binding. Another
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set of mutation for amino acid residues that are specifically conserved in DcuS-type proteins

(M103, F120, F149 and Q159) also impair DcuB’-"lacZ expression [132].

|

DecuS EC 43 ---QISDMTRDGLANKALAVRARTLADSPE IRQGLOKKPQESG-——-—-—--—= IQATAEAVRKRN-DLLEFIIVVIIDHbSL
AAN45523 SF 43 ---QISDMTRDGLANKALAVRRTLADSPEIRQGLEKKPQESG--- ---IQATAEAVRKRN-DLLF[LVVICPMDSL
Q8ZKD8 ST 43 ---QISSMTRDALADKAL ADSPAVREGLKKPPAESG- -~ ---IQTLAEAVSQHN-GFLF[LVV| GI
DctS BS 36 ----- QHTEERELKKRLMNTRRTNVSEMTEVKE. RKKQTEA-—-— ---VRHAVEEIRMIN-EADY[IVV} HI
YufL BS 33 ---QTTKRIRDQEKATALQTREMVAEAPMTAAALESGKKQKE -~ - ---LQSYTKRVQKIT-GTEFVV GI
DctS BH 36 ----VTSIKEDELSNRTMITRADLVADNHTVQOWVDAKPEEASR- - --TLQPIVERIRVIN-DHDY[[VLLNMDRI
Q9KFTO0 BH 33 --VATSERLQSNIEEKAIAI T AQWVIDGLENEEEEWR-—-— ---VQTYTMEIQSAT-DVLF[IVVMD! GI
BAC15176 OI 33 --YATGERLKENIEEKAVIISRT SEWVINGLONKDEEKY - - - ---IQEYTNEISRYT-DLTFLVVMPMDGI
Q8XNO7 CP 30 --EDKLSYMDEDVRNTLKETRFS[ISEIPFIQEDLSNGEINSR--- ---IQEYTKHFIEAINDVDI[LVVRDMRGV
Q8K7K2 SP 30 MLHDTHQSIKNQETHLLTSTS] BHQATKELLLNNQPNAK----—----—- TTAYTNSIASIY-NLDYWVV GI
citA EC 43 --ASFEDYLTLHVRDMAMNQAKITAENDSVISAVKT-RDYKR----------- LATIANKLQRDT-DFDYVVIGPRHSI
CitA KP 44 -TDITEERLHYQVGQRATIQAMOI SAMPELVEAVOK-RDLAR--~ ---IKALIDPMRSFS-DATY[ITVGPASGQ
CitS BH 35 --EQYARTLEEQMGERALSVRDAVALIPELREAFSAERPDEI--— ---IQPIAESIRVET-GAEF[[VVGN[DLI
BAC15207 OI 32 ----ERDQTRQLIGQQALTTAIAVSEIPEVQHVIEHQKDADV--- ---LQPFIERIRKQS-NAEF[[VIGDRNSI

Q9KRN1 VC 36 —----- KHSQEQEVGQOKALGVARFLADTPAVINMIKTGRASDD - - - ---QQQSYRELTQLI-GAAF[VIGPNQGI
Q8ZRO9 ST 43 --ASFEDYLASHVRDMAMNQAKITARNDSIIAAVKN-RDYKR--- ---LAIIANKLQRGT-DFDYNVIGPRHSI
Q9L1K9 SC 38 ----DRGQAEEAAGRQARAVISLATADSPSVAEATRTPDPTAL----------- LQPYAVRVMRDT-DVDFVTIMNPEGI
Q8NU71 CG ----MMDOMKTEAEHTALS IGRSVAFNPQIREEVALDTQTGANPSAEELADGD IQAVAQAANERT -GALFVVI[TPELGT

Hoh b W b

DcuS EC SHPEAQRI GOQPFKGDD ILKAILN-GEENVAINI 'LAQ) I[YDENHKDFIGVVAIGLELSRVTQQINDSRWS 182
AAN45523 SF RYSHPEAQRIGQPFKGDDILNALN-GEENVAINRGFLAQ) TP IIYDENHKDI-IGVVRIFLELSRVTQQINDSRWS 182
Q8ZKD8 ST  RYSHPETQR[GQPFKGDDILLALQ-GKENVAINRGFLAK TPVIYDEHHRQH-IGVVRIFLELSHVTQQINNSRGS 182
DectS BS THPVSTS [ GKKEEGADEEARFA-EHIYFSE. IGT ODLNDHIGVVLVEKTLPGIADILLHLKRD 173
YufL BS RKTHPDPSK[ FKKFRGGDESEVLK-GHVHISTASHTLGK AENGKRI-VGAVAVEI TVNEIDEVISHSLRP 172
DctS BH RITHPIPERLOTPFVGGDEDPRFA-EHIYLS GVVIT MP ILNQQREDIVGVANVVESVLPSYADMIQEF--- 173
Q9KFTO BH b'-lllmpn [ GKRFNGGDEVARAILE -GREHVSISTGTLGES! TP I[FNDHGED|HLG/ VEISLOQEVNDVLADNHTS 173
BAC15176 OI RKSHPNPEL[FKPFVGGDEDTNVLEQGIEHISISERTLGDELRAFSPIFNEEGEDHI GAVEVEISLOEIDDVINNN--- 171
Q8XNO7 CP  KYSHLDEKQ[FQVFVNEDKKENLTQGSSYYS: MGE[TLRIFR -NGKRI-VGF [MVEKYYNEIQLLTHKT--- 168
Q8K7K2 SP  RILTHPNPKN[GKPFRGGDEEAVLA-GKKVIST. LGKE vEDGD—Kz-IGA VBIKLTTLNDVALTSKRN 171
citA EC RLYHPNPEK[ YPMQ- FTKQGRILEKGE SF I TGRS KIrP IIFDDDGKV-[LGVVBL FRLVSKIDSWRAEF--- 179
CitA KP RIL Y] PDE [ GKSMEGGDSDERLINAKSKVSV LGSBILRG IODATGKV-[LG[L FIEQLEN-------- 177
CitS BH RYAHPLPER[IFQ ONERRLV KAVIESLGPB[L [FDDNGKI-[LG[l [LMEDIQQVIGER--- 173
BAC15207 OI RYTHPDPDKVEMOMVGGDNEQRLVDGENKVS IANGSLGA TFNSDGDI -G {ISYVDSLFKQG--- 168
Q9KRN1 VC  RLVHPIDER[FKPMVGGDNERALVEGEANNVSFAQGSLGK VVDQHGQI -[LG] IERLQDRVEP---- 170
Q8ZR09 ST  RLYHPNPEK[GYPMQ-FTKPGALE. M I TGRS T rpIFDNEGNV—IGVVB[LFRLVSKIDSWRIDF--- 179
Q9L1K9 SC THPEPTE [ FHLFQG-HIERADR-GOTFTETY T L IVD-DGRI-VGLVERAGEKVEEISKRAQEQ-—- 171
08NU71 CG  RLSHPDEERLFEQVS-TSFEARMR-GEE[MAWETHTLGASARAKVP IIFAPDS SVPVGEVBVEEERDSVY SRLPM---~ 191

Figure 4.14: Comparison of the amino acid sequences of the periplasmic sensor domains of C4-
dicarboxylate or citrate sensory histidine kinases. Amino acid residues conserved in both types
of proteins are boxed; amino acids conserved in only one of the types of are boxed and shaded.
Amino acid residues of E. coli DcuS that were changed by site-directed mutagenesis are indi-
cated by arrows. BS, Bacillus subtilis; BH, Bacillus halodurans, CG, Corynebacterium glutamicum;
CP, Clostridium perfringens; EC, Escherichia coli; KP, Klebsiella pneumoniae; OI, Oceanobacillus
thejensis; SC, Streptomyces coelicolor; SF, Shigella flexneri; SP, Streptococcus pyogenes; ST,
Salmonella typhimurium; VC, Vibrio cholerae. This figure has been reproduced from [132].

The wild type periplasmic domain used in the study was well folded (See Figure m peaks
in blue) and the residues R107, H110, and R147, found from the mutational studies to be
essential for fumarate binding appear to be in close proximity in the structure, suggesting that
the binding motif is retained in the periplasmic domain. In order to observe the influence
of mutation on the effector binding on DcuS-PD, »’N-'H HSQC spectra of the mutants
were measured. ’N-H HSQC spectra of the mutants H110A and F120M showed very small
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chemical shift dispersion in proton dimension which are characteristic of unfolded proteins (
Figure panel B and C). For R147A, severe line broadening of resonances were observed
denoting a high oligomerization state of the protein( Figure m panel D). Moreover R147A-
PD was highly unstable and precipitated in the NMR tube very quickly. Unfolding and
aggregation of these mutants indicate a loss of structure and stability in these mutants.
This study illustrates that these residues are very important for the fold of DcuS-PD. The
decrease in the binding affinity of ligands in the biological assay could partly be due to these
point mutations which are related to the loss of the three dimensional structure of mutated

sensory domain.

4.2.5 Conclusion

Solution structure of the ligand free periplasmic domain of DcuS was determined. Structure
reveals a PAS fold with the putative binding site of the ligand formed by the beta sheet and
the inter strand loops. Titration experiments were carried out with dicarboxylates namely,
fumarate and tartrate. The affected residues cluster around the putative binding pocket
of DcuS-PD. Upon fumarate titration only sharpening of peaks were observed indicating a
stabilization of the structure with the binding of fumarate. Upon titration with the non-
physiological stimuli tartrate, small chemical shift changes were observed for a subset of
peaks in the HSQC spectrum. The presence of two hydroxyl group in tartrate makes this
C4 di-carboxylate to bind to DcuS-PD with much higher affinity. Because of the presence
of two more charges, more polar residues are affected upon tartrate titration. However, even
with tartrate, no major conformational changes could be observed in the C-terminus of the

protein to indicate signal transduction.
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Figure 4.15: (A) DcuS periplasmic domain with the residues that are mutated are indicated by
sticks. The residues shown are H110, F120 and R147. (B) °N-'H HSQC of DcuS-PD mutant
H110A. The protein was unfolded with small dispersion in chemical shift in the proton dimen-
sion.(C) N-'H HSQC of DcuS-PD mutant F120A. This protein is also unfolded with small dis-
persion in chemical shift in the proton dimension. (D) Overlay of >'N-'H HSQC of wild type
DcuS periplasmic domain (blue) with R147A mutant of DcuS-PD (red). Severe line broadening
is observed for the peaks of the mutant in the HSQC. Large number of peaks were missing when
compared to peaks in the HSQC of the wild type DcuS-PD.
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4.3 Periplasmic domain of the sensory domain of the
two component citrate sensor CitA

4.3.1 Introduction

Several species of enterobacteria are able to use citrate as the sole carbon as energy source in
both aerobic and anaerobic conditions. The most extensively studied organism with respect
to citrate metabolism is Klebsiella pneumoniae. During aerobic growth, citrate is taken up
in symport with protons and then metabolized via the tri-carboxylate cycle. The transport
is catalysed by the a protein encoded by the citH gene, which is expressed constitutively in
the presence of oxygen [134], 135], 136]. During anaerobic growth, uptake of citrate is a Na™ -
dependent process [137] catalysed by the CitS protein. Within the cell, citrate is metabolized
by the citrate specific fermentation enzymes like Citrate lyase, oxaloacetate decarboxylase

ete.

N e S N N/
Citrate lyase Oxaloacetate

decarboxylase Two-component
system

Figure 4.16: The cit regulon of Klebsiella pneumoniae. The regulator CitB binds between citC
and citS, where it induces the transcription of the genes required for citrate fermentation.

The cluster of genes which confer the property for bacteria to grow anaerobically is
believed to form a regulon [I38] ( See Figure [£.16] ). These include genes for the citrate
carrier protein CitS [I39], that is flanked downstream by the genes for oxaloacetate decar-
boxylase(oadGAB) [140, [141], 142] and upstream by the citCDEFG genes coding for citrate
lyase ligase (CitC), citrate lyase (CitDEF) and a protein of yet unknown function (CitG)
[143]. The two component regulatory system citAB located downstream of the oadB gene
codes for the sensor histidine kinase (CitA) and its response regulator (CitB) [138]. Muta-
tional analysis suggest that the CitAB system is essential for the expression of citrate spe-

cific fermentation enzymes. CitB null mutants of Klebsiella pneumoniae were unable to grow
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anaerobically with citrate as the sole carbon source and none of the citrate specific fermen-
tation enzymes were synthesized [138]. This showed that citS, oad GAB and citDEF required
the CitB protein for expression and therefore are part of a regulon. From analogy to other
two component systems [144], 124] [T45], the signal trigger should then come from the sensor
histidine kinase CitA [127]. In the presence of specific signal molecule(citrate), CitA is first
autophosphorylated with ATP as substrate. CitA delivers the phosphoryl moiety to CitB.
CitB then binds to a specific target within the cit regulon ( Figure m ), thereby inducing

the transcription of its genes.

Mo, 0, cluster Histidine stacking

Figure 4.17: X-ray structure of GJ dimer of CitAP in complex with citrate and molybdate (pdb id
1P0Z). The citrate-binding pocket is on the right. Citrate-molybdate (right) and isopolymolybdate
(bottom) groups are shown as stick figures. A putative sodium ion is shown as a green sphere

CitA, like DcuS is a membrane bound sensor kinase consisting of a periplasmic domain
flanked by two trans-membrane helices, a linker domain and the conserved kinase domain.
The structural morphology of CitA is also very similar to DcuS. As mentioned above, the
signal detection happens in the periplasmic domain of CitA (hence forth called CitAP).
CitAP is very specific for citrate [127] and bio-chemical studies indicate that citrate binds
to CitAP with a K4 of 5 uM [I33].The aim of the study was to investigate the structure of
CitAP with and without the ligand and to determine the structural changes that may cause

the signal transduction across the membrane into the cytoplasmic domain.
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X-ray structure of CitAP in complex with citrate and molybdate was already determined
[146] (pdb id: 1P0Z, Figure . The structure reveals that CitAP adopts a PAS domain
fold with the ligand binding pocket formed by the 3 sheets, a short helix and the flanking
random coil residues (Figure . Two arginines, a lysine and a histidine were found to
interact with citrate in the binding pocket. Due to the crystallization condition, there was
also a molybdate(MoO3) moiety in the binding pocket which was in complex with citrate. The
presence of molybdate in the binding pocket was unexpected as citrate is transported into
the cell without any metal complex formation. Two dimeric forms of CitAP were observed in
the crystal lattice. One of it might be artificially induced by the stacking of the C-terminal
histidine tags, used for the purification of the protein, as seen in the Figure A large
molybdate cluster(Mo;0s4) was also found interacting with the N- and C-terminal region.
The citrate free structure of CitAP was still undetermined and hence the structural change

accompanying the ligand binding was poorly understood.

4.3.2 Materials and Methods

Sample Optimization

Initially, CitAP protein was produced in the lab of Prof. Bott in Jiilich. The protein was
first produced with a C-terminal 6 membered histidine tag. For testing the stability of the
protein, two fragments of the protein were made, a longer fragment consisting of amino
acids 39-185(Citsg_185) and a shorter one consisting of amino acids 45-176(Citys_176). The
longer protein fragment included a small part of the trans-membrane helix in the N- and
C-terminal. >’N-'H HSQC spectrum of the '°N labeled protein produced from the two
fragments are shown in the Figure [4.18] The longer fragment (panel (A) Figure was
unstable and precipitated very quickly. The HSQC spectrum of the longer fragment had more
peaks than the one from the shorter fragment (panel (B) Figure but most of the peaks
were very broad. This could be due to the presence of hydrophobic residues in the longer
construct (more specificaly tryptophan,leucine etc) resulting in an increased propensity to
aggregate. The shorter fragment (more stable) was used for all further studies as the peaks in

its 1N-TH HSQC spectrum had more favorable line width for three dimensional experiments.
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Figure 4.18: Amino acid residues for the short and long fragment of the protein prepared are given
on the top. (A)N-'H HSQC of longer construct. The spectrum was measured on the 600DRX
spectrometer at 310K. (B)!N-'H HSQC spectrum of the shorter construct measured on the 600
DRX spectrometer at 310K. Only 62% of the expected peaks are seen in the spectrum. (C)N-1H
HSQC of CitAP of the shorter construct at higher salt concentratation(300 mM). Fewer peaks are

seen in this spectrum compared to the HSQC spectrum in (B)
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Nevertheless the shorter construct had only 60% of the expected peaks. Hence to further
improve the spectrum of the smaller construct, different conditions for experiments were
tried.

1) Change of pH of the buffer from 7 to 6 did not improve the spectrum. Lowering the
pH reduces the amide-proton and water chemical exchange. This confers better relaxation
property for NMR measurements. Hence all later experiments were measured at pH 6.00

2) Salt titration was carried out with step-wise addition of properly buffered NaCl solution
(panel (C) Figure[4.18)). Again no improvement in the spectra were observed (0 to 100 mM).
On addition of more salt, some resonances start to disappear (100 to 300 mM). All later
experiments were measured with no additional salt other than the 50 mM sodium present
in the phosphate buffer.

3) To determine the optimal temperature for measurements, HSQC experiments were
measured by varying temperature from 290 K to 310 K. Better spectra were observed at
higher temperatures.

The final buffer condition were 50 mM Na,HPO,/NaH,PO, at pH 6.00. The spectrum also
improved when the histidine tag on the protein was cleaved off. The conditions optimized for
the histidine tagged protein were later used for all experiments measured for preparations
without the histidine tag. All three dimensional experiments were measured at 298 K using
the protein prepared with the shorter construct and without the histidine tag. At higher
temperatures the protein started to precipitate in the course of longer experiment. The
triple resonance experiments measured for the backbone assignment are listed in the table
and [2.3] The citrate bound form of CitAP was obtained by the step wise addition of
sodium citrate to the citrate free sample of CitAP. Three dimensional experiments for the
backbone assignment were repeated for the citrate bound form of CitAP. These samples were

stable for a week and then degraded very quickly.

Later, 1°N, 13C labeled protein samples were produced in our department in the molecular
biology laboratory, supervised by Dr. Stefan Becker. Samples were very stable and did not
degrade even after keeping them at 4°C for months. These samples were used to re-measure

the three dimensional experiments acquired with the previous sample. The measurements
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were also repeated for the citrate bound form of CitAP. Because of the higher stability of
the samples all three dimensional experiments were measured at 310 K. These experiments

were used for the protein backbone assignments of citrate free and citrate bound form of

CitAP.

In order to measure RDCs, citrate free and bound form of CitAP samples were oriented
in bacterial filamentous phages. The concentration of the phages in the sample were 12
mg/ml in the citrate free and 15 mg/ml in the citrate bound CitAP. 'Dyy couplings were
measured for the citrate bound form of CitAP. A set of 'Dyg, 'Dyc and 'Deco were
measured for citrate free form of CitAP. The 'Dyco and 'Dyy couplings were measured
using the TROSY-HNCO sequence described in chapter [3l 'D¢rc, couplings were measured
with HNCO experiment by removing C, decoupling in the C’ dimension. The measured

residual dipolar couplings of CitA of the free and bound form are given in the Table and
respectively.

Simultaneous °N and *C NOESY experiment was measured with a mixing time of 120
ms. Heteronuclear NOE experiments were measured with a recycling delay of 5 seconds. The
average rotational correlation time (7.) of CitAP was determined using the NMR experiment
given in reference [64]. A detailed description of the calculations of (7.) is given in the

methods part (Chapter , section m

4.3.3 Results and Discussion

Titration results

As indicated earlier, the available structure of CitAP(1P0Z) was obtained by crystallizing
a histidine tagged protein. The structure was found to contain citrate in complex with
molybdate.

In order to determine the influence of molybdate on the binding of citrate to His-tagged
CitAP, titration experiments were carried out with citrate and molybdate using histidine
tagged N labeled CitAP. >’N-'H HSQC experiment was measured for each titration step.

Titrations were carried out by step-wise addition of sodium citrate to the protein. Sharpening
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of peaks and chemical shifts changes were observed in the »N-'H HSQC with an addition of
one equivalent of citrate to the protein, indicating the binding of citrate to CitAP (Figure
peaks in blue). A second sample was used to add sodium molybdate to the protein.
Broadening of signals were observed indicating a higher aggregation state of the protein.
Most of the signals disappeared upon addition of 20 fold molar excess of molybdate (Figure
peaks in green ). On addition of citrate to the molybdate bound CitAP solution, line
broadening decreased and peaks started to re-appear. No major changes were obtained after
addition of 20 fold excess of citrate to the molybdate bound CitAP solution (Figure
peaks in red). This corresponds to the published crystallization condition of citrate bound
CitAP (1P0Z). The difference in the HSQC spectra of citrate bound CitAP and citrate
and molybdate bound-CitAP, demonstrates that there might be a difference in the protein
structure with citrate alone and citrate and molybdate together bound to CitAP. From
the titration experiments it is clear that the citrate binding to CitAP does not require
the presence of molybdate. Since the importance of molybdate in signal transduction is
less understood, further experiments for backbone assignments were obtained without the

influence of molybdate.

Therefore the new study of CitAP will be based on the backbone assignment of the CitAP

shorter fragment, without the histidine tag, in a buffer which does not contain any molybdate.

Extent of assignment

Usual three dimensional experiments were acquired for the backbone assignment of the citrate
free and citrate bound CitAP. These are listed in Table 2.4, Only 85 peaks were observed
out of 129 peaks expected in the N-'H HSQC spectrum of citrate free CitAP. The use of
TROSY based NMR experiments did not give any additional peaks. Out of the 80 peaks
for which Ca connectivities were present, 72 peaks were assigned. The Backbone chemical
shifts of the assigned residues are given in Table [B.1} The *N-'H HSQC spectrum of the
citrate bound form of CitAP gave 109 peaks out of the possible 129 peaks expected from
the amino acid sequence. Since the binding of citrate to CitAP was in slow exchange, peaks

could not be followed during the titration. Hence the three dimensional experiments for
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Figure 4.19: Overlay of ">'N-'H HSQC spectra of molybdate titration using the His-tagged CitAP
shorter construct. Peaks of the spectrum with 20 fold excess of molybdate is in green. Extreme line
broadening is observed for most of the peaks. Peaks in red were obtained from a spectrum with 20
fold excess of citrate and molybdate. Peaks in blue were obtained with 5 fold excess of citrate in
the protein sample. Large changes in chemical shifts are seen between the spectrum of molybdate

and citrate, and citrate alone.

G121

1104

1154

PN (ppm)

1204

1254

Ko
oo
~J4

'H (ppm)

Figure 4.20: 'N-'H HSQC spectrum of citrate free CitAP with the assignment of amino acid given
on top of the peaks. The spectrum was measured at 900 MHz at 310 K.
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backbone assignments had to be re-measured for the citrate bound form of CitAP (Table
[2.5)). Assignment was obtained for 100 out of 109 peaks seen in the *’N-'H HSQC spectrum.
Chemical shifts of the assigned peaks are listed in Table [B.2] >N-'H HSQC of the citrate

free and citrate bound forms of CitAP including their assignments are given in the Figure

and Figure respectively.
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Figure 4.21: '>'N-'H HSQC spectrum of citrate bound CitAP with the assignment of amino acid
given on top of the peaks. Ten fold excess of citrate was present in the solution. The spectrum was
measured at 900 MHz at 310 K.

4.3.4 X-ray structure of citrate bound form of CitAP without
molybdate

Due to lack of complete backbone assignments of the citrate free and bound form of CitAP,
the NMR solution structure could not be determined. X-ray crystal trials were simultaneously
performed using the protein made with the shorter construct and without histidine tag as
well as without molybdate in the crystal screening buffer. Crystallization trials were carried
out by Dr. Stefan Becker in our department. He obtained crystals of CitAP in the citrate
bound form and solved the structure in collaboration with the group of Prof. George M.

Sheldrick at the university of Gottingen.
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Figure 4.22: Citrate-bound structures of CitAP. (A) The secondary structural elements, major
loop and minor loop residues highlighted in blue, bound Na™ in green and the bound citrate in
stick representation. (B) Superposition of 1P0Z (differences shown in dark blue) on the new citrate-
bound structure (differences shown in yellow). Citrate is shown in stick representation (yellow: new
structure, blue: 1P0Z). MoOj3 near the active site and bound Mo70Oz24 near the N- and C-terminus
of 1P0Z are are shown in stick representation.

Figure 4.23: (A) Dimer in the asymmetric unit of our citratebound structure showing bound Na™
(green spheres). (B) Top view of the dimer in the asymmetric unit of our citrate-bound structure
showing the interface residues.
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The crystallization condition was 0.1 M HEPES, pH 7.5, 1.6 M (NHy4)2SO,4 and 5 mM sodium

citrate.

Structure discussion

The amino acid numbers used in the discussion of the X-ray and NMR part is the same
as in the published CitAP structure. These residue numbers have an offset of 46 from the

amino acid number in the CitA protein sequence.

There are two monomers in the asymmetric unit (citrate-bound-A: residues 4-132, citrate-
bound-B: residues 6-129), which form a dimer. Structurally (Figure panel A) each
monomer has a PAS domain fold, highly similar to the monomers found in the asymmetric
unit of 1P0Z (Figurem panel B) with an r.m.s.d. of only 1.2 A. The bound citrate and the
Na™ in both structures superimpose nearly perfectly and their binding modes are very similar
(Figure panel B). The binding pocket is made up of the minor and major loop at the
top and the (3 sheet in the bottom. In this structure the backbone of the major loop (residues
63-92) is twisted between residues 78 and 84 by about 20 degrees in direction of the -sheet,
occupying the space where MoOj is located in 1P0Z. Additionally the minor loop (residues
96-106) is relocated by about 1 A towards the major loop in our structure. Overall these
conformational differences in minor and major loop result in a much tighter closure of the
citrate binding pocket in this structure compared to 1P0Z. The extended conformations of
the N- and C-termini in 1P0Z are likely to reflect both domain truncation and tight packing
against the Mo;0qy cluster (Figure m ). In the new structure the N-terminal region has a
helical conformation from residue 7, and in the C-terminal region there is a 319 helix from
residues 129-131 (monomer A). Several lattice contacts are made by the N-terminal residues.
Therefore the specific structure of this region must also be considered with caution. NMR
chemical shifts, on the other hand, support a significant helical propensity of residues 129-
131 in solution (Figure . In either case, the conformation of both termini may also be

further altered by attachment to the trans membrane domains TM1 and TM2.
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Dimer interface

Figure 4.24: Superposition of the GJ type dimer of 1P0Z (dark blue) and the dimer of the new
citrate-bound CitAP structure in the asymmetric unit. (A) side view (B) top view.

The overall shape of the dimer found in the asymmetric unit of the new citrate-bound
CitAP structure (Figure panel A) resembles the GJ-type dimer of 1P0Z (Figure 4.17)).
In 1P0Z the dominant feature of this dimer interface is the pairwise parallel association of the
N-terminal helix H1 from one monomer with the H3 helix of the other (Figure panel C).
In the new structure, helices H1 form a central parallel bundle involving residues 11-27, with
helices H3 (residues 48-51) packed against them on either side (residues 21-25) (Figure [£.23]
panel A and B). In the new structure dimerization mode results in a tightly packed dimer with
an interface covering 2123 A? of accessible surface area. The GJ-type dimer in 1P0Z is by far
less tightly packed, with an interface of only 1415 A2. The superposition of their backbones
(Figure results in an r.m.s.d. of 3.6 A, compared to only 1.2 A for the monomers,
emphasizing the distinct dimer packing interfaces. Both structures differ also strongly in
the hydrophobicity of their interface. In the GJ-type dimer of 1P0Z the Phe51 residues
form a central hydrophobic patch (Figure [4.23) panel C) that is extended via hydrophobic
interactions into the hydrophobic cores of both monomers. In the new structure the interface
between the monomers is in the region between helices H1 by far less hydrophobic. Thus,
despite high structural similarity between the monomers, the dimerization modes in the new

citrate-bound CitAP structure and in the GJ-type dimer from 1P0Z are very different in
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size and nature. Given the more extensive interface observed, the new citrate-bound dimer

is more likely to represent the physiological association.

4.3.5 X-ray structure of citrate free form of CitA

Structure of citrate free CitAP was yet to be determined. Hence simultaneously with the
crystallization of the citrate bound form of CitAP, Xray crystal trials were done on the free
form as well. The citrate free CitAP was able to be crystallized in a buffer containing 20
mM HEPES, pH 7.5, 0.63 M NaH,PO, and 0.63 M KHsPO,. The structure of citrate-free
CitAP was determined to a resolution of 2.0 A . There are two monomers in the asymmetric
unit (citrate-free-A and citrate-free-B) (Figure [4.25). In citrate-free-A residues 1 to 131
were traced, except for a part of the major loop (76-85). In citrate-free-B, residues 3 to
128, including the complete main chain of the major loop residues (63-92), were traced
(yellow in Figure . For a number of these residues the refinement resulted in decreased
occupancies. This suggests mobility of the major loop, in agreement with the fact that part
of the major loop residues could only be traced in one of the monomers. Pairwise r.m.s.d of
backbone residues of the two monomer structures show large deviations in the major loop
region (Figure top panel). Only 12 common hydrogen bonds were found between the
two monomer structures. This is a hint toward a very flexible structure for the citrate free

form of CitAP.

Figure 4.25: Structure of Citrate-free CitAP with superposition of both monomers in the asym-
metric unit. The major loop that could be traced in one of the monomers is colored in yellow
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4.3.6 NMR studies on the citrate free form of CitAP

Only 62% of the possible peaks were observed in the N-'H HSQC spectrum of the citrate
free form of CitAP. The average rotational correlation time (7.) measured for the protein was
7.54 ns, indicating a monomeric CitAP in solution. No improvement and no additional peaks
were observed with TROSY-HSQC spectrum. These results suggest that line broadening due
to conformational exchange might be the cause of the disappearence of around 40% of the

peaks.

Usually, three dimensional experiments for protein backbone assignments are acquired
with amide proton detection in the direct dimension. These amide protons are the most
sensitive to line broadening due to chemical exchange. In order to limit line broadening due to
conformational exchange, several non-standard NMR experiments were acquired. To reduce
amide proton chemical exchange broadening, CPMG-HSQC experiments were measured.
CPMG sequence was applied during the INEPT (refer to Chapter for description of INEPT)
transfer period in the normal HSQC. Relaxation due to chemical exchange is reduced in the

CPMG sequence. No additional peaks were obtained in the CPMG-HSQC spectra.

Rather than using amide detection in the direct dimension, H, detected experiments were
also tried. Back and forth HACACO experiment with H,, detection in the direct dimension
did not give any additional peaks (refer to Chapter 2 section for more details). Only
80 peaks were observed in the spectrum (Figure panel A ). This implies that line

broadening due to chemical exchange is not restricted to amide group only.

To determine the presence of conformational exchange in the side chain resonances in the
protein, C-'H HSQC experiment was measured. Methyl groups have the most favorable T
relaxation time due to rapid rotation of its carbon-carbon single bonds. The ¥*C-'H HSQC
spectrum of the methyl region of the citrate free CitAP shows only 62 peaks (Figure [£.26]
panel B ). 85 possible peaks were expected from the protein sequence. The missing number
of methyl resonances fit well with the number of methyl peaks that were expected from the

unassigned amino acids in the protein sequence. This proves that line broadening due to
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Figure 4.26: (A)3C,-'H, projection of three dimensional HACACO experiment. Only 80 peaks
are observed in this spectrum. (B) C-'H HSQC spectrum of the methyl region. Only 62 peaks
out of 85 peaks are seen in the spectrum.

conformational interchange affect the side chain resonances as well. These results indicate
that there must be different conformations of CitAP in solution. This is in accordance with
the identification of two different structures for the monomers of CitAP in the asymmetric

unit of the citrate free CitAP crystals.

Nevertheless, the backbone assignment of 72 of the 80 peaks observed in the HSQC
spectrum were possible. The unassigned residues of CitAP is plotted onto the monomer B
of the structure of citrate free form of CitAP (Figure [4.39) ). It is interesting to observe that
most of the unassigned residues in the sequence are those residues which show large backbone
r.m.s.d deviations between the two forms of the monomers of the citrate free structure of
CitAP. These residues are mostly in the two 3 sheets and the parts of the major loop which
also defines the binding pocket for citrate in the citrate bound structure. The three residues

that are assigned in the major loop region have considerably high flexibility associated with
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it (refer to discussion below), this could have reduced the relaxation process which leads to

the disappearance of the other peaks in the major loop.
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Figure 4.27: Plot of measured rotational correlation time against individual residue number of
citrate free-CitAP. The plot gives a measure of flexibility of residues. Residues at the N and C
terminal and the two residues that was assigned in the major loop region show low 7. values
indicating major flexibility in these region.

Usual Ty, Ty methods for estimation of 7. have R, (relaxation rate due to conformational
exchange) term associated with it. For proteins for which R, is the dominant relaxation
rate, these methods give a very large value for 7.. Hence cross correlated relaxation rate
was used to determine the 7. values. The 7. values obtained using this method does not
have contribution from chemical exchange. As indicated earlier, the average 7. of CitAP
determined using this method (described in is 7.54 ns. Spectral density function of
a rigid body is used in the calculation for 7.s. Hence a lower bound for the values of 7.s
are obtained using this method. 7. for individual amino acids are determined. As described
in chapter [2] section 2.2.8] the 7. values are a function of the amplitude of local motion
associated with that amino acid residue (S?). Residues with lower 7, values than the average
value have significant flexibility term associated with it. Most of the residues showing low 7.

values are in the N and C terminals. The 7. for the amino acids assigned in the major loop
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region also have lower than average value, indicating high flexibility and deviation from rigid
body approximation (Figure . Heteronuclear NOE experiment was also measured for
the citrate free CitAP. The amplitude of motions in the pico- to nano-second time-scale is
investigated with the steady state ’N-'H NOE. »N-'H Het-NOE values therefore give a
measure of residue flexibility. The three residues for which assignment was possible in the
major loop (residues 81,83 and 84) , have lower Het-NOE value (lower than 0.6) indicating
high flexibility in this region (Figure [1.2§]) . This correlates well with the lower 7. values of

60 80 100 120

Residue Number

these residues (residues 81 and 83).

Het Noe values

Figure 4.28: 1°’N-'H NOE values measured for citrate free-CitAP are plotted against residue
number. Residues near the N and C terminal and the residue in the main loop region have lower
Het-NOE values indicating high flexibility.

4.3.7 NMR studies on the citrate bound form of CitAP

Citrate bound form of CitAP was obtained by the addition of one equivalent of citrate to
the protein sample. Binding of citrate to CitAP is in the slow exchange limit. 107 peaks
were observed in the ’N-'H HSQC spectrum of the citrate bound form of CitAP. Backbone
assignment was obtained for hundred of these peaks. The unassigned residues are mainly
located in the N-terminal helix (H1: residues 9-12, 15-19, and 22-24), linker between the H3
helix and the first 3 strand (residues 48-54) and in the citrate binding area (mainly in the
minor loop, residues 97-102) (refer Figure . These residues might be broadened beyond

detection because of chemical exchange. As discussed for the crystal structure of citrate
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Secondary chemical shifts

Residue Number
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Figure 4.29: Secondary structure of citrate bound CitAP. Secondary chemical shifts of AC,-
ACg+AC’.Secondary structural element from the new citrate bound crystal structure of CitAP is
given at the top of the figure.

Major loop

Figure 4.30: The unassigned residues in citrate bound form of CitAP are plotted on to the structure
of citrate bound dimer. The unassigned residues (red sticks) are mainly located in the dimer interface
and also in the minor loop of CitAP.
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bound CitAP, the N terminal helix (namely Helix1) is involved in the dimer interface. This
might be the reason for the chemical exchange broadening of the peaks due to a possible
dimer-monomer exchange (residues in the H1 and H3 helix are involved in dimer interface),
though previous studies indicate the presence of only 10% dimer in the solution of citrate

bound form of CitAP.

The secondary structure element was determined from the deviation of the C,, Cs and
C’ chemical shifts from the random coil values and are shown in Figure . Positive values
indicate helical propensity and negative value denote [ strand propensity. The plot of the
secondary chemical shifts of citrate bound Cit AP correlate well with the secondary structural
elements from X-ray structure of the citrate bound form of CitAP (Figure , top panel).
I5N-'H HetNOE values were also measured. Heteronuclear amide NOE values larger than
0.7 for most of the residues of bound form of CitAP imply rigidity of the structure. Amide
NOE values are slightly decreased in the N and C terminal regions of the protein indicating

flexibility in these regions.

4.3.8 Sodium binding to CitAP

Early microbiological evidence had indicated that anaerobic growth of K.pneumoniae on cit-
rate was Na® dependent [147, 148, [149]. It was also previously shown that induction of the
target genes by CitA/CitB requires not only citrate, but also Nat [138]. This feature is phys-
iologically meaningful as both citrate transport and metabolism are also strictly dependent
on Na™ [150, I51]. The X-ray structures seem to suggest a functional connection between
citrate and Na™ binding to CitAP, as Na® was identified only in the citrate-bound CitAP
structure. Although valence bond calculations strongly support this choice [I52], the iden-
tity of the Nat modeled in this structure is not absolutely certain. Similarly, the fact that
we could not identify an ordered Na™ in the citrate-free form does not strictly exclude the
possibility that Nat may be present but disordered. However NMR studies corroborate the
Na* binding to the citrate bound form of CitAP.
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Significant chemical shift changes and sharpening of peaks are the characteristic changes
observed in the ’N-'H HSQC when citrate is bound to CitAP. These changes are observed
with a one fold addition of sodium citrate to CitAP. On further addition of sodium citrate
(10 fold to 20 fold) in excess, small chemical shift changes were observed (Figure left).
Specific subset of residues are affected in the titration. Those residues which show additional
changes are in a well defined region in the CitAP structure, which corresponds to the Na™
binding site in the CitAP structure (Figure right). Hence as evident from the Na™

titration, citrate bound form of CitAP binds sodium in the fast exchange time scale.
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Figure 4.31: (left) Effect of Na™ on citrate bound CitAP. Overlay of the portion of HSQC showing
few peaks affected by Na™ titration. Peaks in red are from spectrum measured for one equivalent of
sodium citrate in the protein sample and peaks in green are measured at 20 fold excess of sodium
citrate. (right) Citrate bound-CitAP structure: withr residues most affected by Na% titration in
stick representation. Na™ ion is given in red sphere. The residue shown are M21, A25, M26, S93,
S110, Q113 and V123.

4.3.9 Residual dipolar coupling analysis

Residual dipolar couplings (RDCs) analysis is an efficient method to determine whether
the X-ray structure of a protein is retained in solution (refer to chapter , section .
To check for the presence of the X-ray structure of CitAP in solution, residual dipolar
couplings were measured. The citrate free and bound form of CitAP were aligned in bacterial
filamentous phages. Quadrupolar deuterium splitting was 9 and 7 Hz respectively. 'Dyg
RDCs were measured for citrate bound CitAP while a set of 'Dyg, !Dye and 'Deaea RDCs

were measured for citrate free CitAP.
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Figure 4.32: Correlation of measured H-N RDCs of citrate bound CitAP with back calculated
RDCs from different crystal structures of CitAP. (A) Correlation between measured HN RDCs
with back calculated RDCs from monomer A ( (A)), monomer B ( (B)) of citrate free-CitAP and
the new citrate bound structure of CitAP ( (C)). The correlation coefficients were 0.528, 0.559 and
0.962 respectively.

RDCs of citrate bound CitAP

PALES software was used to fit the measured residual dipolar couplings to the structures
using the SVD (Single Value Decomposition) method. 75 well resolved NH couplings were
obtained for the citrate bound form of CitAP. Measured RDCs gave a correlation of 0.962
with the new citrate bound structure of CitAP (refer Figure panel C). As expected the
same RDCs gave a very bad correlation with the two free structures of CitAP (refer Figure
panel A and B). Good correlation of the measured citrate bound RDCs with the bound
structure suggest that in solution structure of the bound form of CitAP is very similar to
crystal structure of the bound form. Bad correlation of the bound RDCs with the citrate
free structures indicate that there are hardly any contribution from the free structures to the
bound RDCs and that the citrate bound structure would be very different from the citrate

free structure.
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RDCs of citrate free CitAP

66 well resolved N-H and N-C’ couplings were obtained for the citrate free form of CitAP.
RDCs of the free form of CitAP fit with a correlation of 0.825 with the monomer A of the
crystal structure of citrate free CitAP (Figure panel A). The measured RDCs also fit to
0.763 with monomer B of the citrate free form of CitAP (Figure m panel B). Surprisingly
the same RDCs gave a correlation of 0.93 with the new citrate bound structure of CitAP
(monomer A). (Figure [.33] panel C). It is possible that the measured RDCs could have
contribution from both the monomer structures in the citrate free form. In order to analyze
this, simultaneous fit of the measured RDCs with the two monomer structures of CitAP were
carried out. A non linear fit implemented in MATHEMATICA using a single alignment tensor
for both the monomer structure of the citrate free CitAP yielded a correlation of 0.836 (Figure
m panel D). The fitting procedure is explained in more detail in Chapter , section m
These results can be explained on the basis of multiple conformation of protein in solution.
The measured RDCs will have contributions from all of the conformers of the protein in
solution. Only slight increase in the correlation was observed with the simultaneous fit of the
RDCs with the two citrate free monomer structures of CitAP. This suggests that there may
be more possible conformers in solution. It could also be that the X-ray structures of citrate
free CitAP are not well defined and the increase in the correlation with the simultaneous fit
could just be the averaging of structural noise in these two structures. Hence these results
have to be taken with caution. Nevertheless taking these results and severe line broadening
observed for the peaks in the >’ N-'H HSQC it is reasonable to assume the presence of multiple
conformers of CitAP in solution. The correlation of measured RDCs with those derived from
monomer A of citrate free CitAP and the new bound structure of CitAP was 0.936 (Figure
panel E). The fitted weighting factors were 0.18 for the monomer B and 0.82 for the
bound citrate-CitAP structure. Same correlation was obtained by using the two structures
of the citrate free CitAP and the new citrate bound CitAP (Figure [4.33) panel G). The fit
converged only when the weighting factor for monomer B of citrate free CitAP approached
zero. This could be explained by a badly defined X-ray structure or an improbable conformer

in solution. So the outcome of the RDC analysis is that in the citrate free solution, the major
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population of the protein is in the citrate bound coformer (about 80%) and a part in the
citrate free monomer A form (About 20%). Better correlation of the measured RDCs with
the citrate bound structure suggest that the bound structure is one of the conformer present
in the citrate free CitAP solution giving a significant contribution to the measured RDCs of

citrate free CitAP.

4.3.10 Comparison of citrate free CitAP and citrate bound CitAP
using X-ray and NMR

The major difference in the structures of citrate free and citrate bound CitAP are in the
N and C terminals and in the major and minor loops. In both citrate-free-A and citrate-
free-B the short helices H4 (71-74) and H5 (86-90), which are found in the major loop
in the new citrate-bound CitAP structure, are unwound (Figure A). Instead, a short
strand is formed by residues 78-81 in citrate-free-B. A superposition of citrate-free-B with
citrate-bound-A (Figure B), shows that a part of the major loop fills the space in the
citrate-free form that is occupied by citrate in the citrate-bound form. Although the overall
structure of citrate-free CitAP is similar to the new citrate-bound structure, the central five-
stranded anti-parallel S-sheet is less bent in the citrate-free state. As a result, the tip of the
minor loop has moved by 13.51 A away from its position in citrate-bound CitAP (Figure
A). This wide open conformation of the minor loop (formed partly by strands S3 and
S4) causes the strand S5 to extend up to the C-terminus. A typical (-sheet-type backbone
hydrogen-bonding pattern exists between residues of the C-terminal region and residues of
the neighboring strand S4 (green in Figure [4.34p). The helix H1 is slightly extended in the
citrate free form of CitAP compared to bound form of CitAP. In the C-terminal part, a 319
helix is found in the bound form of CitAP, while in the citrate free-CitAP, the strand S5

extend up to C terminus.

NMR studies

The back-bone structure of CitAP becomes more rigid with the binding of citrate to CitAP.
This is indicated by the positive values obtained from the difference in Het-NOE values of

citrate bound and citrate free form for most of the residues (Figure middle panel). Major



4.3 Periplasmic domain of the sensory domain of the two component citrate

sensor CitA 87
A) = B)
Citrate free CitAP -Monomerd 18 Citrate free CitAP-Monomerd
i w
"1 R=p.825 . "l w- R=0.783 » ol .
Q=0579 a ;. Q=0.655 - . ® P
[3 » - ' g .
g e a . -
.
0 o AN . L
M a
-
E 8 - o . a® & L .' .‘: i -
#* a . a & ,
[ i rJ *
ELE e_ *s
] - EH "
E ] 15 10 5 [ 5 L] 15 ] % W W @ L} s o 8 £
Observed ROCE Obsarved ROCs
Cy =y D) ™89 Cltrate free CitAP-Manarmena (wi=0 68)+
S s TR % Cirats free GitAP-Monamegit{u2=0.31),
18+ ™ 1 e tuy
- -
L]
- R=0.930 - 5 R=0.836 @ - pe
Q=0.367 * gee g Q=0.564 -
g 54 PRy o " A, &
U o | o'y f.' M
"Wy @ . @ ]
L= . . -l 54
g, i - -
5 » A .
.’4 g .- ‘
10 o'} »?
a8 A5 4 -
5
k- 18 G 5 ] 5 10 18 - - 15 L 5 o 8 L] L] 20
Ohsarved RDCs Observed ROCs
E) ¥ Ciirate free CitAP-MonomerA (w1=0 18)+ Fl 21 Citrate free CitAP-ManamerB{w1=0] +
3 Citrate bound CitAP-MonomerAiw2=0 82 i Clirate bound CAP-MonomerAiwi=10] ., ,
L] = L] 18 4 e
- -
n . M 18 .
13 . . i - 3 e
s 54 R=0.937 . ® atea < Ret030 s
Q=0.349 LRy Q=0.367 LA
o aa, “ » il " e
"o.ﬁa-‘ *":.,. Fa
L . * " g
# &4 .
.‘ - L 4
10 a e " . &
4 10 "y a
18 Ex]
T T 18
e 16 2l & o B 0 15 an 20 18 10 & (] [ ] 1o 15 F-1]
Obpared ROCH Obssrved ROCS

G) ™ Citrate fras CitAP-MonomarA(w1=0,18) +
Citrate free CitAP-MonomerB(w2=0}+
18 Citrate bound CAAP-Menomerh (wi=0 82)

18 &
L
W

-.1.4

E *1 w0837 o

Figure 4.33: Correlation between measured RDCs of citrate free-CitAP with back calculated RDCs
from different Xray structures of CitAP and their combinations. Correlation between the measured
N-H and N-C’ RDCs with back calculated RDCs from single alignment tensors derived from X ray
structures: monomer A of citrate free-CitAP (A), monomer B of citrate free-CitAP (B) and citrate
bound CitAP structure (C). Correlation of the measured RDCs with back calculated RDCs using
a single alignment tensor and a population weighting factor derived by campaigning two or more
X ray structures: monomer A and B of citrate free-CitAP (D): the population factors were 0.69
and 0.31 respectively, monomer A of citrate free CitAP and citrate bound CitAP (E): population
factors were 0.18 for monomer A and 0.82 for citrate bound strcture, monomer B of citrate free
CitAP and citrate bound CitAP (F): population factor was zero for monomer B and 1.00 for citrate
bound structure, monomer A and B of citrate free CitAP and the citrate bound CitAP (G): the
poplulation factore was zero for monomer B of citrate-free CitAP and 0.18 for monomer A of
citrate-free CitAP, the population factor was 0.82 for the citrate bound form.
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Figure 4.34: Conformational differences between citrate-bound and citrate-free CitAP. (A) Side
view of superposition of citrate-bound structure (differences highlighted in dark blue) on citrate-
free structure (both monomers) (differences highlighted in green) showing the minor loop movement
of ~ 45°. (B) View from opposite side of the superposition of citrate-bound CitAP (differences
highlighted in dark blue) on the citrate-free structure (both monomers) (differences highlighted in
green) showing the displacement of the major loop upon citrate binding, the -strand in the major
loop of the citrate-free structure and the conformational difference in the C-terminal region (inset).
The displacement of the C-terminus is indicated by the location of residue Gln131.
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Figure 4.35: Top panel: Overlay of HSQC spectra showing the free (red) and citrate bound (blue)
resonances for CitAP. Arrows follows those residues which show a large chemical shift change upon
citrate binding. Bottom panel: Backbone r.m.s.d plot (grey) for the two free monomer structures
of CitAP. Red and blue bars indicate respectively those residues of CitAP for which NMR reso-
nance assignments were obtained for the citrate-free and citrate-bound form. Secondary structural
elements from the citrate free structure is given on top of the r.m.s.d plot.
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Figure 4.36: Structural and dynamic changes in CitAP upon binding to citrate as monitored
by multidimensional NMR, spectroscopy. Top panel: Difference between secondary C,/C chemical
shifts (secondary chemical shifts = difference between experimental chemical shifts and random
coil values) in the citrate-bound and the citrate-free state. Note the significant increase in helical
propensity for residues 129-130. Middle panel: Difference between 'H-'N NOE values between
the citrate-bound and citrate-free state. Overall the 'H-'N NOE values were slightly increased
indicating a global increase in the rigidity of the backbone upon binding to citrate. The strongest
increase was observed for residues neighboring the major loop and for residues 129-130. Bottom
panel: Difference in 'H/'N chemical shifts between citrate-bound and citrate-free state.
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changes were observed in the C terminal region and the part of the major loop suggesting
an increased stability of the bound form in these regions of the protein. Large chemical shift
changes were also observed in the major loop regions (residues 81-84) and the C terminal
(residues 130-133) as seen in Figure bottom panel (also see the HSQC spectrum in
Figure . Difference in secondary chemical shift of the assigned residues of the citrate
bound and free form also indicate changes in the major loop region and the C terminus
region of the protein (Figure top panel). Significant increase in helical propensity was
observed for residues 129-131 corresponding to the 31y helix in the citrate bound crystal
structure. Large 'H/'N chemical shift differences are also observed in the major loop region
and C terminal region of the protein (Figure bottom panel). These observations suggest
structural and dynamic changes in the major loop region and the C terminal region when

citrate is bound to CitAP.

4.3.11 Mechanism of Signal Transduction

The structural differences found in this study between the citrate-bound and citrate-free
structures of CitAP give for the first time a more detailed view of potential signaling mech-
anisms for this histidine kinase. The open minor loop and the extended S4-S5 structure
seen in the citrate-free structure is formed in a region that experiences only weak, water
mediated lattice contacts, and the multiple main-chain interactions stabilizing the extended
structure suggest that it is likely to reflect the pre-signaling conformation of the receptor. In
the citrate-bound molecules, no lattice contacts are found around the C-terminus, and only
a few distinct crystal contacts are formed around this region in the citrate-free molecules.
Therefore the fundamental observation is that in the citrate-bound PAS domain, the end of
the (8 - sheet is pulled in towards the citrate-binding site, forming tight interactions with
the activating ligand. This disrupts the strand-to-strand interactions between S4 and S5 and
simultaneously pulls the C-terminus upward, away from the membrane. Regardless of the
exact geometry of the C-terminal attachment, these changes are likely to be communicated
directly to the TM2 helix (Figure and ), causing an immediate transduction
of ligand binding into a conformational change at the transmembrane junction. At the N-

terminus the first helical turn of helix H1 in the citrate-free CitAP structure unwinds to
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Figure 4.37: Signal transduction mechanism in CitA. (a) Comparison of the citrate-free monomer
(superposed on the Citrate-bound-B) with the Citrate-bound-A monomer. (b) Model of the ligand-
induced switch triggering a vectorial movement of TM2.
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an extended loop in our citrate-bound CitAP structure. An immediate connection of this
structural change to citrate binding is not obvious. It is rather probable that the unwinding
is due to the missing connection of helix H1 to TM1, and to the formation of extensive lat-
tice contacts involving residues 4-12 in the citrate-free structure. Attempts to express CitAP
with a more extended N-terminus were not successful. We assume that the N-terminal helix
as an extension of TM1 most probably serves as an anchor keeping the periplasmic sensor
domain in a stable position regarding its distance to the membrane surface. The contraction
of CitAP upon ligand binding might then result in a vectorial movement of TM2 towards
the sensory domain, constituting the trigger of the kinase activity (Figure and b). This
piston-type movement of TM2 relative to TM1 has been suggested as a possible motion type
of helices in membranes [153, [154]. Experimental evidence for the piston model was found

for the trans membrane signaling of the aspartate receptor [155].

4.3.12 Comparison of structures of DcuS-PD and CitAP

DcuS of E.Coli and CitA of Klebsilla Pneumonia are homologous proteins. DcuS senses a
wide range of C4 dicarboxylates while CitA is highly specific for citrate. Their periplasmic
domains have 25% sequence identity and 70% sequence homology. The structures of DcuS-
PD and CitAP are similar and reveal a PAS fold. The backbone r.m.s.d for DcuS-PD struc-
ture with citrate bound and citrate free monomer A and B are 3.5 A, 4.09 A and 4.38
A respectively (see Figure m ). Except for the small beta strand (S2) in citrate bound
CitAP, secondary structural elements of citrate bound CitAP and DcuS-PD are conserved.
In DcuS-PD, the N terminal helix is slightly bent inward with the beta sheets. Binding site
for ligands in DcuS-PD and CitAP are conserved. As seen from the Figure the binding
site is more open in DcuS-PD than citrate bound structure of CitAP, but is less so from
the citrate free CitAP. Consequently the ( sheets are less bent in the DcuS-PD structure
compared to citrate bound CitAP. The residues of DcuS-PD affected by fumarate binding
are located in the 4 main ( strands and in the major and minor loops. In CitAP the residues
having direct hydrogen bonds with citrate are also located in the four 3 strands and the
major and minor loops. The residue showing major peak intensity increase on binding of

fumarate is Q144 which is in the minor loop region of DcuS-PD. The largest chemical shift
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Minor loop

Figure 4.38: Comparison of the DcuS-PD structure with citrate-free monomer and citrate-bound
monomer structures. A) Superposition of the DcuS-PD structure (green) with the citrate free
monomer A structure of CitAP (cyan), r.m.s.d : 4.09 A . B) Superposition of the DcuS-PD structure
(green) with the citrate free monomer B structure of CitAP (pale cyan), r.m.s.d : 4.38 A. C)
Superposition of the DcuS-PD structure (green) with the citrate bound structure of CitAP (blue),
rm.s.d : 3.5 A. Notable difference are in the minor loop and the N and C terminal regions. The
N terminal helix of DcuS-PD is curved in with the beta sheets and helix at the C terminal region
is well formed in the case of DcuS-PD. The structure of DcuS-PD resembles the citrate bound
structure of CitAP, with the binding pocket slightly more open than the citrate bound structure
of CitAP.
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Figure 4.39: Citrate free CitAP is characterized by major line broadening due to conformational
exchange. The unassigned residues are plotted on the structure of citrate free monomer A of
CitAP(left). DcuS-PD also show line broadening. Residues of DcuS-PD showing very low peak
intensity in the HSQC are plotted on the NMR structure of DcuS-PD (right).

change upon tartrate addition was observed for residue G140 which again is in the minor
loop region in the structure of DcuS-PD. This is in accordance with the large conformational
differences in the minor loop region between the citrate-free and citrate-bound CitAP X-ray

structure.

Characteristic of citrate free CitAP in solution is the severe line broadening (missing peaks)
in the ’N-'H HSQC spectrum due to conformational exchange. These missing peaks are
mostly from residues in the first three § strands and the part of the major loop region
and helix H3 (residues from 64-111). Dcus-PD also showed chemical exchange broadening.
N-'H HSQC spectrum of DcuS-PD showed very small peak intensities for a number of
residues. Het-NOE values of these residue were in the 0.7 to 0.8 range, very similar to rest
of the residues in the sequence, suggesting a rigid structure in these parts of the protein.
Residues corresponding to the peaks showing small intensities are mapped onto the structure
of DcuS-PD. This region in the structure of DcuS-PD is similar to the unassigned regions in

citrate free CitAP (Figure 4.39))
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4.3.13 Conclusion

In this section, the NMR solution studies on the periplasmic domain of CitA (CitAP) with
and without the ligand are presented. In the course of this study the X-ray crystallographic
structures of CitAP with and without the ligand were determined. The description of these
structures is also presented.

The X-ray structures reveal a PAS fold similar to DcuS-PD and other PAS domains. The
citrate bound structure was determined without the non physiological molybdate which was
present in the previously determined X-ray structure.

There were two conformers of CitAP (monomer A and monomer B) in the asymmetric unit
of the citrate free CitAP crystal structure. A part of the major loop could not be traced in
monomer A and the C terminal residues were missing in monomer B. This suggests that the
citrate-free CitAP is flexible in the C terminal and also in some parts the major loop region.
But fortunately specific conformational changes were observed between the structures of the
citrate-free and -bound form. Based on this, a possible mechanism for signal transduction is
discussed.

By NMR titration it was shown that in solution molybdate might induce a different struc-
tural response than with only citrate bound to CitAP. Molybdate also induces aggregation
of the protein. The newly determined bound structure did indeed differ in the dimer inter-
face and slight change in the binding of citrate to CitAP from previously published X-ray
structure. Previous studies suggest that CitAP might also sense sodium ion. A sodium ion
was tentatively localized in the citrate bound structure of CitAP. With NMR titrations, this
is found to be true in solution as well.

NMR backbone assignments for 90% of the peaks seen in the >N-'H HSQC were obtained
for both the bound and free form of CitA. The NMR solution structures of CitAP could not
be determined because of the large number of missing peaks in NMR spectra due to chem-
ical /conformational exchange broadening. Nevertheless, with the available assignments, the
chemical shift difference and the secondary structural propensity difference between the free
and the bound forms of the Cit AP protein were determined. These values indicate significant

difference in chemical shifts and secondary structural propensities in the C-terminal regions
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of the protein. The model proposed here for signal transduction is based on the structures
of the citrate free and bound CitAP. This is also consistent with the present NMR data and
the previous knowledge of signal transduction mechanisms.

Correlation co-efficients from residual dipolar coupling analysis of citrate free CitAP suggest
that monomer A might be relatively more closer to the solution structure than monomer B.
The correlation coefficient of RDCs of citrate free CitAP fits even better with the citrate
bound structure of CitAP. RDCs of citrate-free CitAP therefore have a major contribution
from the citrate-bound CitAP structure (RDC analysis indicate that the population of cit-
rate bound structure would be 80% and that of the monomer A of citrate free form to be
20%). This suggest that the binding pocket of citrate is already formed in the citrate free
solution of CitAP. CitAP might require the two transmembrane helices to keep the N- and
C-terminal parts of the protein together, and without the transmembrane part the protein is
not confined to one conformational space. Smaller Het-NOE values in the N- and C-terminal
regions indicate greater flexibility in these regions of the protein, hence providing greater

freedom for the protein to sample different conformational space.
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Chapter 5

Summary and outlook

The ability of organisms to adapt to changing environmental conditions is essential for their
long-term survival and requires a set of receptors that can recognize external stimuli and acti-
vate the appropriate biochemical responses. In bacteria, two-component regulatory systems
play an important role in these processes. In particular, membrane-bound sensor histidine
kinases allow the detection of ligands outside of the cytoplasmic membrane, so that the cel-
lular response does not require transport or diffusion of these ligands into the cell. However,
despite their key role in bacterial adaptation, many aspects of the molecular mechanisms of
these proteins are unknown. In this thesis a detailed NMR studies, complemented by crys-
tallographic results on two sensory periplasmic domain of histidine kinases, DcuS and CitA,
are presented. DcuS of E.Coli and CitA of Klebsiella pneumoniae are homologous proteins
involved in sensing different types of C4 di-carboxylates. While CitA is highly specific for

citrate, DcuS senses a wide range of C4 dicarboxylates with much lower affinity.

NMR solution structure of the ligand free periplasmic domain of DcuS was determined.
The structure of the periplasmic domain was refined using RDCs. In order to measure all
types of RDCs in the committed time in which the protein was stable, a simple strategy for
simultaneous measurement of different types of RDCs with minimum resonance overlap is
also presented. N-'H HSQC based titrations with fumarate and tartrate were performed
to determine the binding pocket in DcuS-PD. Binding of fumarate resulted in sharpening of
peaks and tartrate binding resulted in small chemical shift changes in NMR spectrum for
residues in the binding pocket of the structure. However no such changes were observed for
residues outside the binding region as it would have been expected for a signal transfer from

the periplasmic domain to transmembrane part.
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NMR studies on periplasmic domain of CitA was motivated by the fact that citrate binds
to CitAP with a higher affinity than any of the C4 di carboxylates binding to DcuS-PD. The
higher affinity and the higher specificity of CitAP for citrate could lead to a more clearer
difference in the conformation of ligand free and bound form of the periplasmic domain. So
far the X-ray structure of citrate bound CitAP was known. At first, a citrate free CitAP
structure would be required to obtain a possible conformational changes which would allow
the description of the signal transduction process. The first aim of this study focuses on
obtaining the structure of citrate free CitAP. The X-ray structure of the citrate bound form
that existed prior to this study was obtained with the exogenous histidine tag still attached
to the protein. Moreover, two types of molybdate moieties were found bound to the protein
in the citrate binding pocket and at the protein dimer interface. To minimize the risk of
misleading interpretation, this work includes the study of the influence of the histidine tag
and molybdate in CitAP. There after major part of the work is dedicated to the structural
and dynamic behavior of citrate free and bound CitAP without histidine tag and molybdate.

Due to conformational broadening only about 62% of the peaks were observed in the *N-
'H HSQC spectrum of citrate free CitAP and 83% peaks were present in the citrate bound
CitAP HSQC spectrum. Because of the large number of missing peaks, the NMR solution
structure of the citrate free and bound form of CitAP could not be determined. However
the X-ray structure of the citrate free and bound form of CitAP could be determined. The
structure has a PAS fold, very similar to DcuS-PD structure. The binding pocket is formed
by the [ sheet of the PAS fold and the inter-strand minor and major loops. The binding
pocket is very similar to the C4 di-carboxylate binding pocket observed in DcuS-PD. In the
citrate bound structure a Na™ ion was tentatively localized between N terminal helix and
the (3 sheets. This was also confirmed by NMR titrations. Hence CitAP may be involved in

sensing both citrate and Na™ ion in solution.

There are two conformers of citrate free monomer structures in the asymmetric unit of
CitAP. Specific conformational change can be observed between the citrate free and citrate

bound structures of CitAP. The major conformational differences are seen in the binding
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pocket and also in the C-terminal region of the protein. The minor loop and the major loop
(which defines the binding pocket of citrate) are in an open conformation in the citrate free
structure while it is more closed in the citrate bound structure. The C terminal 3¢ helix
in the bound structure is absent in the citrate free structure. In solution, definite helical
propensity is observed in the C- terminal region in the citrate bound-CitAP. Large chemical
shift changes are observed in the C-terminal and major loop region of the protein. A model of
signal transfer is described using the conformational differences seen in the crystal structures.
A vectorial movement of the trans-membrane helix attached to the C-terminus of the protein
could be used for the signal transduction cascade. This model is consistent with the model

of signal transduction described for aspartate sensor.

A part of the major loop region and also the C-terminal part of the protein could not
be traced in one of the two monomer structures. In solution, the citrate free form of CitAP
is a monomer. C-terminal residues and the the three residues that could be assigned in the
major loop region showed lower Het-NOE values, indicating higher flexibility. Surprisingly
the RDCs measured for citrate free CitAP fit better with citrate bound structure of CitAP.
RDC analysis also indicate that in citrate free CitAP solution, larger contribution to RDCs
come from the citrate bound conformer (around 80%), compared to citrate free monomer A

(20%) conformer.

The first step in the signal transduction mechanism would require the signal from the
binding pocket to be transferred to the C-terminal part of the periplasmic domain. Hence
there should exist a conserved motion of residues between the binding pocket and the C-
terminal part of the protein which allows for the signal transfer to occur. This would mean
that a different conformational state of protein in either end of the signal transfer process will
have a complementary effect on the other end. Since the transmembrane part of the protein
are absent in the present study, the N- and C-terminal part of the periplasmic domain are
not fixed onto the membrane. This makes the N and C-terminal residues highly flexible (as
seen from lower Het-NOE values). The flexibility of the N- and C-terminal region therefore

provides more conformational freedom to the protein. On the other hand if the protein is
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fixed on the membrane, there would be limited mobility in the N and C terminal region and
that would make the protein sample a narrow conformational space. In the cases studied
here, the conformational freedom due to absence of transmembrane part of the protein could
explain the severe line broadening observed in the NMR spectra of citrate free form of CitAP.
From RDC analysis it seems that the major conformer in the citrate free CitAP solution
would be the bound form of CitAP. Stability in the binding pocket also leads to stability in
the N and C terminal region of the protein. Addition of citrate populates the citrate bound
conformer which was already present in solution and makes the overall structure more stable
(indicated by sharpening of peaks and Het-NOE values of 0.8 for most of the residues). The
sharpening of peaks as seen in the fumarate titration of DcuS-PD also arises as a result of
selectively populating one of the conformers in the DcuS-PD fumarate free solution. In such
systems the bound conformers seems to be more populated as it is less dynamic and more

stable.

A better picture for signal transduction mechanism could be obtained if in the free form
of the protein, the N- and C-terminal regions are made less mobile. Cysteine mutation with
a disulphide linkage between the N and C-terminal parts of the protein may stabilize the
protein in the ligand free form. It would be interesting to see the difference in the structure
of such a system with ligand free and bound structure described here. Like in aspartate
sensor, the disulphide linkage would most likely resemble the ligand bound structure than the
ligand free structure. The solid state NMR studies of DcuS reconstituted in liposomes with
their transmembrane part intact would be very useful to corroborate the signal transduction

mechanism described here.
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Appendix A

Time evolution of product operators

The discussion given in the following section is based on the density operator formalism [156],
which permits the most convenient description of quantum mechanical system dynamics. The
density operator is a mathematical description of spin system, and is given by the sum of all

spins and spin states weighted by time dependent factors. by(t).
a(t) = bs(t)Bs (A1)
S

where Bgs are the set of basis vectors describing the different spin states, and are given by
N

Bg = 2"V T (Zo)™* (A.2)
k=1

where N is the total number of spins half in the system; k and v are respectively, the index
of the spin and x,y, or z; q is the number of single spin operators I, I, or I, in the product;
for these spin ag is 1.
The complete basis set (Bg) for a system with N spin 1/2 consists of 4" product operators
(Bg). As an example in table , the complete set of 16 product operators (Bg) for a two
spin system with I = .S = 1/2 are listed.

The time evolution of the density operator o(t) is given by the Liouville-von Neumann

equation
d

aO‘
where H is the hamiltonian under which the spin density operator o(t) (defined by [A.1)

(t) = —i[H (t),0 ()] (A.3)

evolves.

For H being constant during the time interval 0 to ¢, equation integrates to

o (t) =exp(—iHt) o (0)exp (1Ht) (A.4)
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q Product or basis operator (Bg)
0 unity operator %E

1 single spin operators | Iz, Iy, I, S¢,Sy and S,

2 two-spin operators 2028z, 21 Sy, 218,
21y Sz, 21ySy, 21,5,
21.5;, 21,5y, 2.5,

Table A.1: Basis operators for ¢ = 0,1 or 2 for an .S system of spin 1/2

This type of exponential operator function can be evaluated using the Baker-Campbell-
Hausdorff(BCH) formula. The BCH formula consolidates the series expansion of exponential

operator to evaluate such operator evolution.

(it)®
3!

(it)*
21

exp (—iHt) o (0) exp (iHt) = o (0) — (it) [H, o (0)] + [H,[H, o (0)] — [H, [H, [H,o 0)]]] + .... (A.5)

Now collecting the terms corresponding to the cosine and sine terms, we get the equation
for the evolution of o(0). A NMR problem has a well defined, finite dimensional space
associated with it and so the number of independent commutators is limited and a series
expansion quickly leads to an operator recursion.

Evolution of different initial density operators with some common spin Hamiltonians are

given in the table

Table A.2: Time evolution of common product operators for a two spin systems under different spin hamiltonians

Hamiltonians Time evolution

Iz cos 41y sinp . . .
I, " Y I cos B+ I sinBsinp — Iy sin B cos ¢

Iy cos p+1Iy sin ¢
—

Under pulse rotation of angle 3 and phase ¢ | I —I,sinfBsinp + I (cosﬂsin2 © + cos? cp) + Iy sin? (g) sin 2¢

Iy I, si
H =1Iycosp+ Iysing Iy Cosciy e I, sin B cos ¢ + I sin® (g) sin 2 + Iy (00560052 @ + sin? go)

I, % Iy cos Qo 4 Iy sin 2t

Iy SLIZ Iy cos Qt — I sinQt

Under chemical shift

I, S, plizt: IS; cos Qt + IS, sin Q¢

Otl,

Continued on next page
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Table A.2 — continued from previous page

Hamiltonians

Time evolution

VES Q1. I:i:eq:Qt

Under weak coupling Jrg

wJrst2l.S,

I, mIrst2]: S I cos (mJrgt) + 21,5 sin (mJrgt)
I ™J15t2]: 5 Iy cos (mJrgt) — 215 S, sin (wJrst)

2Sz .
21,5, mJrst2] 21 S cos (wJyst) + Iy sin (rJrst)

nJrgt2l, S,
—

2I,S. s 2IyS; cos (mJrgt) — Iz sin (mJrgt)
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Chemical shift assignments and residual dipolar

In the following sectin, the backbone assignments of CitAP with and without citrate are

Appendix B

couplings.

given. These chemical shifts were not deposited in the BMRB.

Residual dipolar couplings for different proteins measured during this thesis are also sum-

marized.

B.1 Chemical shift Assignments

Table B.1: Backbone chemical shifts of citrate free CitAP at 310K.

Residue No. | Residue name C’ C. Cg HN N
1 MET 175.4 55.41 | 32.97 8.46 121.5
2 ASP 176.3 54.42 | 41.32 | 8.355 | 122.1
3 ILE 176.2 61.67 | 38.62 | 8.109 | 120.8
4 THR 175.3 62.98 | 69.36 | 7.961 | 116.7
5 GLU 177.2 58.35 | 29.98 | 8.359 | 1224
6 GLU 178 58.54 | 29.73 | 8.329 | 120.1
7 ARG 177.7 58.21 | 30.1 | 8.023 | 119.9
8 LEU 178.2 57.21 | 41.88 | 8.058 | 121.1
9 HIS 177 58.04 | 29.73 | 8.299 117
13 GLY - 47.82 - 8.095 | 107.7
14 GLN - 58.47 | 28.65 | 7.774 | 118.9
18 ILE 178.8 65.14 | 37.5 | 8.329 | 118.5
19 GLN 177.8 59.37 | 29.59 | 7.793 | 118.3
20 ALA 180.1 55.85 | 17.21 | 8.322 | 121.6
21 MET 178.9 59.32 | 33.56 | 8.607 | 117.4
22 GLN 179.1 59.09 | 28.55 | 8.282 | 1194
23 ILE 177.5 65.5 | 38.69 | 8391 | 119.3
24 SER 174.5 61.15 | 63.39 | 7.998 | 110.3

Continued on next page
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Table B.1 — continued from previous page

Residue No. | Residue name C’ Ca Cg HN N
25 ALA 178.2 51.25 | 19.73 | 6.869 | 120.2
26 MET 175.6 55.42 | 33.56 | 7.612 | 122.2
28 GLU 179.1 59.57 | 29.97 | 9.71 116.4
29 LEU 177.5 56.87 | 42.02 | 7.323 120
30 VAL 177.7 67.58 | 31.86 | 7.719 | 119.8
31 GLU 177.9 59.44 | 29.96 | 7.609 | 116.3
32 ALA 179.8 55.52 | 19.02 | 7.619 | 120.1
33 VAL 179.4 67.45 | 31.05 | 8.622 | 117.9
34 GLN 178.3 59.78 | 28.87 | 8.355 | 122.1
35 LYS 175.1 56.5 32.91 7.8 115
36 ARG 174.2 57.58 | 28.18 | 7.966 | 120.8
37 ASP 175.9 52.32 | 40.16 | 8.423 | 118.1
38 LEU 179.9 59.04 | 40.35 | 7.964 | 1234
39 ALA 180.5 54.98 | 18.07 | 8.355 | 122.1
40 ARG 178 58.03 | 30.09 | 7.728 | 121.3
41 ILE 176.8 66.78 | 38.22 | 7.961 | 117.6
42 LYS 177.1 59.85 | 32.34 | 7.666 | 119.2
43 ALA 179.8 54.07 | 18.36 | 7.646 | 118.3
44 LEU 178 56.64 | 43.44 7.66 116.2
60 GLY 172.7 43.94 - 9.592 | 117.3
61 ASP 177.3 52.59 | 41.07 | 8.471 | 118.8
62 ALA 177.2 54.17 | 18.37 | 7.449 | 118.7
63 SER 177.2 57.91 | 64.36 | 8.32 | 112.8
81 GLY 175.1 45.38 - 8.443 | 110.2
82 GLY 173.8 45.71 8.113 | 108.3
83 ASP 176.5 54.22 | 40.75 | 8.273 | 119.8
112 ILE 175.3 60.62 | 39.58 | 8.147 | 1204
113 GLN 175.3 53.83 | 34.06 | 9.129 | 1274
114 ASP 177.9 51.99 | 40.93 | 8.429 | 119.7
115 ALA 179 55.01 | 18.76 | 8.442 | 119.3
116 THR 175.3 61.81 | 70.18 | 8.473 | 108.2
117 GLY 173.8 44.66 — 8.124 | 110.2
118 LYS 176.2 56.44 32.8 7.658 124
119 VAL 176.8 63.92 | 31.46 | 8.707 | 1254
120 ILE 174.6 60.7 | 39.65 | 8.985 | 120.4
121 GLY 170.7 45.99 - 7.697 | 107.5
122 ILE 173 59.61 | 41.97 | 8.661 | 118.3
123 VAL 174.1 61.11 | 34.18 | 8.812 | 126.5
124 SER - 55.84 | 65.04 | 8.812 | 120.8
130 GLU 175.8 56.79 | 30.54 | 8.587 | 124.9
131 GLN 175.2 55.6 | 29.91 | 8.296 | 120.9
132 LEU 176.2 55.37 | 42.6 | 8.289 | 124.8
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Residue No. | Residue name C’ Ca Cg HN N
133 GLU 180.8 57.87 | 31.32 | 7.835 | 125.9
Table B.2: Backbone chemical shifts of citrate bound CitAP at 310K.

Residue No. | Residue name C’ Ca Cg HN N
1 MET 175.4 55.45 | 32.98 | 8474 | 121.7
2 ASP 176.3 54.31 | 41.45 | 8.349 122
3 ILE 176.3 61.63 | 38.62 | 8.137 | 120.7
4 THR 175.4 63.01 | 69.69 | 8.003 | 116.5
5 GLU 177.3 58.13 | 29.99 | 8.327 | 122.3
6 GLU 177.9 58.51 | 29.68 | 8.381 | 120.7
7 ARG 177.9 57.78 | 30.15 | 8.084 | 119.7
8 LEU 178.1 56.95 | 41.99 | 8.012 | 120.9
9 HIS 177 57.4 29.4 | 8.266 117
13 GLY 174.8 65.61 - 8.043 | 107.4
14 GLN 178.1 63.96 | 28.51 7.69 118.2
18 ILE 178.7 65 - 8.307 | 118.3
20 ALA 178.6 55.9 - 8.555 | 124.7
21 MET 178.8 59.18 | 33.54 | 8.633 | 117.3
25 ALA 178.1 51.11 | 19.79 | 6.797 | 120.6
26 MET - 55.25 | 33.36 | 7.639 | 122.6
29 LEU 177.4 56.75 | 41.98 | 7.297 120
30 VAL 177.7 67.19 | 31.9 777 | 119.9
31 GLU 178 59.11 | 29.96 | 7.636 | 116.2
32 ALA 179.7 55.32 | 19.18 | 7.618 | 120.1
33 VAL 179.4 67.19 | 31.08 | 8.634 118
34 GLN 178.4 59.71 | 28.89 | 8.349 122
35 LYS 175 56.19 33 7.741 115
36 ARG 174 57.48 | 28.41 | 7.988 121
37 ASP 175.9 52.16 | 40.45 8.3 117.8
38 LEU 180 59.22 | 40.59 | 8.035 | 123.5
39 ALA 180.6 54.95 | 18.17 | 8.404 | 122.3
40 ARG 178.2 57.73 | 30.14 | 7.842 | 121.8
41 ILE 176.9 66.6 | 38.38 | 8.086 | 117.8
42 LYS 177 60.18 | 32.53 | 7.87 | 119.9
43 ALA 179.7 54.08 | 18.47 | 7.767 | 1184
44 LEU 178.2 56.21 | 43.6 | 7.657 | 116.4
45 ILE 177.8 60.42 | 35.49 | 8.063 | 116.9
56 TYR 172.2 56.39 | 40.2 | 7.325 | 1134
57 ILE 176.5 61.3 | 42.85 | 6.075 | 116.1
Continued on next page
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Residue No. | Residue name C’ Ca Cg HN N
58 THR 173.6 61.88 | 72.54 | 10.26 | 127.9
59 VAL 175 60.87 | 34.31 | 8.174 | 123.7
60 GLY 172.5 43.9 - - 9.713 118
61 ASP 177.2 52.36 | 40.96 | 8.616 119
62 ALA 176.9 54.61 | 18.56 | 7.317 | 117.9
63 SER 175.4 57.38 | 64.77 | 8.264 | 111.6
64 GLY 172.8 45.64 — 8.264 | 111.6
65 GLN 177.2 55.28 | 29.52 | 8.361 | 120.9
66 ARG 177 59.13 | 30.83 | 8.998 | 121.8
67 LEU 175 54.5 | 43.93 | 9.771 | 1254
68 TYR 172.7 59.94 | 42.21 8.02 115.9
69 HIS 172.8 55.21 | 35.06 | 6.225 | 127.3
70 VAL 175.7 64.23 | 31.21 | 7.909 | 118.9
73 ASP 176.7 55.79 | 40.34 | 7.914 | 116.3
74 GLU 178.3 55.18 | 27.93 | 7.914 | 116.3
75 ILE 176.4 64.66 | 37.22 | 7.09 | 122.1
76 GLY 173.4 44.92 - 8.786 | 114.9
77 LYS 176 54.49 | 34.67 | 7.114 | 118.5
78 SER 174.2 59.57 | 63.86 | 8.466 | 116.4
81 GLY 175.8 45.11 - 8.584 | 110.4
82 GLY 175.2 46.71 - 8.884 | 108.5
83 ASP 178.3 52.45 | 39.98 | 8.363 117
84 SER 173.4 60.92 | 64.31 | 8.896 | 115.9
85 ASP 177.9 58.19 | 40.32 | 8.103 | 122.9
86 GLU 178.6 59.89 | 28.32 | 8.935 | 119.3
87 ALA 178 54.8 18.77 | 7.341 | 122.2
88 LEU 178 57.32 | 42.8 | 8.075 | 114.6
92 LYS 174.6 55.86 | 34.63 | 8.029 | 120.3
93 SER 174.8 57.66 | 65.44 | 7.96 | 112.3
94 TYR 172.2 56.45 | 38.53 | 7.901 | 120.7
95 VAL 176.1 60.21 | 33.88 | 8.339 | 117.5
96 SER 172.7 56.31 | 64.87 | 9.304 | 121.2
97 VAL - 61.17 | 33.69 | 8.242 | 127.1
103 GLY - 43.26 - 7.253 | 122.6
107 ARG 175.4 56.17 | 32.73 | 8.218 | 120.2
108 GLY 171.4 44.22 - 7.251 | 114.2
109 LYS 175 53.88 | 34.26 8.59 121.7
110 SER 172.5 54.28 | 66.53 | 8.178 | 111.5
112 ILE 175.5 60.49 | 39.66 | 7.967 | 119.8
113 GLN 175.2 53.74 | 34.67 | 9.267 | 127.7
114 ASP 178 51.84 | 40.94 | 8.439 | 119.6
115 ALA 179.1 54.78 | 18.75 | 8.436 | 119.3
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Residue No. | Residue name C’ Ca Cg HN N
116 THR 175.3 61.59 | 70.11 | 8.488 | 108.3
117 GLY 174 44.63 - 8.136 | 110.3
118 LYS 176.3 56.37 | 32.89 | 7.646 | 124.5
119 VAL 176.9 64.36 | 31.78 | 8.828 | 125.6
120 ILE 174.3 60.46 | 39.96 | 9.04 120
121 GLY 170.7 46.14 - 7.666 | 107.7
122 ILE 171.2 59.65 | 41.51 | 8.822 | 119.2
123 VAL 173.2 61.16 | 34.5 8.73 126
124 SER 174 54.65 | 66.18 - -
125 VAL 174.7 61.52 33.1 9.135 | 128.8
126 GLY 171.9 44.28 - 7.18 111.9
127 TYR 176.1 56.38 | 41.7 | 8.968 | 118.6
128 THR 175.2 62.24 | 68.72 | 8.633 115
129 ILE 176.7 61.56 | 38.81 | 7.839 121
130 GLU 176.6 57.59 | 29.93 | 8.474 | 121.7
131 GLN 175.7 56.05 | 29.53 | 8.003 119
132 LEU 176.2 55.17 | 42.62 | 7.979 | 1224
133 GLU 180.8 57.88 | 31.36 | 7.71 | 1254
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B.2 Residual dipolar coupling

Table B.3: Residual dipolar couplings measured for DcuS-PD in phages

Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom2 D
24 MET H 24 MET N -7.272
25 THR H 25 THR N 6.874
26 ARG H 26 ARG N -5.494
27 ASP H 27 ASP N -7.022
28 GLY H 28 GLY N -5.500
29 LEU H 29 LEU N -2.338
30 ALA H 30 ALA N -9.714
31 APN H 31 APN N -16.478
32 LYS H 32 LYS N -8.552
33 ALA H 33 ALA N 6.582
34 LEU H 34 LEU N -11.398
35 ALA H 35 ALA N -19.018
36 VAL H 36 VAL N -7.022
37 ALA H 37 ALA N -13.298
38 ARG H 38 ARG N -21.694
39 THR H 39 THR N -15.794
40 LEU H 40 LEU N -9.366
41 ALA H 41 ALA N -19.112
42 ASP H 42 ASP N -21.046
46 ILE H 46 ILE N 7.626
47 ARG H 47 ARG N 8.266
48 GLN H 48 GLN N 2.606
49 GLY H 49 GLY N -5.478
50 LEU H 50 LEU N 8.634
51 GLN H 51 GLN N 12.094
52 LYS H 52 LYS N -15.724
53 LYS H 53 LYS N -5.336
56 ELU H 56 ELU N 1.194
57 SER H 57 SER N 14.250
60 GLN H 60 GLN N -10.462
61 ALA H 61 ALA N -17.306
62 ILE H 62 ILE N -7.982
63 ALA H 63 ALA N -10.458
64 GLU H 64 GLU N -18.378
65 ALA H 65 ALA N -18.870
66 VAL H 66 VAL N -15.392
67 ARG H 67 ARG N -16.418
68 LYS H 68 LYS N -16.696
70 APN H 70 APN N -12.502
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Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
71 ASP H 71 ASP N -5.140
72 LEU H 72 LEU N -3.780
74 PHE H 74 PHE N -0.572
76 VAL H 76 VAL N -7.428
s VAL H 7 VAL N 2.332
78 THR H 78 THR N 2.972
79 ASP H 79 ASP N 14.192
80 MET H 80 MET N -14.188
81 GLN H 81 GLN N 3.190
82 SER H 82 SER N 15.838
83 LEU H 83 LEU N -5.574
84 ARG H 84 ARG N 19.856
85 TYR H 85 TYR N -11.966
87 HIS H 87 HIS N 6.322
90 ALA H 90 ALA N -5.450
91 GLN H 91 GLN N -12.010
92 ARG H 92 ARG N -3.392
93 ILE H 93 ILE N -2.746
94 GLY H 94 GLY N 8.126
95 GLN H 95 GLN N -3.454
97 PHE H 97 PHE N -1.800
98 LYS H 98 LYS N 1.610
99 GLY H 99 GLY N -1.602
101 ASP H 101 ASP N -4.604
102 ILE H 102 ILE N 12.356
103 LEU H 103 LEU N 2.232
104 LYS H 104 LYS N -7.958
105 ALA H 105 ALA N 6.346
106 LEU H 106 LEU N 2.624
108 GLY H 108 GLY N -1.972
109 GLU H 109 GLU N 15.184
110 GLU H 110 GLU N 5.218
112 VAL H 112 VAL N 3.264
113 ALA H 113 ALA N 4.866
114 ILE H 114 ILE N 6.614
115 APN H 115 APN N 9.890
116 ARG H 116 ARG N -8.614
121 GLN H 121 GLN N -1.332
122 ALA H 122 ALA N 0.396
123 LEU H 123 LEU N 9.168
125 VAL H 125 VAL N -1.902
126 PHE H 126 PHE N -2.088
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Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
127 THR H 127 THR N 2.014
129 ILE H 129 ILE N 16.536
130 TYR H 130 TYR N 3.082
131 ASP H 131 ASP N 10.472
132 GLU H 132 GLU N -2.890
133 APN H 133 APN N 13.834
134 HIS H 134 HIS N 2.788
136 GLN H 136 GLN N 3.522
137 ILE H 137 ILE N 0.682
138 GLY H 138 GLY N 2.878
139 VAL H 139 VAL N -0.630
140 VAL H 140 VAL N -0.220
141 ALA H 141 ALA N -5.122
144 LEU H 144 LEU N 1.302
145 GLU H 145 GLU N 10.844
146 LEU H 146 LEU N 7.608
148 ARG H 148 ARG N -17.148
149 VAL H 149 VAL N 6.244
150 THR H 150 THR N -1.920
151 GLN H 151 GLN N -4.052
152 GLN H 152 GLN N -3.960
153 ILE H 153 ILE N 2.510
154 APN H 154 APN N -0.164
155 ASP H 155 ASP N -2.700
156 SER H 156 SER N 0.432
157 ARG H 157 ARG N 0.444
23 ASP C 24 MET N -0.622
24 MET C 25 THR N -0.382
25 THR C 26 ARG N 1.683
26 ARG C 27 ASP N 0.225
27 ASP C 28 GLY N -0.765
28 GLY C 29 LEU N 1.606
29 LEU C 30 ALA N 0.628
30 ALA C 31 APN N 0.739
31 APN C 32 LYS N -1.178
32 LYS C 33 ALA N 0.647
33 ALA C 34 LEU N 0.132
34 LEU C 35 ALA N 0.282
35 ALA C 36 VAL N 0.273
36 VAL C 37 ALA N 1.602
37 ALA C 38 ARG N 0.292
38 ARG C 39 THR N -0.614
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Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
39 THR C 40 LEU N 1.937
40 LEU C 41 ALA N 0.523
41 ALA C 42 ASP N 1.477
42 ASP C 43 SER N 0.302
44 PRO C 45 GLU N -1.591
45 GLU C 46 ILE N -1.031
46 ILE C 47 ARG N 0.908
47 ARG C 48 GLN N 0.745
48 GLN C 49 GLY N -1.598
49 GLY C 50 LEU N 0.169
50 LEU C 51 GLN N 0.533
51 GLN C 52 LYsS N -0.893
52 LYS C 53 LYS N 0.647
55 GLN C 56 ELU N -0.638
56 ELU C 57 SER N -1.319
57 SER C 58 GLY N -0.173
59 ILE C 60 GLN N 1.274
60 GLN C 61 ALA N 0.411
61 ALA C 62 ILE N -0.394
62 ILE C 63 ALA N 1.708
63 ALA C 64 GLU N -0.252
64 GLU C 65 ALA N 1.128
65 ALA C 66 VAL N -0.432
66 VAL C 67 ARG N 5.007
67 ARG C 68 LYS N 0.094
68 LYS C 69 ARG N 0.864
69 ARG C 70 APN N 1.093
70 APN C 71 ASP N 0.385
71 ASP C 72 LEU N -1.628
72 LEU C 73 LEU N 1.268
73 LEU C 74 PHE N -0.606
75 ILE C 76 VAL N 0.123
76 VAL C 7 VAL N -1.327
7 VAL C 78 THR N -0.364
78 THR C 79 ASP N -0.934
79 ASP C 80 MET N -2.152
80 MET C 81 GLN N 0.252
81 GLN C 82 SER N -0.175
82 SER C 83 LEU N -1.468
83 LEU C 84 ARG N -0.553
84 ARG C 85 TYR N 1.928
85 TYR C 86 SER N -1.422
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Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
86 SER C 87 HIS N -0.992
89 GLU C 90 ALA N -0.226
90 ALA C 91 GLN N 1.530
91 GLN C 92 ARG N -0.327
92 ARG C 93 ILE N 1.138
93 ILE C 94 GLY N -0.688
94 GLY C 95 GLN N -1.783
96 PRO C 97 PHE N 0.400
97 PHE C 98 LYS N -2.131
98 LYS C 99 GLY N 0.299
99 GLY C 100 ASP N 0.000
100 ASP C 101 ASP N -0.138
101 ASP C 102 ILE N -1.360
102 ILE C 103 LEU N 1.556
103 LEU C 104 LYS N -1.478
104 LYS C 105 ALA N 0.042
105 ALA C 106 LEU N 1.219
107 APN C 108 GLY N 0.458
108 GLY C 109 GLU N -0.550
109 GLU C 110 GLU N -0.978
111 APN C 112 VAL N -1.237
112 VAL C 113 ALA N 0.376
113 ALA C 114 ILE N 0.831
114 ILE C 115 APN N -0.356
115 APN C 116 ARG N 0.576
116 ARG C 117 GLY N 0.686
120 ALA C 121 GLN N -0.590
121 GLN C 122 ALA N -0.735
122 ALA C 123 LEU N 1.189
124 ARG C 125 VAL N 1.133
125 VAL C 126 PHE N -0.352
126 PHE C 127 THR N -0.905
128 PRO C 129 ILE N -1.748
129 ILE C 130 TYR N 1.793
130 TYR C 131 ASP N -2.142
131 ASP C 132 GLU N -0.205
132 GLU C 133 APN N 1.344
133 APN C 134 HIS N -2.017
135 LYsS C 136 GLN N 1.132
136 GLN C 137 ILE N 0.177
137 ILE C 138 GLY N -2.278
138 GLY C 139 VAL N -1.086
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Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
139 VAL C 140 VAL N -0.730
140 VAL C 141 ALA N 0.568
143 GLY C 144 LEU N -5.000
144 LEU C 145 GLU N -0.540
145 GLU C 146 LEU N 1.181
147 SER C 148 ARG N -0.060
148 ARG C 149 VAL N -0.015
149 VAL C 150 THR N 1.012
150 THR C 151 GLN N -0.742
151 GLN C 152 GLN N 0.264
152 GLN C 153 ILE N 0.571
153 ILE C 154 APN N -1.519
154 APN C 155 ASP N 1.224
155 ASP C 156 SER N 0.118
156 SER C 157 ARG N 0.261
23 ASP CA 23 ASP C -1.081
24 MET CA 24 MET C 0.277
25 THR CA 25 THR C 0.764
26 ARG CA 26 ARG C 2.235
27 ASP CA 27 ASP C 0.431
28 GLY CA 28 GLY C 0.090
29 LEU CA 29 LEU C -1.835
30 ALA CA 30 ALA C 3.015
31 APN CA 31 APN C -0.675
32 LYS CA 32 LYS C -8.427
33 ALA CA 33 ALA C -4.001
34 LEU CA 34 LEU C 3.442
35 ALA CA 35 ALA C -2.338
36 VAL CA 36 VAL C -0.189
37 ALA CA 37 ALA C 5.921
38 ARG CA 38 ARG C 3.584
40 LEU CA 40 LEU C -2.709
41 ALA CA 41 ALA C 3.417
42 ASP CA 42 ASP C -4.112
45 GLU CA 45 GLU C -1.326
46 ILE CA 46 ILE C 5.741
47 ARG CA 47 ARG C -3.139
48 GLN CA 48 GLN C 6.411
49 GLY CA 49 GLY C 4.842
50 LEU CA 50 LEU C 2.117
51 GLN CA 51 GLN C -1.069
52 LYS CA 52 LYS C 2.474
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Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
56 ELU CA 56 ELU C 2.229
58 GLY CA 58 GLY C -6.173
59 ILE CA 59 ILE C 3.399
60 GLN CA 60 GLN C -4.454
61 ALA CA 61 ALA C 0.686
62 ILE CA 62 ILE C -0.121
63 ALA CA 63 ALA C -3.641
64 GLU CA 64 GLU C 3.267
65 ALA CA 65 ALA C -1.189
66 VAL CA 66 VAL (@] -4.916
67 ARG CA 67 ARG C -4.333
68 LYS CA 68 LYsS C 1.372
69 ARG CA 69 ARG C -1.871
70 APN CA 70 APN C 2.475
71 ASP CA 71 ASP C 0.367
72 LEU CA 72 LEU C 0.732
73 LEU CA 73 LEU C -6.924
74 PHE CA 74 PHE C 4.530
7 VAL CA 7 VAL C 2.571
79 ASP CA 79 ASP C -5.637
81 GLN CA 81 GLN C -2.988
82 SER CA 82 SER C -0.767
83 LEU CA 83 LEU C 1.164
85 TYR CA 85 TYR C 0.023
86 SER CA 86 SER C -3.298
90 ALA CA 90 ALA C 7.086
91 GLN CA 91 GLN C -1.244
92 ARG CA 92 ARG C 0.217
94 GLY CA 94 GLY C 2.992
101 ASP CA 101 ASP (@] -2.307
102 ILE CA 102 ILE C 51.908
103 LEU CA 103 LEU C 2.348
104 LYS CA 104 LYS C -1.997
105 ALA CA 105 ALA C -3.310
106 LEU CA 106 LEU C -0.756
107 APN CA 107 APN C 3.349
108 GLY CA 108 GLY C -1.693
109 GLU CA 109 GLU C -2.021
110 GLU CA 110 GLU C 4.691
111 APN CA 111 APN C -0.212
113 ALA CA 113 ALA C -4.221
114 ILE CA 114 ILE C -0.802
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Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
120 ALA CA 120 ALA C 1.901
122 ALA CA 122 ALA C -0.460
124 ARG CA 124 ARG C -3.375
125 VAL CA 125 VAL (@] -1.010
126 PHE CA 126 PHE (@] -1.275
130 TYR CA 130 TYR C 4.437
131 ASP CA 131 ASP C 4.063
132 GLU CA 132 GLU C -0.263
133 APN CA 133 APN C -1.012
135 LYS CA 135 LYsS C 1.766
137 ILE CA 137 ILE C -1.675
138 GLY CA 138 GLY C -4.745
139 VAL CA 139 VAL C 0.584
140 VAL CA 140 VAL C -5.503
141 ALA CA 141 ALA C -7.929
142 ILE CA 142 ILE C -1.596
143 GLY CA 143 GLY (@] 2.066
144 LEU CA 144 LEU C 0.871
148 ARG CA 148 ARG C -0.034
150 THR CA 150 THR C 1.342
151 GLN CA 151 GLN C 0.621
152 GLN CA 152 GLN C -0.630
153 ILE CA 153 ILE C -1.318
154 APN CA 154 APN C -0.776
155 ASP CA 155 ASP C -0.395
156 SER CA 156 SER C -0.362
23 ASP CA 23 ASP HA -1.992
24 MET CA 24 MET HA -16.375
25 THR CA 25 THR HA -25.682
26 ARG CA 26 ARG HA -9.467
27 ASP CA 27 ASP HA -14.372
28 GLY CA 28 GLY HA -6.572
31 APN CA 31 APN HA -21.858
34 LEU CA 34 LEU HA -10.503
35 ALA CA 35 ALA HA -28.208
36 VAL CA 36 VAL HA -1.588
37 ALA CA 37 ALA HA -6.806
38 ARG CA 38 ARG HA -13.595
40 LEU CA 40 LEU HA 10.515
41 ALA CA 41 ALA HA -4.692
42 ASP CA 42 ASP HA -23.383
45 GLU CA 45 GLU HA -22.265
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Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
47 ARG CA 47 ARG HA 23.448
48 GLN CA 48 GLN HA -35.860
50 LEU CA 50 LEU HA 20.066
51 GLN CA 51 GLN HA 9.372
52 LYS CA 52 LYS HA -39.761
58 GLY CA 58 GLY HA 33.644
59 ILE CA 59 ILE HA -22.077
60 GLN CA 60 GLN HA -7.230
61 ALA CA 61 ALA HA -14.769
62 ILE CA 62 ILE HA 22.705
63 ALA CA 63 ALA HA 4.796
64 GLU CA 64 GLU HA -11.438
65 ALA CA 65 ALA HA -9.486
66 VAL CA 66 VAL HA 28.202
67 ARG CA 67 ARG HA 0.779
68 LYS CA 68 LYS HA -1.144
69 ARG CA 69 ARG HA -15.202
70 APN CA 70 APN HA 7.626
71 ASP CA 71 ASP HA -2.654
72 LEU CA 72 LEU HA -15.433
73 LEU CA 73 LEU HA -11.133
74 PHE CA 74 PHE HA -35.971
7 VAL CA 7 VAL HA -18.338
79 ASP CA 79 ASP HA 33.309
81 GLN CA 81 GLN HA 11.727
82 SER CA 82 SER HA 14.098
83 LEU CA 83 LEU HA 20.346
85 TYR CA 85 TYR HA -11.966
86 SER CA 86 SER HA -1.462
90 ALA CA 90 ALA HA 13.911
91 GLN CA 91 GLN HA -27.534
92 ARG CA 92 ARG HA 31.162
94 GLY CA 94 GLY HA -11.802
103 LEU CA 103 LEU HA -39.398
104 LYS CA 104 LYS HA -7.715
105 ALA CA 105 ALA HA 15.062
106 LEU CA 106 LEU HA 4.954
108 GLY CA 108 GLY HA -4.875
109 GLU CA 109 GLU HA -3.847
110 GLU CA 110 GLU HA 3.242
111 APN CA 111 APN HA -8.163
113 ALA CA 113 ALA HA -10.839
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Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
114 ILE CA 114 ILE HA 24.258
120 ALA CA 120 ALA HA 30.245
122 ALA CA 122 ALA HA -15.533
124 ARG CA 124 ARG HA 23.059
125 VAL CA 125 VAL HA 12.949
130 TYR CA 130 TYR HA 30.152
131 ASP CA 131 ASP HA -3.947
132 GLU CA 132 GLU HA -28.927
133 APN CA 133 APN HA 35.768
135 LYS CA 135 LYsS HA 1.344
137 ILE CA 137 ILE HA 8.414
138 GLY CA 138 GLY HA 25.908
140 VAL CA 140 VAL HA 5.031
141 ALA CA 141 ALA HA -15.067
142 ILE CA 142 ILE HA -7.068
143 GLY CA 143 GLY HA 20.430
148 ARG CA 148 ARG HA -23.074
150 THR CA 150 THR HA -0.293
151 GLN CA 151 GLN HA -5.697
152 GLN CA 152 GLN HA -4.922
153 ILE CA 153 ILE HA 9.942
154 APN CA 154 APN HA -0.997
155 ASP CA 155 ASP HA -0.381
156 SER CA 156 SER HA -3.383

Table B.4: Residual dipolar couplings measured for Ubiquitine in Otting phase
Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
3 ILE HN 3 ILE N 2.987
4 PHE HN 4 PHE N 2.739
5 VAL HN 5 VAL N 1.794
6 LYS HN 6 LYS N 2.311
7 THR HN 7 THR N -2.102
8 LEU HN 8 LEU N 1.744
10 GLY HN 10 GLY N 1.635
11 LYS HN 11 LYS N -6.481
12 THR HN 12 THR N 0.310
13 ILE HN 13 ILE N 0.076
14 THR HN 14 THR N 2.885
15 LEU HN 15 LEU N 3.678
Continued on next page
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Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
16 GLU HN 16 GLU N -0.570
17 VAL HN 17 VAL N -1.804
18 GLU HN 18 GLU N -7.763
20 SER HN 20 SER N -3.474
21 ASP HN 21 ASP N -1.734
22 THR HN 22 THR N 5.953
23 ILE HN 23 ILE N 2.506
25 APN HN 25 APN N 1.278
26 VAL HN 26 VAL N 2.015
27 LYS HN 27 LYS N 2.420
28 ALA HN 28 ALA N 2.000
29 LYS HN 29 LYS N 2.551
30 THR HN 30 THR N 1.777
31 GLN HN 31 GLN N 2.870
32 ASP HN 32 ASP N 1.493
33 LYS HN 33 LYS N 2.092
34 GLU HN 34 GLU N 2.579
35 GLY HN 35 GLY N -1.577
36 ILE HN 36 ILE N -7.862
39 ASP HN 39 ASP N 4.810
40 GLN HN 40 GLN N -0.011
41 GLN HN 41 GLN N 6.743
42 ARG HN 42 ARG N 3.941
43 LEU HN 43 LEU N 3.421
44 ILE HN 44 ILE N 2.577
45 PHE HN 45 PHE N -1.870
46 ALA HN 46 ALA N 0.263
47 GLY HN 47 GLY N 2.258
49 GLN HN 49 GLN N -1.110
50 LEU HN 50 LEU N 2.277
51 GLU HN 51 GLU N -3.101
52 ASP HN 52 ASP N -6.940
54 ARG HN 54 ARG N 0.358
55 THR HN 55 THR N 2.420
56 LEU HN 56 LEU N 5.443
57 SER HN 57 SER N 6.892
58 ASP HN 58 ASP N 3.056
59 TYR HN 59 TYR N 3.019
60 APN HN 60 APN N 6.967
61 ILE HN 61 ILE N 3.106
62 GLN HN 62 GLN N 4.501
63 LYS HN 63 LYS N -1.799

Continued on next page
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Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
64 GLU HN 64 GLU N 5.003
65 SER HN 65 SER N 6.272
67 LEU HN 67 LEU N 2.036
68 HIS HN 68 HIS N 1.821
69 LEU HN 69 LEU N 0.880
70 VAL HN 70 VAL N 5.007
71 LEU HN 71 LEU N 5.932
72 ARG HN 72 ARG N 3.477
74 ARG HN 74 ARG N 2.760
2 GLN C 3 ILE N -1.053
3 ILE C 4 PHE N 0.497
4 PHE C 5 VAL N -0.330
5 VAL C 6 LYS N 0.344
6 LYS C 7 THR N 0.202
7 THR C 8 LEU N -0.844
9 THR C 10 GLY N -0.222
10 GLY C 11 LYS N 0.509
11 LYS C 12 THR N -0.851
12 THR C 13 ILE N 0.432
13 ILE C 14 THR N -0.254
14 THR C 15 LEU N 0.208
15 LEU C 16 GLU N 0.788
16 GLU C 17 VAL N 0.182
17 VAL C 18 GLU N 0.345
19 PRO C 20 SER N 0.785
20 SER C 21 ASP N 0.416
21 ASP C 22 THR N -0.645
22 THR C 23 ILE N -0.062
24 GLU C 25 ASN N -0.805
25 ASN C 26 VAL N 0.691
26 VAL C 27 LYS N -0.968
27 LYS C 28 ALA N 0.683
28 ALA C 29 LYS N -0.674
29 LYS C 30 THR N 0.115
30 THR C 31 GLN N 0.069
31 GLN C 32 ASP N -0.533
32 ASP C 33 LYS N 0.510
33 LYS C 34 PHE N -0.457
34 PHE C 35 GLY N 0.672
35 GLY C 36 ILE N 0.381
38 PRO C 39 ASP N -0.933
39 ASP C 40 GLN N 0.175

Continued on next page
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Table B.4 — continued from previous page

Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
40 GLN C 41 GLN N -0.568
41 GLN C 42 ARG N 0.717
42 ARG C 43 LEU N -0.126
43 LEU C 44 ILE N 0.303
44 ILE C 45 PHE N 0.135
45 PHE C 46 ALA N 0.392
46 ALA C 47 GLY N -0.615
47 GLY C 48 LYS N 0.631
48 LYS C 49 GLN N -0.760
49 GLN C 50 LEU N 0.235
50 LEU C 51 GLU N 0.466
51 GLU C 52 ASP N -0.184
53 GLY C 54 ARG N 0.575
54 ARG C 55 THR N -0.969
55 THR C 56 LEU N -0.250
56 LEU C 57 SER N 0.214
57 SER C 58 ASP N -0.724
58 ASP C 59 TYR N 0.271
59 TYR C 60 APN N -0.539
60 APN C 61 ILE N 0.239
61 ILE C 62 GLN N -0.045
62 GLN C 63 LYS N -0.798
63 LYS C 64 GLU N -0.016
64 GLU C 65 SER N -0.235
66 THR C 67 LEU N 0.052
67 LEU C 68 HIS N -0.858
68 HIS C 69 LEU N 0.073
69 LEU C 70 VAL N -0.598
70 VAL C 71 LEU N -0.428
71 LEU C 72 ARG N 0.343
72 ARG C 73 LEU N -0.069
75 GLY C 76 GLY N -0.308
1 MET CA 1 MET C 0.300
2 GLN CA 2 GLN C 0.266
3 ILE CA 3 ILE C 0.538
4 PHE CA 4 PHE C -2.016
5 VAL CA 5 VAL C 1.135
6 LYS CA 6 LYS C -2.363
7 THR CA 7 THR C 1.965
8 LEU CA 8 LEU C 0.728
9 THR CA 9 THR C -2.232
10 GLY CA 10 GLY C 0.749

Continued on next page
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Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
11 LYS CA 11 LYS C 1.065
12 THR CA 12 THR C 1.844
13 ILE CA 13 ILE C -0.195
14 THR CA 14 THR C 1.641
15 LEU CA 15 LEU C -0.997
16 GLU CA 16 GLU C 0.552
17 VAL CA 17 VAL C -0.054
19 PRO CA 19 PRO C -0.253
20 SER CA 20 SER C -0.916
21 ASP CA 21 ASP C -0.498
22 THR CA 22 THR C 0.571
24 GLU CA 24 GLU C -0.955
25 ASN CA 25 ASN C 1.198
26 VAL CA 26 VAL C -1.366
27 LYS CA 27 LYS C 1.140
28 ALA CA 28 ALA C -1.350
29 LYS CA 29 LYS (@] 1.245
30 ILE CA 30 ILE C -0.283
31 GLN CA 31 GLN C 0.647
32 ASP CA 32 ASP C 0.446
34 GLU CA 34 GLU C -2.371
35 GLY CA 35 GLY C -0.449
38 PRO CA 38 PRO C -0.198
39 ASP CA 39 ASP (@] 2.411
40 GLN CA 40 GLN C -0.894
41 GLN CA 41 GLN C 0.167
42 ARG CA 42 ARG C -2.423
43 LEU CA 43 LEU C 1.252
44 ILE CA 44 ILE C -1.881
45 PHE CA 45 PHE C 0.619
46 ALA CA 46 ALA C -2.375
47 GLY CA 47 GLY C -0.252
49 GLN CA 49 GLN C 1.090
50 LEU CA 50 LEU C -0.571
51 GLU CA 51 GLU C 0.743
53 GLY CA 53 GLY C -1.362
54 ARG CA 54 ARG C -1.221
55 THR CA 55 THR C 1.073
56 LEU CA 56 LEU C -0.944
58 ASP CA 58 ASP C 1.915
60 ASN CA 60 ASN C 0.514
61 ILE CA 61 ILE C -1.242

Continued on next page
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Table B.4 — continued from previous page

Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
62 GLN CA 62 GLN C 1.043
63 LYS CA 63 LYS C 1.568
64 GLU CA 64 GLU C -0.037
67 LEU CA 67 LEU C 0.592
69 LEU CA 69 LEU C -0.414
70 VAL CA 70 VAL C 0.242
71 LEU CA 71 LEU C -1.991
72 ARG CA 72 ARG C -0.276
74 ARG CA 74 ARG C -1.069
2 GLN CA 2 GLN HA -1.938
3 ILE CA 3 ILE HA 0.761
4 PHE CA 4 PHE HA 10.574
5 VAL CA 5 VAL HA 10.108
6 LYS CA 6 LYS HA -0.207
7 THR CA 7 THR HA 2.327
8 LEU CA 8 LEU HA 1.712
9 THR CA 9 THR HA 7.423
10 GLY CA 10 GLY HA 17.939
11 LYS CA 11 LYS HA -5.744
12 THR CA 12 THR HA -10.440
13 ILE CA 13 ILE HA 2.252
14 THR CA 14 THR HA 10.185
15 LEU CA 15 LEU HA 9.290
16 GLU CA 16 GLU HA 5.156
17 VAL CA 17 VAL HA 8.181
19 PRO CA 19 PRO HA 11.370
20 SER CA 20 SER HA 1.758
21 ASP CA 21 ASP HA 17.148
25 ASN CA 25 ASN HA 8.169
26 VAL CA 26 VAL HA -12.486
27 LYS CA 27 LYS HA 13.326
28 ALA CA 28 ALA HA -20.446
29 LYS CA 29 LYS HA 10.793
30 ILE CA 30 ILE HA -8.764
31 GLN CA 31 GLN HA 5.350
32 ASP CA 32 ASP HA -0.250
34 GLU CA 34 GLU HA 3.817
35 GLY CA 35 GLY HA 24.092
38 PRO CA 38 PRO HA -7.371
39 ASP CA 39 ASP HA 2.435
40 GLN CA 40 GLN HA -9.823
41 GLN CA 41 GLN HA 14.735

Continued on next page
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Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
42 ARG CA 42 ARG HA 19.047
43 LEU CA 43 LEU HA 8.906
44 ILE CA 44 ILE HA 1.254
45 PHE CA 45 PHE HA 4.671
46 ALA CA 46 ALA HA 14.170
47 GLY CA 47 GLY HA 12.662
48 LYS CA 48 LYS HA -11.402
49 GLN CA 49 GLN HA -0.511
50 LEU CA 50 LEU HA -0.798
51 GLU CA 51 GLU HA -12.923
53 GLY CA 53 GLY HA 8.942
54 ARG CA 54 ARG HA 7.065
55 THR CA 55 THR HA 4.232
56 LEU CA 56 LEU HA 1.702
57 SER CA 57 SER HA -1.862
58 ASP CA 58 ASP HA 1.291
59 TYR CA 59 TYR HA 3.033
60 ASN CA 60 ASN HA 2.074
61 ILE CA 61 ILE HA 20.333
62 GLN CA 62 GLN HA 15.636
63 LYS CA 63 LYS HA 0.779
64 GLU CA 64 GLU HA 3.271
65 SER CA 65 SER HA 18.062
66 THR CA 66 THR HA 10.475
67 LEU CA 67 LEU HA 6.716
69 LEU CA 69 LEU HA 5.977
70 VAL CA 70 VAL HA 11.118
71 LEU CA 71 LEU HA 14.458
72 ARG CA 72 ARG HA 13.446
73 LEU CA 73 LEU HA 6.784
74 ARG CA 74 ARG HA 7.838
75 GLY CA 75 GLY HA 10.529
Table B.5: Residual dipolar couplings measured for citrate bound form of CitAP in phages

Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
3 ILE H 3 ILE N 0.584
4 THR H 4 THR N -1.763
6 GLU H 6 GLU N 2.450
7 ARG H 7 ARG N -0.618

Continued on next page
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Table B.5 — continued from previous page

Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
9 HIS H 9 HIS N 3.238
13 GLY H 13 GLY N 5.361
14 GLN H 14 GLN N 1.070
21 MET H 21 MET N 2.672
25 ALA H 25 ALA N -0.422
26 MET H 26 MET N -8.741
29 LEU H 29 LEU N 6.818
30 VAL H 30 VAL N 0.889
31 GLU H 31 GLU N 0.361
32 ALA H 32 ALA N 3.582
33 VAL H 33 VAL N 4.160
34 GLN H 34 GLN N 0.858
35 LYS H 35 LYsS N 0.562
36 ARG H 36 ARG N 8.836
37 ASP H 37 ASP N 3.856
38 LEU H 38 LEU N 4.581
39 ALA H 39 ALA N 2.103
40 ARG H 40 ARG N -0.600
41 ILE H 41 ILE N 2.867
42 LYS H 42 LYS N 5.602
43 ALA H 43 ALA N 0.696
45 ILE H 45 ILE N 3.331
56 TYR H 56 TYR N 7.518
59 VAL H 59 VAL N 3.405
60 GLY H 60 GLY N 4.796
61 ASP H 61 ASP N -5.918
62 ALA H 62 ALA N 3.451
63 SER H 63 SER N 6.668
64 GLY H 64 GLY N -5.512
65 GLN H 65 GLN N -9.921
66 ARG H 66 ARG N -6.680
68 TYR H 68 TYR N 7.935
69 HIS H 69 HIS N 9.256
70 VAL H 70 VAL N 11.106
73 ASP H 73 ASP N -3.705
75 ILE H 75 ILE N 1.163
76 GLY H 76 GLY N 0.704
7 LYS H 7 LYS N -1.498
78 SER H 78 SER N -2.658
81 GLY H 81 GLY N -1.790
83 ASP H 83 ASP N 2.420
85 ASP H 85 ASP N -5.986

Continued on next page
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Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
86 GLU H 86 GLU N -8.760
87 ALA H 87 ALA N -10.412
88 LEU H 88 LEU N -8.587
92 LYS H 92 LYS N -1.988
93 SER H 93 SER N 4.620
94 TYR H 94 TYR N 10.087
96 SER H 96 SER N 6.719
109 LYS H 109 LYS N 11.118
110 SER H 110 SER N 7.454
114 ASP H 114 ASP N 0.392
115 ALA H 115 ALA N 10.445
117 GLY H 117 GLY N 3.891
119 VAL H 119 VAL N 1.904
120 ILE H 120 ILE N 1.010
121 GLY H 121 GLY N 8.121
122 ILE H 122 ILE N 6.566
123 VAL H 123 VAL N 5.976
127 TYR H 127 TYR N 4.012
128 THR H 128 THR N 5.460
129 ILE H 129 ILE N -0.205
130 GLU H 130 GLU N 2.096
131 GLN H 131 GLN N -0.308
132 LEU H 132 LEU N 0.361
133 GLU H 133 GLU N 2.116

Table B.6: Residual dipolar couplings measured for citrate free form of CitAP in phages

Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
18 ILE H 18 ILE N -10.411
22 GLN H 22 GLN N -12.835
24 SER H 24 SER N 2.122
25 ALA H 25 ALA N -9.721
26 MET H 26 MET N -15.662
28 GLU H 28 GLU N 0.839
29 LEU H 29 LEU N 11.105
30 VAL H 30 VAL N 0.391
31 GLU H 31 GLU N 0.997
32 ALA H 32 ALA N 4.118
33 VAL H 33 VAL N 7.505
34 GLN H 34 GLN N 0.602

Continued on next page
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Table B.6 — continued from previous page

Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
35 LYS H 35 LYS N 2.608
37 ASP H 37 ASP N 11.477
38 LEU H 38 LEU N 6.496
39 ALA H 39 ALA N -4.833
40 ARG H 40 ARG N -1.974
41 ILE H 41 ILE N -1.458
42 LYS H 42 LYS N -2.527
43 ALA H 43 ALA N 0.884
44 LEU H 44 LEU N -3.026
61 ASP H 61 ASP N -5.673
63 SER H 63 SER N 15.812
112 ILE H 112 ILE N -2.552
114 ASP H 114 ASP N 1.370
115 ALA H 115 ALA N 18.573
117 GLY H 117 GLY N 7.779
118 LYS H 118 LYS N -2.091
119 VAL H 119 VAL N 9.551
120 ILE H 120 ILE N -3.127
121 GLY H 121 GLY N 13.372
122 ILE H 122 ILE N 16.623
131 GLN H 131 GLN N 2.057
132 LEU H 132 LEU N 3.035
17 LEU C 18 ILE N -0.889
19 GLN C 20 ALA N -0.371
21 MET C 22 GLN N -0.131
23 ILE C 24 SER N 0.710
24 SER C 25 ALA N -0.243
25 ALA C 26 MET N 0.508
27 PRO C 28 GLU N 0.081
28 GLU C 29 LEU N 0.129
29 LEU C 30 VAL N 0.128
30 VAL C 31 GLU N 0.367
31 GLU C 32 ALA N -1.570
32 ALA C 33 VAL N 1.899
33 VAL C 34 GLN N -1.769
34 GLN C 35 LYS N 0.755
35 LYS C 36 ARG N -0.275
36 ARG C 37 ASP N -0.426
37 ASP C 38 LEU N -1.125
38 LEU C 39 ALA N 1.612
39 ALA C 40 ARG N -1.189
40 ARG C 41 ILE N 0.242

Continued on next page
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Res: Numberl | Res: namel Atoml Res: Number2 | Res: name2 | Atom?2 D
41 ILE C 42 LYS N 0.262
42 LYS C 43 ALA N -0.825
43 ALA C 44 LEU N 0.941
60 GLY C 61 ASP N 0.495
61 ASP C 62 ALA N -1.803
62 ALA C 63 SER N 1.150
113 GLN C 114 ASP N -0.477
114 ASP C 115 ALA N -0.430
116 THR C 117 GLY N -1.592
117 GLY C 118 LYS N 1.231
118 LYS C 119 VAL N -1.306
119 VAL C 120 ILE N 0.204
120 ILE C 121 GLY N -0.069
132 LEU C 133 GLU N -0.170
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Appendix C

Bruker Pulseprogramme and MATHEMATICA scripts

Bruker pulse-programme for CBCA(CO)NH experiment used for simultaneous
measurement of 'Jo, 4, 'Josns and 'Joacr couplings:

;3D CBCACONH-J(CH)

;Takahisa Ikegami 15Feb2002
;Chou and Bax JACS 2001, 123, 3844-3845
;Grzesiek and Bax JACS 1992, 114, 6291-6293

;Markus Zweckstetter 04Jan2002
;vinesh vijayan 12Dec2002

#include "bits.mz"
#include <Avance.incl>
#include <Grad.incl>

#define CARBON

#define NITROGEN

;#define INTERLEAVE ;undefine this for just the reference spectrum
;#define EXE1D

define loopcounter NLOOP
define loopcounter CLOOP
"NLOOP=30" ;IN = 220u max = 30
"CLOOP=60" ;IN = 40u max = 84

;All parameters for 600MHz spectrometer

;H = hydrogen frequency on water
;p1 = high power proton 90 at plil
;p30= low power proton 90 at pl30 ("15db) CPD decoupling cpdsil

;C1 = carbon frequency at 46 ppm, C2 = 177 ppm

;for hsec.3, Q=|w(eff)/(d(theta)/dt)|=3 BW: 20kHz (600MHz)
; pl6:spl6 -> 180 hsec22kb00u at 12.5kHz (700MHz)

; pL3, p3 -> 90 Cab

; pl4:spl4 -> 180 Rsnob from Cab to Co 150u (700MHz)

; pL15,p15 -> 90 Co

; p13:sp1l3 -> 180 hsec.3 from Co to Ca

; pL6, p6 -> 180 Co

;N = nitrogen frequency (7118 ppm)
;P7 = high power nitrogen 90 “50us at pl7
;p31 = low power 90 pulse "200u at pl31 waltzl6 cpd2

sx%kkxkx N evolution sk 3k 3k 3k 3k K
;in22=in24=1/(4sw) for N
;MAX NLOOP = 6.8m/in22
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sxkkxkk CA/CB evolution *¥xxkkx
;in16=in18=1/(2sw) for C
;MAX CLOOP = 3.4m/ini18

5 KKk kKK pulses kK Kk kk
"P2=P1*2"
l|p8=p7*2 n

ny]7=1"

5 KKk kokok delays k k5K Kk k
"d3=2.7m-p22"
"d9=5.4m-p26"
"d6=0.26m-p24"
"d7=0.26m-p25-10u"
"d11=50m"
"d13=p16+0.5-p1"
"d14=p7-p6%0.5"
"d15=p3*4/3.14159"
"d20=1.8m-p1*4-6u"
"426=p7-p1"
"d27=p16%0.5-p1*2-3u"

;*xIncrement or Decrement delays**

#ifdef EXE1D
"d16=3u"
#else
"d16=in16%*0.5"
#endif
"d18=3.4m-d16"

"d22=6.8m"
"d24=d22-5.4m"
"d25=d22"

;———The following must be optimized for different machine----

;"p26=2.705m ;gp26=+50%z, gp27=-50%z (rectangular)
;"p24=0.2m ; gp24=+50%z (rectangular)
;"p25=0.070m ;gp25=-50%z (rectangular)

sk%kkx*kx end declaration *k*kxxk

ze
di1

2 10u
10u do:N
10u do:H
10u do:C1
d12

3 10u
d12x*3

4 d12
d12x*3

6 d12
d12x*3

7 d12
d12 do:H
d12 do:N
di12 £q2:C1 ;->CaCb
200u pli:H
200u pl7:N
d1
(p1 ph10):H
1.3m

(d13 p2 ph10):H (p16:sp2 ph10):C1

im
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300u UNBLKGRAD

3 dokkokokkok

100u

71

72

73

74

5 dokokokokokok

5 Fokkokokokok

75

(p1 ph7):H
10u
2mp:gpl
100u
300u p13:C1
inept to c aliphatic ok ok ok ok ok
(p3 ph4):C1
6u
(p16:sp2 ph10):C1 (d27 pl ph10 3u p2 phil 3u pl phl0):H
6u

d15 ;p3*4/Pi
di6 ;d16 increment delay
(pl4:spl4 ph10):C1 ;sincl.0 C’ refocusing (~150u)

if "17==1 or 4" goto 71 ;1.93m length of effective J-modulation
if "17==2" goto 72 ;3.73m
if "17==3" goto 73 ;7.22m
600u
(p1 ph10 3u p2 phill 3u pl phl0):H
d20
900u
goto 74
1.5m
(p1 ph10 3u p2 phil 3u pl phl0):H
d20
goto 74
1.5m
d20
(p1 ph10 3u p2 phil 3u pl phl0):H
5u
20u pl30:H
(p16:sp2 phl7):C1
d18 ;d18 decrement delay
(pl4:spl4 ph10):C1 ;B.S. compensate
5u
20u pl3:C1
(p3 ph10):C1
inept to ca *okokokkokok
5u
20u cpdsi:H
(pl4:spl4 ph10):C1 ;sinc compensation
5u
(p16:sp2 ph10):C1 ;hsec.3 compensation
30u
dis
3.4m
(p14:sp14 phi10):C1 ;sinc on C’
5u
(p16:sp2 ph10):C1 ;500u hsec.3 on Ca
5u
3m
400u pl3:C1
(p3 ph10):C1
5u
20u do:H
1.4mp:gp2
100u
100u fqg2:C1 ; —> Co
100u pl30:H
80u pl15:C1
20u cpdsi:H
inept to carbonyl *okokokokokok
(p15:sp1l ph8):C1
500u
if "17==4" goto 76 ;measurement of C-CA coupling
4m ;9m length of effective J-modulation
(p13:sp13 ph10):C1
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76

7

5 Fkkokokokk

5.5m
goto 77
8.85m ;18m
(p13:sp13 ph10):C1
0.65m
25u
im pl6:C1
(d14 p6 ph10):C1 (p8 phl0):N
11im
(p13:sp3 ph10):C1
5u
20u pli5:C1
(p15:sp12 ph10):C1
5u
20u do:H
1.7mp:gp22
100u
280u pl30:H
20u cpdsi:H
inept to nitrogen *okokokkokok
(p7 ph27):N
11u
d22
(p13:sp13 ph10):C1
8u
d22 pl6:C1
(d14 p6 ph10):C1 (p8 ph27):N
8u
d25
(p13:sp13 ph10):C1
d24
3u do:H

if "11==1" goto 88

88

--- end CT evolution on N
--- Rance Kay Transfer back to H --—----------

8u do:H

p26:gp26 ;Rance-Kay encoding gradient (+)
d9 pli:H

(p7 ph19):N (d26 pl phO):H

goto 89

8u do:H

p26:gp27 ;Rance-Kay encoding gradient (-)
d9 pli:H

(p7 ph9):N (d26 pl phO):H

2u

p22:gp3

d3

(d26 p1*2 phO):H (p7#2 ph27):N
2u

p22:gp3

d3

(p1 ph15):H (p7 ph28):N

2u

p22:gp4

d3

(d26 p1*2 phO):H (p7*2 ph27):N
2u

p22:gp4

d3

(d26 pl phO):H

4u

p24:gp24 ;Rance-Kay decoding gradient (+)
deé

(p1*2 phO) :H

2u

p25:gp25 ;Rance-Kay decoding gradient (-)
d7 pl3i:N

10u BLKGRAD
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(2u pho)
go=2 ph31 cpd3:N
5u do:N
#ifdef EXE1D
dil wr #0
#else
dil wr #0 if #0 zd

#ifdef INTERLEAVE
d12 iu7
lo to 3 times 4
d12 ru7

#endif

#ifdef NITROGEN
10u iul
lo to 3 times 2
d12 dd22
10u rul
d12 id24
d12 id25
lo to 4 times NLOOP ;46 ;change back to 46
d12 rd22
d12 rd24
d12 rd25
#endif

#ifdef CARBON
di2 ip4
lo to 6 times 2
d12 idi1é
d12 ddi8
d12 ip31
d12 ip31
lo to 7 times CLOOP
d12 rdié
d12 rdi8
#endif

#endif
d12 BLKGRAD
d12 do:N
d12 do:C1
d12 do:H

002222
ph9=2 ; or O

phl7=00112233

ph28=1
ph31=0 2 2 0 2 0 0 2

H

Bruker pulse-programme for TROSY-HNCO experiment for simultaneous
measurement of 'Joy and 'Jyy couplings.

#include "bits.mz"
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#include <Avance.incl>
#include <Grad.incl>

;3D TROSY-HNCOJ
;Modified from the original pulse scheme by vivi, for including shorter NCo transfer delay for the 3rd interleaved experiment.
;3D TROSY-HNCOJ

H

; NOTE: C’ on Cl; CA on Cl1 using shaped pulses with offset

H

;——RF Pulses————--—-—--—-—-

;pl = 90 deg (10us) 1H pulse @pll

;P2 = 90 deg @pl2 1H; should be “ims

;p3 = 90 hard on C’

;p6 = sp0 90 sincl.0 on C’ (7100 us at 800 MHz), center lobe sinx/x
;p7 = 90 deg ("50us) 15N pulse @pl7

;p8 = sp3 sincl.0 on CA (7100 us at 800 MHz)

;pl6= sp2 180 hsec.3 on C’ (1000 us at 800 MHz), hyperbolic secant

;——Gradients--—-----—--—-—--—-

;p21=1m, gpl=5/x sine.50 ;sine bell shaped gradient
;p20=1m, gp0=30%y sine.50

;p20=1m, gp2=30%x sine.50

;p21=1m, gp3=30%z sine.50

;——Options-------=-—-----—-

;-—Options-----------—-—-—-

#define NITRO
#define CARBON
#define INTERLEAVE

;——Evolutions---------——---
define loopcounter NLOOP
define loopcounter CLOOP

"NLOOP=36" ;max = 62 for 500u increment in 15N dim
;53 "CLOOP=32" ;number of complex C’ increments
"CLOOP=18" ;number of complex C’ increments

H

;15N evolution in20=in21=in22=in24 Total evolution = 4*xin20*NLOOP

;C? evolution in0 Total evolution = 2*in0*CLOOP

;——Delays

"d0=in0*0.5-p8*0.5-p6*0.54" ;90,-180 phase correction in C’ dim
"d3=2.5m-p21"

"d4=2.6m-p21-p2"

;"d5=16.6m-p2-40u"

;"'d6=33. Im-p2-40u"

"d7=d3-p2-20u"

"d11=50m"

"d16=p16"

"d19=in21%0.444" ;fudge delay for zero phl in 156N dim
"d20=7.5m+p16*0.5"

"d21=7.5m"

"d22=7.5m"

"d23=d20-p16-5u"

"d24=2u" ;fudge delay for zero phl in 15N dim
"d26=p7-p1"

"d27=p16*0.5-p7"

"d28=d424x*2"

"d29=p8*0.5-p7"

1 ze
im
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2 di1l do:£f3

3 3m

7 5u do:f2
10u pl3:£f
dl setnmr

1m setnmr

2
370 setnmr0~34732733
3|0 setnmr0|34]32|33

(p3 phO):f2 ;kill C’ boltzman magnetization
10u pli:f1
10u pl7:£3
e start 90-degree on 1HN
(p1 phO):f1 ;the first 1H 90
3u
p21:gpl ;im @ 5Yx
d3
(d26 p1#2 phO):f1 (p7*2 phO):£3
p21l:gpl ;im @ 5%x
d3
(p1 phl):f1
3u
p20:gp0 ;scrambler gradient 1m @ 30%y
500u
ittt INEPT to 15N
(p7 phO):£3 ; INEPT to 15N

if "12==3" goto

if "12==2" goto 20

16.6m pl6:£f2
(p16:sp2 ph0):£2
16.6m
goto 21
20 33.1m pl6:f2
95u
(p16:sp2 phO) :£2
5u
21 (p7*2 phO):£3
dieé
33.2m
goto 23
22 16.6m pl6
(427 p7%x2 ph0) : £3
16.6m
23 (p7 phl):£3
p20:gp0
1m pl5:£2
(p6:sp0 ph6):£2

22 ; shorter transfer for the 3rd interleaved experiment.
;interleaving expt with 34.2 and 67.4msec J(NC’) dephasing

;selective C’ adiabatic 180

;d16 = p16

:f2

(p16:sp2 phO):£2 ;selective C’ adiabatic 180

;scrambler gradient im @ 30%y

;selective C’ 90 (sinc1.0)

s Start C’ evolution----------—-

do

(p8:sp3 phO):£f2 (d29 p7*2 phO):£3

do

;start C’ evolution
;CA and 15N refocusing

——————— End C’ evolution-------------

(p6:sp0 phO) :£2
6u

p20:gp2

im

if "11==1" goto 30

(p7 ph17)
goto 31
30 (p7 ph7):£3

;selective C’ 90 (sinc1.0)
;scrambler gradient 1m @ 30%x

;select appropriate TROSY phase

:f3 ;ph17=1 2 --|

; |
;ph7=1 0 |

j—————= Start CT 15N evolution-------

31 d20

(p8:sp3 pho):£f2

d20

(p7*2 pho) :£3

(p16:sp2 phO):£2
d21

(p8:sp3 pho):f2

if "12==3" goto
5u

;decrement d20 = 7.5m

;decrement d20 = 7.5m

;increment d21

25 ;interleaving expt without J(NHN) dephasing
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d22
d28

;increment d21

(d26 p1*2 ph9):f1 (p7+2 phO):£3

d28
goto 26

25 5u
d22
d24
d24

;interleaving expt with J(NHN) dephasing

(d26 p1*2 ph9):f1 (p7+2 phO):£3

d24
d24

26 5u

jm————— End CT 15N evolution

if "11==1" goto 60
(p1 ph12):£f1
10u pl2:f1
(p2 ph12):£f1
goto 61
60 (pl ph2):f1
10u pl2:f1
(p2 ph2):f1
61 5u
10u pli1:£f1
p21:gpl
a7

;increment d24 two times

;select appropriate TROSY phase
;phi2 = 1 ——|
;1m water 90 pulse
; [
;ph2 = 3 -=|

;1m water 90 pulse

;1m @ 5Y%x

(d26 p1#2 phO):f1 (p7*2 phO):£f3

5u
10u pl2:f1
p21:gpl
d7
(p2 phO):f1
10u pli1:£f1
if "11==1" goto 70

goto 71

70 (p1 phO):f1 (p7 phi4):f3

71 bu
p21:gp3

d4 pl2:f1
(p2 phi5):f1
3u

5u pli:f1

(p1l phO):f1 (p7 ph4):f3

;im @ 5%x
;1m water 90 pulse
;select appropriate TROSY phase
;DOUBLE 90 phi4 =1 --|
;DOUBLE 90 p£4 =3 -

;1m @ 30%z

(d26 p1*2 ph0):f1 (p7*2 phO):£3

8u pl2:f1
(p2 ph1b):f1
5u
p21:gp3
d4 pl30:f2
(p7 phO):£3
go=2 ph31 cpdl:£f2
10u do:£f2
1m BLKGRAD
d1l wr #0 if #0 zd

#ifdef INTERLEAVE
10u iu2
lo to 3 times 3
10u ru2

#endif

#ifdef NITRO

0.1m iul
lo to 3 times 2

;1m @ 30%z

; CPD for C’ during acquisition

;increment loopcounter 12

;reset loopcounter 12 to 1

;increment loopcounter 11

Appendix
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10u dd20

10u id21

10u id22

10u id24

10u id24

10u ru2

10u rul ;reset loopcounter 11 to 1
lo to 3 times NLOOP
10u rd21

10u rd24

10u rd22

10u rd20

#endif

#ifdef CARBON

10u ip6

lo to 3 times 2

10u ido

10u ip31 ;TPPI-States in C’ dim
10u ip31

lo to 3 times CLOOP

#endif

im do:f2
im do:£f3
im

im

exit

ph0=0

phi=1

ph2=3

ph12=1

ph4=3

phi4=1
ph15=(360)178
ph6=0 0 2 2
ph7=1 0

ph8=2

pho9=0 2
ph17=1 2
ph10=(360)0
ph11=0

ph31=1 2 3 0 ;receiver phase

C.1 MATHEMATICA scripts

MATHEMATICA scripts for fitting RDCs to a structure.

In[1]:=
<<LinearAlgebra‘MatrixManipulation®
Needs["Optimization‘UnconstrainedProblems‘"]

yilal_,a2_,a3_,a4_,ab_,x1_,x2_,x3_,x4_,
x5_]:=-21583* ((al*x1+a2*x2+a3*x3+ad*x4+
ab*x5)) (*Fitting function for one structuresx)

y2[wi_,al_,a2_,a3_,a4_,ab_,x1_,x2_,x3_,x4_,x5_,x6_,x7_,x8_,x9_,
x10_1:=(-21523.11) * (((wl* (al*x1+a2*x2+a3*x3+ad*x4+
ab*x5) )+ ((1-(wl))*(al*x6+a2*x7+a3*x8+ad*x9+
ab*x10)))) (*Fitting function for two structures*)

y5[wi_,w2_,al_,a2_,a3_,a4_,ab_,x1_,x2_,x3_,x4_,x5_,x6_,x7_,x8_,x9_,x10_,x11_,



160 Appendix

x12_,x13_,x14_,
x15_]:=(-21523.11) *(((wil* (al*x1+a2*x2+a3*x3+ad*x4+ab*x5) )+ (w2* (al*x6+
a2*x7+a3*x8+ad*x9+ab*xx10) )+ ((1-(wi+w2) ) *(al*x1l+a2*x12+
a3*x13+ad*x14+
ab*x15)))) (xFitting function for three structuresx*)

(kokskokokoskksk sk sk sk ok sk ok skokok ok ok ok ok 5 sk ok ok sk ok sk sk sk ok ok sk sk ok sk ok sk ok sk ok sk ok ok sk ok ok ok ok )
(*an example of fitting procedure for three structures)

erfunch[wl_,w2_,al_,a2_,a3_,a4_,a5_,
datum_] :=(y5[wl,w2,al,a2,a3,a4,ab,datum[[1]],datum[[2]],datum[[3]],
datum[[4]],datum[[5]],datum[[6]1],datum[[7]],datum[[8]],datum[[9]],
datum[[10]] ,datum[[11]],datum[[12]],datum[[13]],datum[[14]],
datum[[15]]1]1-datum[[16]]) "2 (*error function for three structuresx)

In[30]:=
chisqb5=Map [erfuncb[wl,w2,al,a2,a3,a4,ab,#]&,datal;

solnb=NMinimize [{Apply [Plus,chisqg5], 1>w1>0&&1>w2>0},{wl,w2,al,a2,a3,a4,
ab}] (xfitting function for three structuresx)

Out [31]=
{534.878,{a1->-0.000344807,a2->0.000159985,a3->]-0.000718622,
a4->0.000152141,a5->]-0.000126468,w1->0.184418,w2->0.}}

In[32]:=
evbabc [wl_,w2_,al_,a2_,a3_,a4_,ab_,datum_]:=
y5[wl,w2,al,a2,a3,a4,ab,datum[[1]],datum[[2]],datum[[3]],datum[[4]],
datum[[5]],datum[[6]],datum[[7]],datum[[8]],datum[[9]],datum[[10]],
datum[[11]] ,datum[[12]] ,datum[[13]] ,datum[[14]] ,datum[[15]]]

In[33]:=

calcbabc={Map[evbabc[wl,w2,al,a2,a3,a4,a5,#]&,
datal]/.{a1->-0.0003448069828227771°¢,
a2->0.00015998488798546685¢ ,a3->-0.0007186215447121178°¢,
a4->0.0001521411659575144°¢ ,a5->-0.00012646774391763385°¢,
w1->0.18441827328210506° ,w2->0. ‘}};

RSabc=Correlation[Flattenl[ex],
Flatten[calcbabc]] (*correlation function for three structures*)

Out [34]=
0.936602

Sqrt [Apply[Plus, (Flatten[ex]-Flatten[calcbabc])"2]/64]/
Sqrt [Apply[Plus,Flatten[ex] "2]1/64] (*quality factor for three structuresx)

Out [35]=
0.348577

(***********************5**********************************)

MATHEMATICA scripts for fitting intensity ratios to obtain 7(c)

h=6.6261%10"-34;
Bh=800.25;
uo=4%Pi*10"-7;
Gn=-2.712%10"7;
Gh=2.6752 *1078;
Gc=6.73 *1077;
rhn=1.04 107-10;
sigl1bn=-155%x10"-6 ;(*x CSA = S|_ -S|| = Szz - 1/2 (Sxx + Syy) *)
siglh=15%10"-6;
Bo=Bh*10~6%2%Pi/Gh;
theta=17;
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<<Statistics‘NonlinearFit°¢

p = (uo*Gn*Gh*h)/(16%Pi~2%2~(0.5)*rhn"~3)

-24048.

d = (Gn*Bo*siglbn)/(3*27(0.5))

18622.3

eta=-2*p*d*((3 Cos[theta* Pi/180.]172 -1)/2)*4%0.4
1.2493077844773753%1079

£3=Import ["C:\Vinesh\Desktop\Datal.dat","Table"];
ri1=Take[Flatten[f3],{2,200,4}];

t1=PadLeft [{},50,{32%107-3}];
11=Transpose[Partition[Join[t1,r1],50]];

r2=Take [Flatten[f3],{4,200,4}];

id=Take[Flatten[f3],{1,200,4}];

12=Transpose[Partition[Join[t2,r2],50]];
datal=Transpose[Partition[Join[11,12],50]];

For[i=1,i\[LessEqual]Part[Dimensions[datal],1],i=i+1,dx=Part[datal,i];
dy=Part [dx,2]-Part [dx, 1] ; Tc=ArcTanh[Part [dy,2]]/(eta*Part [dy,1]*0.8);
Print[Tc]]

(ks ok ok kk kk ok ok Rk ok ok kk kk ok ok Rk dok kk kk ok ok kokokokokokk)
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