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Résume

Partie | Lanalyse de données de relaxation des spins a l'aide dprbape model-free
est trés répandue pour obtenir des informations sur la dignentes protéines aux échelles
de temps ps-ns gis-ms. Afin d’extraire des informations de qualité, les daméont
enregistrées a plusieurs champs magnétiques. Combinetlee dennées est cependant
sujet aux erreurs expérimentales. Ainsi, la consistenseldenées de relaxation a plusieurs
champs doit étre vérifiée. Malheureusement, cela s’effectrement,i.e. on assume
simplement que les données sont correctes. Nous proposnoside approche simple pour
la vérification de la consistence de données de relaxaticegistrées a plusieurs champs.
L'utilisation des test proposés améliore l'analyse et ieda présence artéfactuelle
d’échange conformationnel. Ainsi, comme les données diégh conformationnel sont
souvent discutées en terme de liaison de substrat ou degsmatalassurer de leur validité
améliore la compréhension biologique du systeme étudié.

Partie I Les B-lactamases de classe A sont impliquées dans la résistamce a
antibiotiques. Elles y participent en hydrolysant [¢actamines. Ces enzymes ont été
étudiées par différentes approches : études mutatiospedienulations de dynamique
moléculaire, cristallographie des rayons X et RMN. L'enzymedéle de cette classe,
TEM-1, a précédemment été étudiée par RMN dans notre lali@aliEM-1 est tres rigide
sur I'échelle de temps des ps-ns, mais subit des mouveneritgub-ms au niveau du site
actif. Afin de mieux caractériser la dynamique ¢ekctamases de classe A, 'homologue
PSE-4 a aussi été étudié par RMN avec des données de relagati@pins, de dispersion
de relaxation par CPMG et d’échange d’amides. Les mémesusiank que pour TEM-1
ont été obtenues : rigidité générale élevée et présence aeements lents prés du site actif.
Ces mouvements pourraient étre conservés che-lastamases de classe A et ainsi avoir
un lien avec la catalyse enzymatique. Cette hypothése dsrecén par les données RMN
pour cTEM-17m, une chimére TEM-1/PSE-4, pour laquelle iplus résonances prés du
site actif sont non observées di a un élargissement causégparouvements lents.



Summary

Partl  The analysis of spin relaxation data using the model-frem#&tism is a widely
used approach to get insights into protein dynamics on thespgndus-ms timescales. In
order to extract high quality data, multiple magnetic fieldakets are required. Combining
datasets recorded using different NMR magnets is pronegerarental errors. Hence, the
consistency of multiple field spin relaxation data must beefedly verified. Analysis of
multiple field spin relaxation data generally proceeds outhverification of consistency,
l.e. with only the assumption that data is fine. We propose a simppeoach to verify the
consistency of multiple field relaxation data. Using the pmsed tests improves the
analytical approach by reducing the presence of artifhciaformational exchange terms.
Since these terms are often rationalised in relation wigand binding or catalysis,
improving their confidence yields a better understandirtgims of biology.

Part Il Class A[B-lactamases are involved in antibiotics resistance. Theysal by
hydrolysing the-lactam antibiotics. These enzymes have been widely studidifferent
approaches including mutational studies, MD simulatiofisay crystallography and NMR.
The model enzyme for this class of proteins, TEM-1, has presly been studied by NMR
in the laboratory. It was observed that TEM-1 is a highly oedeprotein on the ps-ns
timescale, with slowerus-ms motions clustered around the active site. In order to
characterize further the backbone dynamics of clas@§-lctamases, the homologous
enzyme PSE-4 was studied by NMR using different approachels as spin relaxation,
CPMG relaxation dispersion, and amide exchange experiméifis same conclusions as
for TEM-1 were obtained with a high rigidity along the seqoerbalanced by slower
motions in the vicinity of the active site. These motions ntige conserved in class A
B-lactamases and potentially be important for catalysigs Tipothesis is further enforced
by the backbone resonance assignments for cTEM-17m, a TlE&EE4 chimera, where
many resonances are unobservable around the active stentiplly suffering from line
broadening caused by slow motions.



Foreword

This thesis is presented in two parts. Part | discusses weprents to the analysis of spin
relaxation data. Part Il discusses the dynamics of claBdaktamases (mostly PSE-4).
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1.1 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) spectroscopy is a poweeftihnique to obtain
information at an atomic resolution on structural as well aas dynamical aspects of
molecules. NMR can be divided in three principal areas: im@gsolid state, and liquid
state NMR. Liquid state NMR, as its name says, probes samptbs iiquid statei(e. in an
isotropic environment). This means that macromolecules siudied in solution, a
significant advantage in terms of physiological relevanm@gared to methods employing
the crystalline formé.g.X-ray crystallography).

NMR is made possible by an intrinsic property of atomic nutéemed nuclear spin. In
some circumstancese. when the nuclear spin angular momentum quantum nuinbas a
non zero value, the spin behaves as a dipole and can thusdntath a magnetic field. This
property is at the base of NMR techniques. In protein stydsesopic labelling is generally
performed in order to obtain both observable nucia. vith non null I) and absence of
qguadrupolar effectsi.e. with | < 1, since quadrupolar nuclei with > 1 give rise to
phenomenona far more complex to analyse), hencelwiti/2. As shown in Tabld.1, the
1H, 13C, and™N nuclei are preferred, although tRE (or D) nucleus is also used in some
circumstances.

Table 1.1:Spin properties of different nuclei.t

Nucleus I % Natural Relative v* for
abundance sensitivityt Bp=141T

(T1s7 (%) (MHz)

1H 1/2 26.752 x 16 99.985 1.000 600

2H 1 4.107 x 16 0.015 0.009 92

12¢ 0 98.9

13¢ 1/2 6.728 x 10 1.1 0.016 150

19N 1 1.934 x 10 99.63 0.001 43

5N 1/2 -2.713x 16 0.37 0.001 60

T Values from Cavanagét al. [35] andhttp://www.eclipse.net/fiumare/nsinmrpt.htm

t Compared to sensitivity 3H nucleus and considering an equal number of spias &ssuming an
abundance of 100 %).

* Calculated fromv = (yBp)/2mtwith y as the gyromagnetic ratio for the observed nuclear spin, and
By as the strength of the static magnetic fiBld


http://www.eclipse.net/~numare/nsinmrpt.htm
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1.2 Dynamics in Macromolecules

Despite the apparent lack of plasticity implicit in the 2Dsplay of 3D structures of
macromolecules, they in fact undergo dynamics on manyrdiftetimescales separated by
many orders of magnitude. Figufiel displays some of the dynamic processes present in
proteins. Fast motions include bond vibration and librati§ide-chain rotations, when not
constrained sterically, are a few orders of magnitude sloaretimescales similar to that of
global tumbling (macromolecular Brownian rotational ddion). Slower dynamics, on
timescales spanning many orders of magnitude towards ‘hutimaescales (s, min, etc),
include such processes as folding/unfolding, ligand Migdiallosteric regulation, and
catalysis.

Many different techniques offer insights into protein dymes: X-ray and neutron scattering
(reviewed in PQ]), mass spectrometry (either hydrogen exchange or chatge s
distributions in electrospray mass spectra, reviewed 7d])[ time-resolved X-ray
crystallography (reviewed in1PZ), time-resolved fluorescence (reviewed i248),
molecular dynamics (MD, reviewed i134]), and NMR (reviewed in211]).

H transfer / H bonding Ligand binding
Libration Catalysis

Vibration Rotational diffusion Folding/Unfolding

Side-chain rotation Allosteric regulation
| | ‘ ‘ ‘ ‘ ‘ .
| |
10" 107" 107 10° 107 10° 10° s
R, R,NOE R, relaxation dispersion

CPMG relaxation dispersion

Lineshape analysis

Residual dipolar coupling 7.7 exchange

Amide exchange

Figure 1.1: Timescales of protein dynamics (top and blue) as well as timescales probgiiRy
experiments (bottom and red). Adapted from Paln#&k1] with permission from the American
Chemical Society.
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1.3 Studying the Dynamics of Proteins with NMR

One of the most useful applications of NMR lies in the studgyrfiamics. Indeed, NMR is
one of the most powerful tools available for the study of ermotdynamics. It allows atom
specific data to be gathered for movements as fast as side+ctations or hydrogen bond
formation, and as slow as protein folding. Figdréshows some of the experiments available
to probe the different timescales from fs (0 s) to Ms (16 s, ~ 12 days). These include
RDC, relaxation dispersion (bofR, and CPMG), amide exchange, lineshape analysis, ZZ
exchange, and spin relaxation experiments (reviewed,ithg, 71, 126, 127, 136, 137, 143
210,211, 213 267, 275).

Studying motions of N-H bonds provides a specific probe foncat all residues (except
prolines and the N-terminal residue). Because degrees eddra in the protein chain are
introduced by thep andy dihedral angles, N-H (and C=0) bond motions report on motions
of the peptide plane (discussed Rf]). This thus allows characterisation of motions of the
entire protein backbone. Hence, this approach is often tsetiaracterise the dynamics
of a protein. Most experiments mentioned above can allowagherisation of motions of
the N-H bond vectors on different timescales. The spin edlar rates depend mainly on
the N-H bond reorientations with respect to the externalme#g field as a function of time
[6] allowing the study of the information-rich ps-ns apstms timescales. It is known that
motions arising on the ps-ns timescale influence the theymadics of ligand binding, as
well as the kinetics of catalysed reactions (reviewe@iff]). Indeed, changes in free energy
of binding, heat capacity or conformational entropg.(changes affecting thermodynamics)
can arise from contributions of ps-ns motioss 162 289 290. Moreover, motions on the
ps-ms timescale share the same timescale as enzyme cagalgisian thus be linked to these
processes?o3.

1.3.1 Spin Relaxation

Spin relaxation experiments generally include three bffié types of measurements:
longitudinal relaxation, transverse relaxation, and djestate heteronucleadOE. The
magnetic field dependence of these spin relaxation parasn@leallows quantification of
both global and local dynamics within a molecular systems the preferred approach for
studying dynamics in proteins and will be detailed below.
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1.3.1.1 Longitudinal Relaxation

Longitudinal relaxation (also known &y, spin-lattice relaxation, or, in the case BN
relaxation, ®N-R; or Ry(N,), see Equatiori.1 below) defines the rate with which the
magnetisation, after being perturbegld. by a RF pulse), returns to equilibrium along the
direction of the static magnetic fielB. This equilibrium is defined by the Boltzmann
distribution and is caused by a coupling of spins with thewi@nment, hence the name of
spin-lattice relaxation. In other wordRy is the return rate of magnetisation parallel to a
magnetic field and is defined as followH:[

Ry = d [J(on — wn) +33(0on) + 63(wh + )] +¢ I(wn) (1.1)

whered, the dipolar constant, is defined as:

1 /po)\2 (Aiyn yr)?
==(—=) —————— (1.2)
4 <4T[> rﬁ_H
the chemical shift anisotropCSA constant is:
2
C L s (1.3)

3

J(w) are values of the spectral density at different frequen@®siyp is the permittivity of
free spaceh is Planck’s constant divided bymRyn, andyy are the gyromagnetic ratios of
15N and®H, respectively, the Larmor frequency BN is:

wn = 21TVN = YN Bo (1.4)

rn-H IS the vibrationally averaged effective N-H bond lengthd Ao is theCSA R; depends
on the Larmor frequencyy and effective correlation time&. as shown in Figurel.2
Historically, the reciprocal ofR;, the longitudinal relaxation time, has been used
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preferentially.T; andR; are related as followst; = 1/R;.

The recording ofR; data for proteins generally proceeds through an inversgcovery
approach (discussed i1§1]) implemented in a HSQCI13g pulse sequence. Figure3
shows the behaviour of magnetisation in such an experimesglécting magnetisation
transfers to thé°N nucleus and evolution in the indirect dimension, henceafsimple 1D
case). The experiment starts with a 1glse in order to get the magnetisation aleag
Then, after a delay, a 9Qulse brings the magnetisation into tkeeplane for acquisition.
Varying the delay between the two pulses affects the magate&in amplitude which varies
from negative to positive values under the following relatj35]:

Ac=Ag (1-2e7 Rt (1.5)

whereA; is the amplitude after a delayandAg the amplitude at time O.

In the case of afiR; experiment implemented in a 2BN-HSQC [13§ pulse sequence.¢.
the approach generally used for quantification of proteimediyics), the decay by longitudinal
relaxation follows an exponential decay such 3|

A=Age Tt (1.6)

Hence, in this case, the longer the delay, the more relaxatiad the less signal at the end of
the experiment.

Apart from its use in the characterisation of dynamigg,has an important impact on the
recording of NMR data. Indeed®; defines the recovery of magnetisation on ttaxis and,
thus, the total magnetisation available at the start of #peement. If a too high repetition
rate is used for NMR signal averaging, then lower signal taioled as a result of incomplete
recovery of magnetisation. However, if a too low repetitiate is used, a lower sensitivity is
obtained as a result of lower signal averaging. The Erndeashgfines the relation between
the repetition rate anB; [35]. From this relation, near complete recovery of magnatsat
will result after a delay of 3T;, although to maximise sensitivity per unit time, in most
experiments repetition rate is adjusted to between 1 andilbdecause a majority of the
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relaxation has occurred by this time.

1.3.1.2 Transverse Relaxation

Transverse relaxation (also known Bs, spin-spin relaxation, or, in the case &iN
relaxation 1°N-R, or Rn(Nxy), see Equation$.7 and1.8 below) defines the rate with which
the magnetisation, after being perturbeelg( by a RF pulse), decays in the plane
perpendicular to the direction of the static magnetic fiBldThis phenomenon happens
through energy exchange between spins as they precesddBoue. the magnetisation
decays in they plane while rotating around theaxis. Jointly with longitudinal relaxation
(the buildup of magnetisation on tleaxis after perturbation, see above), the magnetisation
can be seen as rotating around thaxis (alongB) on the surface of a sphere from the
equator to the pole. However, what causes transverse tielaxa not precession arouril
itself, but instead loss of coherence resulting from locagnetic field fluctuations affecting
the Larmor frequency of individual spins. In other wordsgeaf perturbing RF pulse which
creates coherence among the spins, these spins evolveemiaygly and coherence is
gradually lost, a phenomenon called transverse relaxatens defined frong, the pure
transverse relaxation rate (not influenced by processebeoustms timescale), as follows

[1]:

R = 5 [43(0) +3(cn — on) + 33(can) + 63(c) + 63(e + )] + < [43(0) + 3(on)]
(1.7)
and
RZZ R8+Rex (1-8)

whereRgy is the contribution tdR, accounting for slow processes occurring on tisems
timescale. Generally, is measured, although means of recordﬁﬁg{i.e. Rx-freeRy) have
been proposed recentt(J9. R, also depends on the Larmor frequerwyand effective
correlation timet; as shown in Figurd.2. Similarly to Ry, the reciprocal oR,, known as
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the transverse relaxation time, has been used in formemnaeatation such tha, = 1/R.

The recording ofR; data for amide groups in proteins generally proceeds thr@ugpin
echo [LOY approach implemented in a HSQQJ3g pulse sequence. Figude3 shows the
behaviour of magnetisation in such an experiment (neglgctiagnetisation transfers to the
5N nucleus and evolution in the indirect dimension, henceaf@imple 1D case). The
experiment starts with a 9Qulse in order to get the magnetisation in #yglane. After a
delay, a 180 pulse inverses the magnetisation which is allowed to evimva further delay
(of length equal to the first delay). This way, an echo is @@athere signals from different
chemical shiftsi(e. different angular frequencies) are refocused to the samiiqo (such
that coherence is recovered). Recording proceeds righttattesecond delay. It is during
these two delays that transverse relaxation processestare. &dlence, varying the length of
relaxation delays will affect signal amplitude and, in tumdlow quantification ofR
(extracted using Equatiah6).

Apart from its use in dynamics studid®; also has an important effect on NMR line shapes.
Indeed, the higheRy, the shorter it takes for loss of magnetisation onxpelane. A faster
loss of magnetisation in the detection plane then means destiwed FID which, after
Fourier transform, yields a broader peak. On the other harmdsonance with a smdi
possesses a slowly decaying FID, yielding a sharper lineadngher S/N ratio.

10

8 —

lonTel

Figure 1.2: Dependence 0fN-R; (solid line) and°>N-R, (dashed line) on nitrogen Larmor frequency
wn and effective correlation time.. In this caseqy was calculated wittBy = 11.74 T. The figure is
a generous gift from Arthur G. Palmer. It is fro8g] and is used with permission from Elsevier.



Improved Analysis of NMR Dynamics: Introduction 10

1.3.1.3 Steady-State Heteronuclear Nuclear Overhauser Eftt

The steady-state heteronuclear nuclear Overhauser @figbe case of°N relaxation, also
known as {£H}N-NOE or Ry(HN — N,), see Equationl.9 below) corresponds to
cross-relaxation between two dipolar-coupled spins (ia tlase,'H and 1°N) [35]. It is
defined by the following Equation:

NOE=1+ M & [6J(H + ) — I(wH — )] (1.9)
W Ri

and is thus dependent on the distance between the two spinadgh a modulation ai) and
on the relative gyromagnetic ratios of these spins.

Inversion-recovery (R))

/\ z z z z
180 ° delay 90 °

X X X X
y y y y
B Spin echo (R,)
90 ° delay 180 ° delay
—
X
y
Equilibrium Evolution Acquisition

Figure 1.3: Experimental approaches to the recordindrpfinversion-recovery) ang, (spin echo).
Bulk magnetisation is shown as a red arrow while the different pulses oydala coloured blue.
Varying the delays allows the recording of exponential decays foraitaxrate measurements. This
figure does not take into account other details than longitudinal and &esgskelaxation.
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Acquisition of steady-stat&lOE data generally proceeds through the recording of two
different spectra: with and without proton presaturatioBaturating the!H spin with a
sufficiently long weak RF field (weak enough not to perturb ¥ spin) has the effect of
equalizing populations for this spin. This causes the mtgaten of the!®N spin to evolve

to a steady-state. Experimentally, tN©OE is measured as the ratio of peak amplitudes in
both situations (with and without proton saturation) sush a

NOE = =& (1.10)

whereA denotes the peak amplitude withs§) and without Aeg) proton saturation.

1.3.1.4 Linking R1, Ry, and NOE Data to Molecular Motions

As mentioned earlierR;, Ry, and NOE data are used to characterise molecular motions.
This is made possible by the fact that relaxation phenomergwa non spontaneous and
depend on the presence of motions. Indeed, Equatiohsl.7, and 1.9 show that these
observables are in fact dependent on motions on differestretie timescales. These
motions are quantified by the spectral densities andXgfR;, °N-R,, and{*H}1°N-NOE
data, depend on the following frequencies:uf, Wy + WN, Wy, andwy — wy. In other
words, motions influencing relaxation are stochastic nmstion timescales that are different
combinations of the Larmor frequencies of the involved spiHence, spin relaxation rates
and spectral densities are indissociable.

1.3.2 Reduced Spectral Density Mapping

The link between spin relaxation data and actual bond veuntiions is quite complex and

non trivial. Several means of analysis have been proposeddi® spin relaxation data to the
spectral density function which is a description of the rexgcy spectrum of the stochastic
processes experienced by a given bond vector.
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1.3.2.1 Theory

The most simple technique for spin relaxation data anglpsigond raw data interpretation,
is known as spectral density mapping. Spectral density mgmmwes not introduce a possible
bias related to physical models for interpretation of in&iand global motions/p]. Indeed,
no assumption is made on the shape of the spectral del{si}yusing this methodZ18,
contrary to, for example, the model-free approach (seeN)qli67, 168 where the spectral
density is assumed to possess a Lorentzian shape.

Complete spectral density mapping allows the extractionhef proton-proton dipolar
relaxation rate@n_i, a relaxation phenomenon caused by surrounding protonartd of
the spectral densities at the five different frequenci¢8)( J(wn), J(wn + wn), J(wy) and
J(owy — wn)) [218. However, this requires the recording of six differentasedtion rates
(namely 1°N-Ry; 1°N-Rp; {*HIN-NOE; Ry(HMN) or H-Ry; Rn-H(2HNN,), the
longitudinal two-spin order relaxation rate; aR§-r(2HNN,), the antiphasé®N single
guantum coherence relaxation rate) in order to solve thésegy of six equations. The
dependence of some of these rates (naRglH)), Ry-r (2HNN,) andRy-n (2HNN ) on
proton-proton dipolar relaxation makes them difficult t@acdcterise 16(. This is because
experiments to measure these rates can lead to non monoekj@ decays from which
relaxation rates are difficult to extract with precision.

A simplified approach to the complete spectral density nraps that of reduced spectral
density mapping160. This is done by assuming that the spectral density doevaiyt
much at higher frequencies, hence the possibility to egtiegehree spectral densities at
higher frequency and centered arouldy ) (i.e. J(wH + wN), J(wh), andI(wy — wy)) to

a single one, namelyd(wy)), the spectral density at the effective proton frequencyis Th
corresponds td(0.87wy ) as described in Farroet al. [75].

Thus, reduced spectral density mapping consists in det@rgithe spectral density at three
frequencies: at the zero frequentiy), at the nitrogen frequenc}(wy ), and at the effective
proton frequency(J(wy)) (which approximates)(wy + wn), J(wH), and J(wy — wN)).
These assumptions about the form of the spectral densitynarenal and, because less
equations are involved, less data need to be recorded. Alwbgtrategy is to measure
only relaxation rates not influenced by proton-proton dipainteraction,i.e. °N-Ry,
N-R,, and {*H}!*N-NOE. Equationsl.11, 1.12and 1.13 show the dependence of the
three reduced spectral densities on the measured varighIBs, andNOE [75, 16(Q,:
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J(0) = 3;1+'SC (% ~R,+0.6 oNOE) (1.11)

J(on) = ﬁ (Ri—1.4 onoE) (1.12)
ONOE

(on)) = —5 (1.13)

where the cross-relaxation rateyog, is defined from both thBIOE andRy:

onoe = (NOE— 1) Ry N (1.14)

YH

1.3.2.2 Analysis

Analysis of reduced spectral density mapping is in some wagge straightforward than
analysis of raw data. However, the approach does not gieetsiparameters with a clear
physical meaning such as in the model-free formalism (seddu below). Hence, the
approach has never reached a widespread use as is the cdmerfardel-free formalism.

Reduced spectral density mapping can serve to discrimiredteelen motions either faster,
slower or on a similar timescale than the global tumblingdeled, as proposed byf&ova
et al. [154)], a simple approach to analysis of reduced spectral densafyping consists in
plotting eitherd(wy) or (J(wy)) as a function ofl(0) and, then, comparing the distribution
to theoretical functions. These functions describe thekmase of a single motion defined
by a single Lorentzian (whet®0) = 0.4 1y, with T, as the global rotational correlation time)
and are defined by:
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_ J(0)
" 1+ 6.25(0y J(0))2

J(wn) (1.15)

_ J(0)
~ 146.25(wy J(0))2

(I(wn)) (1.16)

Graphical analysis of the data is performed such as in Fifjute This allows qualitative
separation of different residues, for example, as highlilsle on the fast ps-ns timescale,
principally affected by global diffusion or involved in clammational exchange (slops-ms
motions). Additionally, this approach allows the compamiof data acquired at different
temperatures or in the presence and absence of a ligand.

5e-10-

4e-10

= i
S 3e-10 .
L ]
F | :
7 2e-10 _ i
L ’S i
le-10] =
0 I | I I | I I | I I | I |

0 2e-09 4e-09 6e-09 8e-09

J(0) (s rad)

Figure 1.4: Graphical analysis of reduced spectral density mapping. The curseergerated from
Equationl.15 Points P and Q represent, respectively, motions on the global tumbling tileéseee

for 1y = 10 ns, with point P at @ 1, = 4 ns) and on a much faster internal correlation time (here
T; = 125 ps, with point Q at @ 1; = 50 ps). In general, most relaxation data should be clustered
between points P and Q (around the blue line), such as point R. Howdwen, slowus-ms motions

are present, the data point is shifted to high@) values (in the direction of point S at the end of the
red arrow). Adapted from Kzovaet al. [154] with kind permission from Springer Science+Business
Media.
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1.3.3 Model-Free Formalism

The model-free formalismd4p, 51, 167, 16§ is the preferred approach for spin relaxation
data analysis. It allows the extraction of parameters witfisical meanings rather more
concrete than the relaxation data themselves. Using thisaiism, two main parameters?
and T, account respectively for the restriction of the motion éore vector €.g.the N-H
bond) and the effective timescale of this motion (a valueugriced and normalised I57).
Moreover, theRex parameter can account for slow motions on teems timescale
contributing to the observe®, (see Equatior..8). Usually, spin relaxation data is analysed
by fitting ‘model-free’ functional forms of spectral densitin the model-free formalism
[40, 51, 167, 169, functions are introduced containing a limited number afgmeters, thus
allowing one to get insights into the motions causing spilaxa&ion. The model-free
formalism is preferred compared to reduced spectral densipping, as more information
can be obtained (at the price of more assumptions concethmdorm of the spectral
density). Hence, because of its easier interpretationmbeel-free formalism is the most
popular approach for spin relaxation data analysis.

1.3.3.1 Theory

The model-free formalism was introduced by Lipari and Sz§b®7, 168 and further
extended by Cloret al. [40], and d’Auvergne and Gooleybl]. Its main theorem is that
internal motions can be decoupled from the global tumblihthe molecule. A correlation
function, which forms a Fourier pair with the spectral dgnss used to define and decouple
global and internal motions. This correlation functionhsig the product of the correlation
function of Brownian rotational diffusion (global tumblipgnd the correlation function of
internal dynamics€.g.N-H bond motions) 167:

C(1) =Co(1) - Gi(T) (1.17)

where C(t) denotes a correlation function and the subscriptand | stand for overall
tumbling and internal motions, respectively.
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This approach allows the description, with simple paranseta the correlation function of
internal dynamics independently of the overall tumblinghyB89, 40, 47):

k
CoM=2 5 wi. e U/t (1.18)
i=—k

gl -

and

CN)=F+1-)e V' +(F-P)e Vs (1.19)

wherew defines a weighty defines a correlation time, and inderkanges over the number
of exponential terms in the correlation functiare(from -k to k). In the simplest case of
isotropic tumbling (also known as spherical diffusiok}: 0 (henca = 0) andr; is replaced
by a single termrty,, defined as the global correlation time and closely relaie¢dé isotropic
component of diffusioris, by [18]:

1

Tm

At the opposite of spherical diffusion lies anisotropidukion (also known as the diffusion
of an ellipsoid), wher& = 2 (hence index has five possible values and ranges from -2 to 2).
When the ellipsoid diffuses with an axial symmetry, a spteediffusion tensor is defined
(wherek = 1 andi has three values ranging from -1 to 1). This spheroid is epnelate

or oblate, depending on its shape (see FiguBe For an extensive discussion on the topic
of overall correlation functions in the context of modetdranalysis, the reader is further
directed to Edward J. d’Auvergne’s Ph.D. thegig|[

Using different combinations of internal paramete®8 4nd 1) in Equation1.19 of local
correlation, local model-free models are creatg® fi0, 49, 51, 52, 87, 147, 167, 168 206,
295:
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{}

{7}

{16}

{S, Rex}

:{S, Te, Rex}

{S, S, 1s)

{1,515}

{S, S, 15, Rex}

{11, 7, Ts, Rex}

: {Rex} (1.21)

@ ® 3 % Rom B D

whereS? is the square of the generalised order paramd@®T]][ t is the effective timescale
of the motion characterised I8, and subscripé refers to the local motion characterised in
modelsm2 andm4 whereas subscripssand f refer to the slow (ns) and the fast (ps) motions
(as compared to the global tumbling) characterised in nsad®lto m8. The effective order

Figure 1.5: Axially symmetric diffusion tensors. The oblate (left) and prolate (right) diffa tensors
are shown as well as their axis of symmetry and a reference frame. Tat @pheroid has a
component of diffusion in the axis smaller than in both theandy axes. The situation is reversed
in the prolate spheroid. The ellipsoid diffusion tensor does not include @nofsymmetry along

z (hence the components inandy are different). In the sphere, the situation is reversed where
components in the three directions §, andz) are equal. The figure is adapted from Wikipedia
(http://en.wikipedia.org/wiki/Spherojd


ihttp://en.wikipedia.org/wiki/Spheroid
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parameter is a combination of order parameters for difteierescales:

=g.< (1.22)

and is limited physically to values between O (unrestrictedtropic motion) and 1
(completely restricted, absence of motion). As stated lpatiiand Szabo1[67], the S
parameter can be rationalised in terms of a semi-afglevithin a cone as shown in
Figurel.6from the following Equation:

1 2
Sone= 5 C0sB(1+ cosdo) (1.23)

For parameter sets of modei® to m9, the absence of a parameter means this parameter
has a null valuei.e. eitherS® = 1, T = 0 or Rex= 0. Moreover, even though parameR

does not appear in Equatidnlg it is used in the model-free formalism to compensate for
the discrepancy caused between experimental and badkataldR, values in cases where

0.9F 0951 -
0.8 :* 0.9 ; {
07F s ;
C 8 0.85 j ]
0.6F- - ;
2 | s ]
w 2051 - .
» C 0.75 - -]
04F r ]
: L Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il I Il Il ]
03F 0 5 10 15 20 25
- 60 (degrees) ]
02F -
0.1F =
0 :\ NN ‘ Ll i1ll ‘ LLlii1ll ‘ Ll il L1l 11 L1l el NN \:

0 20 40 60 80 100 120 140 160 180

8, (degrees)

Figure 1.6: $ parameter as a function of cone semi-ar@gecalculated using Equation23 The
inset zooms to values around 0.85, the typical value for secondaryustements.
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slow ps-ms motions are present. In the model-free formaliBg,s assumed to be caused
by motions in the fast exchange limit and is thus scaled qimdily with the magnetic field
[129. Finally, modelsm9 andmO are both limit situations where a residue respectively has
its relaxation dominated by conformational exchang®)( or displays very limited local
motions (M0).

By assuming a Lorentzian form of the spectral density, a mrdel spectral density function
can be derived from these correlation functiofg|]

=2 Sw.on[—S 4 A-S)E+w T | (F-S)HT)Ts
_5i:Zk NI (0T)2 T (T +T)2H (0T )2 (Ts+ )2+ (W Ts T)2
(1.24)

In the case of isotropic global diffusion (where- 0, T; adopts a single value with = 1y,
and the weightv equals 1, as stated before), the function reduces to thenfolg [51]:

% 2 2
J(w>:2 m<1+(82 (1—S5)(Ts +Tm) T (S? S)(Ts+rm)Ts> (1.25)

+ +
WTm)2 (Tt +Tm)2+ (O Tf Tm)2  (Ts+Tm)2+ (0 Ts Ty)?

Relating the correlation functions to the spectral denstyossible since, as discussed
before, the spectral density and correlation functionsifarFourier pair. Hence, applying a
Fourier transform to the combined correlation functiongefall and internal) yields the
above model-free spectral density from whiBf, R, and NOE (see Equationd.1, 1.7,
andl1.9) can be back-calculated. This is how model-free minimisafiroceeds.

1.3.3.2 Minimisation

Algorithm

Until recently, most studies using the model-free fornmalisninimised data for local
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model-free models by first defining a diffusion tensor exddlyn to the model-free
formalism. The process is known as the diffusion-seededetroele optimisation and goes
as follows:

1. The diffusion tensor is defined externally, generallynggheR,/R; ratio for vectors
judged to be deprived froms-ms motions139, 217).

2. The local model-free models are optimised separately.
3. The best local model-free model is chosen for each vector.
4. The diffusion tensor is optimised with the chosen locatieidree models.

5. Steps 2-4 are performed iteratively until convergencallgfarameters.

This approach was used for several years but was recentlynstoachave some shortcomings
and often yield incorrect characterisation of diffusiordam turn, potentially incorrect

characterisation of local dynamics. Indeed, d’Auvergne &@vooley proposed a new
approach where the algorithm is as folloveZ]

1. Local model-free models including a local correlatiandi(localty, i.e. an effective
global correlation time for each vector, all of which areepéndent) are minimised.
These models correspond to modei3 to m9 to which a locak, parameter is added
and are nametm0 totm9.

2. Model selection of these local model-free models witlalag, proceeds.

3. The local parameters are used for separate optimisatidifferent diffusion tensors
(sphere, oblate, prolate, and ellipsoid). For this purptselocalty, is first removed
from the sets of local model-free parametears. modelstm0—+tm9 reduce tan0-m9,
respectively) and parameters for the diffusion tensor aterchined.

4. Local model-free models (now without loagl, but with the diffusion tensor optimised
in step 3) are minimised.

5. Model selection is performed for choosing the best locadieh

6. The diffusion tensor is optimised with the chosen locahpeeters.
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7. Steps 4-6 are performed iteratively until convergencaiqfarameters.

8. Model selection is performed in order to chose the opgchigarameter set from the
best diffusion tensor.

Model selection

There are several possible models both for overall (lagalsphere, oblate, prolate, and
ellipsoid) and local (models0 to m9) description of dynamics. This means that a process
called model selection needs to be applied in order to chase the different diffusion
tensors and local model-free models.

Model-free minimisation proceeds by minimising the dipemecy between the actual
experimental data and the values back-calculated with tih@sen parameters in the
model-free equations. Generally, a function for measutimggoodness of fit between the
experimental R) and back-calculated dat® is used such as:

" [(R R
X2 = J_Zl [JO—JZJ] (1.26)

whereo is the experimental error andis the residue number. From this function, the best
model is then chosen using a function such as the Akaikerrdton Criteria AIC) [3]:

AIC = x2+ 2k (1.27)

wherek is the number of parameters in a given model. This normadisatf the number of
parameters in the model allows a comparison of differentetsoid order to reach parsimony,
I.e. choosing the simplest model which fits data w&b|[ This process is also known as
Occam’s razor, the equilibrium between bias and variance.

Historically, approaches usirfgrteststatistics (discussed ib]]) have been widely used for
model selection in the context of model-free analysis ssgiraposed by Mandet al. [174].
However, it is suggested to use frequentist methods suéthGsistead f8]. Moreover, it is
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even best to perform model eliminatiofd] prior to model selection. In this additional step
of model elimination, models with aberrant parameter &l excluded and not tested for
model selection. This prevents the choice of models with yévand AIC values, although
with aberrant parameters such as, for example, a locallabae time 1e longer than the
global tumbling timet,.

Programs for model-free calculations

Several programs have been developed for the optimisafitimeomodel-free parameters.
These includéviodelFree[174, 214, DASHA[205, Tensor2[17, 45, 60, 268, DYNAMICS
[87], the suite of Mathematica (Wolfram Research, Champaign, IL)
notebooks by Leo Spyracopoulf2b]], as well as several in-house prograrb§,[76, 171].
Recently, an open source program codedPyihoncalledrelax [51, 52] has become the
most advanced tool for model-free analysis of spin relaxatiata. This program provides,
among other things, high precision optimisation, modeé&fimodel elimination before
model selection (avoiding the selection of models with nbysical parameter values39,
different model selection methods (AIG][ AICc [12(, BIC [249), different optimisation
algorithms (through the use of theinfx optimization library, and fully anisotropic
diffusion tensor optimisation.

1.4 Data Consistency

In order to over-determine model-free equations, it is penant to record data at multiple
magnetic fields (discussed i6(]). However, combining multiple-field datasets is not tivi
and, in some circumstances, can lead to artifacts. Indaedptoblem has previously been
discussed in the literatur&8$, 89, 159.

Indeed, to extract high quality information from multiplelti experiments, it is important
that datasets share a high degree of consistency, as coguicbnsistent datasets is similar
to combining datasets recorded under different experiatestnditions,i.e. potentially
reporting on different motions. Inconsistencies can afieen several factors, including
variations in sample viscosity (caused by changes in teatper and concentration), water
saturation during acquisition (which influences N-H mastas a function of the exchange


http://www.palmer.hs.columbia.edu/software/modelfree.html
http://www.nmr.ru/dasha.html
http://eva.ibs.fr/ext/labos/LRMN/softs/tensor/TENSORV2_DOC/theory.html
http://www.wolfram.com/
http://www.bionmr.ualberta.ca/~lspy/index_7.html
http://python.org/
http://www.nmr-relax.com
https://gna.org/projects/minfx
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rate with the aqueous solvent), other differences in dagaiaition between different NMR
spectrometers or NMR centers, and any form of time-depdngample modifications
(e.g. binding state, degradation, and aggregation). If vamatiare present among the
datasets recorded at different magnetic fields, then redosgin relaxation parameters will
be inconsistent with each other.

The effects of combining inconsistent datasets can vareni#ipg on the source of the
problem. In certain cases, incorrect characterisatiorlaifaj tumbling can arise, indirectly
leading to erroneous evaluation of local dynamiz44 265. Moreover, artifactuajs-ms
motions can be falsely detected as non-rRRd} parameters465. Finally, inconsistent
datasets can yield to some N-H vectors being rejected frenaialytical scheme because of
too highy? statistics, thus reducing the information content obtifiem the experiments.
No matter the exact situation, however, it is clear that imststent datasets will lead to a
mistaken description of local motions and should be avoetadaely.

1.5 Objectives of this Work

The work presented in this first part of the thesis was comzkhy the improvement of spin
relaxation data analysis in the context of the model-frem&dism. This project was born by
the need to validate the quality of spin relaxation datanded for PSE-4-lactamase in the
course of the study of its dynamics (see RBriChapter7, and [L94]). Specific objectives

were as follows:

e Develop an approach to identify inconsistent transvertaexation rates acquired at
multiple magnetic fields (in order to avoid artifacts causgdhe combined analysis of
inconsistent data).

e Sensitise the NMR community on the importance of highly cstest multiple field
spin relaxation data for extraction of reliable information protein dynamics.



Chapter 2

Improved Analysis of NMR Dynamics:
Simple Tests for the Validation of
Multiple Field Spin Relaxation Data

Multiple field 1°N spin relaxation data is widely used within the model-free
formalism to extract detailed dynamic information for m@iot amide N-H
groups. However, severe artifacts can be introduced ifnsistencies arise
between experimental setups with different magnets (ormpkssn Here, we
propose the use of simple tests as validation tools for tleesssnent of
consistency between different datasets recorded at naulti@agnetic fields.
Synthetic data are used to show the effects of inconsisgsran the proposed
tests. Moreover, an analysis of data currently depositethénBMRB is
performed. Finally, two examples are presented. Thesg destimplemented in
the open-source prograralax, and we propose their use as a routine check-up
for assessment of multiple field dataset consistency psiany analysis such as
model-free calculations. We believe this will aid in therextion of higher
quality dynamics information frort®N spin relaxation data.


http://www.bmrb.wisc.edu
http://www.nmr-relax.com
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2.1 Context

In this study, three field independent functions are progdseassess the consistency of
transverse relaxation rates within spin relaxation dasasemultiple magnetic fields to be
used for model-free analysis. The goal of these tests idasina the self-consistency test
previously proposed by Fushma al. [89] or to the indirectR; consistency verification
approach proposed by Maak al. [172. The use of the three tests, for which we show
the efficiency using both synthetic and experimental ddtaylsl become routine so dataset
quality is assessed prior to derivation of dynamics pararsef his additional step #*N spin
relaxation studies is believed to allow more relevant datzetextracted from the information
rich Ry, Rp, andNOE, avoiding experimental errors such as those arising franp&ature
or concentration deviations.

2.2 Methods

2.2.1 Consistency Tests

Three consistency tests can be used in the proposed appdi@tj75], F,, andFg, [88].
These field independent functions usiiRy, R, and NOE as input parameters were
implemented in the programelax, versions 1.2.14 and highey1, 52]. J(0) was defined
previously (see Equatioh11), andF, andFg, are defined below:

o n
P = Bo@ 3 (on PP T S

B R — Pur
~ {4+3[1+ (n TP 1 (d +¢/3)

Fr, (2.2)

where the cross-correlation rate between’fté CSAand the®N-1H dipolar interaction is


http://www.nmr-relax.com
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defined as:

n=05 \/? [43(0) +3J(wn)] [3 (co®)? —1] (2.3)

the spectral density at theN frequency is calculated from Equatidnl2 6 is the angle
between thé®N-1H vector and the principal axis of tHéN chemical shift tensorz’® is an
estimated isotropic global correlation time for the systemder study (expressed in ns, and

estimated from the following relatior §:

1@PP= 2.5 J(0) (2.4)

and the contribution t&, from high frequency motions is:

Pyr = —1.3 0NOE (2.5)

For the calculations presented heayas 15.7 as in Fushmaet al. [88], ry-n was 1.02 A,
and the!>N CSAwas assumed to be -172 ppm. Bothy and'®N CSAwere typical of spin
relaxation studies analysed using the model-free formmalis

Performing these simple calculations for each residue lagn comparing results obtained at
different magnetic fields should, in the case of perfect bd@scy and assuming the absence
of conformational exchange, yield equal values indepettglehthe magnetic field.

2.2.2 Synthetic Datasets

Synthetic datasets were generated using the progekm (version 1.2.14)%1, 52]. Ry, Ry,
andNOE were calculated at three magnetic fields in the case of an Metbvwith an order
parameter®?) of either 0.6, 0.7, 0.8, 0.9 or 1.0, and with a correlationetite) of either 20
or 100 ps (modeim2 within the model-free analysis) on a molecule tumblingrigoically
with a correlation timeT(y,) of either 5, 10, 20 or 40 ns. As for consistency tests, bgth
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and™®N CSAwere 1.02 A and -172 ppm, respectively.

2.2.3 Experimental Datasets

Experimental datasets were retrieved from B¥RB [269. These datasets were recorded
at two or three magnetic fields for proteins with apparentedation times> 5 ns (see
Equation2.4 or Table2.5for a description of the method used to estinee’). Moreover,
two test cases for homologous proteins TEM24( and PSE-4 194 were analysed in
details to show the advantage of performing consistentg.tes

2.2.4 Temperature Calibrations

Temperature calibration for different NMR probes (Variai Bnd cold probes) were
performed using a 4 % GHDH / 96 % C3OD sample. The following relation (from Bruker
Instruments VT-Calibration Manual, valid approximatelyveen 0 and 30C) was used:

4109 — AS
~ 1 0.008708

(2.6)
where the temperatuieis expressed in K anfld, the chemical shift difference between the
OH and CH resonances, is expressed in ppm.

2.3 Results

The magnetic field dependence of spin relaxation paramgtgisee Equationd.l, 1.7,
and 1.9 as well as Figure.1, 2.2, and 2.3) allows over-determination of model-free
equations for quantification of both global and local dynasmwithin a molecular system.
Recorded data is usually taken directly as input into miratns procedures to yield
model-free parameters. A field independent function basethese dynamics parameters
would be useful to assess datasets consistency prior te dmedyses. This would avoid the
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potential extraction of erroneous information as well as taste of time associated to
dissecting inconsistent datasets using numerous long IAf@ge minimisations with
different subsets of data.

The three tests proposed in this study afe), F,, andFg, (see Equationd.11, 2.1, and
2.2). While J(0) [75], the spectral density at the zero frequency, is mainly usetudies of
unfolded proteins using reduced spectral density mapgirsgyery well suited for assessing
consistency since it is, in the absencqiefms motions, a field independent function. On the
other handf, andFg, are two functions which were previously proposed for cdesisy
testing in the case of determining th&N CSAusing the cross-correlation rateand the
transverse relaxation rat® [88], and are also, in the absence jg6-ms motions, field
independent functions. Performing these three tests fwistency testing purposes requires
R1, Rp, andNOE data at two magnetic fields or more. Moreover, an estimatbeofjtobal
correlation timetiP? (see Equatior?.4) is required for test§, andFg, (see Equationg.1
and2.2).

Consistency testing is performed by calculating the difiefenctions using the experimental
data from each magnetic field and then comparing valuesra@uztaon a per residue basis
before having a look at correlation plots and at the distidlouof ratios. This global picture

T,=5ns rmzlons rm:20ns rm:40ns
SIS L e [TT T T ] [T T T 1 [7TT0O 500 MHz
- O g 4 F 600 MHz
- 1 F i 1 F e 800 MHz
2.5 © 1L - + - —
L O L i i L
oL O Jd L g L g L |
o} i g 10
*.';; r . r 9 T 1
< 1.5 - + - + - —
m‘—l - ) [ O 4 7 [
i - © ] 1L
> ) - - -
1 10 T 0 IONN ]
- - ° . - O > -
I Co. T 11 o © 30
L 5 10 1 L
0.5 - + —H ¢+ -4 oD
i i i . e 1 [ o O
i i ] 19 ©
ol t vt vt e e by
0.6 07 08 09 106 07 08 09 106 07 08 09 06 07 08 09 1

S

Figure 2.1: Effect of dynamics on spin relaxatiolR; (based on synthetic data for model-free model
m2 and a local correlation tine, of 20 ps).
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then indicates the level of consistency in a qualitative meajwhere consistent datasets have
distributions of ratios centered at one, while deviatiansfone are observed for inconsistent
datasets.

2.3.1 Consistency Tests on Synthetic Datasets

Simulations based on synthetic data confirm the field indeépetnature of thd(0), F,, and
Fr, functions in the case of consistent datasets for spins fettatl by slowys-ms motions
(Table2.1, see also Figured 4, 2.5, and2.6). This observation is valid at least f6f varying
from 0.6 to 1 andry, varying from 5 to 40 ns, thus valid for most protein NMR stidie
Additionally, variations in the local correlation timg (from 20 to 100 ps) do not affect
the field independent nature of the functions (data not shoaprerequisite for their use
as consistency tests. Contrary to the proposed tests, andlewegh it is sometimes used
for testing global consistency &b data, the normalisation d®, by the square root of the
magnetic field R2/+/Bp) is not a ‘real’ field independent functiong. it is not unaffected
by local dynamics (data not shown) and, thus, should not bd & serious consistency
validation of multiple fieldR; data.
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Figure 2.4: Effect of dynamics on consistency functiodg0) (based on synthetic data for model-free
modelm2 and a local correlation tine, of 20 ps).
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A second prerequisite for the use of these functions as stemsly tests is that these be
affected by inconsistencies. Tabg, 2.3, and2.4indeed show that errors in the transverse
relaxation rates affect the results of consistency testimg) that bothR; and NOE have a
negligible effect on the calculated values for the threéstésee also Figure®.7, 2.8, 2.9,
2.10 2.11, and2.12. Moreover, this effect oR, on the consistency functions is almost
guantitative, even though we propose that assessment gistamcy be performed in a
qualitative manner, looking at the different vectors of acroanolecule as a whole, since
particular conditions could give rise to a local deviationR, unrelated to consistency
issues. For example, errors on the measured rates willtlgligfiect consistency of single
spins. However, taken as a whole, a consistent dataset with aull error on the measured
rates should give rise to a distribution of ratios centerédorme, but with a spread
proportional to the experimental error. Indeed, most isstencies will arise from factors
affecting all spins and thus skewing the distribution ofasttaway from an average value
of 1, as opposed to giving rise to a wider distribution.

Of course, the proposed tests are not strictly perfextsome deviations are observed in the
case of perfect datasets, for example whgnis short ¢~ 5 ns) probably becausentmy
approaches 1 where some assumptions are not valid anymodeed, the shape of the
spectral density is characterised as an inverse quaduaiitibn ofcon whenwntm, > 1 (i.e.
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Figure 2.7: Effect of inconsistencies iINOE andR; on J(0) (based on synthetic data for model-free
modelm2 and a local correlation time, of 20 ps; consistency function calculated fottafrequency
of 600 MHz).
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Figure 2.8: Effect of inconsistencies iNOE andR; on F, (based on synthetic data for model-free
modelm2 and a local correlation time of 20 ps; consistency function calculated fortafrequency

of 600 MHz).
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Figure 2.9: Effect of inconsistencies iNOE andR; on Fg, (based on synthetic data for model-free
modelm2 and a local correlation tine of 20 ps; consistency function calculated fortafrequency
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Figure 2.10: Effect of inconsistencies iR, on J(0) (based on synthetic data for model-free model
m2 and a local correlation time, of 20 ps; consistency function calculated fott frequency of
600 MHz).
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Figure 2.11: Effect of inconsistencies iR, on F, (based on synthetic data for model-free model
m2 and a local correlation time, of 20 ps; consistency function calculated fott frequency of
600 MHz).
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in the so-called slow tumbling or spin diffusion regime). @ other hand, when this
condition is not met, the shape of the spectral density obsrand the assumptions
necessary for reduced spectral density mapping in caseedf(@h test (assuming that the
spectral density does not vary much at higher frequencess Sectioril.3.2 are not valid
anymore. However, these deviations are less than 1.5 % icaaks (see Tablg.l).
Moreover, some effects ¢&®; andNOE inconsistencies can also be observed, mostly lower
than 2.5 % for 10 % inconsistencies, thus generally not pd#ct the use of these tests for
consistency testing. Of course, if different inconsistes@re combined, these effects also
combine in an additive way, potentially increasing or dasmeg the consistency scores
(depending on the combination), but again in a limited wagsithe effects od(0), F,, and
Fr, of both R; and NOE inconsistencies are small compared to the effectsRef
inconsistencies (see Tablé® and2.4as well as Figure&.7, 2.8, 2.9, 2.10 2.11, and2.12).

Hence, the above arguments confirm the availability of tiesetions for use as consistency
tests. However, as all three functions report on the samangistency (affectindry), we
prefer the use of the spectral density at the zero frequeii@y, alone since it does not rely
on an estimation of the global correlation tin@&"), neither on a measure 6f the angle
between thé®N-H vector and the principal axis of tHéN chemical shift tensor (which was
shown to vary for different residues in ubiquitin, with areeage value of 15 +5.0°, for a
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Figure 2.12: Effect of inconsistencies iR, on Fr, (based on synthetic data for model-free model
m2 and a local correlation times of 20 ps; consistency function calculated fott frequency of
600 MHZz).
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range of 6 to 26[88]). Hence,J(0) is less likely to be affected by incorrect parametrisation
of input parameters. For example, an error of 10 % in the @stom of t,,, (which certainly
cannot be excluded) gives rise to an apparent inconsistaingy to 2 % for perfect data in
both F, andFg, (data not shown). For these reasons, we will focus solelyamsistency
assessment usinig0) in the examples discussed below.

2.3.2 Consistency Tests on Experimental Datasets

Since, at short correlation timesg, < 5 ns), consistency tests are less efficient (see text
above), only datasets for which the correlation time wasneged to be> 5 ns were extracted
from the BMRB [269 and analysed (see Tabkb). Among the datasets retrieved from
the BMRB (17 in total), some showed apparent inconsistencies, \ehesthers displayed
excellent multiple field consistency (see Tablg).

Good Consistency

Examples of very good consistency included data for the mezywuman neutrophil
gelatinase-associated lipocalin (BMRRB67, [42]), the apo-cellular retinol-binding protein
type | (BMRB 5331, [84]), the enzyme adenylate kinase in complex with inhibitor5Ap
(BMRB 5746 [246), the kinase-interacting FHA domain of KAPP protein (BMRB41,
[59]), the protein azurin (BMRB5243 [299), and the class A-lactamase TEM-1 (BMRB
16392 [240, discussed further below).

Table 2.1:Simulations for consistent synthetic data (calculatedfor 0.8 andre = 20 ps).

500-600 500800 600800
Tm =00 (%0) =800 (%) o0 (%)

(ns)|  JO)  FK Fr, | J(0) Fy Fr, | J(0) Fy Fr,
5/ 01 -01 07 -01 -01 14 -01 -01 07
10 00 00 02 00 00 05 00 00 02
20 00 00 01 00 00 01 00 00 0.1
40 00 00 00 00 00 00 00 00 00
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http://www.bmrb.wisc.edu
http://www.bmrb.wisc.edu/data_library/generate_summary?4267
http://www.bmrb.wisc.edu/data_library/generate_summary?5331
http://www.bmrb.wisc.edu/data_library/generate_summary?5746
http://www.bmrb.wisc.edu/data_library/generate_summary?5841
http://www.bmrb.wisc.edu/data_library/generate_summary?6243
http://www.bmrb.wisc.edu/data_library/generate_summary?16392

Table 2.2:Simulations for synthetic data with inconsist&f = R; +10% forS? = 0.8 andte = 20 ps. t

T 500600 (05 500800 (gf5) 600800 ()
(ns) J(0) P R, J(0) Fy R, J(0) il R,
5 -2.3/1.7 -0.2/0.0 0.8/0. -2.4/1.0 -0.3/-0.1 1.6/1. -1.8/1.0 -0.2/0.0 0.8/0.7
10 -0.7/0.5 -0.1/0.0 0.3/0. -0.7/0.3 -0.1/0.0 0.5/0. -0.5/0.3 -0.1/0.0 0.3/0.2
20 -0.2/0.1 0.0/0.0 0.1/0. -0.2/0.1 0.0/0.0 0.2/0. -0.1/0.1 0.0/0.0 0.1/0.1
40 -0.1/0.0 0.0/0.0 0.0/0. -0.1/0.0 0.0/0.0 0.0/0. 0.0/0.0 0.0/0.0 0.0/0.0
Table 2.3:Simulations for synthetic data with inconsist&4l° = R, +10% forS? = 0.8 andte = 20 ps. t
T 500 600 (g 500800 (g 600800 (g
(ns) J (O) Fﬂ FRz J (O) Ff] FRz J (O) FT] FRz
5| 12.2/-105 10.1/-9.2 106/-84 12.2/-101 10.0/-93 11.4/-7J7 11.7/-10.0 10.0/-9.2 10.7/-8.4
10 10.7/-9.5 10.0/-9.1 10.2/-8.9 10.7/-9.4 10.0/-9.1 10.5/-8f 10.5/-9.4 10.0/-9.1 10.2/-8.9
20| 10.2/-92 100/-9.1 10.1/-90 10.2/-9.2 10.0/-91 10.1/-90 10.1/-9.2 10.0/-9.1 10.1/-9.0
40| 10.1/-91 10.0/-9.1 10.0/-91 10.1/-9.1  10.0/-9.1 10.0/-9.0 10.0/-91  10.0/-9.1 10.0/-9.1
Table 2.4:Simulations for synthetic data (with inconsist&®E" = NOE+ 0.1 for S = 0.8 andre = 20 ps. 1
T 500600 (g5 500800 (g5 600800 (g5
(ns) J(0) Fq Fr, J(0) Fy Fr, J(0) Fq Fr,
5 0.2/-0.3 0.4/-0.4 0.2/1. 0.2/-0.2 0.3/-0.4 1.0/1. 0.2/-0.2 0.3/-0.3 0.4/1.0
10 0.1/-0.1 0.2/-0.1 0.0/0. 0.1/-0.1 0.1/-0.1 0.3/0. 0.0/0.0 0.1/0.1 0.1/0.3
20 0.0/0.0 0.0/0.0 0.0/0. 0.0/0.0 0.0/0.0 0.1/0. 0.0/0.0 0.0/0.0 0.0/0.1
40 0.0/0.0 0.0/0.0 0.0/0. 0.0/0.0 0.0/0.0 0.0/0. 0.0/0.0 0.0/0.0 0.0/0.0

T Results in Table®.2, 2.3 and2.4 are presented for inconsistencies in both low and high fiatd dow field / high field).
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High Inconsistency

On the contrary, some datasets displayed high apparentsistencies (> 5 %, see Table
2.5). These include data from the functional domairPafacoccus denitrificansytochrome
c552 in the oxidised state (BMRB08(Q [232)), the de novadesigned protein S-824 (BMRB
5687, [96]), the kinase-interacting FHA domain of KAPP protein (BMRB74 [58]) the
de novodesigned protein S836 monomer (BMRB437 [96]), and the human 15.5 kDa /
NHPX protein (BMRB 15445 [250) where inconsistencies were 5 % when comparing
data acquired at 500 and 600 MHz.

Transverse relaxation data from BMRE®8(232, with its positive J(0)(500-600/600 ratig
(see Table2.5) is an interesting case of inconsistency where many residue associated
with a higherR, at 500 MHz compared to 600 MHz. This is theoretically impbkssince
R> (in the presence or absence of conformational exchange)diget higher as the static
magnetic field increases as a result of a growing importahteedC SAconstantc which is
proportional tow? (see Equatiori.7 and Figurel.?).

BMRB 5687and15437both belong to the same stud9q where the two proteins display
similar apparent inconsistency with eitifer at 600 MHz being over-estimated or, inversely,
R, at 500 MHz being under-estimated. These inconsigRemalues may have lead to some
Rex Values of the same magnitudeRsand unusually larg&? errors for several residues in
both S-836 (BMRBL5437 and S-824 (BMRB687). In the case of S-836 (BMRB5437),
most residues with significaf&y terms are co-localised, indicating the potential consiste
of this dataset which could probe a protein with importasims motions. On the contrary,
model-free analysis results for protein S-824 (BMRB87) display more scattere®eqy
parameters of low value. However, since the authors onlyyaed the details of residues
affected byRey Of significant values % 2 s 1), the possible effect of inconsistencies for
protein S-824 (BMRB5687) are diminished with respect to data interpretation. Hente
this case, even though raw consistency tests show that Srstencies are present, the
authors seem to have taken the necessary precautions taisgnncorrect conclusions.

BMRB 6474 is a very interesting case since these data relate to thedbstate of the
protein probed in BMRE>841, which displayed very good consistency (see above). Hence,
as proposed in the studypd], this could be a very good example of conformational
exchange caused by ligand binding. Hence, for BM&RE4 the apparent inconsistency
would be artificially caused bys-ms motions (as confirmed by relaxation dispersion
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experiments $8]). In other words, further investigation confirmed thatdbedatasets are
consistent with the presence of significant conformatiexahange processes.

BMRB 15445is different; in this case, the authors associatét,aerm to 15 residues out
of 144 [250. Removing these residues from the consistency analysidsyi@ similar
inconsistency score of 33.9 % (the highest inconsistencyowtd analyse in this study).
Since the average; is too high at 500 MHz compared to 600 MHRx(were~20 % higher
at 500 MHz compared to 600 MHz), it is however normal that fBy terms were
introduced in the analysis. In this case, the global tungbtescription may be incorrect
since, for example, thei” (see Table2.5 for a description of the method used to estimate
Tm) at 500 and 600 MHz were, respectively, 13.1 and 9.8 ns. Itabable that the authors
did not notice this problem when looking at the details ofalodynamics. In fact, the
authors chose an isotropic diffusion tensor despi®aio (9/9 ) of 1.1. It is not clear
what effects this simplistic definition of the global diffas introduced. The combination of
this incorrect characterisation of global tumbling and resstimatedR, at the low field
would be suggested to give rise to two-timescale motionsciwis apparently not the case
[250. It is clear that consistency tests, in this case, couldehagiped to improve the
analysis and may even have yielded a different picture ofadyos in this system with
potentially different biological interpretation of thestdts.

Moderate Inconsistency

Moderate inconsistencies, on the other hand, were obsérvaedme datasets including the
functional domain ofParacoccus denitrificansytochrome c¢552 in the reduced state
(BMRB 5079 [232), the cellular retinol-binding protein type | (BMRB331, [84]), the
class AB-lactamase PSE-4 (BMRB83§ [194], discussed further below), the apo chicken
triosephosphate isomerase (BMRB5064 [147), the 2-PGA-bound chicken
triosephosphate isomerase (BMRB5065 [147), and the apo-PGG/GGG chicken
triosephosphate isomerase (BMRB066 [142).

Dataset079and5080belong to the same study and are respectively for the redaced
oxidised forms of cytochromess, [232. For both datasets, although to a different extent,
consistency tests indicate a significantly highRerat 500 MHz compared to 600 MHz for
many residues. As stated before, this should normally nesppen. The authors, in this
case, may have missed important dynamic features of thetieiprwhich could have helped
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explain, for example, their hydrogen exchange data. Indieg noted that th&.y were of
no use to explain hydrogen exchange data because of thewalow (< 1.5 s1).

The dataset for holo-cellular retinol-binding protein éyi(BMRB 5331, [84]) shows a low
apparent inconsistency of 3.5 % for data recorded at 500 @ddv/B1z. The apo form of the
same protein (BMRB33(Q also from the same studyg4]) showed high consistency. As in
the case of BMRB079and5080[237, consistency tests indicate a higherat 500 MHz
compared to that at 600 MHz which strongly prevents the appea ofRex terms in the
model-free analysis (since the model-free formalism agsutimat exchange processes occur
in the fast exchange regimee. that there is a quadratic dependence of conformational
exchange contributions t&, terms with the strength of the magnetic field). This
inconsistency is not caused by a few outliers as the digtoibof >°0H2J(0) /60MHz3(()
ratio is narrow and generally symmetric, pointing to an allediscrepancy between data
recorded at the two magnetic fields. Of course, this low is@ancy could cause other
problems such as incorrect characterisation of the glaimabting or aberran&? values.
However, its small amplitude may not affect data analysis.

The datasets for the triosephosphate isomerase dimer (BVBRB4 15065 and 15066
[147]) also show apparent inconsistencies. However, BMR®)64 and 15065 show
apparent inconsistencies in opposite directions compar&MRB 15066 consistent with
the findings of the authors who assessed that the wild-tymgeipr (BMRB 15064
and 15065 was affected byus-ms motions (in loops 6 and 7), whereas the mutant
(BMRB 15066 was not. Considering these data, the results perfectly reekee. However,
for BMRB 15066 R, were lower than expected at 800 MHz (strongly precluding
appearance dRey terms). Hence, data for the wild-type protein (BMRB064and15069
appear of high quality withus-ms motions co-localising on the 3D structure. Hence, it is
possible that data for the mutant (BMRE066 are slightly inconsistent and mask the
underlying dynamics.

Limits

It is difficult from consistency tests alone to decide whetirenot the apparently inconsistent
datasets are indeed erroneous. An apparent low consistenty be caused by widespread
slow pus-ms motions affecting®, in a field dependent manner. However, in any case, such
low consistency results indicate the need for a more inkdapalysis of results obtained by
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Table 2.5:Consistency results for data retrieved from BidRB.

TPt | Residues Temperature J(0) test BMRB
(ns) (°C) 500 600 (gf)  500-800 (g  600-800 (o)
5.4 100 25.0 4.0 - - 5079
6.4 100 25.0 8.6 - - 5080
6.6 102 25.0 -11.6 - - 5687
7.1 135 25.0 -1.7 - - 5330
7.5 135 25.0 3.5 — — 5331
7.6 102 25.0 -13.4 - - 15437
8.2 139 25.0 -0.9 - - 5841
8.4 128 16.0 -0.6 -2.0 -1.5 6243
10.5 214 30.0 - - 0.2 5746
10.9 139 22.0 -9.2 — — 6474
11.3 179 25.0 0.1 1.7 2.1 14267
11.4 271 31.5 0.9 -4.1 -4.8 6838
11.5 144 20.0 33.7 - - 15445
11.6 263 30.0 0.3 2.2 2.0 16392
27.4 2 X248 20.0 - - 4.8 15066
29.4 2 X248 20.0 - — -4.8 15065
30.1 2 X248 20.0 - - -4.5 15064

t The apparent correlation tim@’" is estimated from the relatiorif’ ® = 2.5 J(0) using the mean
value forJ(0) [78].
1 Data at the highest magnetic field was from 750 MHz, not 800 MHz.

analysing other information on the system under study (sé@bfor such an analysis for

proteins TEM-1 and PSE-4). Additionally, inconsistenatas be revealed by consistency
tests, but be hidden because of limitations in analytichéstes often used for model-free
analysis, particularly because of model selectiéf.|

It should be noted that the low number of retrieved datasigislights a gap between the
publication of relaxation studies (> 400) and the depasitid the related experimental
relaxation data within theBMRB [269 (< 50). We would like to encourage NMR
spectroscopists to deposit their relaxation data witheBRIRB for access of these data by
the scientific community. Consistency tests should be pedrprior to data deposition in
the BMRB with notes deposited as well to explain the obtained resaitier for high or
low consistency.
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2.3.3 [B-Lactamases TEM-1 and PSE-4 as Test Cases for Inconsistdrt

Two studies were performed on very similar systems in ounratory. Datasets differed in
their respective level of consistency, making these studiparticularly good test case for
consistency tests. TEM-1 datase®l(] displayed a very high consistency leading to a
straightforward analysis of relaxation data. However, RSHatasets 194 were less
consistent with each other, leading to the need to removeaiialata for proper analysis in
the model-free formalism. Here, we will focus on the diffeces between these two studies
and on the value of consistency tests for PSE-4 data analysis

2.3.3.1 TEM-1(BMRB 16399

B-Lactamase TEM-1 was studied by recording spin relaxateta dt three magnetic fields:
500, 600, and 800 MHZ24(. The consistency of these datasets was high (see FiglBe
and Table2.5), which allowed the analysis within the model-free forraaliusing all data
recorded. From this analysis, 12 N-H vectors require®Re@ term in their selected
model-free model. These were mostly clustered on the 3[2tsire, co-localising with two
N-H vectors with extremely broadened resonances, whicmgly supports the presence of
slower timescale dynamics. Moreover, the low numbeRgfterms nfor this 263 residue
protein was consistent with a very high quality HSQC speutwith sharp peaks apparently
not affected by broadening from conformational exchange.

Even though consistency tests should be used to assessteangi of data for single
residues, they can also be useful in identifying residues/foch dynamics are of particular
interest or, on the contrary, for which data is erroneousemally from peak overlap or
other reason. Such an outlier is present init@ correlation plots for TEM-1 (see Figure
2.13. This residue is THf! which was not assigned to any model-free model in the origina
work of Savard and Gagn40d who used the analytical scheme of Maneelal. [174]
based on F-test statistics. However, in a recent re-asatyshese datasetzq] usingrelax
[51, 52] and an analytical scheme involving small sample size Akaiformation criterion
(AIC., see EquatiorT.4) [120, this residue was assigned to moda. In this case, the fit
was of poor quality, with g? value of 24.9,i.e. the second highest score within TEM-1.
Hence, theJ(0) test would have been useful in this case for identifying tleisidue and
either re-evaluating the data or excluding it from the asialyto avoid the extraction of
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potentially aberrant information.

2.3.3.2 PSE-4 (BMRB5839

An NMR study on the dynamics of the classpAlactamase PSE-4 was recently presented
(see Chapter and [L94)]) in which we discussed the inconsistency of some data anaong
multiple magnetic field dataset (see Figaré4and Table2.5). In summary, from this three
magnetic field dataset (500, 600, and 800 MHz),Rh@alues at 800 MHz were identified as
inconsistent and discarded prior to model-free analysis.

In this case, includindr, at 800 MHz caused dozens of artifacti) terms appearing for
residues throughout the protein. Removing the inconsisiatiat solved the problem and high
quality dynamic information could then be extracted. Remgwather parts of the dataset did
not result in loss of thes®y artifacts (see Tabl2.6). Hence, theJ(0) test forR, consistency
could easily detect the inconsistdRt values at 800 MHz, whereas other reporters such as
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Figure 2.13: JO) consistency of datasets for TEMBlactamase (BMRB.6392). The consistency of
these three magnetic field datasets is high. Since no NOEs were reco8f¥d\Hz, the](0) values
at 800 MHz were calculated by setting the NOESs to those at 600 MHz. Asrsimative text as well as
in Figure2.7 and Table2.4, the J(0) function is quite insensitive thlOE inconsistencies, hence this
choice is not problematic. Top: correlation plots with a diagongl-aix. Bottom: distributions of the
ratios with a dashed line at= 1.
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the x? value were unable to identify the inconsistent data (seéeTal). In the end, the
model-free analysis published for PSE-4 includedR2Q parameters, among which 5 had
especially high values and co-localised in the active stiere broadened resonances were
also observed. This is similar to what was obtained for thediogous protein TEM-1, and
very different from what would have been obtained if the edrgtrdata had been included in
the analysisi(e. if consistency tests had not been performed).

This example clearly shows the advantage of using consigtéests to avoid the time
consuming step of fitting model-free parameters to diffecemmbinations of subsets of the
complete dataset in order to determine if aberrant datarasept (as were performed here,
for test case purposes, see Tabl6). Further discussion on PSE-4 datasets consistency is
available in Partl of this thesis (in Chaptér), and in [L94].
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Figure 2.14: JO) consistency of datasets for PSB4actamase (BMRB5839. The consistency of
both 500 and 600 MHz data is high, whereas the consistency of the 800ddtdzs lower. Top:
correlation plots with a diagonal gt= x. Bottom: distributions of the ratios with a dashed line at
x=1.


http://www.bmrb.wisc.edu/data_library/generate_summary?6838

Improved Analysis of NMR Dynamics: Validating Multiple FeeSpin Relaxation Data 45

Table 2.6:Model-free optimisation for PSE{&-lactamase using different datasets.t

Datasets | <localty > (ns) <S> <x2>1  Number ofRey
Al | 1255+1.16  0.86+0.09 0.77+0.77 46
All but 500 MHz 12.57+ 1.69 0.84+0.10 0.50+ 0.62 42
All but 600 MHz 12.49+ 1.28 0.86+0.08 0.61+ 0.49 49
All but 800 MHz 12.57+ 1.24 0.86+0.09 0.57+0.49 9
All but 800MHzR, 12.53+1.19 0.86+0.09 0.72+0.77 45
All but 800MHzR, 12.64+ 1.11 0.86+0.09 0.76+ 0.77 8
All but 800MHzN OE 12.52+ 1.23 0.86+ 0.08 0.68+ 0.54 46
Only 500 MHZ 12.524+1.17 0.88+0.07 0.15+0.21 0
Only 600 MHZ 12.75+1.28 0.87+0.07 0.13+0.20 0
Only 800 MHZ 13.11+ 1.45 0.87+0.06 0.30+0.52 2

T 230 residues with data at the three magnetic fields were minimised using ajogabdel-free
modelstm0 totm9 in relax [51, 52]).

t Thex? values were normalised by dividing the obtained value by the number oftstzsed.

* Only model-free modelsm0, tml, tm2, tm3, andtm9 (i.e. with 3 parameters or less) were used for
these small datasets.

2.3.4 Minimising Inconsistencies

Using the tests presented above, inconsistencies candsetkso they are not incorporated
into a joint multiple magnetic field data analysis. Howewdg best to minimise the potential
for inconsistencies before actual recording of dataset®®rded data can be used in totality
in the subsequent analysis. There are three main factorstenéd pay attention to when
recordingRy, Ry, andNOE: the sample itself, the effective temperature and pulsaesecg
parameters. Of course, these are inter-related.

2.3.4.1 Sample

Obviously, the sample should be in the same conditions girout the complete
experimental scheme. Concentration, in the case of usingipleusamples, should be
carefully matched as it affects the solvent viscosity, \Wwhitturn affects the global tumbling
of the molecule (for example, in the absence of dimerisatiobserved a 5 % modulation
of the apparent correlation time for PSE-4 when the protententration was changed from
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0.125 to 0.5 mM, see Section3, Figure7.2, and [L94]). Sample integrity, of course, should
also be monitored as a macromolecule being degraded as @ofuié time will, among
other problems, have its global correlation time being nhaigd, hence affecting dataset
consistency.

In the case of the use of a single sample for the whole expatahscheme, a good way to
assess sample integrity over time is to record a complete rgbaxation dataset at one
magnetic field and, after data at other magnetic fields ar@rded, record the first dataset
again. This allows the comparison of the relaxation datahat dtart and end of the
experimental scheme, allowing the detection of any chanlgehvcould affect dynamics
that may not be detected ByN-'H 2D correlation spectrae(g.a HSQC). Moreover, this
allows a direct assessment of experimental error. Thisogmbrwas adopted in our study of
PSE-4 (see Chapt&rand [194]) and helped discriminate between inconsistencies ane tim
dependent modification of the sample.

In the case of multiple samples, special care must be takematoh both sample and salt
concentrations as well gsH. As a check for these, relaxation data could be acquired at
a common magnetic field for the different samples, allowimg ¢omparison of datasets to
assess the consistency of the samples used, prior to regastidata using other magnetic
fields.

2.3.4.2 Temperature

As temperature affects the solvent viscosity, which in taffects the diffusion of
macromolecules in solution, temperature should be cdyefalibrated. Indeed, the Einstein
relation (or Einstein—Smoluchowski relatior®g 249 clearly shows the dependence of the
rotational diffusion constant®iso = 1/(6 tm), see Equationl.2Q [18]) on both the
temperaturd and the viscosity)visc:

ke T

Diso = < (2.7)
r

wherekg is the Boltzmann constant anfg, the rotational frictional drag coefficient for a
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sphere of radiuR, is defined as:

fr =8 TNyisc R° (2.8)

Standard procedures for measuring temperature with eile¢nanol or ethylene glycol are
well known. Typically, this involves measuring the chenhiglaift separation of OH and CH
resonances in methanol (g8H) or ethylene glycol (HOCKCH,OH) as discussed ir8f.
Temperature calibration is extremely important as tentpezacontrollers within different
probes generally behave differently depending on the pvebhdor, model and/or generation,
leading to differences in the effective temperature. Seerei2.15for an example of such
differences between temperature controllers of diffepeabes.

2.3.4.3 Pulse Sequence Parameters

Pulse sequence details should be carefully matched withamare for solvent suppression
as differences can severely influence exchanging amedgs6lvent exposed amides).

Heat compensation schemes should be used when recordiegregpts potentially causing
sample heating, such & measurements, to avoid any internal inconsistency ageim@r
from temperature variations. These inconsistencies acecaused by duty cycle variations
which affect probe tuning and lead to non-ideal RF pulsescéeamusing a decrease in
internal consistency and, indirectly, in overall congisie These problems are increased at
high magnetic field and/or short recycle delays. See Yip antledweg P97 for a
discussion on this topic.

In the case of CPMG-basd® experiments, similar RF field strength during the CPMG
pulse train should be used. The field strength should be hmghgh so that no important
off-resonance effects arise within the datasets. Howdverfield strength should not be too
high to avoid too much sample heating. A simple way to avoichsoif-resonance effects
could be the use of the modified phase cycling proposed by Mip Zuiderweg 291].
Moreover, sample heating should be similar at all magnegidgito avoid a modulation of
R> (which would decrease as a function of temperature). kederhg of the different delays
in a scan by scan mode might help in stabilising the temperatithin a single dataset and,
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indirectly, minimise sample heating and stabilise temppeeathroughout acquisition at
multiple magnetic fields147]. Finally, unnecessary long relaxation delays (duringchhi
the CPMG pulse train is active) should be avoided also to redample heating.

2.4 Discussion

As is demonstrated using synthetic datasets, the proposesdistency tests are field
independent functions suitable for assessing consistTwltiple magnetic field datasets.
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Figure 2.15: Temperature calibration for different NMR probes. Effective tempeeaoalibrated
using methanol) as a function of the temperature set for the variable tempghédijicontroller within
Varian RT (broken line and squares) and cold (solid line and circle®gstolhe grey line indicates a
theoretical perfect agreement between the controller temperature agftettteve temperature. As can
be seen, temperature on both probes is very lingar (0.9999), but the slope is different, leading to
potential differences in temperatures if calibration is not undertaken ¢ésatise effective temperature
in the sample.
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Since local variations iRy caused by slowus-ms motions are common, these tests should
be used in a qualitative manner for assessing overall guafitlatasets. Moreover, these
tests could also be used to investigate the data for indaidond vectors.

Obviously, N-H groups affected hys-ms motions will appear inconsistent using testdor
sinceRex is scaled quadratically with the strength of the magnetid fielowever, proteins
rarely displayps-ms motions throughout their whole sequence and a majofitgsidues
should be unaffected by such motions. Hence, once againpétp the need for a global
gualitative analysis instead of a residue focused quaingtanalysis. A better option for
assessing dataset consistency of such systems would bectireling ofRey-free Ry [109.
Indeed, such experiments yield the exchangedReéy quenching the effect of exchange)
which should then give rise to high consistency scores inrivle conditions, irrespective
of whether there are or nps-ms motions in the particular system under study. Moregover
when suchus-ms motions are suspected because of consistency tgsésinegnts probing
these timescale®(g.CPMG orRy, relaxation dispersion experiments) should be performed.

High field effects could arise within relaxation data bas@daomodulation of theCSA
constant as a function of the magnetic field. Indeed, @®Ahas been shown previously to
vary depending on the actual N-H bond vector studgg]j 152, 264. Assuming a value of
-172 ppm for all N-H bonds, as in most spin relaxation studeesild potentially give the
impression of inconsistencies at high field for some resdueere theCSAis significantly
different from -172 ppm. However, this would most probabayvé the effect of broadening
the distribution of ratios, but not of skewing it (since thiedl’ CSAfor individual vectors
should have the same chance of being lower or higher thanvérage value of -172 ppm),
thus conserving a fairly good consistency appearance lbvelence, we believe this should
not affect consistency tests too much.

Of course, it would also be very useful to have tests for tlsessment oR; andNOE data
consistency. However, it turns out very difficult, if not iogsible, to develop field
independent functions for consistency testing purposd®; @nd NOE that would also be
independent of local dynamics. Indeed, contranRto Ry and NOE are inter-dependent
(i.e. they are influenced by each other) and influenced by fast motwith negligible
contribution from the very slow motions probed B§0), as shown in Equation$.1, 1.7,
and 1.9, In fact, performing consistency testing dd and NOE would require the
knowledge of local dynamics which is actually why the dataeisorded, hence a chicken
and egg problem... However, an interesting approach tofyvehie approximative
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consistency ofR; and NOE data (as well as that oR, data) might be, along with
consistency tests, to use the comparative approach of ReadyRainey P28 where
synthetic data is calculated based on user variable moeel{farameters. Using this
approach which is implemented inveeb interface one can verify that recorded data have
reasonable values for the system under study and the made&ts used.

We do not claim to be the first to propose ways to improve amabyfsspin relaxation data.
However, we think the use of these simple validation testgparticular ofJ(0), for the
assessment @&, consistency within multiple field datasets will be very wusefn particular,

it will reduce the extraction of erroneops-ms motions. Additionally, it will allow a better
description of global tumbling for NMR spectroscopistsugsihe Kayet al. R./R; approach
[139 to determination of the isotropic correlation timg, hence indirectly contributing to a
better description of local motions. Overall, the use osthtests will be a valuable addition
to the set of analytical tools available for spin relaxatiata.
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3.1 The Consistency of Datasets as a Pre-Requisite for the
Extraction of High Quality Dynamics Information

From the limited number of published experimental datatetted for consistency, it is
clear that bias can appear in spin relaxation studies ewmrgthgreat care is taken to avoid
such problems. This was the case in recent work on proteir4Pi3Eour laboratory 194,
where consistency tests helped in removing inconsistaattdaallow a reliable description
of protein dynamics.

Thus, we believe that the introduction of consistency testisin the analytical scheme of
spin relaxation data could allow a better description ofdstems studied. Indeed, when
inconsistencies are seen, datasets could be excludedeif d#tta indicates no widespread
pUs-ms motions are present. On the contrary, the tests cosld identify when a
macromolecule has widespread conformational exchangacd;digh consistency would
confirm the data is of good quality and the macromolecule isaffected by widespread
conformational exchange, while low consistency would nexja deeper look at the data.
We propose that consistency testing should be performext fwi any joint analysis of
different datasets. This includes multiple field datasassyell as datasets recorded with
different samples, such as in the case of unstable proteins.

The tests presented here apply:tdl spin relaxation data (mainlgy, Ro, andN OE) for the
identification of inconsistencies withR,. However, the same principles could apply to other
spins (although large variations in tR&SAfor a given nucleus might limit their use). These
tests ought to be used by anyone seelking to extract hightyjukta from multiple field
datasets. The three consistency 886y, F,, andFg, are available within the programlax
(versions 1.2.14 and highe§1, 52].

3.2 Future Work

It will be important to encourage the community to use as mashpossible these
consistency tests to avoid situations where inconsistate © analysed and gives rise to
aberrant conclusions on the dynamics of the system undgy.stu


http://www.nmr-relax.com

Improved Analysis of NMR Dynamics: Conclusions 53

The ease of use of this approach in the analytical schemeeriihinly have a predominant
role and, thus, additional work could include the semi-m&tion of the consistency testing
procedure. Indeedielax could be further improved by integrating code to handle the
complete multiple field datasets, calculai¢0) values, and output correlation and
distribution plots of the results, along with some stats&nd recommendations.
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4.1 Bacterial Cell Wall

One of the challenges faced by microbial organisms consistssisting to the important
osmotic pressure difference between their cytoplasm amdsthrrounding environment.
Bacteria achieve this by synthesizing a cell wa#, a peptidoglycan layer located outside
the plasmic membrane and increasing the rigidity of the (selé Figuret.l). This mixed
polymer is generally made of two sugar derivatives (N-dgéigosamine and
N-acetylmuramic acid) as well as different amino acidsI(idmg three amino acids not
encountered in proteingi-Ala, D-Glu, andmesediaminopimelic acid)224].

Peptidoglycan strength comes from its components formimgeah-like structure. Many
enzymes participate in the biosynthesis of this networ&luiting DD-transpeptidases (also
known asD-Ala-D-Ala carboxypeptidase-transpeptidases, or penicillimdinig proteins).
These enzymes participate in the last step of peptidoglysamhesis in linking a
D-Ala-D-Ala extremity from one peptidoglycan molecule to a neigiooy molecule
(reviewed in B1]). This DD-transpeptidase activity is necessary throughout thecgelk,
especially during cell division when an increase in pegmlgcan synthesis is observed
(reviewed in [f2]). Hence, stopping (or slowing) peptidoglycan synthesia very efficient
and specific approach to counter bacterial growth.

4.2 [-Lactam Antibiotics

Many microorganisms, in order to protect their own enviremty have developed means
for eliminating other organismsp-Lactam antibiotics are molecules synthesised by fungi
in order to control bacterial growth. This class of molesweas discovered more than 80
years ago by Sir Alexander Fleming Renicillium notatun]{82]. The molecule responsible
for the activity observed by Fleming (penicillin) was puedi and further investigated by
Chainet al.[36]. A few years later (in 1945), Fleming, Chain, and Florey sldathe Nobel
prize for their work on penicillin. Indeed, this recent digery had already showed its utility
by saving thousands of lives during World War Il. Since thdogens of different derivatives
of penicillin have been used in both medicine and agricaltur

B-Lactam antibiotics share a common structural featuref3ttectam ring (see Figuré.?).
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This allows them to covalently bind to the active sitebaf-transpeptidases and inhibit their
activity, thus preventing the last step of peptidoglycantsgsis to be performed (reviewed
in [44, 254, 263 281]). This particularity gives an antimicrobial activity f§-lactams.
However, there is a widespread belief in the population andrey physicians that penicillin
derivatives very often cause allergy. Even though pemmciierivatives cause allergic
reactions, this belief of widespread allergy is exaggerate among the 0.7-10% people
with reactions to penicillin, only 10-20% are really alliergs verified by skin testing: for a
total of approximately 0.07 to 2% of people allergic in thegpplation (reviewed inZ36)]).
Hence, with their limited number of side effecfslactams are very useful antibiotics for
use in medicine.

Figure 4.1: Grant (left) and Grami (right) bacterial cell walls. The different components
are: peptidoglycan (yellow), proteins (purple), teichoic acids (greendspholipids (brown), and
lipopolysaccharides (orange). (A) The plasmic membrane is principally roagéospholipids.
(B) The peptidoglycan layer gives the necessary strength to resisigheobmotic pressure from
the cytoplasm. Its thickness is more important in Grabacteria (20-80 nm compared to 1-3 nm
for GranT bacteria) since these do not possess an external membrane. (C)t&éhmkemembrane
is solely present in Grambacteria. Different metabolic activities in Granbacteria take place in
the periplasmic space, between the external membrane and the peptiddglyean Figure from
http://www.ppws.vt.edu/%7Esforza/agro/agro.hwith kind permission from Peter Sforza.


http://www.ppws.vt.edu/%7Esforza/agro/agro.html

Dynamics of Class A-Lactamases: Introduction 58

4.3 Antibiotics Resistance

Antibiotics resistance was developed either by the orgasigroducing th-lactams to be
protected from their own weapons or by the target organignssitvive enemies producing
B-lactams (reviewed ind1]). Different strategies were developed (reviewedaf]]:

e Mutations inf3-lactams targetd.€. the DD-transpeptidases);
e Modifications in the cell wall structure to prevedactams access to their target;

e Deletion of membrane porines to prev@alactams entry in the cell;
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Figure 4.2: Structure of differenf-lactam antibiotics (penicillin G, also known as benzylpenicillin,
ampicillin, and carbenicillin) anfi-lactamase inhibitors (sulbactam, tazobactam, and clavulanic acid).
TheB-lactam ring is shown in red with the possible substituents as R’, R”, and R
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e Production of efflux proteins to expdtlactams outside the cell wall;
e Production of proteins acting slactam inhibitors;

e Production of proteins hydrolysirgrlactams B-lactamases).

Selective pressure for resistancgttactam antibiotics (either natural or caused by the use of
antibiotics in medicine and agriculture) has supportediigespread dissemination of these
mechanisms (reviewed i”284]). This process has been extensively accelerated by the fac
that the genes for many of these mechanisms are located afergehetic elements such as
plasmids and integrons (reviewed Bg]).

4.4 [(-Lactamases

The main resistance mechanism against penicillin-denwetecules ice. the 3-lactams) is
the production of enzymes, ttlactamases, able to cleave the four-membdgdactam
ring [81]. B-Lactamase enzymes are divided in four classes based opthmeary structure:

A, B, C,and D [/, 128 209. Another classification scheme is based on their functiona
characteristics (substrate profile and inhibitor susbdiyi) where -lactamases are divided
in four principal groups27].

Classes A, C, and D are serine-catalytic, whereas enzymescfem® B use (generally) one
or two Zr?* ions for catalysis. Thes@-lactamases with a catalytic serine have, as common
ancestors, theDp-transpeptidases. Indeed, these different groups of eezwme structurally
and catalytically closef-lactamases from classes A, C, and D most probably acquiesd th
catalytic activity againsf3-lactams in order to avoid being irreversibly bound to these
molecules, such as is the case far-transpeptidases (reviewed it4H]).

Enzymes from class A (which include most ESBLS) are the mdshdbund L78. They
represent a diverse class of proteins in terms of substpeificity. Moreover, these
enzymes are highly effective catalysts. Indeed, the speadtivity of several of these
enzymesé€.g.-lactamase |, PC1, and TEM-1) is diffusion-controll&d][
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4.4.1 Class AB-Lactamases

Class AB-lactamases have a MW of approximately 30 kDa. Their stredsimade of two
domains (one altt and onen/B) packed against each other and at the interface of which lies
the active site (see Figuréds3and4.4). This active site is constructed using different residues
including Sef?, Lys’3, Sef30, Glu'%6, and Lys/Arg3*.

Class AB-lactamases are closely relatedm-transpeptidases as was first observed by Tipper

and Strominger back in 196263. In fact, their structures near the active site are coreserv
with four important motifs shared by the two groups of enzgifiR9:

o domain o/pf domain

Active site

Figure 4.3: Structure of class /B-lactamases. Active site residues (8etys’3, Set3°, GIut®®, and
Arg?34), and the disulfide bond (between Cyand Cy323, connecting two helices of the domain)
are shown in the stick representation on the structure of the clfiskétamase PSE-4 (PDB568

[169).
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The strictly conserved SEkX-X-Lys 3 tetrad,;

TheQ loop (residues 161 to 179);

The ‘SDN’ loop formed by residues Séf, Asp31, and Asi®2

The less conserved ‘KTG’ motif formed by residues 43/ Thr?®°, and GIy*36, where
residue 234 is replaced by an Arg in certain sub-classesaséd\-lactamases, and
residue 235 is generally a Ser in clas§Aactamases.

4.4.1.1 Catalytic Mechanism of Class A3-Lactamases

The general mechanism of classpAlactamases is composed of two steps, akin to that of
serine proteinased 11]. First, catalytic Sef’ makes a nucleophilic attack on the carbonyl
of the B-lactam ring B1, 41, 80]. This creates a tetrahedral intermediate and leads to the
hydrolysis of thef-lactam ring {.e. the breakage of its amide bond1]. The process is
similar whenp-lactam antibiotics inactivate their targeg( the DD-transpeptidases), ending
up in an inactive acyl-enzyme complex which stops bacteedllgrowth and leads to cell
death. The second step, deacylation (virtually absenbfetranspeptidases), consists in a
nucleophilic attack by a O molecule activated by th@ loop conserved residue GR? [2,
32,73,116 173 191]. This leads to the hydrolysis of the acyl-enzyme complex matease
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Figure 4.4: Stereoview of the active site of class[Alactamases. Important catalytic residues are
shown in the stick representation and H bonds are displayed with dasheddimg TEM-1 structure
1ERQ[199. This figure is a generous gift from Pierre-Yves Savard and wiggnaitly published in

his Ph.D. thesisZ39.


http://www.pdb.org/pdb/explore/explore.do?structureId=1ERQ
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of the hydrolyse3-lactam. Figured.5 depicts the overall general catalytic mechanism of
class AB-lactamases.

However, to first attack thp-lactam ring, the catalytic SEt must have its hydroxyl proton
accepted by a general base. The identity of this activatoomgroversial. One hypothesis
involves Lys® as the general bas&16 163 173 255. For this hypothesis to be valid, the
pKa of the Lys would need to be under Iig. Lys’3 would need to be deprotonated in order
to attract a proton from Sé.

Another hypothesis involves GI¢P [95, 155, 156 (reviewed in B1]). In this case, GItf®
would have a role similar to H¥ in serine proteinase]. For this mechanism to be
possible, GI&®® would need an abnormally highK, and would thus be protonated at
physiologic pH (which seems to be the case from an ultrahigh resolutiorctstrel of
TEM-1 [190]). Moreover, theQ loop would need to possess a high flexibili3@, 271] or
there would need a water molecule to serve as relay betweed®®Gand Sef?
[9, 46, 65, 104, 112, 115 155 190.

Other hypotheses propose the involvement of'¥eand/or the carboxyl group of the
B-lactam P, 59, 67, 203 284.

A model has emerged recently in which a duality of mechanisas shown for tetrahedral
formation {.e. acylation) [L84]. In this model, the activation process depends on the
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Figure 4.5: Catalytic mechanism of class Brlactamases. S&tproceeds to the nucleophilic attack

of the carbonyl on th@-lactam ring. This creates a tetrahedral intermediate which, upon the amide
bond breakage, leads to an acyl-enzyme complex. Finally, after deanyldgohydrolysed-lactam
compound is released.
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B-lactamasdd-lactam combination and is a competition between mechanigivolving
either GIU%® or Lys’® as the general base for activation of Qer This kind of dual
mechanism could reconcile different contradictory stadiét could also explain the high
activity of class Ap-lactamases where certain members, such as TEM-1 (see)batew
diffusion-limited (.e. their catalytic rate being limited by entry and expulsion tbg
substrate in and out of the active site, whth/Km ~ 107-108 s~IM~1) [165, 226.

4.4.1.2 Ambler Numbering Scheme

The numbering of residues within class [Alactamases follows a standard numbering
scheme introduced by Amblet al. [8]. Using this scheme, the most important residues are
numbered the same within different enzymes. A consequehdtieiois the presence of
apparent gaps within the sequendes, sequence numbers for which there are no residue.
Additionally, since class AB-lactamases have a signal peptide (also known as leader
peptide) for exportation outside the cell, the numberingh&f mature proteins generally
does not start at 1. The Ambler numbering scheme is very uaéien comparing different
class AB-lactamases and is used throughout this document.

4413 TEM-1

The penicillinase TEM-1 is the most often found clas§-factamase in cases of resistance
to penicillins and cephalosporins (reviewed 85[176, 177, 278)). It is the model enzyme
for class AB-lactamases and has been studied extensively, Indeedhslozstudies have
been performed on TEM-1, either using standard biocherjgatoaches (reviewed, among
others, by 2, 26, 27,81, 94, 106, 176-178 221, 260)), X-ray crystallography (see Tabiel

for an exhaustive listing), MD (including QM/MMYP, 65, 66, 79, 112, 113 115 184, 185
234, and NMR {6, 62, 240, 241].

TEM-1-like B-lactamases being the major cause for resistance agiiastam antibiotics, a
database has been launched recently in order to classifiifteeent variants either observed
clinically or designed in laboratory. Thlsactamase Engineering Databd288 reconciles
data from both thélCBI protein databasandTEM mutation tablgwebsite hosted by Lahey
Clinic).


http://www.LacED.uni-stuttgart.de
http://www.ncbi.nlm.nih.gov/protein
http://www.lahey.org/Studies/temtable.asp

Table 4.1:Structures of the class B-lactamase TEM-1. T

PDB Mutation(s) Ligand/Complex % Resolution (A) Yéar Reference
1BTL V84, Al84y Slor 1.80 1995 129
1XPB SO 1.90 1997 83
1TEM V84, A8y Penicillate ALP 1.95 1997 179
1AXB V84, A8y Inhibitor FOS 2.00 1998 181]
1BT5 V84, Al84y Imipenem, SG 1.80 1999 180
1CK3 V84, Al84/ N276D 2.28 1999 256
1ESU 235 SO; 2.00 2000 83
1FQG E166N Penicillin G 1.70 2000 255
1ERQ Inhibitor BJH 1.90 2000 199
1ERO Inhibitor BJP 2.10 2000 199
1ERM Inhibitor BJI 1.70 2000 199
1HTZ: E10%, M182T, G2383 2.40 2001 207]
1JTG Ccatt 1.73 2001 164
1JTD BLIP-II 2.30 2001 164
1L19 M9/ K+, PO~ 1.52 2002 280
1IWZ E104K, R164s, Mmi82T Inhibitor 105 1.80 2002 779
1LHY3 R241S PG 2.00 2002 280
1L10% M®91, M182T CHOg, K™ 1.61 2002 280
1L195 VY K+, PO~ 1.52 2002 280
1IWV G238 Inhibitor CB4, K+ 1.85 2002 279
1JWP M1821 PO;~ 1.75 2002 279
1M40 Mm182T Inhibitor CB4, K*, PG} - 0.85 2002 190
1JVJ N132A Imipenem, K 1.73 2002 279
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http://www.pdb.org/pdb/explore/explore.do?structureId=1BTL
http://www.pdb.org/pdb/explore/explore.do?structureId=1XPB
http://www.pdb.org/pdb/explore/explore.do?structureId=1TEM
http://www.pdb.org/pdb/explore/explore.do?structureId=1AXB
http://www.pdb.org/pdb/explore/explore.do?structureId=1BT5
http://www.pdb.org/pdb/explore/explore.do?structureId=1CK3
http://www.pdb.org/pdb/explore/explore.do?structureId=1ESU
http://www.pdb.org/pdb/explore/explore.do?structureId=1FQG
http://www.pdb.org/pdb/explore/explore.do?structureId=1ERQ
http://www.pdb.org/pdb/explore/explore.do?structureId=1ERO
http://www.pdb.org/pdb/explore/explore.do?structureId=1ERM
http://www.pdb.org/pdb/explore/explore.do?structureId=1HTZ
http://www.pdb.org/pdb/explore/explore.do?structureId=1JTG
http://www.pdb.org/pdb/explore/explore.do?structureId=1JTD
http://www.pdb.org/pdb/explore/explore.do?structureId=1L19
http://www.pdb.org/pdb/explore/explore.do?structureId=1JWZ
http://www.pdb.org/pdb/explore/explore.do?structureId=1LHY
http://www.pdb.org/pdb/explore/explore.do?structureId=1LI0
http://www.pdb.org/pdb/explore/explore.do?structureId=1LI9
http://www.pdb.org/pdb/explore/explore.do?structureId=1JWV
http://www.pdb.org/pdb/explore/explore.do?structureId=1JWP
http://www.pdb.org/pdb/explore/explore.do?structureId=1M40
http://www.pdb.org/pdb/explore/explore.do?structureId=1JVJ

Table 4.1:Structures of class f-lactamase TEM-1 (continued). T

PDB Mutation(s) Ligand/Complex % Resolution (A) Year Reference
AINYM M182T Inhibitor CXB, K*, PG}~ 1.20 2003 277
1INYO M182T Inhibitor NBF, K*, PG}~ 1.75 2003 279
AINXY M182T Inhibitor SM2, K* 1.60 2003 278
AINYY M182T Inhibitor 105 1.90 2003 77
1SOW BLIP 2.30 2004 230
1PZP RI00N Inhibitor FTA 1.45 2004 117
1PZO misaT Inhibitor CBT 1.90 2004 117
12G4 V84 AlB4y 1.55 2005 257
1XXM E104A, Y1057 BLIP, C&* 1.90 2005 230
17G6 s'%G 2.10 2005 257
1YT48 St30G 1.40 2005 267
2B5R V84|, E104y, Y105\ BLIP 1.65 2006 229
3C7U WwW150a BLIP 2.20 2008 p7q
3C7V YA BLIP 2.07 2008 p76
3CMZ L201p PG~ 1.92 2008 175
3DTM Po2s, \80| E147G, m182T, L201p 2.00 2008 135

|208M, A224V, |246V’ L273R
3GMW BLIP-I, PO}~ 2.10 2009 98]
3JVI N170G Inhibitor EPE, PG~ 2.70 2009 24

T Adapted (and updated) with permission from Pierre-Yves SaZa9.|
T Abbreviations are defined starting at Page

* Year deposited in thBDB with structures ordered chronologically based on this date.
Mutants also known as TEM-32TEM-64%, TEM-30%, TEM-32*, TEM-34°, and TEM-76.
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http://www.pdb.org/pdb/explore/explore.do?structureId=1NYM
http://www.pdb.org/pdb/explore/explore.do?structureId=1NY0
http://www.pdb.org/pdb/explore/explore.do?structureId=1NXY
http://www.pdb.org/pdb/explore/explore.do?structureId=1NYY
http://www.pdb.org/pdb/explore/explore.do?structureId=1SOW
http://www.pdb.org/pdb/explore/explore.do?structureId=1PZP
http://www.pdb.org/pdb/explore/explore.do?structureId=1PZO
http://www.pdb.org/pdb/explore/explore.do?structureId=1ZG4
http://www.pdb.org/pdb/explore/explore.do?structureId=1XXM
http://www.pdb.org/pdb/explore/explore.do?structureId=1ZG6
http://www.pdb.org/pdb/explore/explore.do?structureId=1YT4
http://www.pdb.org/pdb/explore/explore.do?structureId=2B5R
http://www.pdb.org/pdb/explore/explore.do?structureId=3C7U
http://www.pdb.org/pdb/explore/explore.do?structureId=3C7V
http://www.pdb.org/pdb/explore/explore.do?structureId=3CMZ
http://www.pdb.org/pdb/explore/explore.do?structureId=3DTM
http://www.pdb.org/pdb/explore/explore.do?structureId=3GMW
http://www.pdb.org/pdb/explore/explore.do?structureId=3JYI
http://www.pdb.org/pdb/home/home.do
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The standard numbering scheme for TEM-1 starts at residam@@nds, after 263 residues
(28.9 kDa) and two gaps (at positions 239 and 253), at resé0e

4414 PSE-4

PSE-4 enzyme was originally found iRseudomonas aeruginog&6, 200 201}, an
opportunistic pathogen often found in cystic fibrosis pae but was soon found in
non-pseudomonal strain31]. Its discovery closely followed the beginning of use of the
penicillin derivative carbenicillin (originally markede as Pyopen by Beecham, see
Figure4.2) [169. PSE-4 is expressed in the periplasm of different Grapacteria (see
Figure4.1). It is the model enzyme for the subclass of carbenicillimidoyysing class A
B-lactamases (subgroups 2c and 2d of the Bush-Jacoby-Medeinctional classification
scheme 27]) and was, in 1990, the most widespreadhctamase in carbenicillin resistant
strains ofPseudomonas aerugino$a0]. Hence, PSE-4 contributes to the multi-resistant
phenotypes oPseudomonas aeruginogaviewed in p53).

Levesque and coworkers were the first to isolate and sequbecgene encoding PSE-4
[19, 20]. Using the Ambler numbering schem@],[ mature PSE-4 starts at residue 22 and
ends, after 271 residues (29.5 kDa) and three gaps (at@ushB, 239, and 253), at residue
295. Following these advances, kinetics and mutationdiesuvere made easier and several
publications followed on PSE-4. Many of these publicatiaresdiscussed below.

In order to investigate substrate specificity modulatidmeifienet al. [261] made mutations

for residues 162-179 of th@ loop. Indeed, it had been observed that this region of the
protein was responsible for substrate specificity in TEMEI(Q 215 216, 227. However,
upon random mutations in i@ loop, PSE-4 did not acquire activity toward new antibiotics
or inhibitors. Nevertheless, residues 162-164 and 165+vl&® shown to have a more
important effect on ampicillin hydrolysis compared to carlzillin. Similar results were
obtained when th& loop from either TEM-1, SHV ofStreptomyces albuS (3-lactamase
replaced the& loop in PSE-4 238: the mutants had MICs and kinetic properties similar to
wild-type PSE-4i(e. no important effect was observed).

In one study, a library of random mutations was prepareddsidues 216—-218 located in a
loop bordering the active sit€B5. One particular mutant (Val®Ser, Thfl’Ala, Gly?8Arg)
showed an increase in th&, for both carbenicillin and ampicillin (see Figu#e?) as well
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as an increase in th§ for sulbactam and tazobactam (see Figut®, both penicillanic acid
sulfone inhibitors. This contrasted observations madeBMTL where residues VA&I° and
Ala?'” do not tolerate substitutior11L§].

In 2000, Therrienet al. [259 characterised the inhibition of PSE-4 by the three
clinically-used mechanism-based inhibitors: sulbactatayulanic acid, and tazobactam
(see Figuret.2). The three molecules were shown to cause irreversibléitndm of PSE-4,
with tazobactam displaying the highest affinity. Moreowbe partition ratios Kcat/Kinact)
were all lower than previously observed for TEM-28[ 123 124 indicating the greater
susceptibility of PSE-4 against these inhibitors. Theseeweod news.

In another study, mutations were made in the region inciydésidues 125-12247. It was
observed that mutations in this region (within arhelix close to the active site, right next
to the loop of residues 216—-218) were sensitive to actieiyards mechanism-based suicide
inhibitors (.e. sulbactam, clavulanic acid, and tazobactam, see Fig@ewith clavulanic
acid as the most affected by these mutations. Moreoveguedilet?’ was shown to be
invariant, while Ald?®was more tolerant. This was different than in TEM-1 whereatiahs

to Alal?® were not tolerated1[1§).

The crystal structure of PSE-4 was solved in 200689 (see Table4.2). Besides PSE-4
having a high sequence identity with TEM-1 (41.5 %), its ctiwe (composed of two
domains: an altr and ana /3 domain, as in other class Bxlactamases) is also very close to
that of TEM-1 with a backbone RMSD of only 1.3 A. Figufie3 displays most of PSE-4
structural features. What distinguishes PSE-4 (and othebeo&illinases) from
non-carbenicillinases (such as TEM-1), however, is theatiari Lys3*Arg. This change
confers its enlarged specificity to PSE-4, placing it in gr@e of carbenicillin hydrolysing
B-lactamases inhibited by clavulanic acRl7[. Indeed, the two structures solved for PSE-4
(PDB 1G68and1G6A, see Tablel.2, [165) showed that the substitution of a Lys to an Arg
residue at position 234 in PSE-4 prevents a clash between-tterboxyl group of the
carbenicillin molecule and Asr° by allowing a different conformation for SEF. Indeed,
thekeat/Kn for carbenicillin hydrolysis is reduced by a factor of 50 e tArg?34Lys mutant
compared to wild-type PSE-4, whereas the effect on pemiatd ampicillin hydrolysis is
less than fivefold 165 247. Since the publication of this crystal structure in 2004 ,ather
studies on PSE-4, prior to ours, has been released.


http://www.pdb.org/pdb/explore/explore.do?structureId=1G68
http://www.pdb.org/pdb/explore/explore.do?structureId=1G6A
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Table 4.2:Structures of the class Brlactamase PSE-4.

PDB ‘ Mutation Ligand Resolution (A) Yeart Reference
1G68 SOE[ 1.95 2000 165
1G6A R23K SO;- 1.75 2000 165

T Year deposited in theDB.

4.4.1.5 Dynamics in Class A-Lactamases

Several MD, QM/MM, and NMR studies have been performed targaghts into the relation
between function, structure, and dynamics in the claBsldctamase TEM-199, 65, 66, 79,
112,113 115 184, 185 234. These different studies used methods which have evolved o
time to look at different aspects of TEM-1 dynamics.

To our knowledge, the first modern MD study on TEM-1 was penked by Merouelet al.in
2002 [189. Simulations were performed on wild-type TEM-1 and theilmior-resistant
mutant Me®°Leu (also known as TEM-33) for 2 ns. Dynamics of the two vasdamere very
similar and differed only in short regions suggesting tiat Mef°Leu mutation would be
the less destructive mutation conferring inhibitor resise.

Following this study, Diaet al. presented two MD simulations of 1 ns each for TEM-1 and its
complex with benzylpenicilling5]. These authors concluded that fRdoop was rigid with

a structural water molecule between 8emd G156 not exchanging with bulk water during
the simulations. The simulation in the presence of sulesttiat not yield additional insights
from a dynamic point of view. However, by analysing the dethstructure of TEM-1 and its
bound substrate in the course of the simulation, they corddgse two different hypotheses
for activation of Sef% either by GId®® helped with a structural water molecule, or by the
substrate carboxylate helped by S€r

An interesting QM/MM study was published in 2003 by Hermatml.[115. The authors
studied the acylation step of the mechanism and concluageder® is activated by GItf®
acting as the general base via a water molecule, similarlypraposed earlier by
Diazet al.[65], but with further data to prove the hypothesis.

Another QM/MM study was performed to compare TEM-1 with two-transpeptidases
[204], all in the presence of substrates. The two mechanismspeapearlier and involving


http://www.pdb.org/pdb/explore/explore.do?structureId=1G68
http://www.pdb.org/pdb/explore/explore.do?structureId=1G6A
http://www.pdb.org/pdb/home/home.do
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either GI#®® or the carboxylate moiety of the substrate as the genera Wwase shown
consistent with the simulations. AdditionallgKa, calculations indicated that L{&would

be protonated at physiologicaH, hence contradicting the model involving this residue as
the general base activating $¥prior to acylation.

Later, a MD study focused on elucidating the preference dfi{Efor benzylpenicillin over
cephalosporing6]. It was concluded that this preference is due to the higfffezraey of
benzylpenicillin to bind both the ‘carboxylate pocket’ i(fioed by residues SE¥, Lys?34,

Ser3S, and Arg*¥) and ‘oxyanion’ hole (formed by the backbone of residues’Sand
Ala?3") at the same time.

In 2005, Hermanret al. realised other QM/MM simulations in order to characterigeHer
the acylation step for TEM-1 in the presence of benzylpdmdil12. Their conclusions
were similar to their 2003 studyl]l5, although with additional details. In particular, the
‘oxyanion hole’ (residues S& and Al&3’) was observed to be especially important for
stabilisation of the transition state and tetrahedralrinezliate. Residue A$#, different
positively charged residues close to the active site andcdoxylate pocket’ (Séf°,
Lys?34, Sef3® and Arg**) were also shown as important for this stabilising effect.

The same year, in a 5 ns MD study of TEM-1, Roccatanhal. observed a flap-like motion
of the Q loop towards the protein cor@34]. This motion would fill a cavity and potentially
stabilise residue GHI§® of the Q loop in a catalytically efficient position near $&r Also,
based on H bonding patterns, the authors speculated thé&dtianymight be possible
through different mechanisms. This new hypothesis wouldomeile the different
contradicting mutational, kinetics, structural, andgilico studies by allowing more than one
single avenue to acylation.

As stated before in Sectioh4.1.] Merouehet al. performed a QM/MM study on TEM-1
and observed a duality of competing mechanisms fof%mtivation: either through Ly$
or GIut®® [184]. These results confirmed speculations by Roccatdrad. [234 and were
consistent with previous mutational studies, thus appbresolving the controversy
concerning the acylation step within clasf3Aactamases.

In 2006, Hermanret al. studied the deacylation step with QM/MM approaches. Theirkw
yielded further details on the widely accepted hypothes@lo'%® acting as the general base
in this second step @@-lactam hydrolysis by class B-lactamases. As they concluded from
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their data, this process would happen through a conserves walecule.

Prior to our studies of PSE-4, the dynamics of only one clagsl&ctamase, again TEM-1,
had been characterised by NMR. Savard and Gaz#@ flemonstrated that TEM-1 is a very
rigid protein on the ps-ns timescale. This rigidity is esakig significant in the vicinity of the
active site, suggesting that substrate binding shouldigggdr any important unfavorable loss
in conformational entropy. In other words, if ligand bingdiaffects ps-ns motions, it should
more probably reduce orddre. induce a favorable increase in conformational entropy (as
opposed to rigidify the active site). Alsps-ms motions were observed around the active site
andQ loop. Further insights into TEM-1 dynamics from NMR wereahed by a study on
the comparative dynamics of the wild-type enzyme with theamuTyr:%°Asp [62]. It was
shown that this single point mutation affected the dynamiceveral active site residues and,
thus, could have long-range allosteric effects on the dyosof the protein. This suggested
that motions in TEM-1 might be at least partly concerted.

Feeding the controversy on the acylation step, Hermedtrad. published a QM/MM study
of wild-type TEM-1 and the mutant Ly8Ala [113. They concluded that the general base
in the acylation step is GI§® while Lys’®'s role would be limited to a stabilising effect on
the transition state, as proposed earlier for other resifiLiss]. The authors proposed that
this role, in conjunction with a proton shuttle role in lagtages of the reactioi14], would
explain the decreased acylation rates of mutants at posiBo Data from a similar study on
a Glut®® mutant would have been interesting in rationalising theselkisions and assessing
their validity in the context of the dual mechanism proposgd/erouehet al. [184).

A MD study published the same year dealt with general dynamagcthe authors extracted
root mean-square fluctuations a®dparameters from their 50 ns (10 x 5 ns) simulati2®] |
Similar to the results of Savard and Gag24(], secondary structure elements were very
ordered, as well as the loop, except for residues 173—-177 which moved to open arsg&o
cavity between th€ loop and protein core. This motion was similar to the flag-lkotion

of Roccataneet al. discussed aboveB4]. The absence of motion for the rest of Rdoop
was explained by a network of water molecules in the cavitwben theQ loop and residues
65-69.

The dynamic study of TEM-1 published most recently was bgttet al. in our laboratory
[79]. The study included a re-analysis of NMR data from Savard Gagné 24(Q in the
context of a new 60 ns (3 x 20 ns) MD simulation. These are thgdst MD simulations
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ever performed on TEM-1. As observed earlier by NMR, MD ressliowed that TEM-1's
active site is highly ordered on the fast timescales prolyellD. Moreover, motion of part
of the Q loop was observed, which could have impact on the catalygichanism of class A
B-lactamases. Indeed, this motion partially fills a cavitjween theQ loop and the protein
core, which could stabilise Gl in a catalytically efficient position. This is similar to the
proposal by Roccatanet al. [234] and Bds and Pleis2p], although the exact motion is
different. Indeed, the motion observed by Fisedtaal. is better characterised, thanks to
the simulation length (3 x 20 ns), and thus more realisticpdrticular, the motion is more
complex compared to the simple flap-like motion proposetiezdrom 5 ns simulations.

From the previous studies of the dynamics in clasB-lactamases, it is clear that insights
can be obtained into the function of these important enzym&isg approaches to
investigate protein dynamics. Hence, a deeper undersiguuafi structure, dynamics and
function in B-lactamases, especially the knowledge of the motions rearattive site,
should provide additional information yielding to a betteechanistic understanding to
complement the extensive, already available data.

4.5 Objectives of this Work

The work presented in this second part of the thesis condgmiecipally the characterisation
of the dynamics of the class B-lactamase PSE-4. Although this work was of a descriptive
nature (as opposed to hypothesis-driven), the followiregge objectives were pursued:

Overexpression and purification of PSE-4;

Assignment of backbonkH, 13C, and'®N chemical shifts;

Titration of Lys'3;

Characterisation of fast dynamics frdffiN spin relaxation;

Characterisation of slow dynamics frof?N relaxation dispersion;

Characterisation of protein stability from amide exchangeeements;

Study of PSE-4/TEM-1 chimeras.
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In the following chapters, results are presented in ordefulfdl most of these different
research objectives.



Chapter 5

Dynamics of Class AB-Lactamases:
PSE-4 Backbone Resonance Assignments

PSE-4, the model enzyme for carbenicillinases, is an ealbhednteresting
target for NMR characterisation as it gives rise to spectraeoy high quality
despite its 271 residues. Here we report the overexpresgioification, and
backbone resonance assignments for PSE-4. The TROSY nersfeseveral
3D heteronuclear experiments were used, and more than 98 Baakbone
nuclei (including @) have been assigned. Backbofi, 13C, and °N
resonances have been deposited inBRERB (under accession numbeés39.


http://www.bmrb.wisc.edu
http://www.bmrb.wisc.edu/data_library/generate_summary?6838
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5.1 Context

In order to extract information on PSE-4 with atomic resolutusing NMR, PSE-4 was
overexpressed and its backbone resonances were assigned.

5.2 Methods

5.2.1 Overexpression and Purification

Recombinant PSE-4 fused to the signal peptide ong8hWas inserted in the pEt24 plasmid
(Novagen, Gibbstown, NJ) and overexpresseé@scherichia coliBL21 DE3 (Stratagene,
La Jolla, CA) for~ 20 h under 0.4 mM IPTG at 2%C in modified M9 minimal medium

[237.

The first part of the purification involved recovering the yme from the cytoplasm but also,
to a smaller extent, from the supernatant where a portiohe@PSE-4 production was sent
due to its signal peptide. However, contrary to the homalsgprotein TEM-1, which is
completely exported outside the bacteria with the use obthpA signal peptide, the effect
was incomplete for PSE-4. The purification involved two chabographic steps: an anion
exchange (HiPrep 16/10 Q XL, GE Healthcare, Piscataway,sip to enrich the sample
in PSE-4 and a gel filtration (HiLoad 26/60 Superdex 75 pregugr GE Healthcare) step
to achieve optimal purity. Finally, PSE-4 was lyophilisetiats identity was confirmed by
electrospray ionisation mass spectrometry which alsoeseior evaluation of the extent of
isotopic labelling.

Four different samples were prepared:

[**N]-labelled,

[*3C, *N]-labelled,

[’H, 13C, *N]-labelled,

[**N]-Thr and £3C-1*N]-Lys-labelled.
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Table 5.1:Amino acid supplemented M9 medium (based on Mcintosh and Dahld@g]) [

Amino acid Concentration Amino acid Concentration
(mg/L) (mg/L)

A 600 N 200

C 200 P 200

D 200 Q 380

E 550 R 380

F 80 S 500

G 500 \% 100

H 200 W 200

I 100 Y 80

L 80 K (*3C-15N) 110

M 160 T (**N) 150

The specifically[*°N]-Thr and f3C-'5N]-Lys-labelled sample was produced using M9
minimal medium supplemented with the different amino aciither labelled [t°N]-Thr
and [3.C-1*NJ-Lys) or not, with quantities based on McIntosh and Dafgt{l87. Exact
gquantities were as in Tabte L

Throughout the purification scheme, PSE-4 was followed |{iizely) with the use of the
chromogenic cephalosporin nitrocefin (see Figufe[202]). Indeed, upon hydrolysis of this
cephalosporin by 8-lactamase like PSE-4, nitrocefin color will change fromlgwlto red
allowing hydrolysis to be monitored qualitatively. The wdenitrocefin also helped a lot in
optimising purification conditions.

s
NO,
\SOH//
o
COOH

NO,

Figure 5.1: Structure of the chromogenic cephalosporin nitrocefin. As in Figuighe3-lactam ring
is shown in red.
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5.2.2 NMR Spectroscopy

The NMR samples contained 0.6 mM proteingd 6.65 (as confirmed with imidazole
chemical shifts,12]), 0.1 mM DSS, 3 mM imidazole, 0.1% sodium azide, 10%Dand a
proteinase inhibitor cocktail (Complete protease inhibitocktail from Roche Applied
Science, Laval, QC). Measurements were performed on a VAN&GVA 600 MHz
spectrometer at 30C in normal length tubes and in Shigemi tubes. TRO32( versions
of HSQC [138 and of several 3D experiments (HNCQQ2 122, 141, 197], HN(CA)CO
[288, HNCA [102 122 141, 197], HN(CO)CA [288, CBCA(CO)NH (also known as
HN(CO)CACB) [101], and HNCACB [141, 197, 285]) from Biopack (Varian Inc, Palo Alto,
CA) were used with protonated or deuterated samples for s@équassignments. The
different spectra were recorded using their sensitivithagted versions1B8 274.
Spectral widths were as follows foiH and 1°N dimensions, respectively: 10000 and
1529 Hz. For the different triple resonance spectra, thetsglewidths for'3C varied as
follows: 4100 Hz (HNCA and HN(CO)CA), 10858 Hz (HNCACB and HN(CO)CACRBd
2200 Hz (HNCO and HN(CA)CO).

Spectra were processed wilhiVIRPipe[55 and analysed withifNMRView[13]] using
Smartnoteboo 248§ to facilitate handling of connectivities and speed up thiecpss.
Moreover, initial chemical shifts were predicted with thesignments for TEM-17441], a
class AB-lactamase with 41.5% sequence identity compared to PSE-4.

5.3 Results and Discussion

5.3.1 Overexpression and Purification

Despite the fact that some protein was recovered from thersagant, while most of the
production was recovered after cell lysis, all of the pudfpFotein was free from the fused
signal peptide. This was confirmed by SDS-PAGE and massrgpeetry, the latter also
serving to estimate the extent of isotopic labelling (sebl@&.2). It is possible that the
protein obtained after cell lysis was located in the pespie space. This would explain why
the signal peptide is removed, although the protein is npberd outside the cell wall as for
TEM-1 [24]]. Labelling used standard approaches and yielded stamdanits with > 95%


http://spin.niddk.nih.gov/NMRPipe/
http://www.onemoonscientific.com/nmrview/
http://www.bionmr.ualberta.ca/bds/software/snb/
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Table 5.2:Labelling extent for PSE-4

Sample Theoretical MWt  Measured MW Extent of labelling
(Da) (Da) (%)
[**N]-labelled 29885 29872 96.4 for>N
[*3C, *N]-labelled 31183 31140 97.7 fot3C
[’H, 13C, *N]-labelled| 32730** 32682 97.0 (91.4) fofH **

T The theoretical MW of mature PSE-4 is 29527 Da, wth 32331 Da for P&HR4ts signal peptide.
¥ As measured from LC-MS.

* Corresponding to 29527 Da + 35%8\.

* Corresponding to 29527 Da + 3%8\ + 1298%C.

“* Corresponding to 29527 Da + 358\ + 129813C + 1590%H.

= Assuming exchangeable amides are 100 % exchanged (assuming 80&hgx)ch

of nitrogen and carbon sites labelled, and > 90 % of protanaitinged to deuterium (see
Table5.2). Hence, the production of PSE-4 for NMR was successful éldegd between 20
and 80 mg of > 95 % pure (see Figure) protein per liter of culture.

A 3000 | — | B — LA B B N B B T B ———

2500 ﬂ 34 663 -

S 20005 1 554 - b
< C ]
E B ]

£ 1500 . 36.5 - —

S - . 31.0 - — *
<N 1000:— —:
E [ | | [ R | L1 I L : -
% 50 100 150 200 14.4 - —
Elution volume (mL) kDa MW PSE-4

Figure 5.2: Gel filtration chromatograph and SDS-PAGE of purifiél [13C, 1°N]-labelled PSE-4.

(A) Typical gel filtration chromatograph of purified PSE-4. (B) Copasding SDS-PAGE. Shown
are molecular weight markers as well as three fractions covering mo gétliltration peak (around
the peak center at 170 mL).
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5.3.2 Assignments

PSE-4 yields a very well dispersed 2BN-HSQC with very little overlap considering its
MW (see Figure5.4). 98.1 % of all backbonéHy and 1°N, 99.3 % of13C,, 96.8 % of
13CB, and 98.2 % of3C’ were assigned. The three last residues of PSE-4 which ware n
seen in the crystal structure are very intense with low, @navegative:H>°N-NOEs (see
Section7.3, [194]) confirming their high mobility and explaining their absenn the crystal
structure. Moreover, secondary structure predicted floaPsiCSIprogram 19 were in
almost perfect agreement with secondary structures inrffstat structurel G68[165 (data
not shown). Finally, assignments for the Thr and Lys amidesveounter-verified using a
[2°N]-Thr and [F3C-1°N]-Lys specifically-labelled sample (see Figi&e).
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Figure 5.3:2D 1°N-TROSY-HSQC for }°N]-Thr and [F3C-1°N]-Lys specifically-labelled PSE-4. Lys
resonances are circled in red with the resonance for active site rdsisftfedouble-circled.


http://protinfo.compbio.washington.edu/psicsi/
http://www.pdb.org/pdb/explore/explore.do?structureId=1G68
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Figure 5.4: Assigned 20*N-TROSY-HSQC spectrum (A) of deuterated PSE-4 with an enlarged view
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of the most crowded region of the spectrum (B).
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Missing assignments (using the Ambler numbering schedhia which PSE-4 is numbered
22-295 with gaps at positions 58, 239, and 253) are thosesufues Sé¥ and Sef, the
amide of Se¥*, the 13C-Thr®, the amide and'3Cg of Ser®, the 3C-Asn®®, the
13C*-sert%, the 13C;-Thrl49, the 13C5-Thr!®2, the 13Cs-Thr!89, the 13C5-Ser®, the amide
of Ala?3’ and the!3C-Sef®®. As in the case of TEM-1340, active site residue AR’ was
not observed, probably from extreme broadening caused byowuational exchange.
Additionally, residue S€P was also not observed in PSE-4, potentially because of the sa
reason (as the amide resonances for this residue were wddlt@adened in TEM-124Q).
This points to the generality of potentially important dgmias going on in the active site of
class AB-lactamases on thes-ms timescale.

BackbonelH, 13C, and!®N chemical shifts have been deposited under accession mumbe
6838in theBMRB and are also available in Appendix 1 (Tahl@ 1).


http://www.bmrb.wisc.edu/data_library/generate_summary?6838
http://www.bmrb.wisc.edu

Chapter 6

Dynamics of Class AB-Lactamases:
PSE-4 Lys’3 Titration Trial

An hypothetical involvement of LyS in the acylation step of the mechanism of
class AB-lactamases implies that thaK, of its side-chain is anormally low
(i.e. below 10). Hence, manyn silico and experimental studies aimed at
determining thispK, in order to validate or invalidate this hypothesis. None of
these groups, however, obtained convincing results. Uniately, as these
groups, we were not succesful in measuring the pKa of thig¢3LyEhis chapter
presents the result of our endeavor to mesurepKisvalue.



Dynamics of Class B-Lactamases: PSE-4 L§sTitration Trial 82

6.1 Context

After the proposal by Strynadket al. that the pK, of Lys’2 would be modulated by the
proximity of the positively charged Ly3* [255, many research groups aimed at
characterising th@Ka of Lys’3 in order to prove or refute this hypothesis. This is indeed an
important mechanistic aspect for clasf3Aactamases as a lowerg@i, around 8 would be
needed for the involvement of L{&in the acylation step. Several studies were thus carried
out to characterise thpKy of Lys’® with many of these usinin silico approaches. These
yielded contradictory results with @K, of either 8.0 P57 or 10.0 [157, 227. An
experimental study by Damblaet al. [46] reported having titrated Ly$ in TEM-1 using
NMR. Unfortunately, the assignments used were found erms&den compared to the
(almost) complete assignments for TEM23P. Another group reported pK; of 8.0-8.5

for Lys’® using differentin silico and experimental approaché&¥]. However, the value of
this study was reduced by the ambiguous assignmeng/bf:@esonances for Lys.

In our laboratory, using a sample labelled only for Lys rasgl Savard 239 could
completely observe 9 out of 11 Lys side-chains in TEM-1, pxdg/s’® and Ly$34, the
resonances for these two residues being broadened and &bofevenbservation passed the
13CB resonances. Later, during further assignment of sidenctesionances, the chemical
shifts for every side-chaih®C atom in both Ly& and Ly$3* could be obtained, however
indirectly, i.e. through the extrapolation of the diagonal in 3D HCCH-TOCSY $jgeby
observation of corresponding qCand G cross-peaks (Pierre-Yves Savard, personal
communication). These L§3side-chain chemical shifts were different from those regubr
by Damblonet al. [46] (data not shown). Hence, no experimental study has eveesded

in characterising th@Kg of Lys’2 without ambiguity.

We thus decided to see if the situation could be differentS&f and if we could assign and
titrate Lys'®'s side-chain.

6.2 Methods

The ['°N]-Thr and [3C-1®N]-Lys specifically labelled sample of PSE-4 produced for
verification of backbone chemical shift assignments of Tid bys residues (see Chapter
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[196]) was re-used for titration trials.

In order to assign side-chain chemical shifts from yssing this sample, different spectra
were recorded (under the same experimental conditions rabaitkbone chemical shift
assignments, see Chapfr a 2D 13C-HSQC [L30, 13§, a 3D HCCH-TOCSY 13, 140,
and the TROSY 220 version of a 3D H(CCO)NH (also known as 3D
HCCH-TOCSY-NNH, OO, 17Q). These were all from Biopack (Varian Inc, Palo Alto,
CA).

6.3 Results and Discussion

Lys’®s Cq resonance was the weakest of all lysingsr€onances in the 285C-HSQC (see
Figure6.1). Moreover, we were unable to see Fys side-chain further than the,®n the
3D HCCH-TOCSY spectrum (data not shown). Finally, even in théH8DCO)NH spectrum
which would yield a single set of resonances for 13en the N-H plane for residue THr
(because the segment ‘KT’ is present only once in PSE-4 seglienot a single peak could
be observed (data not shown). This lack of signal (from theHg and other resonances)
prevented the titration of the side-chain droup.

A potential avenue to solving this S/N issue caused by piateintermediate exchange of
Lys’®s side-chain would have been to record the data at otherdmtypes (either lower
or higher, not exceeding 4C where both TEM-1 and PSE-4 precipitatevitro, data not
shown). This approach would maybe have moved the exchangegs from the intermediate
regime to the slow or fast regime, in turn allowing obsemif these resonances.

In summary, as was the case for TEM-1, assigning the sidierceaonances of Ly$ at
30°C proved impossible in PSE-4. This, however, again empbddfse potential presence
of importantus-ms motions in the vicinity of the active site where amidesttwo residues
(Ser® and Al&3) are unobservable. Indeed, all these ‘invisible’ resorancould be
broadened from conformational exchange arising on théysiddaimescale.
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Figure 6.1: C4 resonances of Lys residues in PSE-4. Ther&yion of a 2D'*C-HSQC of [°N]-Thr

and [3C-15N]-Lys specifically labelled sample of PSE-4 is shown with the resonanceyfd® Cq
circled and 14 other Lys £&marked by a star (*). Black and red denote positive and negative
resonances, respectively. Theﬂiﬁys Cy is overlapped by the water signal and, thus, unobservable.
As can be seen, the,@esonance for LyS is the weakest of all observed Lys, @sonances.




Chapter 7

Dynamics of Class AB-Lactamases:
PSE-4 Backbone Dynamics

The backbone dynamics for the 29.5 kDa classpAactamase PSE-4 is
presented. This solution NMR study was performed using iplelfield 1°N
spin relaxation®N CPMG relaxation dispersion, and amide exchange data in
the EX2 regime. Analysis was carried with thielax program and the
Lipari-Szabo model-free approach. Similar to the homoisgenzyme TEM-1,
PSE-4 is very rigid on the ps-ns timescale, although slqeems motions are
present for several residues; this is especially true invitiaity of the active
site. However, significant dynamics differences exist leetvthe two homologs
for several important residues. Moreover, our data supgp@tpresence of
motion of theQ loop first detected using MD simulations on TEM-1 but not
detected when studying TEM-1 by NMR. ClassfAactamases appear to be a
class of highly ordered proteins on the ps-ns timescaleiteteir efficient
catalytic activity and high plasticity toward several diént (-lactam
antibiotics. Theus-ms motions present in the active site suggest this dyrsamic
has a potential role in catalysis.


http://www.nmr-relax.com
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7.1 Context

Amide backbone chemical shift assignments being missingwo important active site
residues (SéP and Al&3’, see Chapteb and [L196)) and being corroborated with invisible
side-chain resonances for Lys(see Chaptes), intermediate exchange processes are
suspected in the vicinity of PSE-4’s active site. Hence,roleoto understand further these
processes, the backbone dynamics of PSE-4 on differents¢ames were studied and
compared to NMR data already available for TEM62,[79, 240.

7.2 Methods

7.2.1 NMR Data Acquisition

[*°N]-labelled PSE-4 was produced as described previousty Gapter5, [196)). NMR
samples were as follows: 0.5 mM PSE-4, 10 %) 3 mM imidazole, and 0.1 % sodium
azide atpH 6.65. Chemical shift referencing was performed externatiypgia sample of
0.4 mM DSS in 10 % RO. Spectra were acquired at a temperature of 3C.%calibrated
using MeOH) on a Varian INOVA 600 (in-house), and Varian INOWB0O and 800
(Québec / Eastern Canada High Field NMR Facility, Montréalnddia) spectrometers
(corresponding to 60.8, 50.6, and 81.0 MHz nitrogen freqguerespectively) equipped with
z-axis pulse field gradients triple resonance cold probesefgixfor amide exchange data at
pH 7.85 which was acquired using a room temperature probe).

Measurement of longitudinalR{) and transverseRp) relaxation rates as well as the
steady-state heteronucldd©OE proceeded with established pulse sequen¢sl3§. For
both R; and R, experiments recorded at 500 and 800 MHz, acquisition okatian data
was performed in an interleaved manner (interleaving tlfferént delays) to prevent the
effects of field and sample inhomogeneity as a function oet{@65. For example, if
delays 1, 2, 3, 4, 5, 6 had to be recorded, the acquisitionr afdéhe different 2D spectra
was as follows: 1, 3, 5, 2, 4, 6 (or, inversely, 6, 4, 2, 5, 3,lfh)the case oR; andR, data
recorded at 600 MHz, interleaving proceeded as part of therdeng of pseudo 3D spectra.
In this case, relaxation delays were interleaved after éaohFIDs (.e. after the real and
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imaginary parts of each indirect dimension incremeNtREs were collected in duplicate at
50.6 MHz. At 60.8 MHz, R; experiments were recorded in quadruplicak, in
quintuplicate, andNOE, in triplicate, with some experiments recorded before atictrs
after the recording of data at 50.6 and 81.0 MHz. This enstivatithe sample was in the
same state throughout the complete experimental scheme.

For the measurement of the longitudinal relaxation r&t8l{R;), the sensitivity-enhanced
inversion-recovery pulse sequence from Lewis Kay’s gralipyvas used. Relaxation delays
were of 10.9, 21.8 (60.8 MHz), 43.6, 87.2 (50.6 and 60.8 MHZz}4.4, 348.9 (50.6 and
60.8 MHz), 697.7, 1395.4 (50.6 and 60.8 MHz), and 1995.0 mgh ¥ight transients per
FID and a recycle delay of 2 s, this acquisition scheme repites a total acquisition time of
~ 13 h per magnetic field.

For the measurement of the transverse relaxation taeRy), the pulse sequence was the
implementation of Lewis Kay’s sequencE3g within BioPack (Varian Inc., Palo Alto, CA).
Relaxation delays were of 10, 30, 50, 70, 90, 110, 130, 150188dns. Heat compensation
[274) was used. An interpulse delay of 575.6, 583.2, and 5p4.@as used in the CPMG
train (at 50.6, 60.8, and 81.0 MHz, respectively). Also,Refield strength for thé®N 180°
pulses in the CPMG sequence was 5.061, 5.187 (and 5.981 &bi2l) 5aéd 4.902 kHz at
50.6, 60.8, and 81.0 MHz, respectively. These spectra vee@ded by accumulating eight
transients per FID using a recycle delay of 3 s for a totalaf h at each magnetic field.

For the measurement of the steady-state heteronubléd ({*H}*°N-NOE), the pulse
sequence was again from Lewis Kay’s group][ Spectra were recorded with and without
IH saturation. A saturation time of 4 s was used and recyclaydewere of 5 s for
experiments with and without saturation (4 s of saturatioh & of blank delay, or 5 s of
blank delay, respectivelyN OE experiments being less sensitive tHnor R, experiments,
every experiment (with or without saturation) toek 14 h per magnetic field for the
recording of 44 transients per FID.

15N CPMG relaxation dispersion experiments proceeded alsmwspulse sequence from
Lewis Kay's group in which relaxation occurred during a dans-time delayT [10§.
Spectra were recorded at two different magnetic fields: 3@0890 MHz. The delay was
set to 40 ms. A reference spectrum was recorded for eachetlassvell as spectra for the
following CPMG pulse train frequenciesdpvg): 67, 133, 200, 267, 333, 400, 467, 533,
600, 733, 867, and 1000 Hz. Duplicates were recorded at 808 fdivcpyg of 133 and
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533 Hz. Every experiment took 8 h for the recording of either 48 (500 MHz) or 32
(800 MHz) transients.

Amide exchange experiments proceeded from TROSY-HSII8 R20 spectra (BioPack,
Varian Inc., Palo Alto, CA) using lyophilised PSE-4 dissahvia D,O. The TROSY 220
implementation allowed smaller phase cycling so very shpectra could be acquired with
limited baseline distortions. Hence, at the beginning, erfoequent short spectra (with a
low number of transients) were acquired, and at the end fewagrspectra (with increasing
transients) were acquired. To determine the exchange eegimide exchange experiments
were performed for 80 days g@H 6.65, and for six days gbH 7.85. In both situations,
approximately 60 spectra were recorded.

Amide exchange experiments were performed with the INOVA 6pectrometer, at a
temperature of 31.5C as for spin relaxation experiments. pH 7.85, the acquisition was
at the following times (when half the acquisition had beempteted): 35; 43; 51; 59; 67;
75; 83; 91; 99; 107; 119; 135; 150; 166; 182; 197; 213; 228; 280; 276; 291; 307; 322;

338; 354; 369; 385; 408; 439; 470; 500; 531, 562; 593; 624; 685; 717; 748; 778; 809;

840; 871; 1039; 1206; 1373; 1541; 1708; 2710; 2877; 2924233237; 3935; 4334; 5068;
5803; 6874, and 8974 min. Spectra up to 107 min were recordbdwo transients; from

119 to 385 min, with four transients; from 408 to 2877 min,hngight transients; and from
2924 min to the end, with 16 transients. BH 6.65, the acquisition was at the following
times (when half the acquisition had been completed): 3248056; 68; 76; 84; 92; 100;

108; 120; 136; 151; 167, 182; 198; 214; 229; 245; 260, 276; 39Y; 323; 338; 354; 369;

385; 407; 438; 469; 500; 531; 562; 592; 623; 654, 685; 716; 744, 808; 870; 1103;

1398; 1937; 2416; 3060; 3152; 5331; 6503; 8096; 12,492;016,37,334; 38,217, 44,253;
58,532; 77,293, and 115,559 min. Spectra up to 108 min wermrded with two transients;
from 120 to 385 min, with four transients; from 407 to 2416 mith eight transients; and
from 3060 min to the end, with 16 transients.

7.2.2 NMR Data Processing

NMR data were processed using the progidMRPipe[55]. FIDs were shuffled to yield
pure absorptive two-dimensional line shapes from the geitgienhanced 138 217 data
with the ‘ranceY.M’ macro. Water signals were subtractethvie function ‘SOL'. Linear


http://spin.niddk.nih.gov/NMRPipe/
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prediction was performed in the indire¢Pil) dimension to extend the amount of data points
by 50 % (70 % for amide exchange data). The baseline in eacbrdilon was corrected
using the function ‘POLY -auto -ord O'. As stated before, tluenber of transients was higher
as time proceeded for amide exchange experiments; thusv#ibes scaled accordingly (so
amplitudes were comparable between spectra with a diffexenber of transients) using the
NMRPipefunction ‘MULT -c’.

Peak deconvolution proceeded using the macro ‘nlinLS’keddfrom the script ‘autoFit.tcl’,
both distributed withiNMRPipe[55]. R; andR», as well as amide exchange rates, were
obtained with the prograr@urveFit (A. G. Palmer, Columbia University, New York, NY).
R1 andR; relaxation rates were obtained by fitting peak amplitudesfaaction of relaxation
delay using a two-parameter exponential decay functiohefarm:

Ay =Ae ™ (7.1)

whereA stands for amplitudeR is the relaxation rate (eithd®; or Rp), andt is the time.
Amide exchange rate&yx) were obtained by fitting peak amplitudes as a function o&tim
after dissolution in BO using an offset three-parameter exponential decay fomatf the
form:

A= Age Xt LA (7.2)

whereA., represents the amplitude at infinite time (the signal from residual protons, or the
offset). Errors on these fits were obtained from either 50@tdcarlo L86 simulations or
the Jackknife 225 method, using the method that yielded the largest erroorection was
introduced for systematic errors not accounted for wherea-perfect fit was obtained from
theR; andR; exponential curve-fitting. This was done only for modekfemalysis where too
small errors on experimental data can introduce over-cexnmplbdels. Thus, parameters with
unrealistically small errors (smaller than the mean vahag) their error scaled to the mean
value. This is similar to the approach of Savard and GagA€| NOEs were calculated
as the ratio of peak amplitude with and without proton saioma(see Equatiori.10), and
error propagation was calculated from the noise. Finadligxation dispersion profiles were
obtained by calculatinﬁigff, the effectiveRy, for each value obcpmg using the following


http://spin.niddk.nih.gov/NMRPipe/
http://spin.niddk.nih.gov/NMRPipe/
http://biochemistry.hs.columbia.edu/labs/palmer/software/curvefit.html
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function [148:

1 Acpmc
Reff:__ln
8= 7 | e

Avet (7:3)
whereT is the constant relaxation time during which the CPMG traithviiequencwcpmc

is applied (here 40 mshcpmc is the peak amplitude in the experiment with CPMG, apd

is the peak amplitude in the reference spectrum without CPMG train). T was chosen
so thatAcpmc/Aret Was approximately equal to 0.5 (as proposed by Mukdeal. [198)]).
Following extraction ongff values, curve-fitting of dispersion profiles using a twdesta
exchange model was performed with eitheviatlab script from Lewis Kay's groupJ49,
or the progranCPMGFit (A. G. Palmer, Columbia University, New York, NY).

7.2.3 \Verification for Absence of Concentration Effects on Global
Diffusion

To make sure no dimerisation was present in our sample, wesssd the effect of
concentration on global rotational diffusion. Two samptdslower concentration were
preparedi(e.0.25 and 0.125 mM, with 0.5 mM for the main sample).

7.2.4 Consistency Test

Consistency between datasets acquired at different madiedtis was assessed with the use
of reduced spectral density mappirngp] within the progranrelax (version 1.2.14)%1, 52].

The test, as proposed by Morin and Gagné (see Chap{agq), consisted of calculating
the field independent functialh(0) for each residue and then comparing results obtained at
different fields. For these calculations, theN chemical shift anisotropyQSA was
-172 ppm, and the vibrationally averaged effective N-H bemgjth ¢n-H) was 1.02 A.


http://www.mathworks.com/products/matlab/
http://biochemistry.hs.columbia.edu/labs/palmer/software/cpmgfit.html
http://www.nmr-relax.com
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7.2.5 Model-Free Analysis

Model-free analysis of relaxation data was performed usihg program relax
(version 1.2.14)%1, 52] with a variant of the methodology for the dual optimisatiainthe
model-free parameters and the global diffusion tensor geeg recently 32] (see
experimental flowchart in Figur&.1). To avoid any artifact (resulting from under- or
over-fitting), only residues for which data was availabldaheg three magnetic fields were
analysed. N-H vectors orientations were extracted from RBB8[165. Since this crystal
structure does not include amide protons, these were adiegMolmol [146. Values for
theCSAandry-y were as for the consistency tese(-172 ppm and 1.02 A, respectively).
The values were set to the same as in Savard and Gago&d facilitate the comparison to
the dynamics of the homologous protein TEM-1.

Five different diffusion models were tested (no global ukfbn tensorj.e. with a localty,
parameter for each residue; sphere; prolate spheroidtecfidneroid; and ellipsoid). These
were optimised using residues from well defined secondaungctstres (determined using
DSSH 133, see Tablel0.3in Appendix 3) and selected IMC (see Equatiod.27[3]). Ten
model-free models (with O to 5 adjustable parameters, difaneviously in Equatiori.21)
were used to describe internal dynamics.

Local model-free models selection during iterations fdfudion tensor optimisation was
also done usin@\IC. This allowed the selection of complex models for residuégdilt to
fit, avoiding the diffusion tensor from being biased by thossdues. After convergence of
the different diffusion tensors and selection of the difftugensor with the lowesAIC, local
model-free models were minimised for all residues using thifusion tensor, which was
then held fixed. Then, the best model for each residue wastsdlasingAICc[120Q:

2k (k + 1)

AICc = ¥2 + 2k
C=X+2K+ ——

(7.4)

wheren represents the size of the dataset. This was done to minavesditting which could
lead to over-interpretation of relaxation data.


http://www.nmr-relax.com
http://www.pdb.org/pdb/explore/explore.do?structureId=1G68
ftp://ftp.mol.biol.ethz.ch/software/MOLMOL/
http://swift.cmbi.ru.nl/gv/dssp/
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Figure 7.1: Flowchart of the model-free protocol which employs the approach ofidé#gne and GooleysD, 52] for the first step with only residues
from the core of regular secondary structureshglices an@-strands). In this step, model selection is performed u8i@y(see Equatioi.27, [3]).

In the second step, the optimised diffusion tensor is used for minimisation dihhmckel-free models for all residues. The best local model for each
residue is chosen usigCc (see Equation .4, [120).
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Optimising the diffusion tensor using only residues withiell-defined secondary structures
takes advantage of the information contained in the cngitatture concerning secondary
structures and avoids any bias of the global diffusion tetfsat could arise from incorrect
N-H orientations in loops caused by crystal packing or m#iG flexibility.  After
optimisation of the different diffusion models, theéC chosen diffusion tensor was used to
minimise models for every residues, except for the threer@iteis residues (which were
analysed as diffusing independently of the rest of the prpteecause their N-H vector
orientation is unavailable). Final model selection forraidues (after the tensor had been
fixed) then proceeded usifgCc (see Equatiorr.4, [120]) to minimise over-fitting. Indeed,
on a per residue basis, the sample size for relaxation dgtates small 6 = 8) compared to
the complete set used for diffusion tensor optimisation=(1072), justifying the use of
different statistical approaches suited for these twoasitns. Additionally, usingAIC
instead drastically increased the number of residuesa)isg non significant and isolated
Rex terms. In factAIC yielded 52 residues witRey terms andAICc yielded 32, with the 20
supplementaryrey terms fromAIC being questionable because of both their low values and
isolated distribution. For these reasoA$Cc was used for the selection of local model-free
models after the global diffusion tensor had been fixed.

In the current study, minimisation of both local and globadels was performed using

the Newton algorithm. Finally, errors on the extracted Iqggarameters were obtained by
performing 500 Monte CarldlBg simulations. A flowchart of the model-free protocol used
in this study is shown in Figuré.L

7.3 Results and Discussion

Chemical shift referencing was done externally because D&®acts weakly with PSE-4.
Indeed, the DSS peak at 0 ppm was observed to lose more thand0t&dntensity after
several days in the presence of PSE-4 (data not showrtH{R; also changed from 0.9'$

to 2.8 s'* over the same period of time. These two observations pointi same direction
with DSS MW increasing because of an interaction with PSEalslow exchange process. In
addition, samples did not contain any proteinase inhilwtmktail because we also observed
that some inhibitors bind to the active site (data not showhhis was not surprising as
class AB-lactamases are closely related to serine proteinase<(sg&erd) and may thus
bind similar inhibitors. Finally, no buffer was used becaidMR data indicates that the
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phosphate buffer interacts weakly with TEM-1's active $289, despite its ubiquitous use
in many kinetics studies @#-lactamases. Therefore, samples were prepared to minanjse
unwanted interaction that could bias our study becausgatiten experiments are extremely
sensitive.

A slight modulation ofR; and Ry relaxation rates was observed by varying the protein
concentration from 0.125 to 0.5 mM, The variation corregfsmhto a lowering of the
estimated correlation time by less than 5 % for this conegioin range (see Figure.2).
This small variation is expected due to viscosity changesaaBinction of protein
concentration and excludes the possibility of concemmadiriven partial dimerisation which
could, if present, bias the analysis. In fact, a similar matilon of relaxation parameters
was observed fotH-R; of imidazole as a function of protein concentration (se@ifé{.?2).
This variation was different than for PSE-4 because imilazs in the fast tumbling
(i.e. extreme narrowing) regimceo(’:| 12, < 1) while PSE-4 is not(()ﬁ, 12 ~ 1). Nevertheless,
this showed that the apparent tumbling time of imidazoledased with increasing protein
concentration, thus confirming the change in sample viscosi

Backbone resonance assignments for PSE-4 (BMBE3S see also TablelO.1 of
Appendix 1) [L9§ allowed for the extraction of atom specific data. Howeverjnformation
could be extracted for residues ZerSef?, Sef?, Ser® and Al&3’ for which amide
assignments are unavailable; BeSer3, and Set* probably due to fast solvent exchange,
and Sef® and Al&®’ because of very broad and/or highly overlapped resonanséso,
residues which overlapped severely were excluded fronhdéuranalysis (see Tabld$.2,
10.3 and10.4). Hence, a total of 230 residues out of 271 were charactewsh data at the
three magnetic fields\(= 231 at 50.6 MHz, 232 at 60.8 MHz, 238 at 81.0 MHz).

7.3.1 15N Spin Relaxation Data

15N spin relaxation data consisted of three sets of expersnefN-R;, °N-R, and
{IH}'>N-NOE. Data at more than one magnetic field being required for de¢zrmination
of model-free parameters, we acquired data at 11.7, 14d. 188 T (respectively, 50.6,
60.8, and 81.0 MHz nitrogen frequency). To confirm that thea did not change during
the experimental scheme, we recorded one s&@E, three complete sets &, and two
complete sets oR, at 60.8 MHz before recording data at 50.6 and 81.0 MHz. Fatgw


http://www.bmrb.wisc.edu/data_library/generate_summary?6838
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data acquisition at 50.6 and 81.0 MHz, we recorded two sel$Q@IE, one complete set of
R1, and three complete sets By again at 60.8 MHz. This also allowed us to verify that
error on spin relaxation data was neither under- nor oveémaged using Jackknife2p5
and Monte Carlo 18 methods (data not shown). For example, the four diffefent
datasets recorded at 60.8 MHz gave rates that, within etgtthgarors, were reproducible for
most residues. Mean relative errors for these datasets agefellows: 2.77 %, 2.91 %,
2.77 %, and 3.28 %. On the other hand, mean error for the cadllatasets was 2.47 %,
reflecting the improvement obtained when using more datatgpoDatasets recorded at 50.6
and 81.0 MHz were not repeated as for 60.8 MHz (exceptN@E at 50.6 MHz), but
displayed errors on the same range. Finally, even thdgbalues obtained at 60.8 MHz
were extracted from experiments with two different RF fiel8s2(and 6.0 kHz), this
difference did not affect rates, which fell within respeeterrors (data not shown}>N spin
relaxation data for PSE-4 have been deposited in the BMRB wamtsErssion numbei838
are available in Appendix 2 (Tablg.2 and are shown in Figuré.3.
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Statistics for the 2103 observables are available in Tadle Mean errors for the recorded
parameters vary between 2 and 4 % before scaling (see thetife8ectiory.2). Except for
the five C-terminal residues, PSE-4 dynamics seems to belmpitegeneous, as is the case
for TEM-1 [240. This points to a unique diffusion core for this two-domaimzyme.

7.3.2 Dataset Consistency

To extract high quality information from multiple field exfrments, it is important that
datasets share a high degree of consistency. As discus€dpter2 [195, inconsistencies
can arise from several factors, including variations ingl@mwiscosity (caused by changes in
temperature, concentration, etc.) and water saturatioimglacquisition (which influences
N-H moieties as a function of the exchange rate with the agsisolvent). In this study, the
field independent functiod(0) (the spectral density at the zero frequen@g] was used to
assess datasets consistency as proposed by Morin and Gagr@éhapte?, [195).

Results from this consistency test demonstrate the goodtyu@l the three datasets
(Figure 2.14). 50.6 and 60.8 MHz data display especially high consistemthereas
81.0 MHz consistency with 50.6 and 60.8 MHz data is good. Tbmehow wider
distributions seen for data at 81.0 MHz were assessed fuatiet some inconsistency was
identified to be caused i data (see the following Model-Free Sectini.3.

On an individual basis, a few outliers from the correlatiod distribution plots are observed.
These can arise because of five principal reasons. Firstylatozh of theR, parameter can
arise because of conformational exchange. Since this ratdulis field dependent, apparent
consistency will be lower (residue Ar¢f is one of those). Second, consistency can appear
lower as a result of some assumptions being erroneous. Tihesee the assumption of

Table 7.1:°N spin relaxation statistics.

50.6 MHz 60.8 MHz 81.0 MHz
Ry (s 1.34+0.08 0.99+ 0.07 0.67+ 0.06
Ry (s 15.6+ 1.4 16.5+ 1.6 20.7+ 2.3
Ry/Ry 11.6+ 1.3 16.8+ 2.2 31.0+ 4.3
NOE 0.78+ 0.05 0.80+ 0.06 0.85+ 0.06

Mean values with associated SD. The last three residues are excludedb®f high mobility (hence,
N =228 at 50.6 MHz, 229 at 60.8 MHz, 235 at 81.0 MHz)
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constantrn-y andCSA(discussed further in Sectioh3.3.3. Third, residues can possess
extremely high mobility yielding negativd OE values, giving rise to a highel(0) value,
hence giving the false impression of a overestim&g(see Equatiori.11). Fourth, data for

a given residue might be erroneous because of overlappsogmaaces. Fifth, one or more
relaxation measurement at one field strength could be pmeerdrs (probe imperfection,
environmental instability, difficulty of carrying reliabldata acquisition given the available
hardware, etc). This last reason may be the case for thelbiReraconsistency at 81.0 MHz
that we observed.

To assess if datasets recorded at 81.0 MHz should be usedofiel+free analysis, several
tests were done with optimisation of model-free models gisanlocal correlation time
(local 1) for each residue (see Tabk6). This approach was inspired by the work of
Gagnéet al. who analysed their 500 and 600 MHz data together and sepaaterder to
confirm their consistencydfl]. When using all datasets, a high number of residues needed a
Rex parameter (35 residues among the 134 located in regulandagostructure elements).
This number was similar when removing either of the two cstesit datasets (50.6 and
60.8 MHz). However, when removing the 81.0 MHz dataset, thisnber decreased
significantly (from 35 to 17). Not surprisingly, the numbérRyy parameters was still high
when removingr; or NOE data at 81.0 MHz. However, when discardiRgat 81.0 MHz,
the number ofRex decreased to the low number encountered when removing ra th
parameters at 81.0 MHz. Thu$», recorded at 81.0 MHz were excluded from the
subsequent model-free analysis. This is not surprisingumse, for molecules of 30 kDa,

R> has a high weight in thd(0) consistency test function. In fact, as we proposed in
Chapter2 [195, the J(0) consistency test should be used to assess consistency tiflenul
field transverse relaxation rates. Despite our best effatigch involved recording a total of
three datasets at 81.0 MHz over a period of two years andingrnumerous parameter
optimisations, we never succeeded to recBgdat 81.0 MHz that was flawless with the
available hardware. The cause for tRgat 81.0 MHz to be slightly inconsistent with the
rest of the data is still unknown although it could be causgddztors such as water
saturation or probe stability during the CPMG pulse trainvétheless, the inconsistency
was detected and does not affect the quality of the extrantedmation. On the contrary,
some studies could contain artifacts resulting from a failio recognise such inconsistent
datasets. We therefore believe some consistency testdshtwhys be done as proposed
before (see Chaptér [195).
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7.3.3 Model-Free Analysis

As stated in Chaptefl,, the model-free formalism4p, 51, 167, 16§ is the preferred
approach for spin relaxation data analysis. Using this &ism, two main parameter§?

and T, account respectively for the restriction of the motion éoe vector €.g. the N-H
bond) and the effective upper limit for the timescale of thistion (normalised by&?).
Moreover, theRex parameter can account for slow motions on f®ms timescale
contributing to the observel®. Several programs have been developed for the optimisation
of the model-free parameters. We used the open source pragiax [51, 52] with the
protocol presented in Figurél As stated above, since the consistency test revealed some
inconsistency in the 81.0 MHz data, an in-depth look at thia deas performed and we
found that theR, at 81.0 MHz were inconsistent. Hence, we did not use these fdat
model-free analysis. Fortunately, because the incomsigteras detected, high quality is
anticipated for the extracted information.

A re-analysis of TEM-1's spin relaxation data4( using the same approach as the one
used here for PSE-4 has been presented recefl]ly [n this recent study, data were also
re-analysed using the same approach as in Savard and Gaghépt with ModelFree-4.20
[174, 214 to avoid problems present in the preceding versions of thgnam B1]. In the
following discussion, results obtained for PSE-4 will bengared to those for TEM-1 in
either publication, especially when differences arise.

7.3.3.1 Description of Global Diffusion

The diffusion of PSE-4 is homogeneous. This is confirmed leydirivation of model-free
parameters using a local diffusion tensor for each N-H vedtweed, the mean locay, is
12.70+ 0.87 ns (excluding the three C-terminal residues) with orfigmadispersed outsiders,
thus with no region in the 3D structure showing differentiddusion (data not shown).

Table 7.2 shows a summary of the optimisation results for the diffedfiusion tensors
tested. The best model is an ellipsoid described by the peeamin Table§g.2and7.3. A
representation of this diffusion tensor, and of the origots of the N-H vectors used for
its optimisation, is available in Figuré4. As can be seen, N-H orientations are generally
well dispersed over the structure, although the axis aldpgeems less sampled. However,


http://www.nmr-relax.com
http://www.palmer.hs.columbia.edu/software/modelfree.html
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Table 7.2:Summary of the diffusion tensor optimisation.

Diffusion model AIC Tm (NS) D1/P1 0 (°) @ (°) W ()
Localtm 1442.1% 12.70

Sphere 1492.2 12.39 1

Prolate spheroid 1391.3 12.67 1.33 147.5 50.1

Oblate spheroid 1475.6 12.45 0.92 38.9 27.2

Ellipsoid ¥ 1385.1 12.68 1.32 166.2 146.8 131.6

* Using 134 residues in regular secondary structures with relaxation tdht@@ magnetic fields.
T Mean value excluding the three C-terminal residues.
T LowestAIC: selected description of PSE-4 diffusion.

Table 7.3:Diffusion tensor parameters.

Isotropic component of diffusion Diso 13.141 ¢- 0.024) x 16 s71
Anisotropy of diffusion Da 3.75@ 0.19)x 16 st
Rhombicity Dy 0.080 ¢ 0.022) st
Diffusion constants for the axis Dy 11.59 ¢ 0.10)x 16 s 1
Diffusion constants for thg axis Dy 12.19 ¢ 0.11) x 16 s?
Diffusion constants for the axis D, 15.64 - 0.13)x 16 s !
Global correlation time Tm=1/(6 Diso) 12.683 (£ 0.024) ns

since the shape of the diffusion tensor covers the shape stithicture, we are confident with
its overall value as the description of PSE-4 rotationdudibn. Moreover, the parameters
are close to the prolate description of TEM-1 presented wa®band Gagné2j( where
D/ was equal to 1.23. Indeed, using the following relation:

D,

D/DLA (Dxt+Dy)/2

(7.5)

a value of 1.32 is calculated fad|/®, in PSE-4. Also, anisotropy for PSE-4 extracted
from the model-free analysis generally agrees with the slodiphe crystal structurelp5.
Indeed, the relative moments of inertia are 1.00, 0.89, eéb@l&s determined usimglbinertia
(A. G. Palmer, Columbia University, New York, NY). These cadompared to th® /D |
ratio by the following calculation((1.00+ 0.89)/2) /0.59, which gives an apparent ratio of
~ 1.60, slightly higher than that obtained from spin relaxatithre lower value in solution
being potentially caused by some loops being flexible coegpé the static view given by
the crystal structure.


http://cpmcnet.columbia.edu/dept/gsas/biochem/labs/palmer/software/diffusion.html
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Figure 7.4: Representation of the diffusion tensor (left) and of the N-H vectors t@tiems (right).
N-H vectors orientations are shown as surface on artificial vectorsigtie20 A placed at the center
of mass of the protein. These vectors are duplicated in the opposite dirbettanse of symmetry in
the ellipsoidal diffusion tensor. Missing residues in the crystal strucGeé¥ Sef3, GIn?%, Ser%,
and Arg?®) were added for visualisation of the whole protein; their exact positiorghiknown.
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Finally, diffusion description from model-free analysis close to that estimated from
hydrodynamics calculations usimy DRONMR92] (with parametem, the effective radius
of the atomic element, set to 2.6 A, as in Hall and Fushni@v]]. In fact, using this
approach®, = 3.82 x 16 s~1 i.e. within 2 % of model-free derived,. Moreover, values
of the diffusion constant for the three principal axes ofdifeusion were within 4 % of the
model-free derived values, wit®/©, = 1.30. A similar analysis for TEM-1 is in
agreement with PSE-4 having a higher anisotropy than TEMi endorse model-free
results for global tumbling.

7.3.3.2 Description of Local Motions

Figure 7.5 shows the optimised residue specific model-free parametétgen though
parameters are far more important than model listing, we stammarise PSE-4 local
model-free models as follows:

1 residue,
129 residues,
46 residues,
28 residues,
3 residues,
19 residues,
3 residues,
no residue,
no residue,

2> I dHRo 0P D

1 residue,

for a total of 230 N-H vectors analysed. As is seen here, nesstiuesi(e. 77 %) are fitted
with simple modelsnl andm2. Local model-free parameters for PSE-4 have been defosite
in theBMRB under accession numb@&838and are available in Appendix 3 (Tahlé.3.


http://leonardo.fcu.um.es/macromol/programs/hydronmr/hydronmr.htm
http://www.bmrb.wisc.edu
http://www.bmrb.wisc.edu/data_library/generate_summary?6838
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Order parameters

The mean order paramet&?) of PSE-4 backbone amides is 0.8610.087 (0.868+ 0.051
excluding the three C-terminal flexible residues). Additity) the mears? for the secondary
structure core (0.87% 0.035) is slightly higher and less dispersed than that tdbps and
very short helices (0.834 0.125; 0.852t 0.066 excluding the flexible C-terminus). Clearly,
PSE-4 is a highly ordered protein on the ps-ns timescalplaji;igS® > 0.85 (the typical
value for regular secondary structures, equivalent toanain a cone of semi-anghg = 19
[167]) for 70 % of its amides (see Figur&ss, 7.6, and7.7-A). The most rigid amides are
located around the active site a@ddoop, as is the case for TEM-240. Only some solvent
exposed loops are less rigid, with just five residues PAsBer®2, GIn??3, Sef%4, and Arg®®)
possessing an order parameter below 0.70, indicating genak of high amplitude backbone
motions on the ps-ns timescale in PSE-4, similar to prevaservations for TEM-1. This
high rigidity might be related to the low thermal stability/lwoth TEM-1 and PSE-4, which
both precipitaten vitro at temperatures- 41 °C (data not shown).

When comparing TEM-1's model-free order parameters witsetaf PSE-4, TEM-1 appears
slightly more rigid than PSE-4 (Figurg8). Differences seem to be smaller for tfeloop
where order parameters agree more than for other loopgjqgpio a conservation of order
for this important part of the enzyme. This is also the caseirzd the SeP-X-X-Lys’3
tetrad and for the ‘SDN’ loop (residues 130-132) wh&fearameters are elevated in both
TEM-1 and PSE-4. This similarity of backbone dynamics onpghens timescale might hide
important differences for side-chain motions as is the éasealmodulin [L58. However,
this is beyond the scope of the current study.
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Figure 7.7: Motions extracted from model-free analysis. (A) Backbone amide ps-nsdate
generalised order parameté&®), (B) Residues fitted using a conformational exchange tég (

in model-free modelsn3, m4, m7, m8 or m9). In all inserts, grey is used for residues without data
(prolines, overlapped, and unassigned). InRaginsert, white is used for absence of the parameter
in the model fitted. Active site residues (SerLys’3, Set30, GIut®6 and Arg34) are shown in the
stick representation. Missing residues in the crystal structuréq{Ser3, GIn??3, Sef®, and Arg®®)
were added for visualisation of their fitted parameters.
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Conformational exchange

Figure 7.7-B shows residues for which a contribution R from ps-ms motions had to be
accounted for during model-free minimisatiofRex parameters depend on several factors
(timescale of exchange, populations of either states amunial shift difference, see
Section7.3.4. Conformational exchange can be detected either for a gdv+hl moiety or

for a rigid vector with a moving neighbour modulating its ofieal shift. This can also be
invisible for certain combinations of timescales, popolas and chemical shift changd:x
parameters from model-free analysis are considered inasieeikchange regime and thus
scaled quadratically with the magnetic field. They are prein this study for an effective
magnetic field of 60.8 MHz. Thu$ex for TEM-1 [24( were rescaled from their originally
associated field (50.6 MHz) for comparison purposes.

In PSE-4, 32 residues have a non riRd{ parameter. Of these, five are particularly important
because of both their elevat&dy parameter and localisation on the protein 3D structure.
These are residues P (Rex = 5.1 + 0.9 s 1), LetP?! (Rey = 4.2 + 1.2 5°1), Arg?34
(Rex = 42 + 1.6s 1), SePP (R = 45 + 20s 1), and GIy¥3® (Rey = 29 + 0.8s 1)
which are located 4.0-12.6 A from the active site (N-H to N-stahce with S€F). This

is consistent with two nearby residues (Seand Al&3?) not being observed, probably due
to extreme broadening arising from importastms motions. Indeed, residue $€reven is
fitted using modei9 (with the second large&y in PSE-4) which means that its dynamics
is dominated by conformational exchange. Since these motoe near the surface of the
active site cavity, conformational exchange could ariseabse of a ligand moving in and
out of the cavity. A potential candidate for this motion abbke a structural water molecule
moving slowly between residues A3fi, Arg234, and Set®®as seen in a 5 ns MD simulation
of TEM-1 [234)]. Indeed, in these simulations, the network of H bonds betwactive site
residues was frequently disrupted by water molecules. Whigld point to a conservation
of slow motions in the active site for both TEM-1 and PSE-4.e Thotion of this water
molecule would also affect residues Seand Al&3’ (extremely broadened), both being on
the path which the ligand would take to possibly access uesidsi'4, Arg?34, and Sefe>.
The Rey for Gly236 could be explained in the same way. Another candidate faginguine
broadening in the active site would be the water moleculigimy residues S&, GIu'®®, and
Asnt’® also observed in the same study. The extreme broadening-ofiidéups of Sef® and
Ala?3” might also be explained by their proximity (N-H to N-H distan 3.0 A ) where the
movement of one N-H group would affect the other. These Hys®s are also plausible
for TEM-1, whereRey parameters arise near the active site and&&amide could not be
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observed (nor assigned).

Active site residues

TEM-1's active site has been shown to be extremely orderetherps-ns timescale with
several residues displaying order parameters higher t®dn@4(q. This was consistent with
active site residues displaying lower than average B-fadtwr TEM-1 in the presence of a
sulfate ion in the active sitelR9. In PSE-4, the most rigid residues on the ps-ns timescale
(highestS?) are also located in the active site, pointing to a meaningdnservation of this
feature which could also be foreseen from backbone amide®a[L65 (see Figurer.9).

Indeed, qualitative dynamics information can be extra¢tecth crystallographic B-factors
(or temperature factors). However, compared to model-breler parameters, differences
can originate because B-factors are dominated by latticedbs [L53. Moreover, these are
often recorded at very low temperatures compared to NMR, dlercase of PDBLG68
[169 for which X-ray diffraction data was recorded at 100 K. Qtlp@ssible differences
might also arise from crystal packing or translational mie$i within the crystal. Crystal
packing interactions would quench motions while transfai motions wihtin the crystal
would affect B-factors, but be invisible & from NMR. Finally, B-factors do not report
on a specific timescale and thus can be influenced by motioms slower than the ps-ns
timescale probed by order parameters obtained frinspin relaxation data. Hence, in our
case, some differences are seen while some parts show dgteement (Figur&.9). This

is the case for both N- and C-termini, the ThfGly>* loop, the Led?>~Trp??° loop, and
the GIL>*-Prc>8 loop. On the other hand, the L¥3-Val®® loop, which displays fairly
low order parameters (compared to the rest of the protemgsgsses low nitrogen amide
B-factors (.e. low flexibility); these may be artifacts due to crystal paakinteractions as
this loop is closely packed against two helices #%uVval??* and Met’>~Thr*%) from a
neighbour protein in the crystal lattice of PDE568[165. Additionally, the region from
residue Al&* to Aspt® displays very high B-factors although the meinfor this region
(0.846+ 0.034) is only slightly below average. In this case, B-fagtmight see a broader
timescale than that probed by the model-free order paras@ge ps-ns).


http://www.pdb.org/pdb/explore/explore.do?structureId=1G68
http://www.pdb.org/pdb/explore/explore.do?structureId=1G68
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Ser’® N-H correlation for Sef° is not observed. In TEM-1, it is severely overlapped and
broadened, thus unusable. This strongly supports theeexistof motions on timescales
slower than global tumblinge(g. |s-ms) also affecting other residues in the vicinity which
display broadened backbone (A¥4 see Chapte5, [196) or side-chain (Ly&, see
Chapter6) resonances.

Lys’®  Lys’3is suspected of being involved in the first catalytic stepylémon), where

its side-chain N group could activate S& by accepting a proton from the side-chain
hydroxyl group (2.8 A away, reviewed i8]]). Lys’® was fitted to modein1 with one of the
highest order parameters throughout PSE-4 (G:96.01). This contrasts with the low
intensity of its N-H cross-peak which suggests that cheh@gkahange broadening may be
present. Indeed, Ly8's Cq is the weakest of all lysinesqdsee Figures.1). Moreover, we
were unable to see L§&s side-chain further than thegCthus preventing the titration of the
side-chain N group (see Chapted). These, again, indicate that importaistms motions
are nearby. These motions could be similar to those predyrafibcting Sef®, located less
than 6 A away (N-H to N-H). If rejecting modehl because of these evidences of slow
motions arising nearby, the second lowA$Cc score for Ly$® within PSE-4 is modein3
with a Rex parameter of 0.2 0.5 s'1. Compared to th®ey parameters for other residues,
this Rex would be the lowest and the one with the highest relativererrblence, the
possibility for Lys'® N-H to be fitted using &ey parameter is questionable although strong
signs of conformational exchange are present, especalthé side-chain. The situation in
TEM-1 was very similar and Ly$ fitted modelml with a $* of 0.95+ 0.02. These data
indicate that Ly$®s side-chain could be affected by motions in the slow- or
intermediate-exchange regime. In these conditiBasdoes not scale quadratically with the
magnetic field 189. This could explain the lovRey With high error obtained for LyS when
using modelm3 where the model-free fitting procedure scales Rag quadratically for
multiple field data. Incorporating the parametefrom Millet et al. [189 in the fitting
procedure could potentially alleviate this problem. Hiaf present, these motions could
explain the extreme broadening of I'§'s side-chain, as well as S8rand Al&Z3” amides.

Tyr1%  Tyrl%displays a slow correlation timed) of 1008+ 188 ps in conjunction with
a S of 0.80 + 0.02 using the two-timescale modeb. In TEM-1, this residue was one of
the most flexible 240 and the selected model did not incorporate this kind of tingescale
motion as in PSE-4. This could be of significant importanceragards to substrate
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recognition and specificity. The motion detected here cbioldever be artifactual because
modelm2 also fits relatively well PSE-4 experimental data: with gheirS? (0.85+ 0.01),
but with a correlation time of 2& 4 ps, similar to the case in TEM-1. On the other hand,
modelm5 could suit data almost as well in TEM-1, yielding a simi#&r(0.79) but with ars

of ~ 500 ps.

In another work, Douceet al. [63] discussed the importance of this residue for substrate
specificity and proposed that steric restriction of thevacsite by the side-chain of residue
Tyr% could allow the correct positioning and stabilisation obstrates within the active
site, thus facilitating catalysis. This gate-keeping tioit was further investigated and the
side-chain of Ty{%® was shown to adopt two conformations: one in which the st
points toward Va&'® (open state, rotamé} and one in which the side-chain points toward
GIut% (closed state, rotamen, only visible in inhibitor bound TEM-1)§1]. This motion
seen for TEM-1 could influence the dynamics of the backbortd Moiety of Tyr% in
PSE-4 where rotameris present, with only minor electronic density toward thsipon of
rotamerm (data not shown). Usin§HIFTS(version 4.1.1)287], chemical shifts for the two
rotamers discussed in Doucettal. [63] were predicted. Based on these results, only two
residues would have their backbort®l chemical shift modified by such a transition between
the two rotamers andm. Of course, Ty{°® amide nitrogen has a different chemical shift in
both rotamers, although the difference is very small (12 +H608 MHz) and would not give
rise to a significanRey. Sef%®would be more affected with a differencei™N chemical shift

of 286 Hz at 60.8 MHzA 0.5 ppm) between the two rotamers. This could be expectedo g
rise to aRex term, although no such parameter was observed in the moekekfinimisation.
Indeed, even when deliberately choosing a model wiR,aerm (.e. n8, m4, m7, m8 or
m9), no significanRey term was fitted and values tended to 0. A possible explanédicthis
situation is that the timescale for this conversion fronanoért to rotamerm would be on
the sub-nanosecond timescale as proposed by the selectd fmoTyr!%°, If so, it would
not influence transverse relaxation of ®&and would only be probed by TP itself.

Sert30  Residue Séf° has been proposed to participate in the catalytic proc23d [
and was shown to be of clinical importance for enhanced tesgis (see
Lahey Clinic Websitg In the crystal structure by Linat al. [165, the hydroxyl group of
Sef30 displays two alternative positions. Such alternative fomss with a shared occupancy
of 0.5 between two conformations are seen for eight othédues (Se¥*?, Glu®9, Asp'68
11e186, Sef88 Leut® GIu?%8 and Set®) in the crystal structurelp5. From model-free


http://casegroup.rutgers.edu/qshifts/qshifts.htm
http://www.lahey.org/Studies/temtable.asp
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analysis, SérP fits modelml (as other residues we could observe with atoms displaying
shared occupancy of 0.5) withg of 0.95+ 0.02. The movement of its side-chain might
not influence the amide transverse relaxation off¥ebut, depending on the timescale,
could be the cause of such conformational exchange effeets ®r nearby residues S&r
(not observed, broadened), ¥ (Rex=5.1+0.9 s 1), Arg?3* (Rex= 4.2+ 1.6 s 1), Sers3>
(Rex=4.5+2.0s1), Gly?®® (Rexy=2.9+£0.8 s71), and Al&Z3’ (not observed, broadened),
all within 5 to 8 A from the side-chain of SE¥. In TEM-1, no model-free parameter could
be extracted for Sét¥ in the original study of Savard and Gagr#(]. However, in the
re-analysis using/lodelFree-4.2(]79], Sef3° was assigned & of 0.99+ 0.01, exactly as
Asp'L indicating a high local rigidity. In PSE-4, as for L4 Sef3 order parameter is
very high. This is also the case for other residues of the arwes Set*C-Aspt3L-Asnt3?
(0.95+ 0.02, 0.92+ 0.01, and 0.9# 0.01, respectively) structural motif (known as the
‘SDN’ loop). These data in TEM-1 and PSE-4 point to a cong@weof ps-ns order in the
active site of class A-lactamases.

Glul%®  Residue GIt6 is directly involved in catalysis, probably for both acytet and
deacylation steps (reviewed i@1]). As was the case for the two catalytic residues’Bymnd
Ser0 residue Gl fits modelml with a fairly high order parameter (0.91.0.02). In the
re-analysis usingylodelFree-4.2Gor TEM-1, Glut® fitted modelm1 with S = 0.94+0.02,

in contrast with modeind4 in the original work R40. Usingrelax, this residue was assigned
modelm2 with & = 0.93 + 0.02 andte = 474 24 ps. This is not surprising as tiRay
first detected was of low significance and, thod, could simplify toml or m2 (two similar
models). Rigidity for GId®® thus seems similar in TEM-1, although a bit higher as for many
other residues.

Arg 234 In carbenicillin-hydrolysingp-lactamases such as PSE-4, residue 234 is an
arginine. In other class B-lactamases, it is a lysine. Af#f first fitted modelm2 with an
averages® of 0.88+ 0.02. However, the value measured Rorat 50.6 MHz is most likely
under-estimated and erroneous, because of the partidapweith residue Ly%?2, a result of

the poorer resolution at the lower field. Indeed, Zfghas one the highe®, at both 60.8
and 81.0 MHz, whereas at 50.6 MHz the measuReds much lower than for surrounding
residues. Hence, when excludiRg at 50.6 MHz, the selected model become&with an
unchanged order parameter of 0.88 arRkaparameter of 4.2 1.6 s 1. This is much more
logical for this residue because the majority of surrougdresidues display signs of
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http://www.palmer.hs.columbia.edu/software/modelfree.html
http://www.nmr-relax.com

Dynamics of Class A-Lactamases: PSE-4 Backbone Dynamics 114

conformational exchange. Indeed, residues?A$8er3>, and GIy3® all possess Rey term
(respectively 1.2+ 0.5, 4.5+ 2.0, and 2.9+ 0.8) while residue AI&’ is not even observed
most probably because of line broadening. Moreover, for TENhe presence dRey for
Arg?®* was also found using eitheModelFree-4.200r relax, both with a Reyx of
1.9+ 0.4 s 1 and a high? of 0.94+ 0.02. It should be noted here that surrounding residue
Gly?36 also possessedRey While residue Ald3” was also not observed. Thus, order on the
ps-ns timescale would be higher in TEM-1, but the presenosf us-ms motions would

be similar, again indicating the presence of consepgths motions near the active site of
class AB-lactamases.

Q loop A 19 residue loop is located below the active site of clas§-lactamases
(residues ArgPlto Aspt’®). This loop is amQ loop, a non regular secondary structure found
in many proteins{7]. It was shown in two different studies to be flexible in TEM#4dingin
silico approaches?34, 271]. Indeed, in a five ns simulation by Roccatano et aB4, a
flap-like motion of theQ loop was present for TEM-1 in the absence of a ligand. The
timescale was undefined in this study because this phename&as only seen once, the
loop keeping its new position after the movement had hapgheNe such motion had been
seen in the 1 ns simulation by Diat al. [65]; these inconsistencies could either be a result
of the short simulation length in the Dia al. [65] study or of simulation artifacts in the
Roccatanet al.[234] study. Nevertheless, in TEM-1, using NMR, teoop was shown to
be very rigid on the ps-ns timescale, although displaying phesence of somps-ms
motions R40. This seems to unite short simulations results showingididhmotions with
longer simulations pointing to slow high amplitude motionkdeed, movements on the
ps-ms timescale are hardly defined using currently availsiidesimulations.

Our results for PSE-4 confirm this observation, althougfedehtly from what was seen in
TEM-1 using NMR. In fact, only two residues within PSE& loop display signs of
conformational exchangei.€. Arg®! and Arg’®). These residues are located at the
extremities of the loop, where it narrows (with N-H moieties separatec-bg A). Arg!’8
could represent the hinge of a movement similar to that dgtateve which could allow
Glyl’™ (Asn'’® in TEM-1) to reach Ar§® to form the hydrogen bond discussed by
Roccataneet al. [234] (see Figure7.10). This would correspond to a movement-of5 A,
Arg®® carbonyl being 7.1 A from GI/° amide nitrogen in the steady-state crystal structure.
This motion would fill the cavity between th2 loop and the protein core present in both
TEM-1 and PSE-4 (see Figurel0-D). With this cavity closed, the structure would be better
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packed, possibly transiently stabilising &if in a catalytically relevant position. The
absence oRey for residues Asp’® and Led’’ does not counter indicate this possibility as
the N-H moiety of Led’” would point toward the solvent in both conformations and
hydrogen bonding of ASg® N-H group with the carbonyl of residue LYS would also be
present in both conformations, hence not affecting the atedrehift. Unfortunately, due to
overlapped resonances, no spin relaxation data is avaifablresidues LyS® and Led’*
which could sense this movement because they are closeetprtitein core. However,
these residues both display normal amplitude N, By, and G resonances, which could
contradict their involvement into conformational exchangHence, current observations
support the slow motion of th@ loop proposed by Roccataret al. [234], but are also
consistent with a slightly different motion of tlf& loop observed by Fiset&t al. in TEM-1
[79] and PSE-4 (Olivier Fisette and Stéphane M. Gagné personaintinication).

Because of the implications of movements of €héop in terms of catalysis, it will be very
important to get more insights into this part of the enzymdactt, if a movement such as the
one discussed above exists, it would allow ¥futo stay close to Sé? and potentially act
during the acylation ste[2B4.

Resistance to inhibitors and extended spectfdiactams

Extended spectrur-lactams such as oxyimin@dactams ¢€.g. ceftizoxime, cefotaxime,
ceftriaxone, and ceftazidime) and monobactams. (peta-lactams with the ring not
juxtaposed to another ringge.g. aztreonam, as well as non commercially available
tigemonam, nocardicin A, and tabtoxin) have allowed for tdvdight against the resistance
phenomenon. However, their beneficial effect was dimirdsbye the rapid appearance of
resistance to these molecules. The mutations for suchtaesesinclude those at positions
69, 237, 240, and 274.44.

Additionally, B-lactamase inhibitors have been useful in the fight agafiactam
antibiotics resistance. However, since the introductibr-tactamase inhibitors, several
mutations appeared that provided resistance to those agmdpavhich include the widely
used clavulanic acid, sulbactam, and tazobactam. Severakions have been documented
which include those at positions 69, 130, 165, 275, and 28&L(shey Clinic Websitg

Most of these mutations were found in TEM-liBelactamases. However, even if the actual
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S0

¢ Glul66

Figure 7.10: Stereoview of the cavity-filling motion for residues &f&-Leut’” of the Q loop.
(A) Order parameterss{ coloured as in Figuré.7-A). (B) Conformational exchang®§y coloured as
in Figure7.7-B). (C) Apparent free energies of exchanf&(;x, coloured as in Figuré.17). (D) The
cavity between th€ loop and the protein core which the motion of residues'GhkLeu’’ (yellow)
would fill is shown in grey surface. Residues from the hinge {&rgnd Argt’®) are coloured red and
shown in the stick representation as well as residue$§>%&md GIy*® (orange) which would form a
hydrogen bond once the motioblgck arrow) is completed. Catalytic GI§®is also shown as sticks.
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effects of such mutations are unknown in PSE-4, the diffiaietynamics for these conserved
residues in TEM-1 and PSE-4 might help understand what ipdrapg. Here is a discussion
of dynamics at positions relevant to resistance to inhibiémd extended spectrysrlactams.

Thr8 In the homologous protein TEM-1, residue at position 69 (¥etvas shown to

be of high importance with regard to resistance against brtbnded-spectrurfi-lactams
andp-lactamase inhibitors (seéeahey Clinic Website This is no surprise as this residue is
located next to the catalytic S8 In PSE-4, residue 69 is not a methionine, but a threonine.
Thro?fits modelml with a very highS? (0.944+ 0.02). In TEM-1, Met° had also a high order
parameter (0.96- 0.02) R4Q. Given the very higts’ at position 69 and for residues nearby,
mutations at this position (in TEM-1: Me# lle, Leu, or Val) might loosen the region around
Ser¥ so catalytic residues can reposition according to thesley@ompounds.

Sert30  See Sectior.3.3.2above.

lle1®® Inhibitor resistance was shown to be sometimes caused kationg at position 165
(seeLahey Clinic Websitg which is occupied by a tryptophan residue in TEM-1. As for
position 164, N-H backbone order parameter fot&ds low relative to most residues in
PSE-4 (0.82+ 0.01). This contrasts with the catalytic &% which displays aS? of
0.91+ 0.02. The joint flexibility of residues at position 164 andslay allow GId® to
move slightly toward SéP as could be needed for its direct activity (without help of a
structural water molecule) in the acylation step of the naacdm R34, 271]. Hence, the
flexibility of Trp6°in TEM-1 could be increased in mutants (in TEM-1: FrpArg, Cys or
Gly) resistant to inhibitors allowing a specific positioginf Glul%. However, no NMR
dynamics data is available for this residue in TEM24().

Ala?®” Mutations of residue AR’ are found in resistance to extended-spectrum
B-lactams (seéahey Clinic Website In PSE-4, this residue has not been assigned probably
due to broadened resonances, thus preventing gatheringnaindc information at this
position. Neverthelesgis-ms motions could be affecting A and nearby residues such as
Asp?33 Arg?34 Sef3% and GIy3® which are all fitted using &ex (respectively 1.2+ 0.5,
4.2+ 1.6, 4.5+ 2.0, and 2.9+ 0.8 s'1). The same situation is found in TEM-1 where no
N-H cross-peak is observed for AR, thus supporting the conservation and importance of
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such slow motions. It would be interesting to see if mutantsla?®’ modify these slow
motions affecting Al&3” and its neighbours.

Gly?40  Position 240 is another position mutated in extended-specB-lactamases (see
Lahey Clinic Website It is occupied by a glycine in PSE-4 (as in most carbemabies
[169) and is quite ordereds of 0.91 + 0.01). However, in TEM-1, GI#*®is much more
ordered with & of 0.97. Motions might be more released in PSE-4 as a res@\g’s
side-chain being smaller, comparatively to the situationTEM-1 where GIg*° has its
side-chain packed against residues 170-172 ofGtHeop. Hence, mutations in TEM-1
(Glu — Lys, but also Arg and Val) might allow more movement at thisipon, as is the
case in PSE-4. This could also have an indirect effect onbiléyi of the Q loop.

Arg?’® Even though it is quite far from the active site (L5 A, Arg?’® being located on
the side of the active site entry), residue ARjis often mutated ir3-lactamase inhibitor
resistance cases (seehey Clinic Websitg In PSE-4, this residue is fitted using moads
with a pretty high order parameter of 0.910.01. The situation is similar in TEM-1 where
the order parameter is 0.93. A loosening of motional restriction might cause thgraanted
resistance for Ar§f® variants by potentially allowing more motions in the pegphof the
active site, hence permitting adaptation of the activecgitdiguration in order to avoid steric
clashes with bulky molecules.

Asn?’® Mutation at positon 276 is found in TEM-1 mutants resistatd
extended-spectrurd-lactams and inhibitors (sdeahey Clinic Websitg In PSE-4, residue
Asr?’® fits, as residue Arff* (also often mutated in cases of resistance, and making
side-chain contacts with ASff), model m3 with a S of 0.87 + 0.02 and aRey Of
1.6+ 0.5 s1. In TEM-1, where this mutation was identified as clinicalglavant, model

ml is chosen with a fairly high order parameter of 0-92.02. This points to a potentially
important difference in TEM-1 with regards to PSE-4. Loakat the dynamics of TEM-1
mutants at this position could be of high interest for furtbederstanding resistance to
broad spectrurf-lactams.
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7.3.3.3 Limits in the Analytical Approach

Many factors limit interpretation of results extractedngsthe model-free approach], 52].
Here, we will concentrate on three specific limitations:ia@ons of theCSAandry-y for
different N-H moieties, and lack of well-defined N-H vectoremtations in crystal structures
used for model-free minimisation. In this study, tB68Awas held fixed with a value of
-172 ppm. This allowed comparison with dynamics data for FEf240. The N-H bond
length,rn-4, was also held fixed with a value of 1.02 A which also allowenhparison with
dynamics data for TEM-1240.

Variations of the CSA Within model-free analyses, tli@SAis generally held fixed with
an assumed value of -172 ppm as in this study. However, desteidies B8, 152 264
showed that th€ SAvaries among different residues in a given protein. Vaoiadiof the
CSA although limited, influence results extracted using thelehdree formalism. Thus,
trying to optimise th&€€ SAas part of the model-free analysis is a potential avenuettaaing
better dynamics information because @®Adirectly affects several parameters such as the
extracted order parameters. Despite this, one needs talhecareful with such an analysis
because optimising th@SAcould lead to artifacts. We tried such an optimisation witidels
ml tomb to which theCSAwas added as an additional parameter. After model selecsiog
AlCc and exclusion of outsider§{ — 1 andCSA— 0), a value of -157.3- 19.3 ppm was
reached, with values ranging from -237.1 to -120.0 ppm. Esecated’ values extracted
using this approach were slightly more elevated than thesguhe standard approach with
a means’ of 0.909+ 0.061. This is certainly related to the large variatiolC&Aobtained
which contrasts to published data where a narrower digtobwf the CSAwas measured
(i,e. —170 4+ 11 ppm, R64]). Results obtained by Lee and Warikbp who also optimised
theCSAas part of their model-free analysis of ubiquitin yieldedlsa narrow distribution of
CSAvalues. We are thus aware that some bias and artifacts cosédia our description of
the dynamics of PSE-4 by introducing a variaBIi8A Hence, all results presented before in
this study did not include such a variable parameter.

Variations of the N-H bond length  Similarly to the theCSA rn-y is generally assumed
constant throughout the sequence. In the current studylua wd 1.02 A was used. The
order parameters extracted with such a value will incofgontributions from bond
vibration and libration, hence the proposal by Ottiger and B89 of a value of 1.04 A for
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extraction of pure angular motions from spin relaxationadatithin the model-free
framework. These differemiy-y values have been equivalently proposed (1.03%,[and
1.04 A [208, respectively). Using the first valu&? values are~ 12 % lower than with the
second (0.85 vs 0.95, respectively, for residues withindriggecondary structuresp1d.
This is due to the fact that the value of 1.04 A is an effectivadlength which incorporates
quantum mechanical zero-point motions of the proton. HeSfcparameters extracted using
this value only report on motions of the peptide plane. Havethe difference between both
values is only a matter of scaling and doesn’t influence theclosions resulting from the
corresponding model-free analysis. Moreover, dynamidsvofdifferent proteins analysed
with the same N-H bond length (either 1.02 or 1.04 A) will carg equivalently,
irrespective of whethety-y is 1.02 or 1.04 A 83], as behaviours of vectors wit# of 0.85
(from ry-p = 1.02 A) and 0.95 (frontn-y = 1.04 A) are indistinguishable3f]. As stated
in Section7.2, the 1.02 A value is widely used in the community with most eleitee
studies using it and many programs having it as default patemmMoreover, the study of
TEM-1 dynamics was performed using this val@d(]. Hence, for comparison purposes,
we chose to seiy-y to 1.02 A.

Absence of protons in crystal structures Crystal structurelG68[165 has a 1.95 A

resolution, which does not allow the visualisation of preto Hence, derived N-H vector
orientations may be erroneous from their actual averagéiquospotentially having an

effect on the model-free models selected because, beaauserf isotopic diffusion tensors,
goodness of fit depends on N-H vector orientation comparedhéo diffusion tensor

orientation. Moreover, for residues potentially involvedcrystal contacts, orientations
might be slightly off, which could also bias model-free ais&8. This situation could be
assessed by allowing variation of N-H bond orientationsrdumodel-free minimisation.

However, we chose not to introduce such a variable into oalyars.

7.3.4 N CPMG Relaxation Dispersion

CPMG relaxation dispersion experiments were performed ¢berthe ms timescale and
quantitatively characterise the slow motions observethfroodel-free analysis in PSE-4’s
active site (see Sectioi.3.3.). Data were recorded at two magnetic fields (500 and
800 MHz) as Milletet al. showed that this is essential in order to fully characterise
potentially observable motion439.
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Considering a two-state exchange process between staresB:

A=1B (7.6)

dispersion experiments can potentially yield quantitinformation includingpa (with
pa = 1— pe, Wherepa and pg are populations for states and B, respectively) kex (the
apparent exchange rate between both states viereka + kg), andAw (the chemical shift
difference between resonances in both states). Indeegtasspa > pg andRoaA = Rop
(respectively, the transverse relaxation rate for thenmasoes in sites A and BRey, the
contribution onR, from conformational exchange processes, is approximagefblbws

[189:

_ Pa(1—pa) kex
T 1+ (kex/Aw)2

Rex (7.7)

The exchange can either be slow, intermediate or fast on &R Nimescale. This
nomenclature defines the observable resonances and theactgristics and is a function of
bothkex andAw. A parameterg, can be calculated to establish the exchange regli®@:[

2(Kex/Aw)?
_ Akegbo) (7.8)
1+ (Kex/Aw)
Slow exchange is defined whers between 0 and 1, intermediate whees: 1, and fast when
a has a value between 1 and 2. In other words, exchange is dgrstoav whenkey < Aw
and fast wherkey > Aw. The limiting values foilRex are then eitherl89:

Rex= (1— pA) Kex (7.9)
or "
Rex = A (l_kepA> = (7.10)

for the cases of extremely slowex/Aw — 0) or fast kex/Aw — «) exchange, respectively.
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In the extremely slow exchange limiBex IS independent of the magnetic fieldy 219
223. On the contrary, in the extremely fast exchange lifRi depends quadratically on the
magnetic field 125.

When slow exchange is present, peaks from both stAtesid B can theoretically be
observed. However, when populations are highly skewedpthigoopulated resonances are
hardly observable (because of S/N issues). Slow exchamgbecarobed by observation of
the major resonance (from sta&g In this case, a relaxation dispersion profile is defined by
the exchange rate from stateto stateB (ka), the transverse relaxation rate in statgR, a),

the chemical shift difference between resonances in batesf\w), and either the CPMG
pulsing frequencyJ\cpmc) Or the time between the 18@ulses in the CPMG train¢pmc,

with Tcpme = 1/Vepma, [150) as [266]:

Aw
eff S (VCPMG>
R = Roatka—Ka |[—5 % (7.11)

VCPMG

whereRgff is the effective transverse relaxation rate.

In the intermediate exchange regime, resonances are yiseatrely broadened such that
they are no longer observable.

In the fast exchange regime, different information can lieaeted from the single observable
resonance for which the chemical shift is averaged depgratirthe different populationga
and pg and their respective chemical shiftsf andwg). The corresponding relaxation rate
then depends oRex (see Equatior.7 above) kex, andvcpmc [150, 189 :

(7.12)

R = R+ {1—2tanh< kex )VCPMG}
2 2+ Rex 2vepmG/)  Kex

In order to characterise conformational exchange, relaxalispersion experiments are
recorded Wherézgff is measured as a function of varyingpmc (see Equatiofr.3) in order
to obtain dispersion profiles. These are then fitted usingigu7.110r 7.12 depending on
the exchange regime. Figurel1shows examples of dispersion profiles in the slow and fast

exchange limits, as well as in a case where dispersion iss@neéble.
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Figure 7.11:Theoretical dispersion profiles for different exchange regimes asdibn of the pulsing ratecpyme. Left: Slow exchange dispersion
profiles calculated from Equatioh11usingR,a = 15 571, ka = 15 s'1, andAw = 200 (solid line), 1000 (dashed line), or 5000 (dotted line) Hz.
Middle: Fast exchange dispersion profiles calculated from EquatititusingR, = 15 s, Rex= 15 571, andkeyx = 200 (solid line), 1000 (dashed
line), or 5000 (dotted line)s. Right: Absence of dispersion wif'" = R, = 15 572,
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Unfortunately, although dispersion was perceptible fomsaresidues based on a visual
inspection of data (not shown), both curve-fitting appresoche. Lewis Kay’s groupMatlab
script [L149 and CPMGFit— A. G. Palmer, Columbia University, New York, NY) failed to
provide reliable fits. Hence, no dispersion was quantifiedguthis approach. Figuré.12
shows two examples of the recorded data. !Alaepresents a typical profile with no effect
of the CPMG pulse train on the effective transverse relaratate (.e. a flat profile),
whereas S&P° represents a residue with apparent dispersion, althowggiise to a poor
quality fit because of noise in the data.

There are different possible reasons for such absenceeaxtdbte and quantifiable dispersion
from our!®N CPMG relaxation dispersion datasets:

e The population of stat® could be very low €.g. below 1 %). This would affect
parameteipa in Equation?.7, yielding a very lowRex which would be unobserved in
the profile because of S/N issues.

e The chemical shift difference between stafeandB could be very small (potentially
because of only a small structural change between bothsst&tea small change in
electronic environment). This would affect param&erin Equation?.7, also yielding
a smallRey term.

e Slow motions detected from model-free analysis of spinxaian data could happen
on a timescale faster than that probed by CPMG relaxatioredigm,i.e. on theps-ms
timescale, as is generally the case Ry terms obtained from model-free analysis. It
Is possible that such motions could not be quenched by the CPMK train and, as
a consequence, no variationﬁi’jff would be observed. An experimental approach to
solve this issue would be to perform relaxation dispersipeaments in the presence
of a spin lock field instead of a CPMG pulse train. This kind gbestment is known
asRyp relaxation dispersion and can probe slightly faster metittvan conventional
CPMG relaxation dispersion experiments (see Fiduig However, this approach is
more difficult technically as the different spin lock fieldsed are usually calibrated
based on measurements of scalar coupliegs tJyn) in the presence and absence of
the spin lock field (reviewed ir2[L3).

One of the above reasons (or a combination of many) couldrgige¢o smalRey terms which
would not be observed because of S/N issues. Indeed, thea8a\bf recorded data could be


http://www.mathworks.com/products/matlab/
http://biochemistry.hs.columbia.edu/labs/palmer/software/cpmgfit.html

Dynamics of Class AB-Lactamases: PSE-4 Backbone Dynamics

125

25—

eff -1
R, (s)

15—

20—

25

15

0

200

400

VCPMG

600
(Hz)

800

L
1000

0

200

400

VCPMG

600
(Hz)

800

L
1000

Figure 7.12:Representative relaxation dispersion profiles for residueS*A(eeft) and Set® (right).
CPMG relaxation dispersion data are shown at 500 (circles and solid lirtedgroposed fit) and
800 (squares and dashed line for the proposed fit) MHz. No dispeisidetected for AIZ°. At
500 MHz, the equatiof'" = 14.81 represents the data with a low RMSD of 0.31. At 800 MHz,

the equationRgff = 18.22 represents the data also with a low RMSD of 0.33. For residuE>Ser
dispersion is visible, although the fit (wifR, = 17.39+0.49 s'1, 60MHzR, — 3614+ 0.57 s %, and
kex= 20294535 s'1; the proposedRe, being close to the model-free derived value of 4453.95) is
of poor quality with ax? value of 36.6 for the dual fit of 500 and 800 MHz together witBiRMGFit.
Residue Séf°is the only residue for which thiélatlab script from Lewis Kay’s group]49 detected
dispersion.

too low (i.e. recorded data could be too noisy compared to the amplitudleeseR.,) such
that there is a masking effect on potential low amplitudg@elision. This might be the case
as the dispersion profile of many residues possesses dysBghttered appearandes( F§”
varies randomly with an amplitude 1 s™1, see Figurd.12). Indeed, considering the modest
values of model-free derive®ky, parameters (with a mean value of 1:88.12 s'1, where the
highestRex is 5.11 s, see Appendix 3, Tabl&0.3), the effect of noise on the curve-fitting
process cannot be excluded.

7.3.5 Amide Exchange

Protein backbone amide protons can exchange with surnogmndater molecules. Hence,
dissolving lyophilysed protein in £D causes exchange of amide protons from N-H to N-D,
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giving rise to a signal decay in 2BPN-HSQC [13§ spectra (see Figuré.13. The process
is as follows:

Kopen Kint
N-Hprotected = N-Hexposed— N-Dexposed (7.13)
Kelose

with Kopenandkeiose respectively as the opening and closing rate of the streqiuotecting
the N-H group from exchange with the solvent, dggl as the intrinsic rate of exchange for
an isolated residue.€. in absence of protection from the solvent).

Steady-state amide exchange experiments allow the stuadigloér energy states difficult to
detect with techniques reporting on ensemb83.[In other words, they allow the study of
very slow movements of relatively high amplitude by whiclveat access to N-H moieties is
allowed [L66. Not requiring denaturing conditions, they can probe trespnce of partially
unfolded states, intermediates of which can be of impoddaorccatalysis. Additionally, they
provide helpful information on the long-term stability artiary and secondary structures,
including hydrogen bond network&9, 70].

Two limiting cases for amide exchange exist: EX1 and EX21]. In the EX1 regime,
exchange rates argH independent, whereas in the EX2 limit, they are affectedpbly
variations (see Figuré.14).

Depending on the exchange regime, different informatiom loa extracted. In the EX1
regime, insights into the kinetics of exchange can be obthsince therkyx = Kopen the
opening rate of the structure protecting the N-H group fraoeas by the solvent. In the
EX2 regime, insights into the thermodynamics of the openigction for the structure
protecting the N-H group from exchange (transient unfajdimocesses) can be obtained.
The equilibrium constant of exchanging sit&s, is then defined as follows:

K :i: kopen
op SF kclose

(7.14)

whereSF is the slowing factor (or protection factor), akghen andkgiose the opening and
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closing rates, respectively. Experimentally, it can bewlalted from:
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Figure 7.13: Amide resonance signal decay as a function of time. HSQC snapshotscave fr
PSE-4 atpH 6.65 with time after dissolution in D shown for each spectrum. At time 36 days,
remaining resonances are identified and correspond to residueA®th > 9 kcal/mol, all located
in the B sheet of thex /B domain.
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wherekyx is the exchange rate; akgl the expected unprotected exchange rate (intrinsic rate)
[11, 43]. Moreover,AGHx, the apparent stabilisation free energy of the protectingtire
is obtained as usual(] from:

K
AGhx = —RTInNKop= —RTIn (%) (7.16)
int

Information on local stability derived from this parametan be rationalised from amide
exchange data in the EX2 regime.

In our experiments, since some residual water preventedsitpgals from completely
vanishing (to an amplitud@, = 0), better fits were obtained using an exponential decay
function including an offsetA. > 0, see Figurg€.19. In fact, the offset was between 5 and
10 % for most residues. This value is in the expected rangsiderng the experimental
scheme.

Exchange was faster giH 7.85 for all residues for which data were available, hence
confirming the EX2 regime gbH 6.65 (see Tablé0.4and Figure7.16). A change ofpH

log kyx

pH

Figure 7.14: Amide exchange regimes EX1 and EX2. Rates are shown as a functj. of
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from 6.65 to 7.85 would theoretically cause effective ratesincrease by a factor of
approximately 16 (18? ~ 15.85). The mean increase &fix, in our case, was of 1% 7
(not including amides exchanging too fast for observatibptd 7.85). This lower value
(compared to the theoretical value of 16) could be a residbofe amides entering the EX1
regime at goH below 7.85.

Of the 226 residues with available datat 6.65, 101 exchanged very rapidly and were
already wunobservable in the first time poini.e( after only 32 min, with
kix > 1 x 102 s1). Therefore, 125 residues had a measurable exchange maiagadrom
2x103s1t03x108s 1 AGux, as well a¥,p andSF, were calculated using an Excel
spreadsheet from S. W. Englander (University of Pennsydydrhiladelphia, PA,11, 43))

and are displayed in Tabl&€0.4 and Figure7.16 Moreover,AGyx values are shown in
1+-T s \t 1 % w =
2 0.8;— * *\* —i
= " b :
g C +H1 % .
.‘_cé;’ 0.63— %ys207 \-.\__".*S-er47 _f
R # 3, é
g‘ - 'P\\ ‘(t ]
%3 045— *‘\ &“\‘\ _E
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Figure 7.15: Amide exchange data for residues Bdcircles) and LetP’ (squares). Fits are shown
with both a 2-parameter function (dotted line) and a 3-parameter functi@hédadine). For both
residues, the best fit is obtained with the 3-parameter function, which allgwtbe contribution from
residual protons, to also be fitted.
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Figure7.17. These data have been deposited in BhRB under accession numbéB38
and are available in Appendix 4 (Taklé.4).

Globally, free energies of opening are on the order of 6-%l kwl ! for most residues
within secondary structures, and are slightly higher inai domain where many residues
haveAGHx > 8 kcal mol L. Hence, this domain is more stable than thenadlomain. This
is contrary to what was proposed for TEM-240 that thea domain might be the most
stable. This hypothesis was speculative as no amide exelratgs have been determined,
nor was exchange in the EX2 regime verified. For TEM-1, thevetd exchanging amides
were those from the alt domain and the authors concluded that this domain is mobéesta
than theo /B domain due to the presence of the disulfide bond betweefY @psl Cy323, as
proposed by Vanhovet al. [270. Here, we postulate the contrary for PSE-4 based on EX2
exchange data. In PSE-4, though the disulfide bond betweelf @yd Cy3?23 stabilises the
local structure (surrounding residues witGx between 4 and 8 kcal mot), the protection
from the solvent in thet domain is globally lower than in the/ domain. One might argue
that the disulfide bond in the PSE-4 sample is not formed. Wewsehis is ruled out by
Cp chemical shifts 247 for Cys’” (41.6 ppm) and Cy$* (42.0 ppm) L9€], which show
that both Cys residues are oxidised. The most stable doma$4 is then /B domain
whereas it could be the domain in TEM-1. Indeed, the theoretical free energies lfifg
calculated usiny ADAR[282 shows that the alt domain in TEM-1 would be more stable
than in PSE-4, while the inverse is predicted for th€3 domain (data not shown). This
could indicate some thermodynamic differences betweetwbeomains of these homologs.
However, to confirm this hypothesis, analysis of data in tX€ Eegime would be required
for TEM-1.


http://www.bmrb.wisc.edu
http://www.bmrb.wisc.edu/data_library/generate_summary?6838
http://redpoll.pharmacy.ualberta.ca/vadar/
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As expected, the first protons to exchange with the solven¢ Wese within loops as well
as most key residues from the active site (see Figui@. Moreover, all glutamine and
asparagine side-chains were exchanged rapidly. These ieties being all located at or
near the protein surface, their exchange is too fast fordgtstate exchange experiments
and would require approaches such as pulse labellifdj [ It is interesting to note that all
residues from the I to GIn'1® region exchange fast, as well as residuesAsto 1le!3’
from the adjacenti-helix (Figure7.18. This region of PSE-4 could have a non negligible
population existing as a partially unfolded state (propatith AGyx < 4 kcal mol?, kyx
values all being> 1 x 103 s~1, despite 17 amide groups out of 24 having null ASA, and
15 out of 24 being involved in H bonds, as calculated udfAdpAR[287). Indeed,AGHx
below 4 kcal mot! would correspond to populations of partially unfoldedesgor> 0.1 %,
according to the following relatioriLD]:

% = % — @ 8Gr-u/RT = g=AGHx/RT _ Kop = EH—n): (7.17)
Thus, the sub-domain formed by residue$i® GInt'® and Asid3? to lle'3’ could be the
driving force for the lower stability of the close oy domain. Also, local unfolding could
arise near the active site, including residue¥§for which motions were discussed above.
These local unfolding events, from both their populatioasgble timescale and location
could have a profound impact on PSE-4 catalysis and mighhbeause of some of the
observedRey.

The fact that the amide of GIff and a few other amides from tiieloop are protected from
exchange wittA\Gx between 6 and 8 kcal mot points toward some motional restriction
of this long loop, preventing the disruption of the networkhydrogen bonds and the
exposure of amide moieties to solvent. This argues agasishs motions proposed for
TEM-1 in Savard and Gagn&40 where residues Af§?, Glu'%6, and Led®® possessed a
Rex parameter, these three residues displayh@yyx of 7.3, 7.6, and 6.1 kcal mot,
respectively, within PSE-4. However, this is in agreemeith\wihe motion proposed by
Roccatancet al. [234] and discussed in the model-free sectiah3(3 where residues
Glul"Leu’” (with kux > 1 x 1072 s1) could move toward the protein core without
affecting residues AR§-GIU!’® (with mean AGux ~ 6.7 kcal moll) as shown in
Figure7.1Q0 Indeed, this motion could transiently position teloop so GId%® is in the
vicinity of Ser’© for its activation P34. Moreover, the loop could be protected against


http://redpoll.pharmacy.ualberta.ca/vadar/
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complete hydration. In fact, as stated before, at the lonatihere residues GH—Leu'’’
are proposed to translate by this motion, a cavity is pre¢es¢ Figure7.10-D). This
available space would be filled in the ‘closed’ state. Theesaavity being also present in
TEM-1, the conservation of this motion among classpAactamases is plausible, in
agreement with observations from Roccatabal. [234], as well as with recent simulations
of both TEM-1 and PSE-4 which show motions of a different matior theQ loop, also
consistent with our experimental data (TEM-19], PSE-4: Olivier Fisette and Stéphane M.
Gagné personal communication). Finally, the fact that thition was only seen once
during the 5 ns simulation is consistent with a much slowéative timescale. It is thus
tempting to relate this rare motion observed from a 5 ns MDufation to thoseus-ms
motions suggested Ry parameters extracted from model-free analysis.

o 46 “ ESESTE
(kcal/mol) s

Figure 7.17: Apparent stabilisation free energies of the protecting structdy@gx). knx is shown

for residues for which exchange was too fast for being quantifigd & 1 x 103 s1). Important
active site residues (S& Lys’3, Sef30, Glu®, and Ar¢?®%), and the disulfide bond (between CG{s
and Cy3$23, connecting two helices of the domain) are shown in the stick representation. Missing
residues in the crystal structure (ZeiSer3, GIn?%3, Ser®4, and Arg?®®) were added for visualisation
of their parameters.
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null ASA

in H bonds

Figure 7.18: Amide exchange of the 97-115/132-137 sub-domain. These amide gilbagshange
with kyx > 1072 s71. Top: Amide groups with no ASA are coloured red, while those with non null
ASA are yellow. Bottom: Amide groups involved in H bonds are coloured reitewthose not involved

in such bonding are yellow. Important active site residues’fSeys’3, Set30, GIut®®, and Arg3?),

and the disulfide bond (between Gyand Cy423, connecting two helices of tliedomain) are shown

in the stick representation.
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Finally, during model-free analysis, $&tand GI\?36, which both exchange with rates faster
than 1 x 103 s, were fitted with highRey parameters (7.5 and 4.5% respectively). These
data, in addition to null ASA for these amides, support tlespnce ofis-ms motions near the
active site, potentially severely broadening amide cpmssks of residues S€rand Al

as discussed before. Once again, these motions might betanptor catalysis sinck.,; for
hydrolysis off3-lactams byB-lactamases is on the order of 1 (m%)

7.4 Conclusions

This work is the first NMR characterisation of the dynamicsaotlass A carbenicillin
hydrolysingB-lactamase. It follows the study of Savard and Ga@#&][which explored the
dynamics of another class lactamase, TEM-1.

Linking results from the different techniques used here S catalytic activity is not
straightforward 127]. From the available experimental data, PSE-4 appearghby/lardered
on different timescales. Indeed, ps-ns timescale ordaanpaters are elevated, almost as
much as in the case of the homologous TEM-1. Moreover, dvstalility is also quite
elevated with apparent free energies of opening (from aexdbange experiments) reaching
11 kcal mot for several residues in thgsheet of thex /B domain. Theses results contrast
with the low thermal stability of both TEM-1 and PSE-4 andhtite presence of slops-ms
motions as indicated by model-free analysis.

Rigidity on the ps-ns timescale could be a characteristiclloflass A -lactamases. As
stated before, the catalytic efficiency of some of the classpAactamases is
diffusion-controlled B7]. This high efficiency supplemented by a high plasticity &od/
different types of3-lactams contrasts with the restricted motions in the gatasite, at least
on the ps-ns timescale. Longer timescales might be popllayeimportant conserved
motions as shown for many active site residues displayimjocmational exchange terms
(Rex) reporting on theus-ms timescale, the timescale of enzyme catalysig. (he Kcat
against ampicillin and carbenicillin is- 1.2 (ms)y? for PSE-4 P35). Moreover, the
absence of detectable high amplitude motions on the fastaspimescales might show that
the active site of class B-lactamases adapts its shape on substrate approach, thtisgo
to motions present during some steps of the catalytic pso(@though such data in the
presence of a substrate is currently not available). How&EMG relaxation dispersion
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experiments failed to quantify accurately these slow nmstio It is possible thaRy,
relaxation dispersion experiments would have yieldedebeatata for these motions since
they probe slightly differentife. faster) timescales (reviewed i2]1], see Figurel.l).
Nevertheless, the fit for residue 3&r(although of poor quality) is very exciting as the fitted
kex (2029+ 535 s, see Figure’.12) is close to thekeqt against ampicillin and carbenicillin
for PSE-4 ¢ 1.2 (ms)'?, [235). To further understand these motions potentially linked
catalysis, it will be interesting to get more insights inke fis-ms timescales and to study
dynamics of TEM-1 and PSE-4 mutants. Moreover, it will betical to obtain data
regarding dynamics during catalysis (see below).

We are aware that backbone dynamics can be decoupled frentisadn motions]58. The
apparent lack of motions seen for backbone N-H moieties erpthns timescale could be
coupled to important side-chain motions on the same tinkeses observed by
Leeet al.[158. Also, the apparent dynamics similarity between TEM-1 &8E-4 might
also prove limited to backbone amides with side-chains i@ty displaying different
motional patterns. Hence, a side-chain dynamics study tmpgbve very insightful.
Moreover, we are mindful about the lack of data for a boundfof wild-type PSE-4 either
with a B-lactam or an inhibitor. However, as highlighted by Savand &agné 239, 240,
this proves to be very difficult considering the high catalgtficiency of these enzymes (in
the case of}-lactams), or the high partition ratio for turnover and bition (Keat/Kinact, in
the case of inhibitors). FoB-lactams, this means that after only a short period of time
(shorter than the time needed for recording of NMR experisjerall substrate would be
hydrolysed. For inhibitors, this means that very high com@ions of ligands would be
needed in the NMR tube, concentrations potentially limibgdsolubility of the compound.
Indeed,keat/kinact for clavulanic acid and tazobactam are 80 and 1000, respsc{235.
Finally, we are aware that indications of conformationaltenge shown here are qualitative
and extracted from the variations of the transverse rdlaxaate Ry) over a restricted range
of magnetic field strengths. Indeed, despite the highly tmmg model-free data showing
the presence dRex around the active site, CPMG relaxation dispersion experigiiled to
give new insights by supplying quantitative data. Hence,$rms timescale will be an
interesting target for further studies to better quanttig slow motions detected here,
especially for what concerns motions around $héoop and active site cavity. This will be
very interesting as this timescale corresponds to thateftbavage of th@-lactam ring.
Thus, the recording oRy, relaxation dispersion data will certainly shed light onke t
conformational exchange processes suspected to arisethmeactive site where some
residues€.g.Lys’3), although rigid on the ps-ns timescale, display broadeesdnances, in
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addition to some resonances being even invisible as a refspétak broadeninge(g. Ser'®
and Alg39).

Finally, the detailed backbone dynamics data gathered &-# will join those from
TEM-1 in enabling in-depth comparative MD simulations. Buwc comparative study of
PSE-4 backbone dynamics characterised by MD and NMR ismilyrenderway by Olivier
Fisette in our laboratory. This will permit better silico studies of the dynamics of class A
wild type and mutanf3-lactamases in the presence of substrate, experiments vainec
impossible using NMR because the turnover rate of rele@dattams is tremendously fast
with respect to NMR experiments being quite long.



Chapter 8

Dynamics of Class AB-Lactamases:
cTEM-17m Backbone Resonance
Assignments

The rapid evolution of class A-lactamases, which procure resistance to an
increasingly broad panel d#-lactam antibiotics, underscores the urgency to
better understand the relation between their sequenceatieari and their
structural and functional features. To date, more than 3idcally-relevant
B-lactamase variants have been reported, and this numbenwes to increase.
With the aim of obtaining insights into the evolutionary @atial of
B-lactamases, an artificially engineered, catalyticallyivacchimera of the
class A TEM-1 and PSE-lactamases is under study by kinetics and NMR.
Here we report théH, 13C, and!®N backbone resonance assignments for the
30 kDa chimera cTEM-17m. Despite its high molecular weighie data
provide evidence that this artificially-evolved chimerizzgme is well folded.
The hydrolytic activity of cTEM-17m was determined using tthromogenic
substrate CENTA, wittky = 160 + 35puM andkeat = 20 + 4 571, which is in

the same range as the values for TEM-1 and P$Hattamases.
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8.1 Context

Hundreds off3-lactamase variants have been clinically isolated (sg®y Clinic Website
visited in November 2009). Their rapidly increasing nunsbenderscore the urgency to
better understand their swift evolution, which is severeigdermining the clinical
effectiveness of-lactam drugs.

Series of functional, ‘chimeri@3-lactamases have previously been obtained, where fragment
of different class-A3-lactamases were blendes¥] 187, 272]. The novel protein engineering
algorithm SCHEMA was applied to recombine TEM-1 and PJEldctamases with the least
amount of disruption of native residue contacts. Their lagological homology (backbone
RMSD = 1.3 A) was offset by their moderate sequence identity%}. Application of the
SCHEMA algorithm resulted in orders of magnitude better sasdn generating functional
TEM-1/PSE-4 chimeras relative to random sequence shuffédy Nonetheless, greater
recombination resulted in less functional chimeras, usm®#ing the negative impact toward
function of disrupting specific contacts within the proteimdeed, it was not possible to
predict which among the greater sample of designed chimveyakl fold, or be functional.

To further understand the evolutionary potentiaPafictamases, we must gain insight into
the structure of such artificially evolved yet functionakzgmes. We cannot predict how
closely matched the functional chimeras may be to eitheh®ffEM-1 and PSE-4 ‘parent’
structures. As a first step toward this goal, we report theklb@ame assignment of a
functional chimera produced by blending eight sequencekslo(A: residues 26—65,
B: 66—73, C: 74-149, D: 150-161, E: 162-176, F: 177-190, G: 284, H: 219-290) of
TEM-1 and PSE-4372, according to the standard Ambler numbering scheme fockvhi
CTEM-17m is numbered from 26 to 290, with gaps at position8 28d 253 §]. The
chimera cTEM-17m is the blend of segments 26-149 (A-B-C) arid-290 (G-H) from the
TEM-1 parent, with segment 150-190 (D-E-F, encompassiagctimserved? loop) from
PSE-4. The chimera cTEM-17m was selected according to ip&aity to hydrolyse
ampicillin (personal communication from Michelle M. Meyand Frances H. Arnold,
California Institute of Technology). cTEM-17m has 17 muias relative to TEM-1 (hence
its name) and 133 mutations relative to PSE-4 (FigtideA); other residues are identical
between the two parents. This results in a chimeric actiee(see Figur&.1-B).


http://www.lahey.org/Studies/temtable.asp
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A

cTEM-17m 26 HPETLVKVKDAEDQLGARVGYIELDLNSGKILESFRPEERFPMMSTFKVLLCGAVLSRVD
TEM-1 26 HPETLVKVKDAEDQLGARVGYIELDLNSGKILESFRPEERFPMMSTFKVLLCGAVLSRVD

cTEM-17m 86 AGQEQLGRRIHYSQNDLVEYSPVTEKHLTDGMTVRELCSAAITMSDNTAANLLLTTIGGP
TEM-1 85 AGQEQLGRRIHYSQNDLVEYSPVTEKHLTDGMTVRELCSAAITMSDNTAANLLLTTIGGP

CTEM-17m 146 KELTDFLRQIGDKETRLDRIEPDLNEGKLGDLRDTTTPKAIASTLRKLLTGELLTLASRQ
TEM-1 146 KELTAFLHNMGDHVTRLDRWEPELNEAIPNDERDTTMPAAMATTLRKLLTGELLTLASRQ

cTEM-17m 206 QLIDWMEADKVAGPLLRSALPAGWEFIADKSGAGERGSRGIIAALGPDGKPSRIVVIYTTG
TEM-1 206 QLIDWMEADKVAGPLLRSALPAGWFIADKSGAGERGSRGIIAALGPDGKPSRIVVIYTTG

cTEM-17m 268 SQATMDERNRQIAEIGASLIKHW 290
TEM-1 268 SQATMDERNRQIAEIGASLIKHW 290

Figure 8.1:Building blocks for cTEM-17m. (A) Primary sequence alignment of cTERRrlwith the
parental TEM-1. Mutations relative to TEM-1 (17 in total) are underlinedltaoid while the segment
from PSE-4 is in bold. (B) cTEM-17m recombination blocks from TEM-H &8E-4B3-lactamases
displayed on PSE-4 structure (POB568 [165). White: segments from TEM-1 (residues 26-149
and 191-290); black: segment from PSE-4 (residues 150-19G)ve/site residues (S&t; Lys’s,
Sef30 and GIt%9) and the disulfide bond (between Gyand Cy32%) are shown as balls and sticks.


http://www.pdb.org/pdb/explore/explore.do?structureId=1G68
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8.2 Methods

8.2.1 Cloning

The original construct for cTEM-17m was produced as repbhbig Voigt et al. [272 and
was a generous gift from Michelle M. Meyer and Frances H. Ati{€alifornia Institute of
Technology). The DNA sequence encoding the mature chinidactamase was fused 3’ to
the OmpA signal peptide and inserted into the plasmid pETN&¥agen, Gibbstown, NJ) as
previously described for PSE-496].

8.2.2 Unlabelled TEM-1, PSE-4 and cTEM-17m

The expression of unlabelled TEM-1, PSE-4, and cTEM-17nmewedertaken ikEscherichia
coli using previously described procedur&gl][ Purifications were performed according
to a two-step protocol using an Akta FPLC (GE Healthcaregdvay, NJ) as previously
described21, 54].

8.2.3 [°NJ- and [13C, 1°N]-Labelled cTEM-17m

Uniformly [*°N]- and ['°C, °N]-labelled cTEM-17m was overexpressed and purified as
previously described for PSE-4196¢. Activity was qualitatively monitored during
purification using the chromogenic cephalosporin subsmétocefin (see Figurg.1, [202))

and purity was assessed by Coomassie blue staining follo®i»g-PAGE. Typical yields
were of 65 mg/L of > 98 % pure protein.

8.2.4 Enzyme Kinetics

Km andkeat values for hydrolysis of CENTA (see Figu&?2, [132) by TEM-1, PSE4, and
CTEM-17m were determined at room temperature in 50 mM sodplmosphate buffer
pH 7.0 using a molar extinction coefficient at 405 M¥hos,m = 6400 M~tcm~1 [132 over
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a concentration range of 35-10QM. Substrate hydrolysis was monitored according to
initial steady-state velocities for six substrate conitns which flanked th&y, values
for TEM-1, using a Cary 100 Bio UV-visible spectrophotomet¥arian Canada Inc.,
Montréal, QC). The kinetic parameters were calculated frowm ihitial linear portion
(corresponding to the first 10 % of substrate hydrolysis)hef turve and analysed using
non-linear regression and the Michaelis-Menten equatid88[ using the software
GraphPad Prism(GraphPad Software, San Diego, CA). Thgy; parameter was thus
determined according td 89:

Vimax
a = — 8-1

where kegt IS the catalytic turnover constan¥max iIs the maximum enzyme velocity
extrapolated to maximum substrate concentrations, anériagme concentratiofE] was
determined using the BioRad protein assay (Biorad, Hercule$,t&dng into account its
estimated purity via SDS-PAGE analysis usidgon Image analysis softwafiIH Image.
The values obtained are in general agreement with preyioapbrted values for the same,
or similar, systemslf4].

8.2.5 NMR Spectroscopy

NMR samples were prepared from lyophilised protein in 0.1 Z6leg 3 mM imidazole,
10 % D,O, pH 6.7 at a protein concentration of 0.4 mM. No additional bu¥fes added to
minimise interactions with the chimera, as had been preloabserved in the case of
phosphate buffer interacting with TEM-1's active sig3§. Chemical shift referencing was
performed externally since it was previously shown that @88 interact with PSE-4 (see

H S

COOH
NO,

COOH

Figure 8.2: Structure of the chromogenic cephalosporin CENTA. As in Figufethe B-lactam ring
is shown in red.


http://www.graphpad.com/prism/Prism.htm
http://rsb.info.nih.gov/nih-image/
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Chapter7 and [194]). NMR spectra were recorded at 3.6 (calibrated using MeOH as
described before in Sectioh2.4 on a Varian INOVA 600 MHz equipped with zaxis
pulsed field gradient triple resonance cold probe. Backbesigaments were obtained from
5N-HSQC [13§ and TROSY p2Q versions of HNCA [L02 122, 141, 197, HN(CO)CA
[288, HNCACB [141, 197, 285, HN(CO)CACB [101], HNCO [102 122 141, 197], and
(HN)CO(CO)NH [L03 experiments in Varian Biopack (Varian Inc, Palo Alto, CA).€elTh
different spectra were recorded using their sensitivithagiced versions1B8 274].
Spectral widths were as follows fdH and >N dimensions, respectively: 11990 and
1534 Hz. For the different triple resonance spectra, thetsglewidths for'3C varied as
follows: 3920 Hz (HNCA and HN(CO)CA), 9049 Hz (HNCACB and HN(CO)CACREhd
1750 Hz (HNCO and (HN)CO(CO)NH).

Processing of NMR data proceeded ushiigRPipe[55]. FIDs were shuffled to yield pure
absorptive two-dimensional line shapes from the sensitemhanced data with the
‘ranceY.M’ macro. Water signals were subtracted with thecfion ‘SOL'. Linear prediction
was performed in the indirectC and°N) dimensions to extend the amount of data points
by 100 %. Finally, the baseline in each dimension was catketsing the function
‘POLY -auto ord O'.

Analysis of spectra was performed usiggnartnoteboo248 within NMRView [131].
Chemical shifts for cTEM-17m were predicted based on assggisnfor TEM-1 (BMRB
6024 6357, and7238 and PSE-4 (BMRB5838§ using the progranODRB[99] to guide the
assignment withirsmartnoteboakSecondary structures were inferred from the/Cg / C’
chemical shift index (CSI1)483 with coil reference chemical shifts taken froRef-DB

[294.

8.3 Results and Discussion

The cTEM-17m chimera gives rise to spectra of high qualitigyFe 8.3-A), as do its
parentalB-lactamases TEM-12/41] and PSE-4 196€], despite their molecular weight being
near 30 kDa. Thé®N-HSQC for cTEM-17m is closely related to that of TEM-1 ancEP$
such that some well-resolved peaks could be assigned Iglifect. Glu?, Val**, Met®®,
Glyl72, Gly?%, and Trg%9), based solely on the 2B°N-HSQC. However, for the vast
majority of residues, assignment required the use of tripgé®nance backbone experiments


http://spin.niddk.nih.gov/NMRPipe/
http://www.bionmr.ualberta.ca/bds/software/snb/
http://www.onemoonscientific.com/nmrview/
http://www.bmrb.wisc.edu/data_library/generate_summary?6024
http://www.bmrb.wisc.edu/data_library/generate_summary?6357
http://www.bmrb.wisc.edu/data_library/generate_summary?7238
http://www.bmrb.wisc.edu/data_library/generate_summary?6838
http://www.bionmr.ualberta.ca/bds/software/orb/
http://www.bionmr.ualberta.ca/bds/software/snb/
http://redpoll.pharmacy.ualberta.ca/RefDB/stat.html
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and was guided from predicted chemical shifts based on temidal shifts for TEM-1 and
PSE-4.

Assigned amide resonances are shown on FigBi@#,B. 90.8 % (228/251) of backbone
'Hy and™®N, 92.4 % (243/263) ot3Cy, 87.5 % (210/240) ot3Cy, and 86.3 % (227/263) of
13C’ were assigned. Missing assignments are the following:H&?%, Cy-His?®, C'-His?,
C-Arg®l, Cy-Prd®’, Cg-Pré®’, Cg-Met®®, Cg-Met®®, C-Met®®, Hy-Ser® N-Ser®,
Cp-Ser®, Cp-Thr'l, C-Sert®, Cg-Thrl?8, Cp-Sef*0, C'-Ser30, Hy-Asp™!, N-Asp'3,
Ca-Aspt3t, Cp-Asp!3t, C'-Asp®3t, Hy-Asnt32, N-Asnt®2, C-Gly44, Cg-Thrl49, Cs-GIu®®,
C-Glu®® C'-Gly1’? Hy-Lys!’® N-Lys'’3 C-Thr'®2 C’-Ala3 Hy-Asp?l4, N-Asp?l4,
Ca-Asp?t?, Cg-Asp?4, C-Asp?4, C-Lys?, Hy-Val?®, N-val?!®, Cy-Val?'®, Cg-val?®e,
C-Val?16 Hy-Ala?t’, N-Ala?l’, Cy-Ala?l’, Cg-Ala?’, C-Ala?’, Hy-Gly?'8 N-Gly?8
Ca-Gly?!8, C-Gly?18 Cy-Protd, C-Pro?td, C-Pro?’d, Hy-Let???, N-Lelr??, Cy-Let?P?,
Cp-Lew??®, C-Lew???, Hy-Lew??, N-LetP?!, Cy-Lel??!, Cg-Lew??!, C-Lew??>, C-Asp?33,
Hn-Lys?34, N-Lys?®*, Cy-Lys®* Cg-Lys?®*, C-Lys?®4, Hy-Ser®, N-Sef®, Cy-Sef?®,
Cp-Sef®, C-Sef®, Hn-Gly?®, N-Gly?%, Cy-Gly?®, C-Gly?3®, Hy-Ala?®’, N-Ala®?,
Ca-Ala®¥’, Cs-Ala?37, C'-Ala?®’, Hy-Gly?®8, N-Gly?38 Cy-Gly?38, C'-Gly?38, Hn-Glu?40,
N-GIu?4, Cy-Glu24, CB-GIu24O, C’-Glu240, Hn-Arg24l N-Arg241, Ca-Argz"'l, Cg-ArgZA'l,
C-Arg?*L, Hn-Gly?#2, N-Gly?*2, Cq-Gly?#2, C'-Gly?42, Hn-SeP*3, N-Sef*3 Cy-Ser?s,
Cp-Ser*3, C-SeP*3 Hy-Arg?*, N-Arg?*4, Cg-Arg?#4, Cg-11€?46, Cg-lle?*?, C-Gly?!,
C-Lys?®%, Cp-Prc?>’, C-Thr?%5, Hy-Thr?®6, N-Thr2®6, Cy-Thr?%6, Cg-Thr?%6, C'-Thr2S,
Hn-Gly??, N-Gly?®7, C*-Thr?"%, Hy-Met?’2, N-Met*’?, Cg-le?®, and C'-Trp®°,

Backbone!H, 13C, and!®N resonance assignments have been deposited BB under
accession numbér6598and are also available in Appendix 5 (Takhle5).

Spin relaxation studies on both TEM-24( and PSE-4 (see Chapté)y [194 have shown
that conformational exchange is present in the vicinity loé tactive site of class A
B-lactamases, broadening backbone resonances 6t &ed Al€3’, in particular. Those
resonances were also broadened for cTEM-17m. The additimaasigned resonances that
are clustered around the chimeric active site (Figu¥ may be the result of a similar line
broadening effect. Indeed, unassigned resonances in tQECHfBe either very weak (with
S/N five times lower than for assigned resonances on aveoagd)sent in the different 3D
spectra (data not shown), precluding their assignment. ingjakhis observation into
consideration, the proportion of assigned chemical skwiteen compared to the number of
‘really’ assignable resonances) is then much closer to 100 Pétential slow motions


http://www.bmrb.wisc.edu
http://www.bmrb.wisc.edu/data_library/generate_summary?16598
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Figure 8.3: Backbone chemical shift assignments for cTEM-17m. (A) 2IN-HSQC of
[*°N]-labelled cTEM-17m with an enlarged view of the most crowded regiothefspectrum (B).
Active site residue LyS is highlighted with a red box. Side-chains are either marked ky: \(for
Trp side-chains) or linked by a line for Arg, Asn, and GIn side-chainbiiets. Unassigned peaks are
marked by an asterisk. The peak from residue?&lbeing too weak for observation at the current
level, its position is marked by ‘+'.
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causing this line broadening are currently under investigaand will be presented in detail
elsewhere.

The class AB3-lactamase-like 3D structure of cTEM-17m chimera is irddrfrom different
observations. First, thEHy resonances are well dispersed (see FiguBA), proving the
folded nature of the protein. Second, the protein was foorigetactive in hydrolysing the
B-lactam chromogenic substrate CENTA (see Figug[137). Indeed, we determined the
cTEM-17m chimera to posses¥a of 160+ 35 puM and akea of 20 + 4 s~ for CENTA
hydrolysis, which is in the same range as the values obtdonétEM-1 and PSE-414, 132
(see Table3.1). Third, the conserved disulfide bridge between Cymd Cy3$23is present.
Indeed, G shifts for Cys” and Cys2® are 44.9 and 42.5 ppm, respectively, indicating they
are oxidised 247]. Finally, CSI [283 predicted secondary structures are in almost perfect
agreement with TEM-1 and PSE-4 secondary structures ¢attdom aDSSPanalysis 133

of the crystal structures PDBBTL [129 and 1G68[165, respectively (see Figurg.5).
Together, these observations confirm that cTEM-17m is atifumal class AB-lactamase,
although it originates from artificial recombination.

Figure 8.4: Unassigned backbone resonances for cTEM-17m are shown ob tstel@ture for PSE-4
(PDB 1G6§ [165). Black denotes residues with no amide (prolines and N-terminus) whéfea

denotes missing assignments. Active site residues{3ars’3, Sef30, and GId®®) and the disulfide
bond (between Cy$ and Cy323) are shown as balls and sticks.


http://swift.cmbi.ru.nl/gv/dssp/
http://www.pdb.org/pdb/explore/explore.do?structureId=1BTL
http://www.pdb.org/pdb/explore/explore.do?structureId=1G68
http://www.pdb.org/pdb/explore/explore.do?structureId=1G68

Figure 8.5: Secondary structure predictions for cTEM-17m frogn/@Cg / C* CSI [283. The secondary structures of TEM-1 and PSE-4 are shown
(based on ®SSH 133 analysis of PDBLBTL [129 and 1G68[169, respectively) witho helices andB strands as large black and small grey boxes,
respectively. Active site residues (S&rys’3, Set30, Glu'%6, and Ly$34) are highlighted vertically in light grey. Forand C’ CSl, positive values
indicate anx helical propensity, while negative values indicate a propensity for tmeetion of3 sheets. g CSI behave inversely.
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Table 8.1:Kinetics for hydrolysis of CENTA by TEM-1, PSE-4, and cTEM-17m.

Enzyme [Enzyme] Keat Km Keat/Km
(nM) (s (HM) (1M1
TEM-1 1.3 17+ 1 120+ 4 0.144+ 0.01
PSE-4 2.2 7.5:2 46+ 8 0.16+ 0.04
CTEM-17m 1.7 20+ 4 160+ 35 0.12+ 0.03

T Values are the average of triplicate ass&ySD.

8.4 Conclusions

In summary, we present the backbone chemical shift assigtsii@ cTEM-17m, a chimeric
B-lactamase consisting of segments from TEM-1 and P$Eattamases. According to
both kinetics and chemical shift data, the functional anacstiral features of this chimera are
generally conserved relative to the parental proteinsceSiime main difference with TEM-1's
active site is the presence of tidoop of PSE-4, it is not surprising that the chimera is active
Indeed, it has been observed that s@cloops are often removed, added or moved during
evolution 33. Moreover, data suggest that the slow dynamics detectétiactive sites of
TEM-1 and PSE-4 could be exacerbated in cTEM-17m. Forthegmork including kinetics
toward a range dB-lactam substrate$>N spin relaxation, and relaxation dispersion data will
soon complement these preliminary results.
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9.1 Class AB-Lactamases as Highly Ordered Enzymes with
Active Site Subjected tops-ms Motions

In summary, the work performed in this second part of theishexludes the backbone
chemical shift assignments of PSE-4 and the chimera cTEM;13as well as the
characterisation of PSE-4 backbone dynamics uSiNgspin relaxation (analysed within the
model-free formalism):°®N CPMG relaxation dispersion, and amide exchange expersnent

Previous NMR studies on a class [;lactamase performed by Savard and Gag2w]|
revealed two striking features in TEM-1 concerning the N-bhtls (and thus the peptide
plane). First, the enzyme was shown to be highly rigid on #s¢ ps-ns timescale. Second,
data pointed to the presence of slomgs-{n3 motions near the active site where ps-ns order
was higher. This was the data available when the studies BrR&gun.

Our studies in PSE-4 lead to no different conclusions thai EM-1: this interplay of ps-ns
order andus-ms motions in the active site was also observed. Modeldega pointed to an
ordered active site wheigsy terms also clustered. Additionally, the active site was nehe
two residues (SéP and Al&3”: residues forming the ‘oxyanion’ hole with their backbone
atoms) could not be observed, most probably because ohextiiee broadening. Finally,
the active site residue LY also suffered from conformational exchange line broadgnin
with its side-chain resonances being broadened to the ,mqmiseluding the titration of this
important residue. In fact, this duality of order and mosianight be present in all class A
B-lactamases as we also have clues for a similar phenomertba IFEM-1/PSE-4 chimera
CTEM-17m.

9.2 Future Work

With the data collected so far, it is now possible to take pinggect (the study of the dynamics
of class AB-lactamases) from discovery-driven to hypothesis-dras@ance. Our hypothesis
would then be the following:

A link exists between the apparently conserved slow motiotisei
active site of class B-lactamases and their catalytic mechanism.
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In order to verify this hypothesis, four different aspectfstioe dynamics of class A
B-lactamases will need further insights in the future:

1. The ps-ms timescale should be quantitatively analysed. The iamdpl of Rey
parameters in PSE-4 could be quantified by compaRagvith Rg the Rex-free Ry,
with the approach proposed by Hanssral. [109. Rex parameters derived this way
would be more quantitative than model-free derivBgk parameters and would
potentially allow the detection of more exchange. Addisilyy CPMG relaxation
dispersion experiments could be optimised in order to iwmprthe S/N ratio of
extracteoRS”. This would potentially allow the quantification of exchanigr other
residues than S&. In the case where optimised CPMG experiments would ‘really’
yield no additional information on exchange processeserotypes of experiments
could be performed to broaden the timescale probed anddedaster motions such
as those assumed by the model-free formalise (5-ms motions). As shown in
Figure 1.1, this could be done usinBy, relaxation dispersion (reviewed i211])

and/or RDC (reviewed in67])) experiments.

2. The dynamics should be characterised in the presencayarids, eithef3-lactam
antibiotics or -lactamase inhibitors (or both). Characterisation of clesn
dynamics upon ligand binding would further help the underding of this important
class of enzymes. Indeed, the binding of ligands might queshaw motions in the
‘oxyanion’ hole by which the amide resonances of residues®Sand Al®’ are
broadened to the noise. This could also affect side-chaonances of LyS and,
eventually, allow its titration. In the case where charas&ion of a ligand bound
wild-type class AB-lactamase using NMR would be unfeasible experimentally,
mutants or non-hydrolysable substrate analogs could le€.trilf none of these
approaches turned successfuh silico approaches might prove useful. Such
characterisation of dynamics in the presence of ligandegudD simulations is
currently performed for both TEM-1 and PSE-4 by Olivier Fise

3. The dynamics of mutants and chimera with different salstprofiles or different
kinetics parameters should also be characterised. As atagtin this direction, the
chimera cTEM-17m, for which the backbone chemical shifes mow available, is
currently under study by NMR using®N spin relaxation and CPMG relaxation
dispersion experiments.

4. Side-chain dynamics should also be characterised asntiglyt be quite different
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from backbone dynamics. As different side-chain groupsiavelved in ligand
binding and/or hydrolysis, their dynamics might prove ajthimportance and might
shed new light on the mechanism. To achieve charactenisatiside-chain dynamics,
two approaches could be used. As usual, NMR would be very golMeeviewed in
[121, 143), but would rely on assignment of side-chain chemicaltshifn this case,
TEM-1 might be a better target for such studies than PSE-@esatssignment of its
side-chain resonances is complet@89. On the other hand, MD simulations of
TEM-1 [79] and PSE-4 (Olivier Fisette, unpublished results) whichrevdirected
toward analysis of backbone dynamics could be used for @rglalso side-chain
dynamics and, thus, provide novel information potentialiy available fromn vitro
experiments.

Together, these new data will help further understand thetioa between motions and
activity in class AB-lactamases, and might serve for improvement of these uatde
B-lactam antibiotic drugs.
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Table 10.1:PSE-4 backbone chemical shifts

| Residue | ™ N Ha Ca Cp c
| # aa | (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) |

22 Ser n-ter n-ter - - -

23 Ser - - — - —

24 Ser - - - 58.942 63.619

25 Lys 8.415 124.016 3.995 58.626 32.307
26 Phe 7.777 115.596 4.018 58.669 37.036
27 Gln 7.418 120.401 - 59.836 28.489
28 GIn 8.470 118.709 3.939 58.036 28.002
29 Val 7.065 119.159 - 65.689 30.905
30 Glu 8.008 118.536 - 60.832 30.109
31 GIn 7.649 116.069 4.009 58.969 28.337
32 Asp 8.444 122.143 4.422 57.718 39.853
33 Val 8.777 119.998 - 67.056 31.271
34 Lys 8.033 119.373 - 59.785 32.275
35 Ala 7.752 119.905 4.238 54.963 18.006
36 lle 7.962 122.267 3.805 64.534 37.961
37 Glu 8.750 121.715 - 61.296 30.939
38 Val 7.600 115.614 3.914 65.632 32.234
39 Ser 8.403 117.241 4.170 61.882 62.913
40 Leu 8.632 117.977 - 54.858 42.411
41 Ser 7.781 117.176 4.214 58.849 61.618
42 Ala 7.884 120.054 5.050 49.938 23.978
43 Arg 8.301 119.340 4.993 55.651 31.936
44 lle 9.594 124.437 5.335 60.173 40.739
45 Gly 9.038 115.339 - 44.694 -
46 Val 9.127 122.675 5.519 59.171 36.865
47 Ser 9.247 119.145 4.952 57.492 66.765
48 val 8.891 122.823 5.052 61.471 35.621
49 Leu 9.279 128.364 5.035 53.651 45.550
50 Asp 8.935 127.713 4.828 53.575 41.877
51 Thr 7.948 115.766 - 64.611 69.027
52 GIn 8.973 122.886 4.115 58.234 29.221
53 Asn 7.624 112.828 4.862 52.011 39.325
54 Gly 8.192 110.306 - 46.235 -
55 Glu 8.119 121.234 4.332 57.526 30.782
56 Tyr 8.435 124.160 5.665 56.808 42.035
57 Trp 8.502 127.131 4.260 57.902 31.518
59 Asp 6.603 122.260 4.159 52.675 44.740
60 Tyr 8.179 117.511 4.171 57.728 41.727
61 Asn 8.764 123.962 4.301 53.926 36.107
62 Gly 8.338 101.370 - 47.244 -
63 Asn 8.268 112.637 5.002 51.783 38.948
64 GIn 7.285 120.237 4.133 55.106 29.407
65 Arg 7.837 115.935 4.805 55.092 31.818
66 Phe 8.900 118.748 - 55.635 43.286
67 Pro - - - 63.005 32.414

68 Leu 8.926 124.920 - 58.413 44.746
69 Thr 10.648 116.392 - 63.087 69.354
70 Ser - - - 63.752 66.065

71 Thr 8.177 113.743 - 65.016 69.673
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Table 10.1:PSE-4 backbone chemical shifts (continued)

| Residue | ™ N Ha Ca Cp c
| # aa | (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) |
72 Phe 8.315 116.862 - 59.169 38.524
73 Lys 6.721 122.814 2.782 61.821 30.694
74 Thr 6.554 111.876 - 65.289 69.667
75 lle 7.427 117.026 - 64.080 38.619
76 Ala 7.299 119.588 - 55.491 17.268
77 Cys 7.864 112.442 - 61.629 41.617
78 Ala 8.315 123.539 3.907 55.562 16.367
79 Lys 7.965 117.148 — 59.727 31.291
80 Leu 7.532 119.169 - 59.011 40.933
81 Leu 7.307 115.340 - 57.460 40.527
82 Tyr 8.642 122.615 - 61.971 39.462
83 Asp 9.465 121.451 - 57.266 39.438
84 Ala 8.488 125.893 4.728 54.919 18.056
85 Glu 8.350 122.397 - 59.841 29.198
86 Gln 7.600 113.914 4.248 55.024 28.983
87 Gly 7.911 107.912 - 45.817 -
88 Lys 8.302 118.089 4211 57.330 33.868
89 Val 6.993 114.844 4.261 59.689 35.426
90 Asn 8.762 123.205 - 48.846 39.156
91 Pro . - - 64.571 32.069
92 Asn 8.024 112.480 4.839 53.162 38.746
93 Ser 8.005 117.605 4.350 59.744 63.975
94 Thr 7.881 108.284 5.283 59.407 72.329
95 Val 8.875 119.094 4.269 60.610 35.165
96 Glu 8.356 124.433 4.477 55.721 30.524
97 lle 8.566 126.059 4.054 60.049 35.971
98 Lys 9.032 130.468 4.727 54.267 33.449
99 Lys 8.904 123.916 - 59.851 32.240
100 Ala 8.331 117.690 - 53.852 18.692
101 Asp 7.525 115.322 4526 55.001 41.576
102 Leu 7.106 116.970 - 55.859 41.978
103 Val 7.876 119.704 4.602 59.331 34.416
104 Thr 8.201 119.846 - 64.038 69.066
105 Tyr 8.690 123.039 3.954 60.412 36.037
106 Ser 8.475 117.957 4.719 55.246 64.734
107 Pro . - - 64.065 32.405
108 Val 8.690 118.870 3.971 64.611 33.250
109 lle 9.529 121.487 - 61.734 34.904
110 Glu 8.391 116.407 - 58.849 28.230
111 Lys 6.938 115.873 4.408 56.327 32.555
112 Gln 7.953 117.930 4508 54.737 30.199
113 Val 7.207 119.020 3.338 65.334 31.009
114 Gly 8.723 116.085 - 45.112 -
115 Gln 8.219 119.384 4.600 54.090 30.131
116 Ala 8.212 121.990 5.302 50.577 20.065
117 lle 8.499 119.429 4.850 58.803 41.531
118 Thr 8.749 113.075 5.205 60.165 71.305
119 Leu 7.733 119.577 - 57.803 40.838
120 Asp 8.370 119.496 - 58.638 42.383
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Table 10.1:PSE-4 backbone chemical shifts (continued)

| Residue | ™ N Ha Ca Cp c
| # aa | (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) |
121 Asp 8.195 118.328 - 57.122 39.832
122 Ala 8.545 125.224 - 55.496 16.063
123 Cys 8.185 118.807 _ 63.731 42.002
124 Phe 8.473 122.259 _ 62.287 38.282
125 Ala 8.750 121.660 - 55.371 17.678
126 Thr 8.524 116.397 4.161 67.170 68.350
127 Met 8.529 119.761 - 55.580 29.888
128 Thr 7.942 109.673 — 64.382 70.760
129 Thr 7.318 106.338 5.227 62.562 73.853
130 Ser 7.867 112.041 - 60.233 62.722
131 Asp 7.355 119.962 — 57.107 43.907
132 Asn 9.196 129.696 - 56.571 39.011
133 Thr 8.277 121.569 - 68.410 67.978
134 Ala 9.293 123.763 _ 55.189 18.290
135 Ala 7.113 116.050 - 55.522 18.994
136 Asn 7.828 119.507 4.763 55.498 36.857
137 lle 8.508 124.865 - 65.508 37.824
138 lle 7.752 120.623 - 62.282 35.357
139 Leu 8.959 118.438 _ 58.154 42.402
140 Ser 8.122 113.521 4.210 61.609 62.851
141 Ala 7.755 123.228 4.421 53.721 20.147
142 Val 7.703 107.340 4.730 59.726 32.034
143 Gly 7.602 108.553 - 45.642 -
144 Gly 9.017 110.339 — 45.378 -
145 Pro . - - 66.234 31.922
146 Lys 8.632 117.965 - 59.659 32.466
147 Gly 7.458 108.148 - 46.940 -
148 Val 8.454 121.963 - 67.288 31.307
149 Thr 8.581 119.015 - 68.661 -
150 Asp 8.797 121.680 _ 57.834 40.156
151 Phe 7.836 122.521 - 59.305 39.133
152 Leu 8.146 120.683 - 57.865 40.581
153 Arg 8.221 116.379 - 57.332 28.324
154 Gln 8.180 121.756 - 58.922 28.135
155 lle 7.629 111.451 4.342 60.940 37.775
156 Gly 7.585 109.064 _ 45.669 _
157 Asp 8.286 123.162 4.612 52.917 39.961
158 Lys 8.582 123.329 - 56.375 32.948
159 Glu 8.598 118.061 4.479 57.478 33.032
160 Thr 0.746 124.272 — 64.706 66.406
161 Arg 9.010 121.833 4.594 54.903 33.601
162 Leu 7.781 121.592 - 53.539 45.872
163 Asp 10.211 125.956 - 55.872 45,521
164 Arg 9.469 126.224 4.664 54.905 35.027
165 lle 7.232 106.006 - 59.427 37.984
166 Glu 9.002 117.273 - 55.542 28.971
167 Pro - . - 63.825 32.670
168 Asp 8.142 128.115 4.378 57.418 40.881
169 Leu 7.441 113.108 - 57.204 40.749
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Appendix 1: PSE-4 Backbone Chemical Shift Assignments

Table 10.1:PSE-4 backbone chemical shifts (continued)

| Residue | ™ N Ha Ca Cp c
| # aa | (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) |
170 Asn 7.555 119.088 - 54511 40.501
171 Glu 7.221 121.302 - 60.818 30.185
172 Gly 9.714 105.157 _ 46.362 -
173 Lys 8.135 118.750 3.579 57.694 33.196
174 Leu 8.151 128.201 - 56.881 41.370
175 Gly 8.993 115.489 - 45.120 -
176 Asp 7.282 120.820 4.490 52.937 42.031
177 Leu 8.747 128.110 — 55.561 42.902
178 Arg 7.990 119.789 _ 57.032 30.597
179 Asp 9.087 115.855 - 55.508 42.721
180 Thr 7.349 105.853 - 59.782 75.089
181 Thr 8.485 112.982 4.266 59.606 69.030
182 Thr 8.666 111.560 5.582 57.591 67.712
183 Pro . - - 65.539 31.640
184 Lys 8.324 116.746 - 59.493 33.306
185 Ala 8.317 124.469 - 55.275 18.424
186 lle 8.226 116.117 - 61.671 36.920
187 Ala 7.146 124.603 - 55.616 18.075
188 Ser 7.538 111.410 _ 61.192 62.889
189 Thr 8.763 123.201 _ 67.074 67.953
190 Leu 8.608 120.811 - 58.812 41.369
191 Asn 7.860 116.161 - 56.977 39.190
192 Lys 7.810 118.848 - 60.026 32.019
193 Phe 7.810 114.255 4510 57.725 38.735
194 Leu 8.053 115.430 3.965 56.785 42.701
195 Phe 7.811 112.603 4.967 56.578 40.494
196 Gly 7.437 110.211 - 45.345 -
197 Ser 8.681 113.923 - 57.978 63.988
198 Ala 7.459 122.778 4.270 55.268 19.223
199 Leu 7.998 113.573 5.083 52.205 46.823
200 Ser 10.430 118.541 - 57.822 64.749
201 Glu 8.852 122.560 - 59.970 29.344
202 Met 8.388 115.546 4.115 58.625 32.027
203 Asn 7.501 119.525 4.845 54.595 38.559
204 Gln 8.895 123.828 _ 60.033 27.617
205 Lys 7.621 115.884 3.935 57.962 31.486
206 Lys 7.475 123.079 3.626 59.214 31.906
207 Leu 7.892 120.470 - 57.826 41.668
208 Glu 8.272 117.011 - 60.200 30.452
209 Ser 8.220 114.758 — 61.965 -
210 Trp 7.915 123.170 _ 58.358 28.793
211 Met 7.528 113.622 6.823 58.576 36.327
212 Val 9.409 124.675 - 66.357 32.790
213 Asn 7.930 115.795 4.821 54.132 38.621
214 Asn 6.902 118.361 - 55.365 39.231
215 Gln 9.439 125.964 4,558 56.262 30.792
216 Val 8.339 112.363 4.864 61.624 31.950
217 Thr 8.010 109.307 4,559 60.691 67.845
218 Gly 9.142 116.142 - 47.812 —
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Appendix 1: PSE-4 Backbone Chemical Shift Assignments

Table 10.1:PSE-4 backbone chemical shifts (continued)

159

| Residue | ™ N Ha Ca Cp c
| # aa \ (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
219 Asn 8.116 113.176 4.691 52.381 36.926 174.
220 Leu 7.211 116.186 - 51.979 40.807 177.44
221 Leu 7.097 126.059 - 57.992 41.608 178.2774
222 Arg 8.821 116.534 - 60.128 30.135 176.8
223 Ser 7.466 112.791 - 61.187 63.901 174.7
224 val 7.208 112.690 4.528 59.676 32.045 173.
225 Leu 6.639 125.629 - 52.823 44.000 174.609
226 Pro - - - 62.300 30.633 175.613
227 Ala 8.157 124.396 - 53.558 17.991 179.25
228 Gly 8.664 110.769 - 45.478 - 174.81
229 Trp 7.945 121.645 4.647 57.294 28.949 174.331
230 Asn 8.767 117.944 4.502 51.738 40.844 172.176
231 lle 7.973 114.767 5.480 58.881 40.414 170.395
232 Ala 9.058 129.143 - 50.084 21.863 175.974
233 Asp 8.287 120.976 5.659 53.719 44.474 174.
234 Arg 7.840 118.962 - 57.930 34.023 172.7
235 Ser 8.667 124.927 - 57.490 67.931 172.472
236 Gly 8.628 103.858 - 45.932 - 173.000
237 Ala - - - 51.964 22.953 176.039
238 Gly 8.342 107.395 - 46.028 - 172.6
240 Gly 8.691 108.384 - 45.650 - 173.7
241 Phe 8.503 115.423 4.162 59.366 36.393 175.329
242 Gly 8.531 103.084 - 45.648 - 174.611
243 Ala 7.543 123.571 - 53.098 17.291 179.200
244 Arg 8.569 123.928 - 55.241 33.633 173.7
245 Ser 8.738 118.223 5.269 56.595 67.305 174.070
246 lle 8.801 114.673 - 60.796 41.735 171.242
247 Thr 8.636 114.143 - 57.504 71.733 174.921
248 Ala 10.175 128.472 5.548 49.896 24.358 173.
249 val 9.562 122.233 5.404 61.017 33.839 175.
250 val 9.389 119.382 5.843 58.908 35.358 174.
251 Trp 8.200 119.854 - 57.221 31.311 171.7¢
252 Ser 8.763 115.795 4.387 56.162 66.395 173.706
254 Glu 8.520 118.500 - 59.012 29.336 176.7¢
255 His 7.835 113.003 - 54.947 30.674 173.1
256 GIn 7.304 122.786 4.382 54.054 29.702 173.
257 Ala 8.393 131.358 - 50.924 17.165 174.5¢
258 Pro - - - 63.617 31.717 176.066
259 lle 9.394 126.230 5.014 59.124 40.832 175.461
260 lle 9.432 125.626 5.093 60.816 39.259 175.122
261 val 9.818 127.483 5.085 60.884 35.279 174.375
262 Ser 9.283 123.275 5.491 56.935 65.607 172.
263 lle 8.783 122.273 4.781 61.053 41.832 172.
264 Tyr 9.373 125.838 - 57.412 42.074 172.45
265 Leu 9.045 119.848 5.582 54.140 45,531 177.099
266 Ala 9.454 123.758 4.599 52.033 23.690 174.309
267 GIn 8.746 117.744 - 56.570 25.650 173.549
268 Thr 8.258 111.557 5.226 59.293 69.179 173.
269 GIn 8.991 127.509 - 55.727 28.977 175.4(78
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Table 10.1:PSE-4 backbone chemical shifts (continued)

| Residue | ™ N Ha Ca Cp c
| # aa | (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) |
270 Ala 8.307 124.327 4.261 52.714 20.808
271 Ser 9.010 119.609 - 58.067 65.170
272 Met 9.210 122.412 _ 58.024 30.670
273 Glu 8.895 117.980 _ 60.888 28.670
274 Glu 7.723 119.220 - 59.264 30.389
275 Arg 8.253 119.759 - 60.457 30.633
276 Asn 8.906 119.606 - 55.635 36.943
277 Asp 8.125 118.576 — 57.062 40.824
278 Ala 7.693 121.416 4.032 55.224 19.373
279 lle 7.435 116.736 - 65.602 36.626
280 Val 8.063 119.683 - 67.850 31.570
281 Lys 8.468 120.062 - 59.734 32.459
282 lle 8.195 119.653 - 65.917 38.210
283 Gly 8.737 106.146 _ 47.174 _
284 His 9.066 119.342 - 59.039 28.579
285 Ser 7.989 115.444 4.050 62.302 67.298
286 lle 7.957 121.418 - 66.117 38.122
287 Phe 8.713 118.242 4521 59.230 36.509
288 Asp 8.344 119.809 4.413 56.927 40.475
289 Val 7.492 120.157 3.347 65.969 30.878
290 Tyr 7.339 116.209 4.300 61.300 40.274
291 Thr 8.418 111.123 4582 62.933 69.610
292 Ser 7.900 117.211 4.421 59.368 63.620
293 Gln 8.051 120.900 4.381 55.979 29.276
294 Ser 8.195 116.984 4.467 58.425 63.727
295 Arg 7.930 128.122 4.200 57.475 31.396

¢ Important active site residues (3&rLys’3, Tyr'%, Set30, Glul®6, and Arg34) are shown in bold
red while residues from th@ loop (residues 161-179) are coloured blue.

e Chemical shifts have been deposited in ##RB (under accession numbes39.

e n-ter: N-terminus amine (not observable).


http://www.bmrb.wisc.edu
http://www.bmrb.wisc.edu/data_library/generate_summary?6838
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Table 10.2:PSE-4*N spin relaxation data

| Residue | 50.6 MHz | 60.8 MHz | 81.0 MHz

\ # aa ‘ Ry ARy Ry ARy NOE ANOE ‘ Ry ARy Ry ARy NOE ANOE ‘ Ry ARy Ry ARy NOE

| [ s H sH [ s H sH [ s H sH
22  Ser n-ter n-ter n-ter n-ter n-ter n-ter n-ter n-ter n-ter n-ter n-ter n-ter n-ter n-ter n-ter
23  Ser n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o.
24  Ser n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o.
25 Lys | 1.690 0.144 13.203 0.601 0.518 0.0371.269 0.054 13.027 1513 0.572 0.095 15.113 1.050 0.614
26 Phe| 1.423 0.019 12.630 0.296 0.660 0.0161.091 0.014 13.767 0.180 0.693 0.032 17.039 0.728 0.764
27 GIn | 1.317 0.024 15382 0.271 0.730 0.0150.984 0.012 16.511 0.234 0.798 0.014 20.580 0.298 0.819
28 GIn | 1.399 0.036 14.498 0.347 0.715 0.0161.115 0.022 15421 0.301 0.773 0.038 19.950 0.750 0.792
29 \Val 1.289 0.017 14.777 0.347 0.748 0.0181.015 0.016 15.686 0.250 0.793 0.014 20.372 0.472 0.807
30 Glu | 1.315 0.043 15.721 0.348 0.841 0.0201.001 0.017 17.132 0.318 0.858 0.013 21.054 0.368 0.819
31 GIn | 1.286 0.032 15.085 0.372 0.790 0.0180.945 0.013 16.479 0.223 0.765 0.011 19.159 0.486 0.814
32 Asp| 1.360 0.019 15341 0.535 0.783 0.0161.122 0.073 14.426 0.344 0.859 0.043 17571 0.461 0.899
33 Val 1.318 0.024 15.786 0.229 0.780 0.0200.998 0.018 17.145 0.329 0.828 0.022 21.044 0.588 0.875
34 Lys | 1.326 0.029 16.232 0.369 0.810 0.0181.016 0.015 17.337 0.263 0.791 0.013 21.296 0.466 0.816
35 Ala | 1.321 0.017 15.679 0.364 0.787 0.0151.001 0.014 16.943 0.249 0.844 0.010 20.186 0.251 0.844
36 lle 1.296 0.025 15.088 0.401 0.789 0.0201.023 0.019 15564 0.303 0.823 0.014 18.734 0.436 0.885
37 Glu o.l o.l. o.l. o.l o.l o.l. ol o.l. o.l. o.l. o.l o.l. o.l. o.l. o.l
38 \Val 1.237 0.015 14.600 0.156 0.809 0.0200.979 0.016 15.614 0.226 0.821 0.023 18.275 0.248 0.818
39 Ser | 1.337 0.025 14.898 0.407 0.786 0.0161.006 0.013 16.101 0.277 0.791 0.011 19.336 0.228 0.834
40 Leu o.l o.l. o.l. o.l o.l o.l. o.l o.l. o.l. o.l. o.l o.l. o.l. o.l. o.l
41  Ser | 1.148 0.018 16.036 0.207 0.805 0.0190.892 0.014 16.695 0.285 0.826 0.019 21.590 0.469 0.883
42  Ala o.l o.l. o.l. ol o.l o.l. ol o.l. o.l. o.l. o.l 0.018 20.097 0.314 0.777
43 Arg | 1.226 0.018 16.753 0.354 0.743 0.0200.916 0.016 17.314 0.384 0.730 0.013 21.107 0.812 0.782
44  lle 1.257 0.022 14.702 0.218 0.792 0.0240.954 0.021 15.796 0.384 0.780 0.017 20.280 1.647 0.800
45 Gly | 1.329 0.047 15.295 0.266 0.831 0.0270.971 0.022 16.232 0.442 0.808 0.049 19.780 0.683 0.864
46  Val 1.326 0.027 15.458 0.218 0.785 0.0240.983 0.021 16.241 0.416 0.847 0.019 18.842 0.617 0.856
47 Ser | 1.346 0.042 15.799 0.238 0.813 0.0231.017 0.021 17.021 0.361 0.791 0.019 21.547 1.037 0.875
48  Val 1.343 0.034 15.135 0.242 0.766 0.0250.923 0.027 16.355 0.409 0.823 0.020 18.722 0.450 0.883
49 Leu | 1.282 0.030 15431 0.352 0.796 0.0270.984 0.026 16.507 0.507 0.798 0.023 22.224 1.241 0.835
50 Asp | 1.319 0.028 14969 0.271 0.752 0.0271.026 0.027 15.305 0.435 0.813 0.028 20.782 0.856 0.813
51 Thr | 1.366 0.035 13.713 0.424 0.776 0.0190.987 0.051 15.210 0.353 0.681 0.019 18.053 0.817 0.772
52 GIn | 1.395 0.015 13.736 0.133 0.606 0.0141.089 0.014 15.144 0.201 0.625 0.018 18.621 0.278 0.684
53 Asn | 1.348 0.027 11.319 0.194 0.545 0.0161.068 0.018 11.550 0.370 0.626 0.016 16.566 0.468 0.627
54 Gly | 1.372 0.017 13.207 0.431 0.718 0.0181.048 0.018 14.503 0.212 0.730 0.013 18.612 0.438 0.781
55 Glu | 1.315 0.017 13.238 0.234 0.691 0.0141.059 0.014 14.324 0.218 0.721 0.011 17.651 0.329 0.761
56 Tyr | 1.307 0.032 14.495 0.169 0.693 0.0190.974 0.021 15500 0.482 0.714 0.014 20.102 0.902 0.745
57 Trp | 1.236 0.034 18.162 0.513 0.780 0.0290.936 0.026 18.965 0.682 0.791 0.032 26.914 1.467 0.811
59 Asp | 1.214 0.012 15.773 0.165 0.815 0.0140.889 0.010 16.541 0.191 0.790 0.015 21.260 0.861 0.896
60 Tyr | 1.217 0.034 17.850 0.886 0.799 0.0260.906 0.024 16.114 0.398 0.876 0.018 22.093 0.642 0.921
61 Asn| 1.389 0.042 16.111 0.324 0.803 0.0240.988 0.024 16.165 0.395 0.830 0.033 20.461 0.545 0.865
62 Gly | 1.246 0.026 16.883 0.566 0.835 0.0230.900 0.021 17.875 0.443 0.819 0.027 24.174 1.700 0.896

el uonexe|ay ulds Ngp-3Sd ‘2 xipuaddy
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Table 10.2:PSE-4°N spin relaxation data (continued)

| Residue | 50.6 MHz | 60.8 MHz | 81.0 MHz

\ # aa ‘ Ry ARy Ry AR, NOE ANOE ‘ Ry ARy R, AR, NOE ANOE ‘ Ry ARy R, AR, NOE

| [ s H sH [ s H sH [ s H sH
63 Asn| 1.385 0.041 16.116 0.183 0.790 0.0191.000 0.017 16.884 0.322 0.813 0.0230.645 0.062 22.440 0.741 0.910
64 GIn | 1.343 0.020 15.807 0.381 0.807 0.0200.978 0.018 16.809 0.345 0.846 0.0270.661 0.018 21.693 0.578 0.882
65 Arg | 1.301 0.017 14.246 0.237 0.796 0.0220.990 0.039 14.258 0.360 0.807 0.0230.629 0.029 18.131 0.665 0.853
66 Phe| 1.381 0.069 15593 0.469 0.768 0.0281.014 0.028 16.264 0.512 0.790 0.0340.692 0.024 20.508 0.984 0.880
67 Pro - - - - - - - - - - - - - - - - -
68 Leu | 1.415 0.060 17.141 1.008 0.814 0.0421.034 0.044 16.694 0.926 0.803 0.0470.729 0.040 20.167 1.200 0.846
69 Thr | 1.465 0.052 16.422 0.475 0.843 0.0371.043 0.041 16.994 0.889 0.805 0.0460.732 0.039 22.120 1.100 0.876
70  Ser n.o. n.o. n.o. n.o. n.o. n.o.l n.o. n.o. n.o. n.o. n.o. n.o.| n.o. n.o. n.o. n.o. n.o.
71 Thr | 1.563 0.039 16.200 0.395 0.848 0.0271.058 0.026 17.875 0.500 0.820 0.0310.820 0.022 24.059 1.315 0.842
72  Phe o.l o.l. o.l. o.l o.l. o.l. o.l o.l. o.l. o.l. o.l o.l. o.l o.l. o.l. o.l. o.l
73 Lys | 1.470 0.047 16.174 0.233 0.813 0.0231.072 0.023 17.740 0.478 0.873 0.0280.702 0.030 24.036 2.090 0.836
74 Thr | 1.393 0.045 16.032 0.831 0.808 0.0210.972 0.017 15.097 2.019 0.856 0.0240.643 0.031 21.407 1.210 0.880
75 lle 1.457 0.036 15.809 0.473 0.832 0.0291.058 0.031 16.437 0.518 0.853 0.0390.688 0.040 20.771 1.508 0.873
76 Ala | 1.357 0.044 15.394 0.255 0.815 0.0231.023 0.022 17.473 0.407 0.866 0.0300.684 0.018 22.149 0.749 0.949
77 Cys | 1.292 0.032 15132 0.269 0.790 0.0190.968 0.016 16.811 0.795 0.794 0.0220.638 0.014 18.763 0.386 0.924
78 Ala | 1.340 0.021 16.414 0.287 0.841 0.0181.019 0.015 17.620 0.625 0.820 0.0200.692 0.011 19.901 0.432 0.903
79 Lys | 1.393 0.034 16.577 0.660 0.845 0.0191.063 0.016 15.782 0.249 0.799 0.0210.705 0.014 19.677 0.478 0.917
80 Leu o.l o.l. o.l. o.l o.l o.l. o.l o.l. o.l. o.l. o.l o.l. o.l o.l. o.l. o.l. o.l
81 Leu | 1.283 0.030 15583 0.296 0.857 0.0310.985 0.024 16.951 0.434 0.863 0.0340.665 0.021 20.129 0.473 0.867
82 Tyr | 1.366 0.025 15.998 0.279 0.795 0.0241.058 0.023 16.823 0.406 0.850 0.0290.701 0.019 20.430 0.468 0.852
83 Asp | 1.353 0.021 16.602 0.686 0.808 0.0211.044 0.020 16.657 0.366 0.817 0.0250.703 0.022 21.233 0.741 0.887
84 Ala | 1.332 0.017 15845 0.551 0.771 0.0181.015 0.016 16.345 0.242 0.838 0.0220.681 0.024 20.032 0.308 0.879
85 Glu | 1.293 0.018 15547 0.257 0.809 0.0190.979 0.015 16.889 0.334 0.838 0.0230.654 0.012 20.142 0.600 0.891
86 GIn | 1.278 0.028 13.406 0.166 0.792 0.0190.973 0.015 14.562 0.560 0.802 0.0230.643 0.013 18.162 0.864 0.834
87 Gly | 1.256 0.015 14.998 0.212 0.770 0.0170.952 0.015 16.246 0.383 0.783 0.0210.644 0.013 19.283 0.333 0.861
88 Lys | 1.197 0.017 16.458 0.311 0.759 0.0190.949 0.016 17.311 0.276 0.791 0.0250.630 0.016 20.832 0.541 0.838
89 Val | 1.184 0.011 14.145 0.245 0.726 0.0140.902 0.009 14.780 0.146 0.735 0.0150.617 0.009 17.977 0.152 0.748
90 Asn o.l o.l. o.l. o.l o.l o.l o.l o.l. o.l. o.l. o.l o.l. ol o.l o.l. o.l. o.l
91 Pro - - - - - - - - - - - - - - - - -
92 Asn | 1.403 0.019 13.761 0.252 0.792 0.0161.014 0.013 14.611 0.190 0.798 0.0190.697 0.011 18.929 0.380 0.878
93 Ser | 1.275 0.024 15691 0.518 0.813 0.0160.935 0.013 16.774 0.231 0.833 0.0210.652 0.011 21.121 0.748 0.870
94 Thr | 1.222 0.029 14.751 0.368 0.786 0.0160.918 0.011 17.187 0.234 0.800 0.0190.616 0.018 20.936 0.353 0.869
95 Val | 1.257 0.021 15400 0.343 0.760 0.0230.979 0.020 15922 0.341 0.778 0.0290.669 0.018 19.813 0.757 0.813
96 Glu | 1.230 0.016 13.351 0.137 0.729 0.0140.945 0.012 14.503 0.190 0.712 0.0170.681 0.014 17.286 0.989 0.759
97 lle 1295 0.021 12.999 0.204 0.717 0.0231.005 0.021 14.283 0.287 0.741 0.0290.654 0.016 18.068 0.334 0.750
98 Lys | 1.240 0.018 14.556 0.179 0.710 0.0210.975 0.018 16.241 0.320 0.774 0.0260.659 0.018 19.151 0.429 0.824
99 Lys o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
100 Ala | 1.289 0.040 16.366 0.142 0.760 0.0160.982 0.018 18.179 0.242 0.767 0.0200.651 0.051 23.134 0.807 0.844
101 Asp| 1.289 0.021 13.891 0.213 0.761 0.0180.991 0.014 14.974 0.198 0.746 0.0200.686 0.011 17.879 0.416 0.738
102 Leu | 1.200 0.013 16.026 0.437 0.762 0.0180.911 0.014 17.052 0.238 0.774 0.0210.621 0.011 20.603 0.473 0.792
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Table 10.2:PSE-4°N spin relaxation data (continued)

| Residue | 50.6 MHz | 60.8 MHz | 81.0 MHz

‘ # aa ‘ Ry ARy R ARy NOE ANOE ‘ R1 ARy R ARy NOE ANOE ‘ Ry ARy R ARy NOE

| [ s H sH [ s H sH [ s H sH
103  Vval o.l o.l. o.l. o.l o.l. o.l. o.l o.l. o.l. o.l. o.l o.l. 0.024 20.911 0.708 0.794
104  Thr o.l o.l. o.l. o.l o.l. o.l. o.l o.l. o.l. o.l. o.l o.l. o.l. o.l. o.l. o.l
105  Tyr 1.421 0.025 13.941 0.412 0.711 0.0221.014 0.020 14.237 0.369 0.750 0.0% 0.023 17.726 0.413 0.758
106 Ser | 1.438 0.075 13.287 0.413 0.781 0.0221.013 0.031 14.665 0.293 0.828 0.0280.664 0.034 17.731 0.582 0.792
107 Pro - - - - - - - - - - - - - - - - -
108 Vval | 1.345 0.029 15.629 0.712 0.741 0.0261.066 0.027 16.249 0.418 0.741 0.0330.704 0.024 20.415 0.542 0.794
109 lle 1.245 0.066 16.122 0.447 0.784 0.0400.921 0.038 17.242 0.790 0.746 0.04 0.077 20.962 1.218 0.911
110 Glu | 1.252 0.022 18.033 0.260 0.798 0.0210.950 0.016 20.426 0.373 0.821 0.0% 0.014 24.653 0.531 0.870
111 Lys | 1.245 0.026 15.305 0.156 0.691 0.0180.954 0.015 16.623 0.251 0.738 0.0220.664 0.013 20.423 0.785 0.752
112 GIn | 1.237 0.029 14.825 0.538 0.734 0.0180.940 0.016 15598 0.230 0.759 0.02 0.012 19.458 0.506 0.812
113  Val 1.217 0.027 13.718 0.137 0.716 0.0150.972 0.012 14.989 0.177 0.697 0.0180.669 0.011 19.498 0.295 0.750
114 Gly | 1.360 0.026 15.188 0.305 0.759 0.0291.070 0.027 15.959 0.409 0.776 0.0330.712 0.022 19.146 0.463 0.830
115 GIn | 1.196 0.013 15.300 0.327 0.759 0.0160.953 0.012 17.526 0.252 0.774 0.0190.641 0.029 21.079 0.369 0.780
116 Ala | 1.179 0.010 12.739 0.175 0.695 0.0130.902 0.014 13.890 0.175 0.700 0.0160.639 0.021 16.557 0.165 0.703
117  lle 1262 0.045 13.822 0.192 0.730 0.0230.987 0.021 15311 0.322 0.732 0.0290. 0.016 19.409 0.536 0.798
118 Thr | 1.344 0.039 14581 0.277 0.800 0.0241.017 0.019 15,527 0.326 0.815 0.0270.682 0.033 18.891 0.370 0.872
119 Leu | 1.279 0.028 16.056 0.377 0.791 0.0260.987 0.033 17.571 0.646 0.857 0.0440.646 0.022 23.382 1.150 0.873
120 Asp | 1.277 0.035 16.024 0.261 0.830 0.0230.941 0.018 19.042 0.483 0.781 0.0280.648 0.016 22.441 0.582 0.926
121 Asp | 1.246 0.044 17.199 0.483 0.833 0.0220.927 0.018 18.241 0.534 0.852 0.0300.610 0.014 23.233 1.145 0.870
122 Ala | 1.340 0.020 15.880 0.406 0.808 0.0201.000 0.016 16.738 0.271 0.845 0.0240.659 0.042 19.969 0.384 0.918
123 Cys | 1.313 0.021 16.850 0.660 0.782 0.0190.974 0.020 18.282 0.441 0.783 0.03 0.015 22.706 0.836 0.867
124 Phe| 1.268 0.026 16.020 0.572 0.841 0.0240.855 0.058 18.179 0.388 0.796 0.0% 0.014 22.038 0.817 0.858
125 Ala o.l o.l. o.l. o.l o.l o.l. o.l o.l. o.l. o.l. o.l o.l. o.l. o.l. o.l. o.l
126 Thr | 1.361 0.033 16.778 0.352 0.788 0.0241.018 0.020 17.346 0.373 0.800 0.0% 0.019 20.459 0.409 0.910
127 Met | 1.392 0.039 18.249 0.351 0.817 0.0321.027 0.031 19.891 0.714 0.775 0.0400. 0.030 25.743 1.913 0.864
128 Thr | 1.328 0.047 20.473 0.697 0.829 0.0290.927 0.024 24.149 1.048 0.855 0.0340.663 0.024 25.346 5.928 0.863
129 Thr | 1.368 0.042 16.970 0.728 0.853 0.0371.007 0.034 17.822 0.786 0.824 0.04 0.067 22.006 0.933 0.944
130 Ser | 1.530 0.069 15.653 1.019 0.799 0.0321.070 0.035 19.723 1.338 0.859 0.0 0.036 21.992 1.828 0.894
131 Asp | 1.429 0.039 15514 0.372 0.802 0.0291.037 0.032 17.535 0.650 0.818 0.04 0.028 21.390 0.857 0.885
132 Asn| 1.523 0.042 15.857 0.344 0.814 0.0301.108 0.032 17.399 0.646 0.841 0.0350.832 0.038 22.338 1.014 0.851
133 Thr | 1.442 0.067 16.827 0.280 0.795 0.0251.077 0.027 16.932 0.523 0.815 0.0340.712 0.061 21945 0.616 0.940
134 Ala | 1.388 0.029 15.241 0.226 0.775 0.0211.032 0.018 15.949 0.316 0.818 0.0240.725 0.016 19.142 0.491 0.892
135 Ala | 1.370 0.029 15.057 0.201 0.849 0.0201.030 0.016 16.165 0.266 0.849 0.0% 0.022 19.341 0.472 0.870
136 Asn| 1.393 0.033 15.787 0.288 0.830 0.0181.035 0.018 16.523 0.322 0.828 0.0240.721 0.025 20.743 0.352 0.876
137  lle 1.395 0.028 15.953 0.740 0.821 0.0261.043 0.025 15.756 0.396 0.847 0.0320.702 0.021 19.084 0.549 0.861
138 lle 1.333 0.027 16.461 0.259 0.833 0.0261.002 0.026 17.368 0.459 0.838 0.0350.697 0.020 21.079 0.524 0.835
139 Leu | 1.415 0.039 15.184 0.469 0.780 0.0231.044 0.022 16.504 0.356 0.803 0.03 0.021 20.184 0.650 0.851
140 Ser | 1.367 0.026 14.175 0.194 0.788 0.0141.024 0.012 15.304 0.220 0.844 0.0180.660 0.027 18.111 0.211 0.878
141 Ala | 1.306 0.020 14.411 0.233 0.763 0.0151.009 0.012 15.368 0.183 0.805 0.0180.710 0.009 18.560 0.494 0.843
142  Val 1.308 0.033 13.580 0.229 0.813 0.0210.968 0.018 14.879 0.270 0.804 0.0% 0.023 18.141 0.787 0.874
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Table 10.2:PSE-4°N spin relaxation data (continued)

| Residue | 50.6 MHz | 60.8 MHz | 81.0 MHz

\ # aa ‘ Ry ARy Ry ARy NOE ANOE ‘ Ry ARy Ry ARy NOE ANOE ‘ Ry ARy Ry ARy NOE

| [ s H sH [ s H sH [ s H sH

143 Gly | 1.373 0.038 15.529 0.201 0.830 0.024 16.818 0.318 0.840 0.056 20.488 0.446 0.904
144 Gly | 1.425 0.028 14.629 0.254 0.830 0.018 16.223 0.293 0.835 0.023 20.649 0.397 0.904
145  Pro - - - - - - - - - - - - -
146 Lys o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
147 Gly | 1.349 0.021 15.547 0.197 0.829 0.018 17.314 0.322 0.863 0.018 19.343 0.397 0.901
148 Val | 1.343 0.025 15.785 0.418 0.822 0.029 21554 1.269 0.751 0.015 25.394 3.133 0.859
149 Thr | 1.347 0.025 17.043 0.325 0.751 0.021 17.671 0.424 0.772 0.023 21.716 0.907 0.818
150 Asp | 1.306 0.029 16.702 0.275 0.816 0.014 18.349 0.334 0.805 0.015 22.287 0.619 0.907
151 Phe| 1.338 0.033 16.211 0.368 0.803 0.018 17.023 0.350 0.829 0.019 21.219 0.949 0.942
152 Leu | 1.355 0.035 17.573 0.313 0.830 0.026 17.293 0.721 0.823 0.038 21.782 0.647 0.871
153 Arg | 1.307 0.028 18.101 0.814 0.835 0.020 19.494 0.511 0.830 0.025 24.322 2.497 0.940
154 GIn | 1.316 0.032 16.136 0.253 0.779 0.039 16.175 0.289 0.845 0.011 21.687 0.342 0.835
155 lle 1.331 0.023 11.025 0.656 0.606 0.016 11.050 1.129 0.457 0.015 15.441 1.020 0.720
156 Gly | 1.301 0.036 15.714 0.410 0.835 0.018 17.852 0.397 0.833 0.022 22560 0.579 0.877
157 Asp | 1.274 0.031 17.481 0.742 0.767 0.015 17.577 0.356 0.803 0.012 21.847 0.841 0.871
158 Lys | 1.274 0.063 15.813 0.255 0.768 0.024 16.519 0.485 0.775 0.047 18.734 0.484 0.865
159 Glu o.l o.l o.l o.l o.l 0.090 14.968 0.290 0.926 0.051 19.339 0.753 0.879
160 Thr | 1.332 0.026 14.647 0.223 0.811 0.021 15.162 0.390 0.833 0.019 20473 1.341 0.847
161 Arg | 1.474 0.034 16.526 0.317 0.783 0.023 17.619 0.566 0.815 0.031 22.866 1.287 0.882
162 Leu | 1.393 0.033 16.393 0.661 0.796 0.028 16.575 0.536 0.841 0.041 20.543 1.018 0.833
163 Asp | 1.339 0.060 15.058 0.583 0.839 0.050 15.808 0.943 0.773 0.043 19.626 1.157 0.920
164 Arg | 1.215 0.051 15.163 0.446 0.795 0.033 16.757 0.657 0.786 0.026 21584 1.234 0.817
165 lle 1.256 0.033 13.789 0.261 0.826 0.028 16.355 1.041 0.813 0.020 19.279 1.890 0.848
166 Glu | 1.331 0.048 15.901 0.400 0.804 0.036 17.338 0.679 0.840 0.034 21.157 0.855 0.883
167 Pro - - - - - - - - - - - - -
168 Asp o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
169 Leu | 1.399 0.070 15.729 0.284 0.790 0.024 17.852 1.433 0.819 0.022 23.866 1.115 0.882
170  Asn o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
171 Glu | 1.366 0.043 16.701 0.248 0.825 0.019 17.879 0.522 0.822 0.021 22.224 0.545 0.888
172 Gly | 1.406 0.074 15.141 0.381 0.786 0.034 16.923 0.785 0.833 0.028 23.774 2.081 0.849
173  Lys o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
174 Leu o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
175 Gly | 1.399 0.125 17.122 1.585 0.735 0.064 15914 1.461 0.784 0.060 21.354 2.081 0.776
176 Asp | 1.386 0.036 15.253 0.312 0.808 0.014 15.765 0.307 0.805 0.013 21.043 0.540 0.882
177 Leu | 1.512 0.077 14.803 0.693 0.792 0.027 13.807 0.494 0.793 0.045 21.011 0.789 0.823
178 Arg | 1.530 0.057 16.930 0.607 0.817 0.019 17.539 0.452 0.828 0.018 22.224 0.595 0.867
179 Asp | 1.368 0.039 15.838 0.606 0.807 0.027 16.050 0.606 0.860 0.038 20.433 1.323 0.881
180 Thr | 1.446 0.051 14.120 0.412 0.844 0.022 15.587 0.459 0.804 0.028 23.138 2.542 0.912
181 Thr | 1.401 0.036 15.325 0.284 0.822 0.026 15.835 0.490 0.821 0.021 20.890 1.343 0.906
182 Thr | 1.350 0.024 14.882 0.306 0.769 0.017 15.689 0.326 0.831 0.033 20.916 0.566 0.871
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Table 10.2:PSE-4°N spin relaxation data (continued)

| Residue | 50.6 MHz | 60.8 MHz | 81.0 MHz

\ # aa ‘ Ry ARy Ry AR, NOE ANOE ‘ Ry ARy R, AR, NOE ANOE ‘ Ry ARy R, AR, NOE

| [ s H sH [ s H sH [ s H sH
183 Pro - - - - - - - - - - - - - - -
184 Lys o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
185 Ala o.l o.l. o.l. o.l o.l o.l. o.l o.l. o.l. o.l. o.l o.l. o.l. o.l. o.l
186 lle 1.353 0.027 14.393 0.569 0.809 0.0201.114 0.051 16.139 0.383 0.846 0.017 19.410 0.328 0.892
187 Ala | 1.386 0.018 16.324 0.272 0.850 0.0191.051 0.015 17.277 0.283 0.840 0.013 22.097 1572 0.882
188 Ser | 1.288 0.021 o.l o.l 0.489 0.018 0.957 0.017 15.299 2.434 0.445 0.012 11.112 0.917 0.586
189 Thr o.l o.l. o.l. ol o.l o.l. o.l o.l. o.l. o.l. o.l o.l. o.l. o.l. o.l
190 Leu | 1.376 0.022 16.981 0.409 0.795 0.0221.032 0.020 17.402 0.421 0.826 0.018 21.576 0.468 0.917
191 Asn| 1.354 0.034 15.195 0.569 0.805 0.0200.934 0.047 18.613 0.942 0.778 0.015 20.969 1.010 0.876
192 Lys | 1.396 0.061 15.677 0.535 0.811 0.0211.150 0.079 15.749 0.276 0.873 0.044 19.761 0.479 0.910
193 Phe| 1.364 0.029 14.779 0.505 0.786 0.0180.983 0.014 15.724 0.237 0.843 0.018 20.305 1.262 0.879
194 Leu | 1.344 0.034 14937 0.223 0.832 0.0240.995 0.020 16.596 0.356 0.765 0.016 19.250 0.530 0.865
195 Phe| 1.317 0.050 14.492 0.333 0.778 0.0231.002 0.022 15528 0.771 0.827 0.017 20.147 0.889 0.890
196 Gly | 1.233 0.018 11.971 0.487 0.720 0.0190.916 0.016 13.876 0.231 0.762 0.012 17.489 0.267 0.789
197 Ser | 1.500 0.201 14.198 0.963 0.701 0.0%00.910 0.046 14.063 1.109 0.738 0.051 18.038 1.341 0.740
198 Ala | 1.325 0.035 14.502 0.230 0.670 0.0151.010 0.022 15410 0.216 0.670 0.038 19.423 0.696 0.719
199 Leu | 1.269 0.022 14.672 0.277 0.782 0.0160.926 0.012 15.720 0.211 0.802 0.010 18.946 0.359 0.854
200 Ser | 1.158 0.025 15.634 0.198 0.778 0.0220.855 0.019 16.547 0.372 0.820 0.019 20.811 0.891 0.792
201 Glu | 1.366 0.031 13.997 0.125 0.784 0.0181.080 0.030 14.984 0.231 0.804 0.036 18.672 0.671 0.856
202 Met | 1.386 0.027 14.473 0.270 0.772 0.0151.043 0.011 15.108 0.156 0.798 0.026 18.339 0.530 0.810
203 Asn| 1.361 0.044 14.633 0.239 0.844 0.0221.055 0.021 15997 0.294 0.847 0.018 19.765 0.350 0.859
204 Gin o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
205 Lys | 1.357 0.021 14.564 0.177 0.786 0.0201.014 0.018 15470 0.248 0.845 0.014 18.647 0.728 0.831
206 Lys | 1.350 0.018 15.025 0.152 0.809 0.0201.005 0.018 15.677 0.320 0.833 0.026 18.965 0.394 0.851
207 Leu | 1.371 0.026 15481 0.452 0.828 0.0201.053 0.021 16.902 0.346 0.773 0.045 20.134 0.408 0.833
208 Glu | 1.387 0.027 17.930 0.933 0.844 0.0291.091 0.018 16.382 0.274 0.844 0.026 22.854 2507 0.922
209 Ser | 1.386 0.019 14.718 0.216 0.795 0.0171.039 0.013 15.727 0.197 0.801 0.020 19.063 0.568 0.874
210 Trp | 1.401 0.025 15.325 0.315 0.812 0.0171.050 0.015 15.820 0.217 0.801 0.027 19.609 0.514 0.888
211 Met | 1.379 0.051 13.306 0.406 0.762 0.0270.998 0.025 o.l o.l 0.864 0.021 18.748 0.866 0.876
212 Val | 1.455 0.033 17.011 0.326 0.794 0.0271.047 0.029 17.380 0.529 0.836 0.059 21.457 0.798 0.919
213 Asn| 1.367 0.042 16.257 0.267 0.815 0.0361.068 0.052 16.287 0.296 0.853 0.016 20.498 0.732 0.969
214 Asn| 1.322 0.038 14.863 0.361 0.807 0.0180.927 0.015 15940 0.348 0.769 0.015 20.366 0.401 0.838
215 GIn | 1.291 0.033 15.617 0.699 0.767 0.0280.991 0.030 16.419 1.000 0.804 0.026 25.529 1.298 0.882
216 Val | 1.421 0.033 15.373 0.264 0.763 0.0231.040 0.021 16.809 0.381 0.758 0.023 23.332 0.643 0.846
217 Thr | 1.483 0.061 15484 0.178 0.766 0.0181.053 0.016 17.031 0.297 0.766 0.059 22,934 0.738 0.814
218 Gly | 1.583 0.193 18.832 1.975 0.739 0.0760.930 0.082 19.602 2.873 0.784 0.124 22.362 3.368 0.887
219 Asn| 1.469 0.106 16.691 0.212 0.800 0.0190.982 0.035 17.204 0.393 0.841 0.079 25.720 1.309 0.914
220 Leu | 1.336 0.036 16.346 0.231 0.813 0.0230.938 0.019 17.564 0.508 0.828 0.017 22.217 1.356 0.849
221 Leu | 1.319 0.073 18.198 0.858 0.797 0.0%520.909 0.054 19.905 1.468 0.772 0.057 27.843 2.792 0.974
222 Arg | 1.363 0.049 17.557 0.895 0.835 0.0400.949 0.035 17.401 0.949 0.851 0.038 22.658 1.132 0.903
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Table 10.2:PSE-4°N spin relaxation data (continued)

| Residue | 50.6 MHz | 60.8 MHz | 81.0 MHz

‘ # aa ‘ Ry ARy R ARy NOE ANOE ‘ R1 ARy R ARy NOE ANOE ‘ Ry ARy R ARy

| [ s H sH [ s H sH [ s H sH
223 Ser | 1.445 0.045 13.637 1.218 0.791 0.017 15,579 1.151 0.820 0.022 20.701 0.702
224  Val 1.374 0.061 15.607 0.424 0.808 0.020 16.420 0.407 0.845 0.016 21.087 0.456
225 Leu | 1.181 0.016 14.767 0.156 0.828 0.014 15.669 0.270 0.800 0.016 19.450 0.332
226  Pro - - - - - - - - - - - -
227 Ala | 1.183 0.031 14.551 0.102 0.762 0.009 15433 0.171 0.825 0.026 19.214 1.067
228 Gly | 1.312 0.084 13.626 0.743 0.732 0.036 14.134 0.379 0.773 0.068 19.064 0.759
229 Trp | 1.337 0.025 14.470 0.261 0.769 0.032 14.323 0.256 0.797 0.017 18.733 0.248
230 Asn| 1.283 0.027 15.073 0.477 0.775 0.024 16.654 0.443 0.750 0.021 19.901 1.128
231 lle 1.259 0.031 14483 0.275 0.855 0.015 15.609 0.249 0.824 0.022 19.029 0.256
232 Ala | 1.272 0.037 15.679 0.993 0.812 0.029 17.124 0.746 0.891 0.029 20.384 0.825
233 Asp| 1.337 0.048 16.284 0.392 0.795 0.019 16.915 0.440 0.805 0.028 20.958 1.017
234 Arg | 1.235 0.048 15.949 0.550 0.805 0.064 21.608 1.495 0.785 0.026 24.033 1.217
235 Ser | 1.466 0.289 21.903 1.580 0.846 0.088 20.983 3.235 0.764 0.088 27.182 4.184
236 Gly | 1.250 0.059 19.017 0.445 0.814 0.034 18.893 1.135 0.849 0.034 27.756 4.630
237 Ala n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o.
238 Gly | 1.260 0.039 16.250 0.509 0.730 0.016 16.894 0.418 0.752 0.019 21.495 1.536
240 Gly | 1.408 0.035 16.109 0.425 0.791 0.025 17.195 0.559 0.828 0.026 21.822 0.843
241 Phe| 1.474 0.039 15.627 0.436 0.771 0.026 16.996 0.553 0.830 0.048 20.834 0.610
242 Gly | 1.324 0.028 16.957 0.388 0.751 0.028 19.104 0.689 0.841 0.027 27.471 3.444
243 Ala | 1.385 0.054 17.324 0.387 0.836 0.014 18.242 0.378 0.826 0.014 23.506 0.833
244  Arg | 1.399 0.038 17.994 0.899 0.789 0.027 18.486 0.689 0.835 0.028 23.535 0.898
245  Ser o.l o.l o.l o.l o.l o.l o.l o.l o.l 0.041 25514 1.198
246 lle 1.333 0.031 17.231 0.811 0.804 0.023 17.596 0.502 0.831 0.022 22.203 0.640
247 Thr | 1.375 0.047 16.966 0.620 0.836 0.034 17.078 0.742 0.872 0.028 21.598 1.274
248 Ala | 1.291 0.022 15.367 0.399 0.787 0.019 15.998 0.403 0.831 0.037 20.639 0.541
249 Val | 1.256 0.028 15.200 0.220 0.820 0.020 15.615 0.418 0.806 0.017 18.623 0.420
250 Val 1.370 0.029 15.594 0.352 0.801 0.025 17.145 0.457 0.817 0.023 19.977 0.523
251  Trp o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
252 Ser | 1.384 0.032 14.446 0.244 0.802 0.018 15.304 0.295 0.816 0.021 18.726 0.954
254 Glu | 1.490 0.090 14.386 0.401 0.709 0.032 15.103 0.399 0.718 0.074 18.789 0.437
255 His | 1.466 0.153 12.171 0.436 0.640 0.037 14.746 1.065 0.664 0.029 18.542 0.797
256 GIn | 1.191 0.024 12.842 0.136 0.637 0.010 13.484 0.204 0.666 0.019 17.565 0.694
257 Ala | 1.214 0.018 15.782 0.414 0.748 0.015 17.276 0.314 0.774 0.053 21.214 0.446
258 Pro - - - - - - - - - - - -
259 lle 1.344 0.029 14.759 0.301 0.783 0.028 16.024 0.456 0.867 0.023 21.068 0.659
260 lle 1.302 0.037 15.655 0.565 0.769 0.021 15.494 0.444 0.846 0.017 17.968 0.600
261 Val 1.246 0.045 15.050 0.227 0.804 0.022 16.200 0.458 0.820 0.034 21.556 0.572
262 Ser | 1.274 0.028 15994 0.330 0.813 0.017 17.712 0.631 0.812 0.015 20.434 1.062
263 lle 1.292 0.027 16.919 0.718 0.810 0.020 16.947 0.523 0.792 0.018 19.958 0.463
264  Tyr 1.223 0.031 16.808 0.944 0.812 0.023 15.881 0.405 0.893 0.025 20.200 0.501
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Table 10.2:PSE-4°N spin relaxation data (continued)

| Residue | 50.6 MHz | 60.8 MHz | 81.0 MHz
[ # aa | R AR R. OR, NOE ONOE| R AR R OR, NOE ONOE| R AR R, DR

| [ s H sH [ s H sH [ s H sH

265 Leu | 1.276 0.038 16.783 0.419 0.765 0.0260.869 0.024 17.709 0.611 0.777 0.023 20.394 1.323
266 Ala | 1.177 0.018 16.457 0.351 0.767 0.0210.870 0.015 16.942 0.367 0.788 0.029 20.535 0.453
267 GIn | 1.232 0.047 15520 0.544 0.813 0.0290.931 0.024 17.121 0.530 0.823 0.021 20.988 0.629
268 Thr | 1.254 0.045 15.632 0.271 0.797 0.0200.910 0.015 16.848 0.350 0.765 0.019 22,937 1.032
269 GIn | 1.336 0.068 15913 0.375 0.756 0.0310.937 0.030 17.287 0.769 0.796 0.091 21.929 0.817
270 Ala o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l

271 Ser | 1.252 0.039 15992 0.263 0.759 0.0220.929 0.023 17.364 0.495 0.780 0.026 23.598 0.937
272 Met | 1.398 0.229 13.826 1.738 0.790 0.0900.960 0.094 18512 3.733 0.760 0.092 20.277 2.860
273 Glu | 1.433 0.039 15.140 0.215 0.773 0.0171.003 0.014 16.128 0.293 0.780 0.015 20.232 0.588
274 Glu | 1.278 0.042 15855 0.271 0.810 0.0230.960 0.022 17.364 0.508 0.824 0.017 21.813 0.542
275 Arg | 1.346 0.028 15.694 0.971 0.822 0.0260.923 0.029 18.091 0.446 0.712 0.017 22.469 0.673
276 Asn | 1.349 0.043 16.285 0.389 0.763 0.0190.987 0.017 17.052 0.374 0.818 0.015 21.591 0.624
277  Asp o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l

278 Ala | 1.263 0.023 16.244 0.145 0.790 0.0160.978 0.013 17.272 0.280 0.863 0.021 21.525 0.803
279 lle 1.259 0.023 15.100 0.236 0.803 0.0240.953 0.019 16.314 0.363 0.806 0.015 19.288 0.431
280 Vval | 1.339 0.042 15467 0.291 0.808 0.0201.007 0.018 17.579 0.328 0.834 0.021 22.270 0.696
281 Lys | 1.332 0.027 17.121 0.790 0.797 0.0211.009 0.018 17.969 0.341 0.814 0.015 21.986 0.781
282 lle o.l o.l. o.l. o.l o.l o.l. o.l o.l. o.l. o.l. o.l 0.056 22.099 0.531
283 Gly | 1.357 0.032 15565 0.261 0.822 0.0261.016 0.024 16.992 0.438 0.821 0.018 22.129 2.502
284 His | 1.353 0.019 15545 0.176 0.812 0.0201.022 0.017 17.103 0.307 0.828 0.018 22.598 1.059
285 Ser | 1.316 0.024 15373 0.142 0.793 0.0170.973 0.012 16.713 0.218 0.830 0.014 19.990 0.341
286 lle 1.301 0.042 15.923 0.386 0.831 0.0250.895 0.056 19.354 0.593 0.767 0.016 23.627 1.850
287 Phe o.l o.l. o.l. o.l o.l o.l. o.l o.l. o.l. o.l. o.l 0.015 21.124 0.798
288 Asp| 1.374 0.029 16.439 0.131 0.789 0.0171.058 0.017 16.958 0.250 0.809 0.025 21.404 0.339
289 Vval | 1.287 0.033 16.263 0.190 0.778 0.0190.945 0.016 17.312 0.325 0.821 0.015 21.371 0.408
290 Tyr | 1.279 0.046 15.153 0.387 0.805 0.0260.963 0.023 16.288 0.370 0.754 0.016 19.536 0.388
291 Thr | 1.373 0.024 12462 0.254 0.666 0.0131.022 0.013 13.138 0.165 0.687 0.024 17.907 0.420
292 Ser | 1.639 0.074 10.042 0.191 0.449 0.0081.270 0.024 10.496 0.083 0.476 0.068 13.249 0.452
293 GIn | 1.799 0.165 6.299 0.217 0.080 0.0061.425 0.048 6.187 0.094 0.212 0.046 7.925 0.448
294 Ser | 1.682 0.164 3.776 0.235 -0.347 0.0061.357 0.056 3.600 0.095 -0.157 0.0061.302 0.044 4464 0415
295 Arg | 1.072 0.011 1.764 0.095 -0.802 0.0041.017 0.013 1.799 0.029 -0.843 0.0050.979  0.015 2.937 0.091

Exact magnetic fields (reported here as nitrogen Larmour énecjes) were as follows: 50.641893 (50.6), 60.777824 jpargl 81.046603 (81.0) MHz.

Values presented here are rounded to three decimals. Exaeswaan be obtained from the BMRB (accession nuraBég).

Important active site residues (3&rLys’3, Tyrl%, Set30, GIul66, and Arg’4) are shown in bold red while residues from fdoop (residues 161-179) are coloured blue.
810R, were not used for model-free analysis.

n-ter: N-terminus amine (not observable).

n.o.: non-observed N-H resonances (not assigned).

o.l.: overlapped N-H resonances.
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Appendix 3:
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Table 10.3:PSE-4 model-free parameters

Residue Model  Parameters ‘ Diffusion ‘ 2 NS s A £ A ‘ Te ATe T AT¢ Ts AT ‘ 608R.,  ABOBR,, ‘
# aa ‘ ‘ core ? ‘ ‘ ps ps ps ps ps ps ‘ st st ‘
22 Ser | n-ter. n-ter. - n-ter n-ter n-ter n-ter n-ter n-te n-ter n-ter n-ter n-ter n-ter n-tef n-ter n-ter
23 Ser n.o. n.o. - n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o\ n.o. n.o.
24 Ser n.o. n.o. - n.o. n.o. n.o. n.o. n.o. n.ol n.o. n.o. n.o. n.o. n.o. n.o.  n.o. n.o.
25 Lys m2 P 1e - 0.829 0.020 - - - -| 856.178 99.801 - - - - - -
26 Phe m5 S%,SZ,TS - 0.761 0.017 0.846 0.012 0.899 0.011 - - - - 1143.569 127.97§ - -
27 GIn m2 e yes 0.877 0.012 - - - -| 16.682 3.897 - - - - - -
28 GIn m5 .81 yes 0.838 0.017 0.896 0.013 0.935 0.010 - - - - 1267.107 236.493 - -
29 \Val m2 F1e yes 0.861 0.010 - - - -1 14.841 3.878 - - - - - -
30 Glu ml yes 0.895 0.012 - - - - - - - - - - - -
31 GIn m2 S yes 0.857 0.011 - - - - 11.268 3.783 - - - - - -
32 Asp| mi & yes 0.858 0.014 - - - - - - - - - - - -
33 val ml S yes 0.891 0.010 - - - - - - - - - - - -
34 Lys m2 SR yes 0.905 0.012 - - - -1 12.647 5.907 - - - - - -
35 Ala m3 S Rex yes 0.873 0.016 - - - - - - - - - - 0.965 0.498
36 lle mi &£ yes 0.868 0.010 - - - - - - - - - - - -
37 Glu o.l o.l yes o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
38  Val mil &£ yes 0.844 0.010 - - - - - - - - - - - -
39 Ser m2 P16 yes 0.875 0.013 - - - - 9.908 4.818 - - - - - -
40 Leu o.l ol - o.l o.l. o.l o.l. o.l o.l o.l. o.l. o.l. o.l o.l o.l o.l. o.l
41 Ser ml 52 - 0.849 0.011 - - - - - - - - - - - -
42  Ala o.l o.l - o.l o.l. o.l o.l. o.l o.l o.l. o.l. o.l. ol o.l o.l o.l. o.l
43  Arg m2 L1 yes 0.868 0.012 - - - - 21.376 3.934 - - - - - -
44 lle m2 F1e yes 0.844 0.011 - - - -1 11.349 3.329 - - - - - -
45  Gly mil & yes 0.873 0.011 - - - - - - - - - - - -
46  Val ml f? yes 0.879 0.011 - - - - - - - - - - - -
47  Ser mil & yes 0.902 0.012 - - - - - - - - - - - -
48  Val ml £ yes 0.864 0.012 - - - - - - - - - - - -
49 Leu mil & yes 0.873 0.012 - - - - - - - - - - - -
50 Asp m2 S yes 0.867 0.011 - - - - 13.680 4.855 - - - - - -
51 Thr m5 S%,Sz,rs - 0.811 0.019 0.868 0.014 0.934 0.012 - - - - 1180.373 239.759 - -
52 GIn m5 SR - 0.829 0.015 0.904 0.012 0.917 0.009 - - - - 591.971 106.323 - -
53 Asn m6 S, Fts - 0.640 0.015 0.749 0.013 0.854 0.013 - - 20329 4.640 1586.108 250.112 - -
54 Gly m5 S SR - 0.759 0.019 0.837 0.014 0.907 0.012 - - - - 1524.367 221.604 - -
55 Glu m5 SES R yes 0.791 0.015 0.846 0.012 0.935 0.010 - - - - 902.180 166.434 - -
56 Tyr m5 SRR yes 0.797 0.017 0.857 0.012 0.930 0.011 - - - - 975830 153.656 - -
57 Trp m4 S Te,Rex yes 0.864 0.018 - - - - 11.022 5.169 - - - - 2.691 0.594
59 Asp| ml & yes 0.842 0.011 - - - - - - - - - - - -
60  Tyr ml & yes 0.848 0.012 - - - - - - - - - - - -
61 Asn ml &£ - 0.898 0.012 - - - - - - - - - - - -
62 Gly ml 52 - 0.883 0.012 - - - - - - - - - - - -
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Table 10.3:PSE-4 model-free analysis results (continued)

| # aa ‘ Model  Parameters ‘ Diffusion ‘ 52 AS? s A £ A ‘ Te ATe T AT¢ Ts AT ‘ 608R.,  ABOBR,, ‘

| ‘ core ? ‘ ‘ ps ps ps ps ps ps ‘ st st
63 Asn ml &£ - 0.910 0.013 - - - - - - - - - - - -
64 Gin ml £ - 0.892 0.012 - - - - - - - - - - - -
65 Arg mi &£ yes 0.826 0.011 - - - - - - - - - - - -
66 Phe| ml & yes 0.890 0.013 - - - - - - - - - - - -
67 Pro - - yes - - - - - - - - - - - - - -
68 Leu ml 52 - 0.940 0.020 - - - - - - - - - - - -
69 Thr ml f? yes 0.944 0.015 - - - - - - - - - - - -
70  Ser n.o. n.o. yes n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o n.o n.o. n.o.
71  Thr ml f? yes 0.967 0.013 - - - - - - - - - - - -
72  Phe o.l o.l yes o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
73 Lys m yes 0.943 0.012 - - - - - - - - - - - -
74 Thr mil & yes 0.892 0.015 - - - - - - - - - - - -
75 lle ml L yes 0.922 0.014 - - - - - - - - - - - -
76 Ala m3 < Rex yes 0.881 0.015 - - - - - - - - - - | 1.054 0.523
77 Cys ml & yes 0.867 0.012 - - - - - - - - - - - -
78 Ala m3 S Rex yes 0.894 0.016 - - - - - - - - - - 1.235 0.484
79 Lys ml 52 yes 0.905 0.012 - - - - - - - - - - - -
80 Leu o.l o.l yes o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
81 Leu ml S yes 0.884 0.011 - - - - - - - - - - - -
82 Tyr mil &£ yes 0.915 0.010 - - - - - - - - - - - -
83 Asp ml S yes 0.905 0.012 - - - - - - - - - - - -
84 Ala mi & yes 0.896 0.013 - - - - - - - - - - - -
85 Glu mil & yes 0.880 0.010 - - - - - - - - - - - -
86 Gin ml f? - 0.817 0.010 - - - - - - - - - - - -
87 Gly ml 52 - 0.852 0.010 - - - - - - - - - - - -
88 Lys m2 F1e - 0.878 0.012 - - - -1 11.827 4.325 - - - -
89 Val m2 e - 0.794 0.010 - - - -| 16.578 2.420 - - - -
90 Asn o.l o.l - o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
91 Pro - - - - - - - - - - - - - - - - -
92 Asn ml f? - 0.851 0.010 - - - - - - - - - - - -
93  Ser m3 SR - 0.841 0.015 - - - - - - - - - - | 1251 0.558
94  Thr ml L yes 0.847 0.011 - - - - - - - - - - - -
95 Val m2 e yes 0.859 0.011 - - - -| 13.605  4.456 - - - -
96 Glu m2 F e yes 0.798 0.010 - - - - 17.800 2.452 - - - -
97 lle m2 SR - 0.805 0.010 - - - -1 19.071 2.739 - - - -
98 Lys m5 SASAR - 0.834 0.015 0.856 0.039 0.974 0.03 - - - - 498.332  307.728 - -
99 Lys o.l o.l - o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
100 Ala m2 e - 0.907 0.012 - - - - 17.027 5.876 - - - -
101 Asp m2 S - 0.831 0.011 - - - -1 20.344 3.220 - - - -
102 Leu m2 SR - 0.854 0.011 - - - -1 14.236 3.606 - - - -
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Table 10.3:PSE-4 model-free analysis results (continued)

| # aa ‘ Model  Parameters ‘ Diffusion ‘ 52 AS? s A £ A ‘ Te ATe T AT¢ Ts AT ‘ 608R.,  ABOBR,, ‘
‘ ‘ ‘ core ? ‘ ‘ ps ps ps ps ps ps ‘ st st ‘
103  Val ol o.l - o.l o.l. o.l o.l. o.l o.l o.l. o.l. o.l. o.l o.l o.l o.l.

104  Thr ol o.l - o.l o.l. o.l o.l. o.l o.l o.l. o.l. o.l. o.l o.l o.l o.l. o.l
105  Tyr m5 S%,Sz,TS - 0.802 0.018 0.855 0.013 0.938 0.01 - - - - 1008.489 187.762 - -
106  Ser m2 L. - 0.825 0.013 - - - - 9.508 3.100 - - - - -
107 Pro - - - - - - - - - - - - - - - - -
108  Val m2 S - 0.899 0.012 - - - - 30.362 7.297 - - - - -
109 lle ml £ - 0.882 0.015 - - - - - - - - - - - -
110 Glu m3 <, Rex - 0.911 0.014 - - - - - - - - - - | 1535 0.523
111  Lys m5 .1 - 0.845 0.014 0.876 0.022 0.965 0.01 - - - - 392.691 170.001 - -
112 GiIn m2 P 1. - 0.823 0.012 - - - -1 12.455 2.700 - - - - -
113  Val m2 S - 0.810 0.010 - - - - 21.316 3.136 - - - - -
114 Gly m2 P 1. - 0.892 0.011 - - - -l 15.791 5.774 - - - - -
115 Gin m2 SN - 0.856 0.012 - - - -1 16.211 4.024 - - - - -
116  Ala m2 S yes 0.756 0.010 - - - - 19.077 1.995 - - - - -
117  lle m2 SR yes 0.825 0.011 - - - -1 15.916 3.149 - - - - -
118 Thr mil & yes 0.868 0.012 - - - - - - - - - - - -
119 Leu m3 S Rex yes 0.863 0.016 - - - - - - - - - - 1.434 0.513
120 Asp| m3 S Rex yes 0.873 0.015 - - - - - - - - - - | 1.305 0.525
121 Asp| m & yes 0.894 0.012 - - - - - - - - - - - -
122  Ala mil & yes 0.898 0.012 - - - - - - - - - - - -
123 Cys m3 S Rex yes 0.875 0.014 - - - - - - - - - - 2.014 0.516
124  Phe ml & yes 0.896 0.014 - - - - - - - - - - - -
125 Ala o.l. o.l. yes o.l o.l o.l. o.l o.l. o.l o.l o.l o.l o.l. o.l o.l. o.l. o.l.
126  Thr ml & yes 0.925 0.011 - - - - - - - - - - - -
127  Met m3 S Rex yes 0.943 0.018 - - - - - - - - - - 1.970 0.674
128 Thr m3 S Rex yes 0.917 0.017 - - - - - - - - - - 5.112 0.920
129  Thr mil & yes 0.924 0.017 - - - - - - - - - - - -
130 Ser ml f? - 0.952 0.020 - - - - - - - - - - - -
131  Asp ml & - 0.920 0.012 - - - - - - - - - - - -
132  Asn ml S yes 0.966 0.013 - - - - - - - - - - - -
133  Thr m3 S Rex yes 0.916 0.020 - - - - - - - - - - 1.332 0.597
134 Ala ml f? yes 0.897 0.011 - - - - - - - - - - - -
135 Ala mil & yes 0.886 0.011 - - - - - - - - - - - -
136  Asn m3 S Rex yes 0.885 0.014 - - - - - - - - - - 1.108 0.511
137 lle ml yes 0.896 0.013 - - - - - - - - - - - -
138 lle m3 S Rex yes 0.884 0.016 - - - - - - - - - - 1.421 0.468
139 Leu ml & yes 0.905 0.012 - - - - - - - - - - - -
140 Ser ml & yes 0.858 0.012 - - - - - - - - - - - -
141 Ala m5 S%,SZ,TS yes 0.814 0.019 0.850 0.014 0.957 0.01 - - - - 1806.494 976.523 - -
142 Vval m & - 0.819 0.011 - . - . . - - . - . - -
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Table 10.3:PSE-4 model-free analysis results (continued)

| # aa ‘ Model  Parameters ‘ Diffusion ‘ 52 AS? s A £ A ‘ Te ATe T AT¢ Ts AT ‘ 608R.,  ABOBR, ‘
| ‘ ‘ core ? ‘ ‘ ps ps ps ps ps ps ‘ st st ‘
143 Gly mil & - 0.907 0.012 - - - - - - - - - - -
144  Gly mi 52 yes 0.902 0.012 - - - - - - - - - - -
145  Pro - - yes - - - - - - - - - - - - - -
146  Lys o.l. o.l. yes o.l o.l o.l. o.l o.l. o.l o.l o.l o.l o.l. o.l o.l. o.l. o.l.
147  Gly mil &£ yes 0.897 0.012 - - - - - - - - - - -
148  Val m3 S Rex yes 0.872 0.014 - - - - - - - - - 1.462 0.709
149  Thr m2 L 1e yes 0.907 0.011 - - - 20.010 7.396 - - - -
150 Asp| ml & yes 0.920 0.012 - - - - - - - - - - -
151  Phe mil S yes 0.906 0.011 - - - - - - - - - - -
152 Leu m3 < Rex yes 0.900 0.017 - - - - - - - - - 1.336 0.634
153  Arg m3 S Rex yes 0.907 0.015 - - - - - - - - - 1.517 0.559
154 Gln mil & yes 0.889 0.012 - - - - - - - - - - - -
155 lle m5 £, - 0.722 0.024 0.812 0.017 0.888 0.01 - - - - 654.180 96.647 - -
156  Gly mi & - 0.887 0.012 - - - - - - - - - - -
157 Asp| mi & - 0.884 0.013 - - - - - - - - - - -
158 Lys ml 52 - 0.845 0.013 - - - - - - - - - - -
159 Glu o.l o.l - o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
160 Thr ml & - 0.842 0.011 - - - - - - - - - - -
161  Arg m3  Rex - 0.909 0.016 - - - - - - - - - 1.318 0.529
162 Leu| ml S - 0.902 0.013 - - - - - - - - - - -
163 Asp mil & - 0.859 0.019 - - - - - - - - - - -
164  Arg m2 ST - 0.822 0.014 - - - 7.048 2.900 - - - -
165 lle mil &£ - 0.817 0.013 - - - - - - - - - - -
166 Glu ml & - 0.906 0.015 - - - - - - - - - - -
167 Pro - - - - - - - - - - - - - - - - -
168 Asp o.l o.l - o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
169 Leu mil &£ - 0.925 0.014 - - - - - - - - - - -
170  Asn o.l o.l - o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
171 Glu mil &£ - 0.912 0.011 - - - - - - - - - - -
172 Gly mi 52 - 0.874 0.014 - - - - - - - - - - -
173  Lys o.l o.l - o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
174  Leu o.l o.l - o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
175 Gly ml & - 0.927 0.031 - - - - - - - - - - -
176  Asp ml & - 0.883 0.012 - - - - - - - - - - -
177 Leu m2 L 1e - 0.854 0.014 - - - 10.618 4.523 - - - -
178  Arg m3 S Rex - 0.918 0.017 - - - - - - - - - | 1.088 0.594
179 Asp ml S - 0.878 0.013 - - - - - - - - - - -
180 Thr mil & yes 0.867 0.012 - - - - - - - - - - -
181  Thr mil & yes 0.889 0.012 - - - - - - - - - - -
182 Thr mil & yes 0.858 0.012 - - - - - - - - - - -
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Table 10.3:PSE-4 model-free analysis results (continued)

| # aa ‘ Model  Parameters ‘ Diffusion ‘ 52 AS? s A £ A ‘ Te ATe T AT¢ Ts AT ‘ 608R.,  ABOBR,

| ‘ ‘ core ? ‘ ‘ ps ps ps ps ps ps ‘ st st
183 Pro - - yes - - - - - - - - - - - - - -
184 Lys o.l o.l yes o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
185 Ala o.l. o.l. yes o.l o.l ol o.l ol ol o.l o.l o.l o.l. o.l ol ol ol
186 lle ml S yes 0.885 0.015 - - - - - - - - - - - -
187 Ala mil & yes 0.930 0.012 - - - - - - - - - - - -
188 Ser o.l o.l yes o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
189  Thr o.l. o.l. yes o.l o.l ol o.l o.l. o.l. o.l o.l o.l o.l. o.l ol o.l. ol
190 Leu ml & yes 0.929 0.012 - - - - - - - - - - - -
191 Asn| mi & yes 0.895 0.016 - - - - - - - - - - - -
192 Lys | m S yes 0.892 0.017 - - - - - - - - - - - -
193 Phe ml & yes 0.862 0.012 - - - - - - - - - - - -
194 Leu ml & yes 0.884 0.012 - - - - - - - - - - - -
195 Phe ml & yes 0.853 0.014 - - - - - - - - - - - -
196 Gly m5 SRR - 0.732 0.017 0.774 0.012 0.946 0.0] - - - - 1065.649 254.605 - -
197  Ser m2 P16 - 0.798 0.025 - - - -| 18.865 5.836 - - - - -
198 Ala m5 S%,SZ,TS - 0.800 0.017 0.872 0.013 0.918 0.01 - - - - 898.306 130.471 - -
199 Leu m2 L 1e - 0.838 0.011 - - - - 6.647 3.053 - - - - -
200 Ser m2 P16 - 0.821 0.011 - - - - 7.860 3.290 - - - - -
201  Glu ml &£ yes 0.868 0.012 - - - - - - - - - - - -
202 Met| m2 L1 yes 0.870 0.011 - - - -| 13.715  4.465 - - - - -
203 Asn ml 2 yes 0.889 0.011 - - - - - - - - - - - -
204 GIn o.l o.l yes o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
205 Lys ml S yes 0.869 0.011 - - - - - - - - - - - -
206 Lys mil & yes 0.871 0.012 - - - - - - - - - - - -
207 Leu m3 S Rex yes 0.888 0.016 - - - - - - - - - - 1.017 0.512
208 Glu mil & yes 0.901 0.013 - - - - - - - - - - - -
209  Ser ml & yes 0.884 0.011 - - - - - - - - - - - -
210 Trp mil & yes 0.900 0.011 - - - - - - - - - - - -
211  Met o.l. o.l yes o.l o.l ol o.l o.l. o.l o.l o.l o.l o.l. o.l o.l. o.l. o.l.
212 Val mil & yes 0.952 0.014 - - - - - - - - - - - -
213  Asn ml 52 - 0.894 0.013 - - - - - - - - - - - -
214 Asn m2 e - 0.851 0.010 - - - - 7.839 3.414 - - - - -
215 GIn ml & - 0.895 0.015 - - - - - - - - - - - -
216  Val m2 L1e - 0.904 0.011 - - - -l 16.096 6.297 - - - - -
217  Thr m2 F e - 0.918 0.012 - - - -| 25.549 8.683 - - - - -
218 Gly | mo - - - - - - - - - - - - - - - -
219 Asn ml & - 0.896 0.016 - - - - - - - - - - - -
220 Leu m3 2 Rex - 0.866 0.014 - - - - - - - - - - 1.336 0.520
221 Leu| m3  SPRe - 0.855 0.028 - - - - - - - - - - | 4.163 1.176
222 Arg ml S - 0.923 0.020 - - - - - - - - - - - -
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Table 10.3:PSE-4 model-free analysis results (continued)

| # aa ‘ Model  Parameters ‘ Diffusion ‘ 52 AS? s A £ A ‘ Te ATe T AT¢ Ts AT ‘ 608R.,  ABOBR, ‘
‘ ‘ ‘ core ? ‘ ‘ ps ps ps ps ps ps ‘ st st ‘
223  Ser ml & - 0.907 0.014 - - - - - - - - - - - -
224 Val ml & - 0.885 0.012 - - - - - - - - - - - -
225 Leu ml &£ - 0.814 0.010 - - - - - - - - - - - -
226  Pro - - - - - - - - - - - - - - - - -
227 Ala m2 L1e - 0.814 0.012 - - - - 6.241 2.638 - - - - - -
228 Gly m2 F e - 0.777 0.015 - - - -| 12.801 2.424 - - - - - -
229 Trp m2 P 1e - 0.852 0.011 - - - -l 11.011 4.232 - - - - - -
230 Asn 4 ,Te,Rex yes 0.817 0.015 - - - - 8.872 2.953 - - - -| 1577 0.496
231 lle ml & yes 0.846 0.011 - - - - - - - - - - - -
232  Ala mil & yes 0.859 0.016 - - - - - - - - - - - -
233  Asp m3 &, Rex yes 0.858 0.016 - - - - - - - - - - 1.194 0.485
234  Arg m3 < Rex yes 0.881 0.023 - - - - - - - - - - 4.244 1.568
235 Ser m9 Rex yes - - - - - - - - - - - - 4.529 1.951
236 Gly m3 S Rex yes 0.882 0.022 - - - - - - - - - - 2.901 0.818
237 Ala n.o. n.o. yes n.o. n.o. n.o. n.o. n.o. n.ol n.o. n.o. n.o. n.o. n.o. n.ol n.o. n.o.
238 Gly m2 16 - 0.848 0.011 - - - -1 14.654 3.426 - - - - - -
240 Gly ml 52 - 0.914 0.012 - - - - - - - - - - - -
241  Phe ml & - 0.922 0.013 - - - - - - - - - - - -
242  Gly ml & - 0.928 0.013 - - - - - - - - - - - -
243  Ala ml &£ - 0.934 0.013 - - - - - - - - - - - -
244 Arg m3 <, Rex yes 0.888 0.016 - - - - - - - - - - 2.440 0.706
245  Ser o.l o.l yes o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
246 lle mil & yes 0.906 0.013 - - - - - - - - - - - -
247  Thr ml S yes 0.909 0.015 - - - - - - - - - - - -
248 Ala mi & yes 0.854 0.012 - - - - - - - - - - - -
249  Val ml & yes 0.835 0.010 - - - - - - - - - - - -
250 Val mil & yes 0.914 0.011 - - - - - - - - - - - -
251  Trp o.l o.l yes o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
252  Ser mil & yes 0.874 0.012 - - - - - - - - - - - -
254  Glu m2 SR - 0.864 0.015 - - - -| 34.480 5.795 - - - - - -
255 His | ms S - 0.747 0.020 0.796 0.029 0.938 0.022 - - - - 495106  180.752 - -
256 GIn| ms ST - 0.707 0.015 0.765 0.011 0.924 0.010 - - - - 766.669 114.559 - -
257  Ala m e - 0.862 0.012 - - - -| 14766  4.017 - - - - - -
258 Pro - - - - - - - - - - - - - - - - -
259 lle mil & yes 0.878 0.012 - - - - - - - - - - - -
260 lle ml S yes 0.852 0.012 - - - - - - - - - - - -
261 Val mil & yes 0.850 0.011 - - - - - - - - - - - -
262 Ser ml & yes 0.875 0.012 - - - - - - - - - - - -
263 lle mil & yes 0.874 0.013 - - - - - - - - - - - -
264 Tyr m & yes 0.848 0.013 - - - - - - - - - - - -
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Table 10.3:PSE-4 model-free analysis results (continued)

| # aa ‘ Model  Parameters ‘ Diffusion ‘ 52 AS? s A £ A ‘ Te ATe T AT¢ Ts AT ‘ 608R.,  ABOBR, ‘
| ‘ ‘ core ? ‘ ‘ ps ps ps ps ps ps ‘ st st ‘
265 Leu m4 & Te,Rex yes 0.846 0.016 - - - -l 11.828 3.379 - - - -l 1.513 0.524
266 Ala m2 P16 yes 0.847 0.011 - - - - 9.686 3.503 - - - - - -
267 GIn ml &£ - 0.861 0.012 - - - - - - - - - - - -
268 Thr m2 F e - 0.849 0.012 - - - - 8.957 3.626 - - - - - -
269 GIn ml S - 0.877 0.015 - - - - - - - - - - - -
270 Ala o.l. o.l. - o.l o.l ol o.l o.l. o.l o.l o.l o.l ol o.l ol ol ol
271  Ser m2 P 1e - 0.866 0.013 - - - - 7.956 4.062 - - - - - -
272 Met| mi & yes 0.859  0.047 - - - - - - - - - - - -
273  Glu ml & yes 0.895 0.011 - - - - - - - - - - - -
274  Glu mil & yes 0.880 0.011 - - - - - - - - - - - -
275 Arg m2 F e yes 0.906 0.013 - - - - 21.302 6.038 - - - - - -
276  Asn m3 & Rex yes 0.867 0.015 - - - - - - - - - - 1.585 0.508
277  Asp o.l. o.l. yes o.l o.l o.l. o.l o.l. o.l o.l o.l o.l o.l. o.l ol ol o.l.
278 Ala ml & yes 0.891 0.011 - - - - - - - - - - - -
279 lle ml 52 yes 0.856 0.011 - - - - - - - - - - - -
280 Val ml & yes 0.898 0.011 - - - - - - - - - - - -
281 Lys m3 < Rex yes 0.898 0.015 - - - - - - - - - - 1.127 0.563
282 lle o.l o.l yes o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l o.l
283 Gly ml S yes 0.900 0.011 - - - - - - - - - - - -
284  His ml &£ yes 0.903 0.013 - - - - - - - - - - - -
285  Ser mil & yes 0.875 0.011 - - - - - - - - - - - -
286 lle m3 S Rex yes 0.882 0.020 - - - - - - - - - - 1.254 0.640
287 Phe o.l o.l yes o.l o.l o.l o.l o.l ol o.l o.l o.l o.l o.l o.l o.l o.l
288 Asp ml S yes 0.921 0.011 - - - - - - - - - - - -
289 Val m2 F e yes 0.886 0.011 - - - -| 10.056 4.798 - - - - - -
290 Tyr m & yes 0.860 0.012 - - - - - - - - - - - -
291 Thr | ms ST yes 0.729 0.015 0.810 0.011 0.899 0.010 - - - - 1008.582 111.115 - -
292  Ser m6 S, Fts - 0.524 0.013 0.761 0.013 0.688 0.013 - - 35.875 5.380 1911.024 169.02 - -
293 GIn tm5 TS, Ts - 0.494 0.013 0.828 0.015 0.596 0.011 - - - - 727.014 30.186 - -
294  Ser tmé 11, Ts - 0.119 0.049 0539 0.036 0.220 0.075 - - 73.828 5.213 1460.971 126.18 - -
295 Arg tm5 mS,STs - 0.201 0.005 0.611 0.010 0.329 0.006 - - - - 315.594 12.998 - -

Exact magnetic fields (reported here as nitrogen Larmour énecjes) were as follows: 50.641893 (50.6), 60.777824 jpargl 81.046603 (81.0) MHz.

Values presented here are rounded to three decimals. Exaeswaan be obtained from tl8/RB (accession numbé&ig39).

Rex parameters are calculated for a magnetic field of 60.8 MHz.

The diffusion tensor associated with these local model{fieameters is an ellipsoid with the following characters{#47]:
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e Correlation time1y, = 12.683 (+ 0.024) ns;

o Anisotropy: D, = D; — (Dx+Dy)/2=3.75 ¢ 0.19) x 16 s71;

o Asymmetry (or rhombicity) D, = (Dy —Dx)/(2Da) = 0.080 ¢ 0.022) s1;

e Isotropic component of diffusiomDiso = 1/(6Tm) = (Dx + Dy +D,)/3=13.1 ¢ 2.4) x 1F s71;

o Diffusion constants for the three principal diffusion ax@ = 11.59 ¢ 0.10) x 16s71, Dy =12.19 (- 0.11) x 1¢ s71, D, = 15.64 (- 0.13) x 1¢ s~ %;
e Orientations (relative to PDBG68[165]): 6 = 1662 (+ 8.4)°, o= 1468 (£ 1.1)°, andy = 1316 (+ 2.6)°.

This diffusion tensor was minimised using residues in secyrstaucturesi(e. with ‘Diffusion core — yes’,N=134). Other residueNE96) were excluded from diffusion tensor optimisation.

Local model-free models were selected usiigc as well as with manual modifications for residues BlyLeut%, GIL2°L, Arg?34, and ThPL

Residues GIfP3, Sef®4, and Arg®® from the C-terminus, absent from the crystal structure, vigeel using a locat, parameter: 7.494 0.22) ns, 12.224 6.44) ns, and 3.58 0.19) ns, respectively.

Important active site residues ($&rLys’3, Tyrl%, Set30, GIul66, and Arg’4) are shown in bold red while residues from fdoop (residues 161-179) are coloured blue.
n-ter: N-terminus amine (not observable).
n.o.: non-observed N-H resonances (not assigned).

o.l.: overlapped N-H resonances.
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Table 10.4:PSE-4 amide exchange data

‘ Residue EX2? pH 7.85 ‘ pH 6.65 ‘

| # aa KHx A\ ‘ KHx Dk ‘ Kint ‘ logSF Kop AGHx ‘

| sH Y| Y Y| Y| (keal mol ) |
22 Ser — n-ter. n-ter.| n-ter. n-ter. n-ter — — —
23 Ser — n.o. n.o. n.o. n.o.| 4.4e+2 — — —
24  Ser — n.o. n.o. n.o. n.o.| l.le+l — — —
25 Lys — o.l ol.| >1le-3 >le-3| 8.4e-1 — — —
26 Phe — >1e-3 >le-3] >le-3 >le-3| 2.3e+0 — — —
27 GiIn — >1e-3 >le-3] >le-3 >le-3| 5.6e+0 — — —
28 Gin — o.l. ol.| >1le-3 >le-3| 2.3e+0 — — —
29 Val — >le-3  >le-3| >le-3 >le-3| 2.0e+0 — — —
30 Glu EX2 1.8e-4 3.0e-5 1.7e-5 3.8e-7| 1.3e+1| 5.9 1.4e-6 8.2
31 Gin — o.l o.l o.l. o.l. | 6.6e+0 — — —
32 Asp| EX2 5.9e-4 9.3e-5 4.2e-5 6.6e-7 8.1e+0| 5.3 5.2e-6 7.4
33 Val EX2 1l.1e-5 4.8e-7 1.3e-6 7.6e-8 5.6e+0| 6.6 2.4e-7 9.2
34 Lys EX2 2.3e-5 7.8e-7 2.8e-6 7.9e-8 6.7e-1 54 4.2e-6 7.5
35 Ala EX2 5.1e-4 2.2e-4 4.8e-5 1.0e-6 1.3e+0 4.4 3.6e-5 6.2
36 lle EX2 3.5e-5 1.7e-6 2.8e-6 1l.le-7 4.2e-1| 5.2 6.7e-6 7.2
37 Glu — o.l o.l o.l. o.l. | 4.8e+0 — — —
38 Val — o.l. ol.| 3.6e-5 8.2e-7| 5.6e+0| 5.2 6.4e-6 7.2
39 Ser — >le-3 >le-3| >le-3 >le-3| 8.5e+0 — — —
40 Leu — o.l. o.l o.l. ol. | 1.2e+0 — — —
41  Ser — >le-3 >le-3| >le-3 >le-3| 3.3e+0 — — —
42  Ala — o.l. ol.| 1.3e-4 25e-6 45e+0| 4.6 2.8e-5 6.4
43  Arg EX2 4.8e-4 1.3e-4 3.2e-5 9.0e-7| 2.7e+0| 4.9 1.2e-5 6.9
44 lle EX2 29e-4 3.8e-5 1.6e-5 5.3e-7 7.0e-1| 4.6 2.3e-5 6.5
45 Gly — o.l ol.| 1.6e-6 7.5e-8 2.3e+0| 6.2 7.1e-7 8.6
46 Val EX2 7.7e-6 7.0e-7| 1.2e-6 5.1e-8 4.8e+0 6.6 2.4e-7 9.2
47  Ser EX2 7.1e-6 5.0e-7| 1.9e-6 5.6e-8 8.5e+0| 6.6 2.3e-7 9.3
48 Val EX2 6.8e-6 5.7e-7| 1.4e-6 5.7e-8 3.9e+0| 6.5 3.5e-7 9.0
49 Leu EX2 6.6e-6 6.8e-7 9.7e-7 3.5e-8 9.6e-1| 6.0 1.0e-6 8.4
50 Asp — o.l o.l.| 2.6e-5 8.1e-7] 5.0e+0| 5.3 5.3e-6 7.4
51 Thr — o.l. o.l o.l. o.l. | 5.6e+0 — — —
52 Gin — >le-3 >le-3| >le-3 >le-3| 3.6e+0 — — —
53 Asn — >le-3 >le-3| >1e-3 >le-3| 2.3e+0 — — —
54 Gly — >le-3 >le-3| >1e-3 >l1e-3| 4.0e+0 — — —
55 Glu — >le-3 >le-3| >le-3 >le-3| 2.0e+l — — —
56  Tyr — o.l ol. | >1le-3 >le-3| 3.5e+0| — — —
57 Trp EX2 6.1e-4 2.8e-4 3.9e-5 1l.4e-6 99e-1| 4.4 3.9e-5 6.1
59 Asp| EX2 >le-3 >le-3| 1.7e-3 3.7e-4 6.3e+0| 3.6 2.8e-4 5.0
60 Tyr EX2 8.6e-6 7.6e-7| 1.6e-6 6.4e-8 3.5e+0| 6.3 4.7e-7 8.8
61 Asn — >le-3 >le-3] >le-3 >le-3| 2.6e+0 — — —
62 Gly — >le-3 >le-3| 2.5e-4 8.6e-5 4.0e+0| 4.2 6.3e-5 5.9
63 Asn — >le-3 >le-3| >le-3 >le-3| 5.6e+0 — — —
64 Gin EX2 >le-3 >le-3| 9.5e-5 2.8e-6 2.3e+0| 4.4 4.2e-5 6.1
65 Arg — >le-3 >le-3| >le-3 >le-3| 2.7e+0 — — —
66 Phe| EX2 3.3e-4 1l.4e-4 2.4e-5 1.7e-6 6.6e+t0| 5.4 3.7e-6 7.6
67 Pro — — — — — — — — —
68 Leu EX2 >le-3 >le-3| 3.3e-5 3.3e-6 6.0e-1 4.3 5.5e-5 5.9
69 Thr — >le-3 >le-3| >le-3 >le-3| 1.2e+0 — — —
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Table 10.4:PSE-4 amide exchange data (continued)
‘ Residue ‘ EXZ?‘ pH 7.85 ‘ pH 6.65 ‘
| # aa ‘ ‘ KHx A\ ‘ KHx Dk ‘ Kint ‘ logSF Kop AGHx ‘
| | s Y| Y Y] Y | (kcal mol-1)
70 Ser — n.o. n.o. n.o. n.o.| 8.5e+0 — — —
71 Thr — >le-3 >le-3| >1e-3 >1e-3| 3.9e+0 — — —
72 Phe — o.l. o.l o.l. o.l.| 6.3e+0 — — —
73  Lys — >le-3 >le-3| 5.2e-4 7.3e-5 1.0e+0| 3.3 5.0e-4 4.6
74 Thr EX2 >le-3 >le-3| 1.0e-3 5.7e-4 1.2e+0| 3.0 9.0e-4 4.2
75 lle EX2 29e-4 7.5e-5 2.1e-5 9.9e-7 6.7e-1| 45 3.1e-5 6.3
76 Ala EX2 1.2e-4 9.2e-6 9.1le-6 5.4e-7| 1.3e+0| 5.2 6.8e-6 7.2
77 Cys| EX2 1.3e-4 3.4e-5 1.3e-5 5.0e-7| 8.1e+0| 5.8 1.6e-6 8.1
78 Ala EX2 1.3e-4 2.0e-5 1.0e-5 2.1e-7| 6.6e+0| 5.8 1.6e-6 8.1
79 Lys EX2 9.1e-5 6.9e-6 9.8e-6 3.3e-7 4.2e-1| 4.6 2.3e-5 6.5
80 Leu — o.l o.l o.l. ol | 3.6e-1 — — —
81 Leu EX2 4.4e-5 4.3e-6| 5.6e-6 3.4e-7 3.7e-1| 4.8 1.5e-5 6.7
82 Tyr EX2 6.3e-5 6.1le-6 7.0e-6 4.le-7| 7.5e-1| 5.0 9.3e-6 7.0
83 Asp| EX2 1.2e-4 4.7e-5 1.3e-5 5.6e-7| 9.1e+0| 5.9 1.4e-6 8.2
84 Ala EX2 1.8e-4 3.1le-5 1.3e-5 5.le-7| 6.6e+0| 5.7 2.0e-6 8.0
85 Glu EX2 >le-3 >le-3| 6.7e-5 2.le-6 8.1e+0| 5.1 8.3e-6 7.1
86 Gin — o.l. ol. | >1le-3 >le-3| 6.6e+0 — — —
87 Gly — >le-3 >le-3| >le-3 >le-3| 4.0e+0| — — —
88 Lys — >le-3 >le-3| >1e-3 >le-3| 1.0e+0 — — —
89 \al EX2 >le-3 >le-3| 5.9e-4 4.2e-5 1.2e+0| 3.3 5.1e-4 4.6
90 Asn — o.l o.l o.l. o.l. | 3.6e+0 — — —
91 Pro — — — — — — — — —
92 Asn — >1e-3 >le-3] >le-3 >le-3| 2.3et+0 — — —
93 Ser — >le-3 >le-3| >le-3 >le-3| 5.3e+0 — — —
94 Thr — >le-3 >le-3| >le-3 >le-3| 3.9e+0 — — —
95 Val EX2 >le-3 >le-3| 3.4e-4 3.5e-5 3.1e+0| 4.0 1.1e-4 55
96 Glu — >le-3 >le-3 o.l. ol | 1.3e+1 — — —
97 lle — >1e-3 >le-3] >le-3 >le-3| 1.2e+0 — — —
98 Lys — >le-3  >le-3| >le-3 >le-3| 2.5e-1 — — —
99 Lys — o.l o.l o.l. ol.| 25e-1 — — —
100 Ala — >le-3 >le-3| >le-3 >le-3| 1.3e+0 — — —
101  Asp — >le-3 >le-3| >1e-3 >le-3| 8.1e+0 — — —
102 Leu — >1e-3 >le-3] >le-3 >le-3| 1.7e+0 — — —
103 Vval — o.l. ol.| >1le-3 >le-3| 1.2e+0 — — —
104 Thr — o.l. o.l o.l. ol. | 3.1e+0 — — —
105  Tyr — >le-3 >le-3| >1e-3 >le-3| 1.9e+0 — — —
106 Ser — >1e-3 >le-3] >le-3 >le-3| 6.0e+0 — — —
107 Pro — — — — — — — — —
108 Val — >1e-3 >le-3] >le-3 >le-3| 2.0e+0 — — —
109 lle — >le-3 >le-3| >le-3 >le-3| 6.7e-1 — — —
110 Glu — >le-3 >le-3| >1e-3 >1e-3| 4.8e+0 — — —
111 Lys — >le-3 >le-3| >1e-3 >1e-3| 1.2e+0 — — —
112  GIn — >1e-3 >le-3] >le-3 >le-3| 1.3e+0 — — —
113 Vval — >1e-3 >le-3] >le-3 >le-3| 2.0e+0 — — —
114 Gly — >le-3 >le-3| >1le-3 >le-3| 6.3e+0 — — —
115 Glin — >le-3 >le-3| >le-3 >le-3| 5.6e+0 — — —
116 Ala — >le-3 >le-3| >le-3 >le-3| 2.3e+0 — — —
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Table 10.4:PSE-4 amide exchange data (continued)

‘ Residue ‘ EX2’?‘ pH 7.85 ‘ pH 6.65 ‘
| # aa ‘ ‘ Knx Dkyyx ‘ Knx Dkpx ‘ Kint ‘ logSF Kop AGHx ‘
| | s Y| Y Y] Y | (keal mol ) |
117 lle EX2 >le-3 >le-3| 1l4e-4 1.2e-5 4.2e-1| 35 3.3e-4 4.9
118 Thr EX2 >le-3 >le-3| 1.2e-4 1l.4e-5 1.2e+0| 4.0 1l.1le-4 55
119 Leu EX2 >1e-3 >le-3| 1.4e-4 1l.1le-5 9.6e-1 3.8 1.5e-4 5.3
120 Asp — o.l ol | 1.1e-5 9.2e-7 5.0e+0| 5.7 2.2e-6 7.9
121 Asp| EX2 3.7e-4 1.4e-4 1.0e-4 5.3e-6 2.3e+l| 5.4 4.4e-6 7.5
122 Ala EX2 2.1e-4 3.4e-5 1.6e-5 6.3e-7 6.6e+0| 5.6 2.4e-6 7.8
123 Cys| EX2 3.7e-4 7.9e-5 2.2e-5 7.9e-7 8.1e+t0| 5.6 2.7e-6 7.8
124 Phe| EX2 2.1e-4 5.4e-5 3.7e-5 6.5e-7 1l.le+l| 5.5 3.2e-6 7.7
125 Ala — o.l. o.l o.l. o.l. | 5.6e+0 — — —
126 Thr EX2 >le-3 >le-3| 1.8e-4 1.7e-5 2.0e+0| 4.0 9.1e-5 5.6
127 Met — o.l. ol.| 3.6e-4 6.3e-5 3.6e+0| 4.0 9.9e-5 5.6
128 Thr EX2 >le-3 >le-3| 6.4e-4 1.6e-4 2.0e+0| 3.5 3.3e-4 4.9
129 Thr — >le-3 >le-3| >le-3 >le-3| 3.1e+0 — — —
130 Ser — >le-3 >le-3| >1le-3 >le-3| 8.5e+0 — — —
131 Asp — >le-3 >le-3] >1e-3 >le-3| 1l.6e+l — — —
132  Asn — >1e-3 >le-3] >le-3 >le-3| 6.6e+0 — — —
133  Thr — >1e-3 >le-3] >le-3 >le-3| 2.0e+0 — — —
134 Ala — >le-3 >le-3| >1e-3 >le-3| 3.6e+0 — — —
135 Ala — >le-3 >le-3| >1le-3 >le-3| 2.3e+0 — — —
136 Asn — o.l. ol.| >1le-3 >le-3| 2.3e+0 — — —
137 lle — >1e-3 >le-3] >le-3 >le-3| 4.2e-1 — — —
138 lle EX2 2.0e-4 8.0e-5 1.8e-5 7.6e-7 25e-1| 4.1 7.4e-5 5.8
139 Leu| EX2 1.9e-4 2.4e-5 1.7e-5 7.2e-7 3.6e-1| 4.3 4.7e-5 6.0
140 Ser EX2 >le-3 >le-3| 1.2e-4 4.6e-6 3.3e+0| 4.4 3.6e-5 6.2
141 Ala EX2 >le-3 >le-3| 6.6e-5 1.5e-6 4.5e+0| 4.8 1.5e-5 6.7
142 Val EX2 2.2e-4 3.1le-5 1.7e-5 5.4e-7| 2.0e+0| 5.1 8.7e-6 7.1
143 Gly — >le-3 >le-3| >1e-3 >le-3| 6.3e+0 — — —
144  Gly EX2 3.6e-4 2.1e-4 4.7e-5 1.6e-6 9.7e+0| 5.3 4.9e-6 7.4
145 Pro — — — — — — — — —
146 Lys — o.l o.l o.l ol | 42e-1| — — —
147 Gly — >le-3 >1e-3| >1e-3 >le-3| 2.3e+0| — — —
148 Val EX2 29e-4 6.le-5 3.4e-5 8.6e-7| 4.8e+0| 5.1 7.1e-6 7.2
149 Thr EX2 2.6e-4 53e-5 4.0e-5 1.6e-6 3.1e+0| 4.9 1.3e-5 6.8
150 Asp| EX2 2.8e-4 1.2e-4 3.7e-5 1.2e-6 1.3e+l| 55 2.9e-6 7.7
151 Phe| EX2 1.9e-4 5.2e-5 2.1e-5 9.8e-7| 1l.le+l| 5.7 1.9e-6 8.0
152 Leu| EX2 7.4e-5 3.0e-5 1.2e-5 8.5e-7 1.5e+0| 5.1 7.8e-6 7.1
153 Arg EX2 >le-3 >le-3| 1.9e-5 6.7e-7 1.7e+0| 5.0 1.1e-5 6.9
154 Gin EX2 >le-3 >le-3| 99e-5 b5.7e-6 3.8e+0| 4.6 2.6e-5 6.4
155 lle EX2 2.6e-4 7.9e-5 1.6e-5 6.0e-7 4.2e-1| 4.4 3.8e-5 6.2
156 Gly — >le-3 >le-3| >le-3 >le-3| 2.3e+0| — — —
157 Asp| EX2 >le-3  >le-3| 2.3e-4 1.7e-5 2.0e+1l| 4.9 1.1e-5 6.9
158 Lys — >le-3 >le-3| >1e-3 >1e-3| 1.2e+0 — — —
159 Glu — o.l o.l o.l. o.l. | 4.8e+0 — — —
160 Thr EX2 8.4e-4 3.9e-4 9.1e-5 3.7e-6 5.6e+0| 4.8 1.6e-5 6.7
161 Arg EX2 >le-3 >1e-3| 8.4e-5 5.2e-6 4.3e+0| 4.7 2.0e-5 6.6
162 Leu| EX2 >le-3 >le-3| 6.5e-5 3.7e-6 1.0e+0| 4.2 6.5e-5 5.8
163 Asp| EX2 >le-3 >1e-3| 2.2e-5 3.4e-6 5.0e+0| 5.4 4.4e-6 7.5
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Table 10.4:PSE-4 amide exchange data (continued)

‘ Residue ‘ EX2’?‘ pH 7.85 ‘ pH 6.65 ‘
| # aa ‘ ‘ Knx Dkyyx ‘ Knx Dkpx ‘ Kint ‘ logSF Kop AGHx ‘
| | s Y| Y Y] Y | (keal mol ) |
164 Arg EX2 >le-3 >le-3| 4.4e-5 4.8e-6 7.8e+0| 5.3 5.6e-6 7.3
165 lle — >le-3 >le-3| 5.3e-5 2.9e-6 7.0e-1 4.1 7.5e-5 5.7
166 Glu — >le-3 >le-3| 1.8e-5 1.7e-6 4.8e+0| 5.4 3.7e-6 7.6
167 Pro — — — — — — — — —
168 Asp — o.l o.l o.l ol.| 8l1let0| — — —
169 Leu| EX2 >le-3 >le-3| 7.0e-5 4.3e-6 1.7e+0| 4.4 4.0e-5 6.1
170 Asn — o.l. o.l. o.l. ol. | 1.4e+0 — — —
171  Glu — >le-3 >le-3| >le-3 >le-3| 8.1e+0 — — —
172 Gly — >le-3  >le-3| >le-3 >le-3| l.le+l — — —
173 Lys — o.l o.l o.l o.l.| 1.0e+t0| — — —
174 Leu — o.l o.l o.l. ol | 3.6e-1 — — —
175 Gly — o.l ol. | >1le-3 >le-3| 2.4e+0| — — —
176 Asp — >le-3 >le-3| >1e-3 >le-3| 2.0e+l| — — —
177 Leu — n.o. n.o.| >le-3 >le-3| 1.7e+0 — — —
178 Arg EX2 >le-3 >le-3| 6.7e-4 3.9e-4 1.7e+0| 3.4 4.0e-4 4.7
179 Asp — n.o. n.o.| 5.9e-5 6.3e-6 1.3e+l| 5.4 4.4e-6 7.5
180 Thr EX2 >le-3 >le-3| 49e-5 1.2e-6 5.1e+0| 5.1 8.7e-6 7.1
181 Thr EX2 2.4e-4 1.2e-4 6.3e-5 3.9e-6 3.1letO0| 4.7 2.0e-5 6.5
182 Thr EX2 | 3.3e-4 7.8e-5 3.5e-5 1.3e-6 3.1e+0| 4.9 1.1e-5 6.9
183 Pro — — — — — — — — —
184 Lys — o.l o.l o.l ol.| 42el| — — —
185 Ala — o.l. o.l o.l. ol. | 1.3e+0 — — —
186 lle EX2 1.9e-4 2.1e-5 1l.4e-5 6.6e-7 4.2e-1| 45 3.4e-5 6.2
187 Ala EX2 2.0e-4 3.1e-5 1.9e-5 6.6e-7 1.3e+0| 4.8 1.4e-5 6.8
188 Ser EX2 >le-3 >le-3| 6.0e-5 2.8e-6 5.3e+0| 4.9 1l.1e-5 6.9
189 Thr — o.l o.l o.l. o.l. | 3.9e+0 — — —
190 Leu| EX2 1.4e-4 4.0e-5 1l.4e-5 6.5e-7 9.6e-1| 4.8 1.5e-5 6.7
191 Asn| EX2 1.6e-4 4.8e-5 2.0e-5 7.3e-7 1l.4e+0| 4.8 1.4e-5 6.7
192 Lys — 2.8e-4 5.7e-5 o.l ol | 42e-1| — — —
193 Phe| EX2 1.0e-4 1.2e-5 1.0e-5 4.4e-7| 2.3e+0| 54 4.5e-6 7.5
194 Leu — o.l ol. | 7.9e-6 4.2e-7 1.5e+0 5.3 5.3e-6 7.4
195 Phe| EX2 1.0e-4 4.2e-5 1l.4e-5 5.1le-7| 2.4e+0| 5.3 5.6e-6 7.3
196 Gly — >le-3 >le-3| >1e-3 >1e-3| 9.7e+0 — — —
197 Ser — o.l. ol.| >1le-3 >le-3| 1.3e+l — — —
198 Ala — >le-3 >le-3| >1e-3 >1e-3| 4.5e+0 — — —
199 Leu| EX2 >le-3 >le-3| 2.6e-4 1l.2e-5 6.0e-1| 3.4 4.4e-4 4.7
200 Ser — >1e-3 >le-3] >le-3 >le-3| 3.3e+0 — — —
201 Glu — >le-3 >le-3| >le-3 >le-3| 1l.6e+l — — —
202 Met — >1e-3 >le-3] >le-3 >le-3| 6.6e+0 — — —
203 Asn — >le-3  >le-3| >le-3 >le-3| 2.3e+0 — — —
204 Gin — o.l. o.l o.l. ol. | 2.3e+0 — — —
205 Lys — o.l o.l o.l ol.| 42el| — — —
206 Lys EX2 >le-3 >le-3| 2.0e-4 1l.6e-5 25e-1| 3.1 8.1e-4 4.3
207 Leu| EX2 1.7e-4 4.2e-5 1.7e-5 5.9e-7| 3.6e-1| 4.3 4.7e-5 6.0
208 Glu — o.l. ol.| 1.9e-5 6.5e-7 5.0e+0| 5.4 3.9e-6 7.5
209 Ser EX2 5.1e-4 7.5e-5 7.4e-5 2.3e-6 1.5e+1 5.3 4.8e-6 7.4
210 Trp EX2 29e-4 4.2e-5 19e-5 7.3e-7 1.8e+0| 5.0 1.1e-5 6.9
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Table 10.4:PSE-4 amide exchange data (continued)

‘ Residue ‘ EX2’?‘ pH 7.85 ‘ pH 6.65 ‘
| # aa ‘ ‘ Knx Dkyyx ‘ Knx Dkpx ‘ Kint ‘ logSF Kop AGHx ‘
| | s Y| Y Y] Y | (keal mol ) |
211 Met — o.l. ol. | 1.3e-5 9.5e-7 1.8e+0| 5.1 7.4e-6 7.2
212 Val EX2 1.3e-4 5.0e-5 1.2e-5 7.4e-7| 2.0e+0| 5.2 6.4e-6 7.2
213 Asn — o.l. o.l o.l. o.l.| 3.6e+0 — — —
214  Asn — >le-3 >le-3| >le-3 >le-3| 2.3e+0 — — —
215 Gin — >1e-3 >le-3] >le-3 >le-3| 2.3e+0 — — —
216 Val — >1e-3 >le-3] >le-3 >le-3| 2.0e+0 — — —
217 Thr — >1e-3 >le-3] >le-3 >le-3| 3.1et0 — — —
218 Gly — n.o. n.o.| >le-3 >le-3| 6.3e+t0| — — —
219 Asn — n.o. n.o.| >le-3 >le-3| 5.6e+0 — — —
220 Leu — >1e-3 >le-3] >le-3 >le-3| 6.0e-1 — — —
221 Leu — >1e-3 >le-3] >le-3 >le-3| 3.7e-1 — — —
222 Arg — >le-3 >le-3| >le-3 >le-3| 1.7e+0 — — —
223  Ser — >le-3 >le-3| >le-3 >le-3| 8.9e+0 — — —
224  Val EX2 >le-3 >le-3| 4.6e-4 7.9e-5 3.9e+0| 3.9 1.2e-4 55
225 Leu| EX2 >le-3 >le-3| 1.9e-4 9.le-6 9.6e-1| 3.7 2.0e-4 5.2
226 Pro — — — — — — — — —
227 Ala — >1e-3 >le-3] >le-3 >le-3| 2.3e+0 — — —
228 Gly — n.o. n.o.| >le-3 >le-3| 4.0e+0| — — —
229 Trp EX2 >le-3 >1e-3| 4.3e-5 9.2e-6 2.2e+0| 4.7 2.0e-5 6.6
230 Asn| EX2 9.8e-4 3.0e-4 6.5e-5 5.le-6 1.8e+0| 4.4 3.7e-5 6.2
231 lle — o.l. ol.| 1.7e-4 9.0e-6f 4.2e-1| 3.4 3.9e-4 4.8
232 Ala EX2 5.6e-4 2.0e-4 3.8e-5 3.le-6 1.3e+0| 4.5 2.9e-5 6.3
233 Asp| EX2 >le-3 >le-3| 1.7e-4 1.2e-5 8.1e+0| 4.7 2.1e-5 6.5
234 Arg — >le-3  >le-3 o.l ol | 7.8e+0| — — —
235 Ser — n.o. n.o.| >le-3 >le-3| 8.9e+0 — — —
236 Gly — >le-3 >le-3|] >le-3 >le-3| 7.9e+0| — — —
237 Ala — n.o. n.o. n.o. n.o.| 5.6e+0 — — —
238 Gly — >le-3 >le-3| >1e-3 >1e-3| 4.0e+0 — — —
240 Gly — >le-3  >le-3| >1le-3 >le-3| 9.7e+0 — — —
241 Phe — >le-3 >le-3| >le-3 >le-3| 9.7e+0 — — —
242 Gly — >le-3 >1e-3| >1e-3 >le-3| 9.7e+0| — — —
243 Ala — >le-3 >le-3| >1e-3 >le-3| 5.6e+0 — — —
244 Arg — >le-3 >le-3| >le-3 >le-3| 2.7e+0 — — —
245  Ser — o.l. o.l. o.l. o.l. | 8.9e+0 — — —
246 lle EX2 1.5e-5 1.5e-6 2.9e-6 1.le-7| 8.4e-1 55 3.4e-6 7.6
247  Thr — o.l. ol. | 5.0e-5 3.1e-6 1.2e+0 4.4 4.3e-5 6.1
248 Ala EX2 6.4e-6 4.5e-7| 1.0e-6 4.2e-8 3.6e+0| 6.6 2.8e-7 9.1
249 Val EX2 3.9e-6 4.1e-7| 4.8e-7 3.6e-8 2.0e+0| 6.6 2.5e-7 9.2
250 val EX2 3.8e-6 5.le-7| 3.8e-7 4.5e-8 3.1e+0| 6.9 1.2e-7 9.6
251  Trp — o.l o.l o.l ol.| 1.4e+0| — — —
252 Ser EX2 >1e-3 >le-3| 4.8e-4 3.4e-4 4.1e+0 3.9 1.2e-4 55
254  Glu — o.l ol. | >1le-3 >le-3| 1l.6e+1l — — —
255 His — o.l ol | >1le-3 >le-3| 2.8e+1 — — —
256 Gin — >1e-3 >le-3] >le-3 >le-3| l.letl — — —
257 Ala — >le-3  >le-3| >le-3 >le-3| 2.3e+0 — — —
258 Pro — — — — — — — — —
259 lle EX2 9.4e-7 4.9e-7| 2.6e-8 6.0e-9 4.2e-1| 7.2 6.1e-8 10.1
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Table 10.4:PSE-4 amide exchange data (continued)

‘ Residue ‘ EX2’?‘ pH 7.85 ‘ pH 6.65 ‘
| # aa ‘ ‘ Knx Dkyyx ‘ Knx Dkpx ‘ Kint ‘ logSF Kop AGHx ‘
| | s Y| Y Y] Y | (keal mol ) |
260 lle EX2 | 5.6e-7 1.3e-7 2.6e-8 5.1e-9 25e-1| 7.0 1.0e-7 9.7
261 Val EX2 | 5.6e-7 1l.4e-7 6.6e-8 2.1e-8 1.2e+0| 7.2 5.7e-8 10.1
262 Ser EX2 2.7e-6 6.4e-7| 6.1e-8 9.4e-9 8.5e+0| 8.1 7.3e-9 11.3
263 lle EX2 1.2e-6 2.7e-7) 3.6e-8 25e-8 8.4e-1| 7.4 4.2e-8 10.3
264  Tyr EX2 1.6e-6 4.6e-7 9.1e-8 3.2e-8 7.2e-1| 6.9 1.3e-7 9.6
265 Leu — o.l. ol.| 47e-6 23e-7 6.8e-1| 5.2 7.0e-6 7.2
266 Ala EX2 l4e-4 25e-5 1.3e-5 4.6e-7 1.4e+0| 5.0 9.4e-6 7.0
267 Gin — >le-3  >le-3| >le-3 >le-3| 2.3e+0 — — —
268 Thr — >le-3 >le-3| >le-3 >le-3| 2.0e+0 — — —
269 GiIn — o.l ol. | >1e-3 >1e-3| 3.6e+0 — — —
270 Ala — o.l o.l o.l. ol. | 2.3e+0 — — —
271  Ser — o.l. ol.| >1le-3 >l1e-3| 5.3e+0 — — —
272 Met — n.o. n.o.| >le-3 >le-3| 4.5e+0 — — —
273  Glu — >le-3 >le-3| >1le-3 >1e-3| 8.1e+0 — — —
274  Glu — >1e-3 >le-3|] >le-3 >le-3| 2.3e+l — — —
275 Arg — o.l o.l o.l ol.| 7.8e+0| — — —
276  Asn — >1e-3 >le-3] >le-3 >le-3| 3.8e+0 — — —
277 Asp — o.l o.l o.l ol.| 8.l1let0| — — —
278 Ala EX2 >1e-3 >le-3| 1.3e-4 2.9e-6 6.6e+0 4.7 2.0e-5 6.6
279 lle EX2 25e-4 4.7e-5 1.2e-5 3.le-7 4.2e-1 4.6 2.8e-5 6.3
280 Val EX2 1.3e-5 6.0e-7| 1.1e-6 6.6e-8 1.2e+0| 6.0 9.7e-7 8.4
281 Lys — o.l. ol.| 2.8e-6 7.3e-8 6.7e-1| 5.4 4.2e-6 7.5
282 lle — o.l. o.l. o.l. ol.| 25e-1 — — —
283 Gly EX2 1.1e-5 8.3e-7| 3.0e-6 6.7e-8 2.3e+0| 5.9 1.3e-6 8.2
284 His — o.l. ol | 45e-6 1.3e-7| 2.4e+1 6.7 1.9e-7 9.4
285 Ser EX2 7.3e-5 2.7e-5 1.2e-5 2.7e-7 2.6e+l| 6.3 4.7e-7 8.8
286 lle EX2 | 8.4e-6 6.6e-7 3.8e-6 6.0e-7| 8.4e-1| 5.3 4.5e-6 7.5
287 Phe — o.l. o.l. o.l. ol. | 2.3e+0 — — —
288 Asp — o.l ol | 7.8e-6 2.0e-7 2.0e+l| 6.4 3.9e-7 8.9
289 Val EX2 >1e-3 >le-3| 2.0e-4 1.5e-5 5.6e+0 4.4 3.6e-5 6.2
290 Tyr EX2 >le-3 >le-3| 2.5e-4 2.0e-5 1.9e+0| 3.9 1.3e-4 5.4
291 Thr — >le-3 >le-3| >1e-3 >le-3| 2.2e+0 — — —
292 Ser — >1e-3 >le-3] >le-3 >le-3| 8.5e+0 — — —
293 Gin — >le-3 >le-3| >1e-3 >1e-3| 4.5e+0 — — —
294  Ser — >le-3 >le-3| >le-3 >le-3| 5.3e+0 — — —
295 Arg — >le-3 >le-3| >l1e-3 >le-3| 8.6e-2 — — —

e kint values were obtained from an Excel spreadsheet from S. WaBkaey (University of Pennsylvania,
Philadelphia, PA,11, 43)).

e Values presented here are rounded. Exact values can baebhfedomBMRB (accession numb&g38).

¢ Important active site residues (32&rLys’3, Tyr'%, Seft30, Glul®6 and Arg?3?) are shown in bold red while
theQ loop (residues 161-179) is coloured blue.

e n-ter: N-terminus amine (not observable).

n.o.: non-observed N-H resonances (not assigned).

o.l.: overlapped N-H resonances.


http://www.bmrb.wisc.edu
http://www.bmrb.wisc.edu/data_library/generate_summary?6838
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Table 10.5:cTEM-17m backbone chemical shifts

| Residue | ™ N Ca Cp c |

| # aa \ (ppm) (ppm) (ppm) (Ppm)
26 His n-ter n-ter - -
27 Pro - - 65.568 32.340 .
28 Glu 11.040 121.750 59.690 28.676 179.5p0
29 Thr 7.750 118.850 65.090 67.760 176.070
30 Leu 7.060 119.790 57.500 40.950 178.960
31 Val 7.500 119.720 66.890 31.330 178.380
32 Lys 7.250 119.230 57.170 30.380 178.450
33 Val 8.280 122.700 67.210 31.130 176.710
34 Lys 7.690 118.650 59.870 31.880 179.300
35 Asp 8.300 120.320 57.400 41.830 178.150
36 Ala 8.450 122.160 55.440 18.370 0
37 Glu 7.920 117.670 61.020 29.310 .380
38 Asp 7.920 119.880 57.230 40.920 179.150
39 Gln 8.830 118.470 58.560 28.570 179.100
40 Leu 8.690 114.390 54.830 42.890 0
41 Gly 8.070 112.840 47.340 - .
42 Ala 7.730 119.680 50.720 24.180 174.910
43 Arg 7.630 115.560 55.750 33.290 177.580
44 Val 10.560 128.190 61.290 34.248 172.740
45 Gly 8.800 111.280 44.090 - .36
46 Tyr 9.460 124.000 56.700 45.220 174.340
47 lle 8.000 125.800 60.560 42.670 182.040
48 Glu 7.740 123.410 54.160 34.617 175.240
49 Leu 9.680 125.690 53.060 47.120 176.020
50 Asp 9.030 125.520 55.540 43.250 176.900
51 Leu 8.230 129.210 58.850 43.220 177.370
52 Asn 8.630 116.010 56.380 38.830 177.210
53 Ser 8.600 113.000 59.190 65.840 176.5380
54 Gly 8.000 112.450 45.630 - .
55 Lys 7.720 119.780 56.880 33.710 175.960
56 lle 8.640 124.900 62.470 37.580 176.160
57 Leu 8.890 130.570 55.840 42.230 176.940
58 Glu 7.540 116.130 54.980 33.880 174.450
59 Ser 9.050 115.660 58.450 66.960 171.6}70
60 Phe 9.560 121.590 59.930 43.750 173.110
61 Arg 8.780 121.790 57.850 28.600
62 Pro - - 65.314 32.650 .
63 Glu 8.420 114.070 54.810 29.740 176.2010
64 Glu 7.150 120.440 56.180 31.270 .100
65 Arg 7.920 115.620 55.080 31.970 177.300
66 Phe 8.760 118.360 55.670 42.380
67 Pro - - - —
68 Met 7.862 119.515 58.424 -
69 Met 10.488 120.181 56.498 -
70 Ser - - 57.812 —
71 Thr 7.900 112.010 66.060 - .
72 Phe 7.680 116.730 59.400 39.650 176.860
73 Lys 7.430 122.390 60.170 31.900 480
74 Val 6.660 114.670 66.200 32.650 176.040
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Table 10.5:cTEM-17m backbone chemical shifts (continued)

| Residue | ™ N Ca Cp c |
| # aa | (ppm) (ppm) (ppm) (ppm) (ppm) |
75 Leu 6.740 117.750 57.260 40.640
76 Leu 7.990 116.970 57.540 42.440
77 Cys 7.460 113.680 63.810 44.870
78 Gly 8.380 110.860 47.960 _
79 Ala 7.870 124.380 54.990 17.120
80 Val 7.960 118.940 66.930 32.200
81 Leu 8.420 119.120 57.900 40.830
82 Ser 8.050 115.560 61.950 62.370
83 Arg 7.510 121.430 59.340 30.320
84 Val 8.350 124.230 65.090 31.090
85 Asp 9.010 123.500 57.290 40.800
86 Ala 7.520 118.750 52.320 19.480
87 Gly 8.190 107.600 45.760 -
88 Gin 8.370 117.340 55.630 30.100
89 Glu 7.360 118.050 52.930 33.670
90 Gln 10.130 125.120 54.850 31.460
91 Leu 9.020 122.960 57.650 41.570
92 Gly 8.360 102.011 44.520 -
93 Arg 7.320 122.530 58.020 31.920
94 Arg 8.500 127.260 56.550 31.660
95 lle 9.080 130.220 60.240 38.940
96 His 8.440 124.650 55.400 31.040
97 Tyr 8.490 120.950 55.990 38.760
08 Ser 9.420 114.570 57.010 67.380
99 GIn 9.070 121.880 59.100 28.210
100 Asn 8.210 115.180 55.080 38.190
101 Asp 7.890 116.650 55.760 42.680
102 Leu 7.120 116.770 55.340 41.980
103 Val 7.730 117.160 58.830 34.470
104 Glu 8.510 123.220 57.930 30.230
105 Tyr 8.670 121.230 60.520 36.130
106 Ser 8.340 119.730 55.810 64.940
107 Pro - - 64.094 31.942
108 Val 8.660 118.380 64.570 33.140
109 Thr 9.630 113.620 63.970 69.270
110 Glu 8.170 119.980 58.840 28.590
111 Lys 7.420 116.200 55.890 32.560
112 His 7.120 116.190 55.240 28.730
113 Leu 7.840 120.230 58.220 42.020
114 Thr 8.290 109.270 64.400 68.870
115 Asp 8.770 117.120 53.950 40.460
116 Gly 7.900 110.780 45.110 -
117 Met 8.280 113.430 54.940 40.400
118 Thr 8.900 112.210 60.170 70.980
119 Val 8.090 121.970 68.170 31.760
120 Arg 9.030 118.350 60.200 31.350
121 Glu 7.620 118.310 58.440 30.080
122 Leu 9.070 122.820 58.040 41.130
123 Cys 8.110 118.910 62.300 42.460

187
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Table 10.5:cTEM-17m backbone chemical shifts (continued)

| Residue | ™ N Ca Cp c |

| # aa \ (Ppm) (ppm) (ppm) (Ppm)
124 Ser 7.710 113.340 61.400 62.610 0
125 Ala 8.480 124.560 55.640 17.520 180.2010
126 Ala 8.630 120.810 55.120 17.540 0
127 lle 8.210 113.640 65.020 38.180 176.6010
128 Thr 8.960 109.770 65.340 -
129 Met 6.720 114.200 53.090 33.354 176.210
130 Ser 7.130 114.910 59.410 -
131 Asp - - - -
132 Asn - - 56.237 38.910
133 Thr 7.620 119.880 67.990 66.990 176.4380
134 Ala 8.880 122.700 55.260 18.750 0
135 Ala 7.020 115.460 54.580 19.270 177.980
136 Asn 7.830 120.290 55.830 36.820 0
137 Leu 8.960 121.970 57.770 42.110 0
138 Leu 8.030 119.830 57.370 42.830 0
139 Leu 8.990 123.370 58.390 42.400 179.570
140 Thr 8.130 116.280 66.770 68.340 177.570
141 Thr 7.590 113.190 65.460 68.720 0
142 lle 6.930 112.050 61.080 38.920 0
143 Gly 7.440 106.701 45.180 -
144 Gly 8.090 108.960 45.700 -
145 Pro - - 66.369 32.271
146 Lys 8.610 118.110 59.740 32.170 0
147 Glu 7.350 118.300 58.530 29.170 180.5B80
148 Leu 7.770 121.500 57.780 40.540 177.900
149 Thr 8.350 117.260 68.500 - :
150 Asp 8.400 121.160 58.180 40.590 0
151 Phe 7.920 122.170 61.030 38.070 0
152 Leu 7.980 118.930 57.420 39.720 0
153 Arg 8.460 118.210 57.430 28.750 0
154 Gln 8.260 121.090 58.710 28.190 0
155 lle 7.430 110.950 61.180 37.300 0
156 Gly 7.580 108.980 45.750 - )
157 Asp 8.310 122.860 52.840 40.360 176.300
158 Lys 8.630 123.380 56.300 32.987 0
159 Glu 8.460 117.540 57.600 33.160 177.570
160 Thr 9.820 124.460 65.330 66.770 174.400
161 Arg 8.870 121.820 54.650 33.650 171.070
162 Leu 7.790 121.670 53.480 45.860 174.070
163 Asp 10.090 127.180 55.520 45.690 175.4/70
164 Arg 9.440 125.570 54.900 34.970 171.900
165 lle 7.080 105.391 59.440 37.920 0
166 Glu 9.273 116.456 55.050 -
167 Pro - - 63.826 33.893
168 Asp 8.210 127.714 57.360 40.996 0
169 Leu 7.360 112.620 57.110 40.830 0
170 Asn 7.690 119.760 53.830 40.350 0
171 Glu 7.380 121.580 60.460 30.660 0
172 Gly 9.510 105.773 46.988 -
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Table 10.5:cTEM-17m backbone chemical shifts (continued)

| Residue | ™ N Ca Cp c |

| # aa | (ppm) (ppm) (ppm) (ppm) (ppm) |
173 Lys - - 58.001 32.144 177.82
174 Leu 8.465 127.277 56.884 41.642 178.7[70
175 Gly 9.050 114.880 45.340 - 173.010
176 Asp 7.380 121.010 53.160 42.280 177.000
177 Leu 8.600 126.980 55.300 42.800 178.580
178 Arg 8.030 120.780 57.160 30.660 177.160
179 Asp 8.870 115.590 55.690 42.470 177.760
180 Thr 7.240 104.891 59.530 75.080 173.200
181 Thr 8.310 113.490 59.990 68.430 173.300
182 Thr 8.760 111.310 57.620 69.090 -
183 Pro - - 66.446 32.271 176.87
184 Lys 8.430 112.780 60.170 33.600 178.2[10
185 Ala 8.570 124.370 55.640 18.790 180.050
186 lle 8.260 116.390 65.990 36.540 177.340
187 Ala 8.070 124.220 55.810 19.470 178.980
188 Ser 7.790 112.500 61.880 62.750 177.490
189 Thr 8.900 123.120 66.840 67.450 175.500
190 Leu 9.040 122.270 58.260 41.410 178.080
191 Arg 8.130 117.990 60.880 28.900 178.4R0
192 Lys 7.900 120.370 59.920 32.670 178.340
193 Leu 8.000 116.590 57.760 42.400 177.500
194 Leu 7.940 112.160 56.430 43.380 178.1p0
195 Thr 7.930 106.411 60.980 72.150 174.760
196 Gly 8.040 109.750 45.320 - 174.170
197 Glu 8.390 117.630 56.110 29.630 176.300
198 Leu 7.420 121.120 57.800 43.120 177.050
199 Leu 8.620 117.980 52.610 44550 177.510
200 Thr 9.030 112.640 62.090 71.700 175.3[10
201 Leu 8.660 122.800 58.910 41.550 179.110
202 Ala 8.440 118.630 54.980 18.190 181.470
203 Ser 7.720 118.420 62.870 64.300 175.000
204 Arg 9.090 123.520 60.200 30.940 178.400
205 Gln 8.190 117.660 57.580 28.390 177.0[70
206 Gin 7.560 118.010 56.990 28.610 177.870
207 Leu 7.930 120.940 58.240 41.560 178.260
208 lle 7.800 118.130 65.650 38.330 177.180
209 Asp 8.670 122.260 57.580 39.980 181.370
210 Trp 8.010 120.290 59.630 28.880 177.110
211 Met 7.750 115.840 59.590 35.690 180.150
212 Glu 9.650 124.690 59.710 31.790 178.150
213 Ala 7.310 119.520 51.760 19.145 -
214 Asp — - - - -
215 Lys 9.522 127.500 56.982 -
216 Val - - - - -
217 Ala - - - - -
218 Gly - - - - -
219 Pro - - - — -
220 Leu - - - - -
221 Leu - - - - 177.730




Appendix 5: cTEM-17m Backbone Chemical Shift Assignments

Table 10.5:cTEM-17m backbone chemical shifts (continued)

190

| Residue | ™ N Ca Cp c |

| # aa \ (Ppm) (ppm) (ppm) (Ppm)

222 Arg 8.610 118.220 59.810 29.255 177.480
223 Ser 7.010 113.340 60.980 63.350 174.010
224 Ala 7.260 122.880 50.660 19.640 176.2[70
225 Leu 6.690 120.900 53.020 43.970

226 Pro - - 61.477 31.965

227 Ala 8.220 122.780 53.450 18.300 179.410
228 Gly 8.800 110.190 45.410 -

229 Trp 7.620 120.580 59.060 28.900 175.3p0
230 Phe 9.370 122.970 56.850 42.260 174.700
231 lle 7.500 123.470 60.460 40.190

232 Ala 8.460 127.980 50.640 21.570

233 Asp 8.230 123.840 53.000 45.230

234 Lys - - - -

235 Ser - - - -

236 Gly - - - -

237 Ala - - - -

238 Gly - - - -

240 Glu - - - -

241 Arg - - - -

242 Gly - - - -

243 Ser - - - —

244 Arg - - 53.652 -

245 Gly 8.421 111.554 46.965 -

246 lle 9.040 116.970 59.680 -

247 lle 8.120 118.430 58.850 -

248 Ala 8.970 123.750 51.310 24.720

249 Ala 9.350 122.780 50.340 20.650

250 Leu 9.300 121.120 55.110 46.620 176.730
251 Gly 8.790 110.460 46.860 -

252 Pro - - 60.767 31.685

254 Asp 7.920 114.290 54.950 39.330 177.180
255 Gly 7.720 100.251 46.860 -

256 Lys 7.170 119.340 52.300 34.630

257 Pro - - 62.098 -

258 Ser 8.520 112.310 58.990 65.750 174.5p0
259 Arg 8.820 123.250 55.840 36.250 174.500
260 lle 9.190 122.670 58.780 40.480

261 Val 9.190 126.310 59.630 36.280

262 Val 8.190 125.320 60.380 35.810 174.020
263 lle 8.240 122.560 60.140 41.935 174.5p0
264 Tyr 8.790 122.620 56.920 44.971 174.4p0
265 Thr 8.930 110.750 59.540 70.821

266 Thr - - - -

267 Gly - - 45.638 -

268 Ser 8.360 114.500 58.940 65.645 175.820
269 Gin 8.830 123.360 55.740 29.055 175.910
270 Ala 8.650 123.320 52.280 20.590

271 Thr 8.650 112.880 61.680 70.950

272 Met - - 58.037 30.914
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Table 10.5:cTEM-17m backbone chemical shifts (continued)

| Residue | ™ N Ca Cp c |
| # aa | (ppm) (ppm) (ppm) (ppm) (ppm) |
273 Asp 8.410 116.720 57.770 40.660 178.600
274 Glu 7.640 120.300 58.940 30.090 179.280
275 Arg 8.090 118.730 60.760 31.175 177.5p0
276 Asn 8.770 116.980 55.310 37.256 176.580
277 Arg 8.000 118.740 59.320 30.120 178.880
278 Gln 7.790 114.970 58.330 27.750 178.480
279 lle 7.430 117.580 66.010 - 175.690
280 Ala 8.060 124.090 55.960 17.722 180.4R0
281 Glu 8.420 118.330 59.660 29.810 180.680
282 lle 8.030 123.340 66.590 38.070 178.010
283 Gly 8.350 106.041 47.640 - 173.960
284 Ala 8.610 122.220 55.210 17.820 180.100
285 Ser 7.490 113.430 61.840 62.940 176.260
286 Leu 8.180 122.940 58.110 40.920 178.840
287 lle 7.930 118.150 63.870 37.670 178.500
288 Lys 8.100 120.870 59.010 32.540 177.920
289 His 7.600 114.300 54.840 28.010 173.650
290 Trp 7.230 128.690 62.380 30.450 -

¢ Important active site residues (S&rLys’3, Tyr'%, Set30 Glul®6 and Arg®4) are shown in bold
red while residues from th@ loop (residues 161-179) are coloured blue.

e Chemical shifts have been deposited in BéRB (under accession numb&6599.

e n-ter: N-terminus amine (not observable).


http://www.bmrb.wisc.edu
http://www.bmrb.wisc.edu/data_library/generate_summary?16598
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(17B-HSD type 5).
Université Laval, Centre Hospitalier de I'Université Lav@upervisor: Dr Sheng-Xiang Lin.

Other Experiences and Voluntary Work

e 2010

Teacher for part (2 weeks) tifitroduction a la bio-informatiquéBIF-1001, Université Laval).
e 2010

Teacher for part (2 weeks) &frotéinesBCM-2001, Université Laval).
e 2009

Teacher for part (6 weeks) of Détermination de la structure des protéines
(BIF-3001/BCM-4100/BCM-7003, Université Laval).

e 2008 —2010
minfx optimization library project developer — voluntary work. Development of a collection of
minimisation algorithms for use in other open-source paotg.

e 2008 — 2009
Evaluation committee for the B.Sc. in biochemistry at Univi& Laval — voluntary work.
e 2008

Association des chercheurs étudiants en biochimie et bimiagie de I'Université Laval (ACEBMUL):
External vice-president — voluntary work.

e 2008
Teaching assistant fdraboratoire de protéines et d’enzymolog&CM-21141, Université Laval).

e 2007 —Today
relax project developer — voluntary work. Development of an open-sosafavare for the study of
protein dynamics by NMR.

e 2007 — 2008 )
Commission des études (Université Laval): Graduate stugember (for AELIES). The role of this
committee is to oversee the creation of new academic pragtaefiore they are submitted to the
CREPUQ.

e 2007
Teaching assistant fdraboratoire d’acides nucléiqug8CM-18771, Université Laval).

e 2007
Association des chercheurs étudiants en biochimie et iilagie de I'Université Laval (ACEBMUL):
External vice-president — voluntary work.


https://gna.org/projects/minfx
http://www.nmr-relax.com

Appendix 6:Curriculum vitae 198

e 2006 —2010
Responsible for liquid nitrogen fills for the 600 MHz Variad®VA NMR magnet in Dr Stéphane M.
Gagné’s laboratory.

e 2006 —2009
BioConneXion 2007, 2008 and 2009 events (organised by CREFSIP studeMsmber of the
organizing committee — voluntary work.

e 2006 — 2007
Biochemistry and Microbiology Department (Université BBv Program committee member as
students’s representative — voluntary work.

e 2004 — 2007
Centre de recherche sur la fonction, la structure et l'ingf@m des protéines (CREFSIP): management
committee as student member — voluntary work.

e 2004 — 2006
BioConneXion2005 and 2006 events (organised by CREFSIP students): Mamdghe event —
voluntary work.
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