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Résumé

Partie I L’analyse de données de relaxation des spins à l’aide de l’approche model-free

est très répandue pour obtenir des informations sur la dynamique des protéines aux échelles

de temps ps-ns etµs-ms. Afin d’extraire des informations de qualité, les données sont

enregistrées à plusieurs champs magnétiques. Combiner de telles données est cependant

sujet aux erreurs expérimentales. Ainsi, la consistence des données de relaxation à plusieurs

champs doit être vérifiée. Malheureusement, cela s’effectue rarement,i.e. on assume

simplement que les données sont correctes. Nous proposons donc une approche simple pour

la vérification de la consistence de données de relaxation enregistrées à plusieurs champs.

L’utilisation des test proposés améliore l’analyse et réduit la présence artéfactuelle

d’échange conformationnel. Ainsi, comme les données d’échange conformationnel sont

souvent discutées en terme de liaison de substrat ou de catalyse, s’assurer de leur validité

améliore la compréhension biologique du système étudié.

Partie II Les β-lactamases de classe A sont impliquées dans la résistance aux

antibiotiques. Elles y participent en hydrolysant lesβ-lactamines. Ces enzymes ont été

étudiées par différentes approches : études mutationnelles, simulations de dynamique

moléculaire, cristallographie des rayons X et RMN. L’enzymemodèle de cette classe,

TEM-1, a précédemment été étudiée par RMN dans notre laboratoire. TEM-1 est très rigide

sur l’échelle de temps des ps-ns, mais subit des mouvements lentsµs-ms au niveau du site

actif. Afin de mieux caractériser la dynamique desβ-lactamases de classe A, l’homologue

PSE-4 a aussi été étudié par RMN avec des données de relaxationdes spins, de dispersion

de relaxation par CPMG et d’échange d’amides. Les mêmes conclusions que pour TEM-1

ont été obtenues : rigidité générale élevée et présence de mouvements lents près du site actif.

Ces mouvements pourraient être conservés chez lesβ-lactamases de classe A et ainsi avoir

un lien avec la catalyse enzymatique. Cette hypothèse est renforcée par les données RMN

pour cTEM-17m, une chimère TEM-1/PSE-4, pour laquelle plusieurs résonances près du

site actif sont non observées dû à un élargissement causé parces mouvements lents.



Summary

Part I The analysis of spin relaxation data using the model-free formalism is a widely

used approach to get insights into protein dynamics on the ps-ns andµs-ms timescales. In

order to extract high quality data, multiple magnetic field datasets are required. Combining

datasets recorded using different NMR magnets is prone to experimental errors. Hence, the

consistency of multiple field spin relaxation data must be carefully verified. Analysis of

multiple field spin relaxation data generally proceeds without verification of consistency,

i.e. with only the assumption that data is fine. We propose a simpleapproach to verify the

consistency of multiple field relaxation data. Using the proposed tests improves the

analytical approach by reducing the presence of artifactual conformational exchange terms.

Since these terms are often rationalised in relation with ligand binding or catalysis,

improving their confidence yields a better understanding interms of biology.

Part II Class A β-lactamases are involved in antibiotics resistance. They do so by

hydrolysing theβ-lactam antibiotics. These enzymes have been widely studied by different

approaches including mutational studies, MD simulations,X-ray crystallography and NMR.

The model enzyme for this class of proteins, TEM-1, has previously been studied by NMR

in the laboratory. It was observed that TEM-1 is a highly ordered protein on the ps-ns

timescale, with slowerµs-ms motions clustered around the active site. In order to

characterize further the backbone dynamics of class Aβ-lactamases, the homologous

enzyme PSE-4 was studied by NMR using different approaches such as spin relaxation,

CPMG relaxation dispersion, and amide exchange experiments. The same conclusions as

for TEM-1 were obtained with a high rigidity along the sequence balanced by slower

motions in the vicinity of the active site. These motions might be conserved in class A

β-lactamases and potentially be important for catalysis. This hypothesis is further enforced

by the backbone resonance assignments for cTEM-17m, a TEM-1/PSE-4 chimera, where

many resonances are unobservable around the active site, potentially suffering from line

broadening caused by slow motions.
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This thesis is presented in two parts. Part I discusses improvements to the analysis of spin
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1.1 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) spectroscopy is a powerfultechnique to obtain

information at an atomic resolution on structural as well ason dynamical aspects of

molecules. NMR can be divided in three principal areas: imaging, solid state, and liquid

state NMR. Liquid state NMR, as its name says, probes samples inthe liquid state (i.e. in an

isotropic environment). This means that macromolecules are studied in solution, a

significant advantage in terms of physiological relevance compared to methods employing

the crystalline form (e.g.X-ray crystallography).

NMR is made possible by an intrinsic property of atomic nuclei termed nuclear spin. In

some circumstances,i.e. when the nuclear spin angular momentum quantum numberI has a

non zero value, the spin behaves as a dipole and can thus interact with a magnetic field. This

property is at the base of NMR techniques. In protein studies, isotopic labelling is generally

performed in order to obtain both observable nuclei (i.e. with non null I ) and absence of

quadrupolar effects (i.e. with I < 1, since quadrupolar nuclei withI ≥ 1 give rise to

phenomenona far more complex to analyse), hence withI = 1/2. As shown in Table1.1, the
1H, 13C, and15N nuclei are preferred, although the2H (or D) nucleus is also used in some

circumstances.

Table 1.1:Spin properties of different nuclei.†

Nucleus I γ Natural Relative ν∗ for
abundance sensitivity ‡ B0 = 14.1 T

(T−1s−1) (%) (MHz)

1H 1/2 26.752 x 107 99.985 1.000 600
2H 1 4.107 x 107 0.015 0.009 92
12C 0 98.9
13C 1/2 6.728 x 107 1.1 0.016 150
14N 1 1.934 x 107 99.63 0.001 43
15N 1/2 -2.713 x 107 0.37 0.001 60

† Values from Cavanaghet al. [35] andhttp://www.eclipse.net/ñumare/nsinmrpt.htm.
‡ Compared to sensitivity of1H nucleus and considering an equal number of spins (i.e. assuming an

abundance of 100 %).
∗ Calculated fromν = (γB0)/2π with γ as the gyromagnetic ratio for the observed nuclear spin, and

B0 as the strength of the static magnetic fieldB.

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 2D display of 3D structures of

macromolecules, they in fact undergo dynamics on many different timescales separated by

many orders of magnitude. Figure1.1 displays some of the dynamic processes present in

proteins. Fast motions include bond vibration and libration. Side-chain rotations, when not

constrained sterically, are a few orders of magnitude slower, on timescales similar to that of

global tumbling (macromolecular Brownian rotational diffusion). Slower dynamics, on

timescales spanning many orders of magnitude towards ‘human’ timescales (s, min, etc),

include such processes as folding/unfolding, ligand binding, allosteric regulation, and

catalysis.

Many different techniques offer insights into protein dynamics: X-ray and neutron scattering

(reviewed in [90]), mass spectrometry (either hydrogen exchange or charge state

distributions in electrospray mass spectra, reviewed in [74]), time-resolved X-ray

crystallography (reviewed in [192]), time-resolved fluorescence (reviewed in [243]),

molecular dynamics (MD, reviewed in [134]), and NMR (reviewed in [211]).

Figure 1.1: Timescales of protein dynamics (top and blue) as well as timescales probed byNMR
experiments (bottom and red). Adapted from Palmer [211] 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 study ofdynamics. Indeed, NMR is

one of the most powerful tools available for the study of protein dynamics. It allows atom

specific data to be gathered for movements as fast as side-chain rotations or hydrogen bond

formation, and as slow as protein folding. Figure1.1shows some of the experiments available

to probe the different timescales from fs (10−15 s) to Ms (106 s,∼ 12 days). These include

RDC, relaxation dispersion (bothR1ρ and CPMG), amide exchange, lineshape analysis, ZZ

exchange, and spin relaxation experiments (reviewed in [4, 16, 71, 126, 127, 136, 137, 143,

210, 211, 213, 267, 275]).

Studying motions of N-H bonds provides a specific probe for almost all residues (except

prolines and the N-terminal residue). Because degrees of freedom in the protein chain are

introduced by theφ andψ dihedral angles, N-H (and C=O) bond motions report on motions

of the peptide plane (discussed in [23]). This thus allows characterisation of motions of the

entire protein backbone. Hence, this approach is often usedto characterise the dynamics

of a protein. Most experiments mentioned above can allow characterisation of motions of

the N-H bond vectors on different timescales. The spin relaxation rates depend mainly on

the N-H bond reorientations with respect to the external magnetic field as a function of time

[6] allowing the study of the information-rich ps-ns andµs-ms timescales. It is known that

motions arising on the ps-ns timescale influence the thermodynamics of ligand binding, as

well as the kinetics of catalysed reactions (reviewed in [273]). Indeed, changes in free energy

of binding, heat capacity or conformational entropy (i.e. changes affecting thermodynamics)

can arise from contributions of ps-ns motions [5, 162, 289, 290]. Moreover, motions on the

µs-ms timescale share the same timescale as enzyme catalysisand can thus be linked to these

processes [293].

1.3.1 Spin Relaxation

Spin relaxation experiments generally include three different types of measurements:

longitudinal relaxation, transverse relaxation, and steady-state heteronuclearNOE. The

magnetic field dependence of these spin relaxation parameters [1] allows quantification of

both global and local dynamics within a molecular system. Itis 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 asR1, spin-lattice relaxation, or, in the case of15N

relaxation, 15N-R1 or RN(Nz), see Equation1.1 below) defines the rate with which the

magnetisation, after being perturbed (e.g.by a RF pulse), returns to equilibrium along the

direction of the static magnetic fieldB. This equilibrium is defined by the Boltzmann

distribution and is caused by a coupling of spins with their environment, hence the name of

spin-lattice relaxation. In other words,R1 is the return rate of magnetisation parallel to a

magnetic field and is defined as follows [1]:

R1 = d [J(ωH −ωN)+3J(ωN)+6J(ωH +ωN)]+c J(ωN) (1.1)

whered, the dipolar constant, is defined as:

d =
1
4

(µ0

4π

)2 (h̄ γN γH)
2

r6
N-H

(1.2)

the chemical shift anisotropy (CSA) constant is:

c=
(ωN ∆σ)2

3
(1.3)

J(ω) are values of the spectral density at different frequencies(ω), µ0 is the permittivity of

free space,̄h is Planck’s constant divided by 2π, γN, andγH are the gyromagnetic ratios of
15N and1H, respectively, the Larmor frequency of15N is:

ωN = 2π νN = γN B0 (1.4)

rN-H is the vibrationally averaged effective N-H bond length, and ∆σ is theCSA. R1 depends

on the Larmor frequencyω and effective correlation timeτc as shown in Figure1.2.

Historically, the reciprocal ofR1, the longitudinal relaxation time, has been used
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preferentially.T1 andR1 are related as follows:T1 = 1/R1.

The recording ofR1 data for proteins generally proceeds through an inversion-recovery

approach (discussed in [161]) implemented in a HSQC [138] pulse sequence. Figure1.3

shows the behaviour of magnetisation in such an experiment (neglecting magnetisation

transfers to the15N nucleus and evolution in the indirect dimension, hence fora simple 1D

case). The experiment starts with a 180◦ pulse in order to get the magnetisation along-z.

Then, after a delay, a 90◦ pulse brings the magnetisation into thexy plane for acquisition.

Varying the delay between the two pulses affects the magnetisation amplitude which varies

from negative to positive values under the following relation [35]:

At = A0 (1−2e−R1 t) (1.5)

whereAt is the amplitude after a delayt andA0 the amplitude at time 0.

In the case of anR1 experiment implemented in a 2D15N-HSQC [138] pulse sequence (i.e.

the approach generally used for quantification of protein dynamics), the decay by longitudinal

relaxation follows an exponential decay such as [35]:

At = A0 e−R1 t (1.6)

Hence, in this case, the longer the delay, the more relaxation, and the less signal at the end of

the experiment.

Apart from its use in the characterisation of dynamics,R1 has an important impact on the

recording of NMR data. Indeed,R1 defines the recovery of magnetisation on thez axis and,

thus, the total magnetisation available at the start of the experiment. If a too high repetition

rate is used for NMR signal averaging, then lower signal is obtained as a result of incomplete

recovery of magnetisation. However, if a too low repetitionrate is used, a lower sensitivity is

obtained as a result of lower signal averaging. The Ernst angle defines the relation between

the repetition rate andR1 [35]. From this relation, near complete recovery of magnetisation

will result after a delay of 3T1, although to maximise sensitivity per unit time, in most

experiments repetition rate is adjusted to between 1 and 1.5T1 because a majority of the
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relaxation has occurred by this time.

1.3.1.2 Transverse Relaxation

Transverse relaxation (also known asR2, spin-spin relaxation, or, in the case of15N

relaxation,15N-R2 or RN(Nx,y), see Equations1.7and1.8below) defines the rate with which

the magnetisation, after being perturbed (e.g. by a RF pulse), decays in the plane

perpendicular to the direction of the static magnetic fieldB. This phenomenon happens

through energy exchange between spins as they precess around B, i.e. the magnetisation

decays in thexy plane while rotating around thez axis. Jointly with longitudinal relaxation

(the buildup of magnetisation on thez axis after perturbation, see above), the magnetisation

can be seen as rotating around thez axis (alongB) on the surface of a sphere from the

equator to the pole. However, what causes transverse relaxation is not precession aroundB

itself, but instead loss of coherence resulting from local magnetic field fluctuations affecting

the Larmor frequency of individual spins. In other words, after a perturbing RF pulse which

creates coherence among the spins, these spins evolve independently and coherence is

gradually lost, a phenomenon called transverse relaxation. R2 is defined fromR0
2, the pure

transverse relaxation rate (not influenced by processes on the µs-ms timescale), as follows

[1]:

R0
2 =

d
2
[4J(0)+J(ωH −ωN)+3J(ωN)+6J(ωH)+6J(ωH +ωN)]+

c
6
[4J(0)+3J(ωN)]

(1.7)

and

R2 = R0
2+Rex (1.8)

whereRex is the contribution toR2 accounting for slow processes occurring on theµs-ms

timescale. Generally,R2 is measured, although means of recordingR0
2 (i.e. Rex-freeR2) have

been proposed recently [109]. R2 also depends on the Larmor frequencyω and effective

correlation timeτc as shown in Figure1.2. Similarly to R1, the reciprocal ofR2, known as
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the transverse relaxation time, has been used in former documentation such thatT2 = 1/R2.

The recording ofR2 data for amide groups in proteins generally proceeds through a spin

echo [105] approach implemented in a HSQC [138] pulse sequence. Figure1.3 shows the

behaviour of magnetisation in such an experiment (neglecting magnetisation transfers to the
15N nucleus and evolution in the indirect dimension, hence fora simple 1D case). The

experiment starts with a 90◦ pulse in order to get the magnetisation in thexy plane. After a

delay, a 180◦ pulse inverses the magnetisation which is allowed to evolvefor a further delay

(of length equal to the first delay). This way, an echo is created where signals from different

chemical shifts (i.e. different angular frequencies) are refocused to the same position (such

that coherence is recovered). Recording proceeds right after the second delay. It is during

these two delays that transverse relaxation processes are active. Hence, varying the length of

relaxation delays will affect signal amplitude and, in turn, allow quantification ofR2

(extracted using Equation1.6).

Apart from its use in dynamics studies,R2 also has an important effect on NMR line shapes.

Indeed, the higherR2, the shorter it takes for loss of magnetisation on thexy plane. A faster

loss of magnetisation in the detection plane then means a shorter-lived FID which, after

Fourier transform, yields a broader peak. On the other hand,a resonance with a smallR2

possesses a slowly decaying FID, yielding a sharper line anda higher S/N ratio.

0
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Figure 1.2:Dependence of15N-R1 (solid line) and15N-R2 (dashed line) on nitrogen Larmor frequency
ωN and effective correlation timeτc. In this case,ωN was calculated withB0 = 11.74 T. The figure is
a generous gift from Arthur G. Palmer. It is from [35] and is used with permission from Elsevier.
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1.3.1.3 Steady-State Heteronuclear Nuclear Overhauser Effect

The steady-state heteronuclear nuclear Overhauser effect(in the case of15N relaxation, also

known as {1H} 15N-NOE or RN(HN
z → Nz), see Equation1.9 below) corresponds to

cross-relaxation between two dipolar-coupled spins (in this case,1H and 15N) [35]. It is

defined by the following Equation:

NOE= 1+
γH

γN

d
R1

[6J(ωH +ωN)−J(ωH −ωN)] (1.9)

and is thus dependent on the distance between the two spins (through a modulation ofd) and

on the relative gyromagnetic ratios of these spins.

Figure 1.3: Experimental approaches to the recording ofR1 (inversion-recovery) andR2 (spin echo).
Bulk magnetisation is shown as a red arrow while the different pulses or delays are coloured blue.
Varying the delays allows the recording of exponential decays for relaxation rate measurements. This
figure does not take into account other details than longitudinal and transverse relaxation.
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Acquisition of steady-stateNOE data generally proceeds through the recording of two

different spectra: with and without proton presaturation.Saturating the1H spin with a

sufficiently long weak RF field (weak enough not to perturb the15N spin) has the effect of

equalizing populations for this spin. This causes the magnetisation of the15N spin to evolve

to a steady-state. Experimentally, theNOE is measured as the ratio of peak amplitudes in

both situations (with and without proton saturation) such as:

NOE=
Asat

Aeq
(1.10)

whereA denotes the peak amplitude with (Asat) and without (Aeq) proton saturation.

1.3.1.4 Linking R1, R2, and NOE Data to Molecular Motions

As mentioned earlier,R1, R2, andNOE data are used to characterise molecular motions.

This is made possible by the fact that relaxation phenomenona are non spontaneous and

depend on the presence of motions. Indeed, Equations1.1, 1.7, and1.9 show that these

observables are in fact dependent on motions on different discrete timescales. These

motions are quantified by the spectral densities and, for15N-R1, 15N-R2, and{1H}15N-NOE

data, depend on the following frequencies: 0,ωN, ωH +ωN, ωH , andωH −ωN. In other

words, motions influencing relaxation are stochastic motions on timescales that are different

combinations of the Larmor frequencies of the involved spins. Hence, spin relaxation rates

and spectral densities are indissociable.

1.3.2 Reduced Spectral Density Mapping

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

non trivial. Several means of analysis have been proposed torelate spin relaxation data to the

spectral density function which is a description of the frequency 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 analysis, beyond raw data interpretation,

is known as spectral density mapping. Spectral density mapping does not introduce a possible

bias related to physical models for interpretation of internal and global motions [75]. Indeed,

no assumption is made on the shape of the spectral densityJ(ω) using this method [218],

contrary to, for example, the model-free approach (see below) [167, 168] where the spectral

density is assumed to possess a Lorentzian shape.

Complete spectral density mapping allows the extraction of the proton-proton dipolar

relaxation rate (ρHN-H i , a relaxation phenomenon caused by surrounding protons Hi) and of

the spectral densities at the five different frequencies (J(0), J(ωN), J(ωH +ωN), J(ωH) and

J(ωH −ωN)) [218]. However, this requires the recording of six different relaxation rates

(namely 15N-R1; 15N-R2; {1H}15N-NOE; RH(HN
z ) or 1H-R1; RN-H(2HN

z Nz), the

longitudinal two-spin order relaxation rate; andRN-H(2HN
z Nx,y), the antiphase15N single

quantum coherence relaxation rate) in order to solve this system of six equations. The

dependence of some of these rates (namelyRH(HN
z ), RN-H(2HN

z Nz) andRN-H(2HN
z Nx,y)) on

proton-proton dipolar relaxation makes them difficult to characterise [160]. This is because

experiments to measure these rates can lead to non mono-exponential decays from which

relaxation rates are difficult to extract with precision.

A simplified approach to the complete spectral density mapping is that of reduced spectral

density mapping [160]. This is done by assuming that the spectral density does notvary

much at higher frequencies, hence the possibility to equatethe three spectral densities at

higher frequency and centered aroundJ(ωH) (i.e. J(ωH +ωN), J(ωH), andJ(ωH −ωN)) to

a single one, namely〈J(ωH)〉, the spectral density at the effective proton frequency. This

corresponds toJ(0.87ωH) as described in Farrowet al. [75].

Thus, reduced spectral density mapping consists in determining the spectral density at three

frequencies: at the zero frequencyJ(0), at the nitrogen frequencyJ(ωN), and at the effective

proton frequency〈J(ωH)〉 (which approximatesJ(ωH + ωN), J(ωH), and J(ωH − ωN)).

These assumptions about the form of the spectral density areminimal and, because less

equations are involved, less data need to be recorded. An obvious strategy is to measure

only relaxation rates not influenced by proton-proton dipolar interaction, i.e. 15N-R1,
15N-R2, and{1H}15N-NOE. Equations1.11, 1.12 and 1.13 show the dependence of the

three reduced spectral densities on the measured variablesR1, R2, andNOE [75, 160]:
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J(0) =
−1.5
3d+c

(

R1

2
−R2+0.6 σNOE

)

(1.11)

J(ωN) =
1

3d+c
(R1−1.4 σNOE) (1.12)

〈J(ωH)〉=
σNOE

5d
(1.13)

where the cross-relaxation rate,σNOE, is defined from both theNOE andR1:

σNOE = (NOE−1) R1
γN

γH
(1.14)

1.3.2.2 Analysis

Analysis of reduced spectral density mapping is in some waysmore straightforward than

analysis of raw data. However, the approach does not give rise to parameters with a clear

physical meaning such as in the model-free formalism (see further below). Hence, the

approach has never reached a widespread use as is the case forthe model-free formalism.

Reduced spectral density mapping can serve to discriminate between motions either faster,

slower or on a similar timescale than the global tumbling. Indeed, as proposed by Křížová

et al. [154], a simple approach to analysis of reduced spectral densitymapping consists in

plotting eitherJ(ωN) or 〈J(ωH)〉 as a function ofJ(0) and, then, comparing the distribution

to theoretical functions. These functions describe the simple case of a single motion defined

by a single Lorentzian (whereJ(0) = 0.4 τm, with τm as the global rotational correlation time)

and are defined by:
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J(ωN) =
J(0)

1+6.25(ωN J(0))2 (1.15)

〈J(ωH)〉=
J(0)

1+6.25(ωH J(0))2 (1.16)

Graphical analysis of the data is performed such as in Figure1.4. This allows qualitative

separation of different residues, for example, as highly flexible on the fast ps-ns timescale,

principally affected by global diffusion or involved in conformational exchange (slowµs-ms

motions). Additionally, this approach allows the comparison of data acquired at different

temperatures or in the presence and absence of a ligand.
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J(0) (s rad

-1
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Figure 1.4: Graphical analysis of reduced spectral density mapping. The curve was generated from
Equation1.15. Points P and Q represent, respectively, motions on the global tumbling timescale (here
for τm = 10 ns, with point P at 0.4 τm = 4 ns) and on a much faster internal correlation time (here
τi = 125 ps, with point Q at 0.4 τi = 50 ps). In general, most relaxation data should be clustered
between points P and Q (around the blue line), such as point R. However,when slowµs-ms motions
are present, the data point is shifted to higherJ(0) values (in the direction of point S at the end of the
red arrow). Adapted from Ǩrížováet al. [154] with kind permission from Springer Science+Business
Media.
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1.3.3 Model-Free Formalism

The model-free formalism [40, 51, 167, 168] is the preferred approach for spin relaxation

data analysis. It allows the extraction of parameters with physical meanings rather more

concrete than the relaxation data themselves. Using this formalism, two main parameters,S2

and τ, account respectively for the restriction of the motion forone vector (e.g. the N-H

bond) and the effective timescale of this motion (a value influenced and normalised byS2).

Moreover, theRex parameter can account for slow motions on theµs-ms timescale

contributing to the observedR2 (see Equation1.8). Usually, spin relaxation data is analysed

by fitting ‘model-free’ functional forms of spectral density. In the model-free formalism

[40, 51, 167, 168], functions are introduced containing a limited number of parameters, thus

allowing one to get insights into the motions causing spin relaxation. The model-free

formalism is preferred compared to reduced spectral density mapping, as more information

can be obtained (at the price of more assumptions concerningthe form of the spectral

density). Hence, because of its easier interpretation, themodel-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 Szabo[167, 168] and further

extended by Cloreet al. [40], and d’Auvergne and Gooley [51]. Its main theorem is that

internal motions can be decoupled from the global tumbling of the molecule. A correlation

function, which forms a Fourier pair with the spectral density, is used to define and decouple

global and internal motions. This correlation function is thus the product of the correlation

function of Brownian rotational diffusion (global tumbling) and the correlation function of

internal dynamics (e.g.N-H bond motions) [167]:

C(τ) =CO(τ) � CI (τ) (1.17)

whereC(τ) denotes a correlation function and the subscriptsO and I stand for overall

tumbling and internal motions, respectively.
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This approach allows the description, with simple parameters, of the correlation function of

internal dynamics independently of the overall tumbling with [39, 40, 47]:

CO(τ) =
1
5

k

∑
i=−k

wi � e−τ/τi (1.18)

and

CI (τ) = S2+(1−S2
f )e

−τ/τ f +(S2
f −S2)e−τ/τs (1.19)

wherew defines a weight,τ defines a correlation time, and indexi ranges over the number

of exponential terms in the correlation function (i.e. from -k to k). In the simplest case of

isotropic tumbling (also known as spherical diffusion),k= 0 (hencei = 0) andτi is replaced

by a single term,τm, defined as the global correlation time and closely related to the isotropic

component of diffusionDiso by [18]:

1
τm

= 6Diso (1.20)

At the opposite of spherical diffusion lies anisotropic diffusion (also known as the diffusion

of an ellipsoid), wherek= 2 (hence indexi has five possible values and ranges from -2 to 2).

When the ellipsoid diffuses with an axial symmetry, a spheroid diffusion tensor is defined

(wherek = 1 andi has three values ranging from -1 to 1). This spheroid is either prolate

or oblate, depending on its shape (see Figure1.5). For an extensive discussion on the topic

of overall correlation functions in the context of model-free analysis, the reader is further

directed to Edward J. d’Auvergne’s Ph.D. thesis [47].

Using different combinations of internal parameters (S2 and τ) in Equation1.19 of local

correlation, local model-free models are created [39, 40, 49, 51, 52, 87, 147, 167, 168, 206,

295]:
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m0 : {}
m1 : {S2}
m2 : {S2,τe}
m3 : {S2,Rex}
m4 : {S2,τe,Rex}
m5 : {S2,S2

f ,τs}
m6 : {S2,τ f ,S

2
f ,τs}

m7 : {S2,S2
f ,τs,Rex}

m8 : {S2,τ f ,S
2
f ,τs,Rex}

m9 : {Rex} (1.21)

whereS2 is the square of the generalised order parameter [167], τ is the effective timescale

of the motion characterised byS2, and subscripte refers to the local motion characterised in

modelsm2 andm4 whereas subscriptssand f refer to the slow (ns) and the fast (ps) motions

(as compared to the global tumbling) characterised in models m5 to m8. The effective order

Figure 1.5:Axially symmetric diffusion tensors. The oblate (left) and prolate (right) diffusion tensors
are shown as well as their axis of symmetry and a reference frame. The oblate spheroid has a
component of diffusion in thez axis smaller than in both thex andy axes. The situation is reversed
in the prolate spheroid. The ellipsoid diffusion tensor does not include an axis of symmetry along
z (hence the components inx and y are different). In the sphere, the situation is reversed where
components in the three directions (x, y, andz) are equal. The figure is adapted from Wikipedia
(http://en.wikipedia.org/wiki/Spheroid).

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

S2 = S2
f � S2

s (1.22)

and is limited physically to values between 0 (unrestrictedisotropic motion) and 1

(completely restricted, absence of motion). As stated by Lipari and Szabo [167], the S2

parameter can be rationalised in terms of a semi-angleθ0 within a cone as shown in

Figure1.6from the following Equation:

S2
cone=

[

1
2

cosθ0(1+cosθ0)

]2

(1.23)

For parameter sets of modelsm0 to m9, the absence of a parameter means this parameter

has a null value,i.e. eitherS2 = 1, τ = 0 or Rex= 0. Moreover, even though parameterRex

does not appear in Equation1.19, it is used in the model-free formalism to compensate for

the discrepancy caused between experimental and back-calculatedR2 values in cases where

Figure 1.6: S2 parameter as a function of cone semi-angleθ0, calculated using Equation1.23. The
inset zooms to values around 0.85, the typical value for secondary structure elements.
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slow µs-ms motions are present. In the model-free formalism,Rex is assumed to be caused

by motions in the fast exchange limit and is thus scaled quadratically with the magnetic field

[125]. Finally, modelsm9 andm0 are both limit situations where a residue respectively has

its relaxation dominated by conformational exchange (m9), or displays very limited local

motions (m0).

By assuming a Lorentzian form of the spectral density, a model-free spectral density function

can be derived from these correlation functions [47]:

J(ω) =
2
5

k

∑
i=−k

wi � τi

(

S2

1+(ω τi)2 +
(1−S2

f )(τ f + τi) τ f

(τ f + τi)2+(ω τ f τi)2 +
(S2

f −S2)(τs+ τi) τs

(τs+ τi)2+(ω τs τi)2

)

(1.24)

In the case of isotropic global diffusion (wherei = 0, τi adopts a single value withτi = τm,

and the weightw equals 1, as stated before), the function reduces to the following [51]:

J(ω) =
2
5

τm

(

S2

1+(ω τm)2 +
(1−S2

f )(τ f + τm) τ f

(τ f + τm)2+(ω τ f τm)2 +
(S2

f −S2)(τs+ τm) τs

(τs+ τm)2+(ω τs τm)2

)

(1.25)

Relating the correlation functions to the spectral density is possible since, as discussed

before, the spectral density and correlation functions form a Fourier pair. Hence, applying a

Fourier transform to the combined correlation functions (overall and internal) yields the

above model-free spectral density from whichR1, R2 and NOE (see Equations1.1, 1.7,

and1.9) can be back-calculated. This is how model-free minimisation proceeds.

1.3.3.2 Minimisation

Algorithm

Until recently, most studies using the model-free formalism minimised data for local
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model-free models by first defining a diffusion tensor externally to the model-free

formalism. The process is known as the diffusion-seeded model-free optimisation and goes

as follows:

1. The diffusion tensor is defined externally, generally using theR2/R1 ratio for vectors

judged to be deprived fromµs-ms motions [139, 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 local model-free models.

5. Steps 2-4 are performed iteratively until convergence ofall parameters.

This approach was used for several years but was recently shown to have some shortcomings

and often yield incorrect characterisation of diffusion and, in turn, potentially incorrect

characterisation of local dynamics. Indeed, d’Auvergne and Gooley proposed a new

approach where the algorithm is as follows [52]:

1. Local model-free models including a local correlation time (localτm, i.e. an effective

global correlation time for each vector, all of which are independent) are minimised.

These models correspond to modelsm0 to m9 to which a localτm parameter is added

and are namedtm0 to tm9.

2. Model selection of these local model-free models with local τm proceeds.

3. The local parameters are used for separate optimisation of different diffusion tensors

(sphere, oblate, prolate, and ellipsoid). For this purpose, the localτm is first removed

from the sets of local model-free parameters (i.e. modelstm0–tm9 reduce tom0–m9,

respectively) and parameters for the diffusion tensor are determined.

4. Local model-free models (now without localτm, but with the diffusion tensor optimised

in step 3) are minimised.

5. Model selection is performed for choosing the best local model.

6. The diffusion tensor is optimised with the chosen local parameters.
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7. Steps 4-6 are performed iteratively until convergence ofall parameters.

8. Model selection is performed in order to chose the optimised parameter set from the

best diffusion tensor.

Model selection

There are several possible models both for overall (localτm, sphere, oblate, prolate, and

ellipsoid) and local (modelsm0 to m9) description of dynamics. This means that a process

called model selection needs to be applied in order to chose from the different diffusion

tensors and local model-free models.

Model-free minimisation proceeds by minimising the discrepancy between the actual

experimental data and the values back-calculated with the chosen parameters in the

model-free equations. Generally, a function for measuringthe goodness of fit between the

experimental (R) and back-calculated data (R′) is used such as:

χ2 =
n

∑
j=1

[

(Rj −R′
j)

2

σ2
j

]

(1.26)

whereσ is the experimental error andj is the residue number. From this function, the best

model is then chosen using a function such as the Akaike Information Criteria (AIC) [3]:

AIC= χ2+2k (1.27)

wherek is the number of parameters in a given model. This normalisation of the number of

parameters in the model allows a comparison of different models in order to reach parsimony,

i.e. choosing the simplest model which fits data well [25]. This process is also known as

Occam’s razor, the equilibrium between bias and variance.

Historically, approaches usingF-teststatistics (discussed in [57]) have been widely used for

model selection in the context of model-free analysis such as proposed by Mandelet al. [174].

However, it is suggested to use frequentist methods such asAIC instead [48]. Moreover, it is
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even best to perform model elimination [49] prior to model selection. In this additional step

of model elimination, models with aberrant parameter values are excluded and not tested for

model selection. This prevents the choice of models with lowχ2 andAIC values, although

with aberrant parameters such as, for example, a local correlation time τe longer than the

global tumbling timeτm.

Programs for model-free calculations

Several programs have been developed for the optimisation of the model-free parameters.

These includeModelFree[174, 214], DASHA[205], Tensor2[17, 45, 60, 268], DYNAMICS

[87], the suite of Mathematica (Wolfram Research, Champaign, IL)

notebooks by Leo Spyracopoulos[251], as well as several in-house programs [56, 76, 171].

Recently, an open source program coded inPythoncalled relax [51, 52] has become the

most advanced tool for model-free analysis of spin relaxation data. This program provides,

among other things, high precision optimisation, model-free model elimination before

model selection (avoiding the selection of models with non physical parameter values) [49],

different model selection methods (AIC [3], AICc [120], BIC [245]), different optimisation

algorithms (through the use of theminfx optimization library), and fully anisotropic

diffusion tensor optimisation.

1.4 Data Consistency

In order to over-determine model-free equations, it is paramount to record data at multiple

magnetic fields (discussed in [50]). However, combining multiple-field datasets is not trivial

and, in some circumstances, can lead to artifacts. Indeed, this problem has previously been

discussed in the literature [88, 89, 159].

Indeed, to extract high quality information from multiple field experiments, it is important

that datasets share a high degree of consistency, as combining inconsistent datasets is similar

to combining datasets recorded under different experimental conditions, i.e. potentially

reporting on different motions. Inconsistencies can arisefrom several factors, including

variations in sample viscosity (caused by changes in temperature and concentration), water

saturation during acquisition (which influences N-H moieties as 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 data acquisition between different NMR

spectrometers or NMR centers, and any form of time-dependent sample modifications

(e.g. binding state, degradation, and aggregation). If variations are present among the

datasets recorded at different magnetic fields, then recorded spin relaxation parameters will

be inconsistent with each other.

The effects of combining inconsistent datasets can vary depending on the source of the

problem. In certain cases, incorrect characterisation of global tumbling can arise, indirectly

leading to erroneous evaluation of local dynamics [244, 265]. Moreover, artifactualµs-ms

motions can be falsely detected as non-nullRex parameters [265]. Finally, inconsistent

datasets can yield to some N-H vectors being rejected from the analytical scheme because of

too highχ2 statistics, thus reducing the information content obtained from the experiments.

No matter the exact situation, however, it is clear that inconsistent datasets will lead to a

mistaken description of local motions and should be avoidedentirely.

1.5 Objectives of this Work

The work presented in this first part of the thesis was concerned by the improvement of spin

relaxation data analysis in the context of the model-free formalism. This project was born by

the need to validate the quality of spin relaxation data recorded for PSE-4β-lactamase in the

course of the study of its dynamics (see PartII , Chapter7, and [194]). Specific objectives

were as follows:

• Develop an approach to identify inconsistent transverse relaxation rates acquired at

multiple magnetic fields (in order to avoid artifacts causedby the combined analysis of

inconsistent data).

• Sensitise the NMR community on the importance of highly consistent multiple field

spin relaxation data for extraction of reliable information on protein dynamics.



Chapter 2

Improved Analysis of NMR Dynamics:

Simple Tests for the Validation of

Multiple Field Spin Relaxation Data

Multiple field 15N spin relaxation data is widely used within the model-free

formalism to extract detailed dynamic information for protein amide N-H

groups. However, severe artifacts can be introduced if inconsistencies arise

between experimental setups with different magnets (or samples). Here, we

propose the use of simple tests as validation tools for the assessment of

consistency between different datasets recorded at multiple magnetic fields.

Synthetic data are used to show the effects of inconsistencies on the proposed

tests. Moreover, an analysis of data currently deposited inthe BMRB is

performed. Finally, two examples are presented. These tests are implemented in

the open-source programrelax, and we propose their use as a routine check-up

for assessment of multiple field dataset consistency prior to any analysis such as

model-free calculations. We believe this will aid in the extraction of higher

quality dynamics information from15N 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 proposed to assess the consistency of

transverse relaxation rates within spin relaxation datasets at multiple magnetic fields to be

used for model-free analysis. The goal of these tests is similar to the self-consistency test

previously proposed by Fushmanet al. [89] or to the indirectR1 consistency verification

approach proposed by Macket al. [172]. The use of the three tests, for which we show

the efficiency using both synthetic and experimental data, should become routine so dataset

quality is assessed prior to derivation of dynamics parameters. This additional step in15N spin

relaxation studies is believed to allow more relevant data to be extracted from the information

rich R1, R2, andNOE, avoiding experimental errors such as those arising from temperature

or concentration deviations.

2.2 Methods

2.2.1 Consistency Tests

Three consistency tests can be used in the proposed approach: J(0) [75], Fη, andFR2 [88].

These field independent functions usingR1, R2, and NOE as input parameters were

implemented in the programrelax, versions 1.2.14 and higher) [51, 52]. J(0) was defined

previously (see Equation1.11), andFη andFR2 are defined below:

Fη =
η

B0{4+3[1+(ωN τapp
m )2]−1} (2.1)

FR2 =
R2−PHF

{4+3[1+(ωN τapp
m )2]−1}(d+c/3)

(2.2)

where the cross-correlation rate between the15N CSAand the15N-1H dipolar interaction is

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

η = 0.5

√

dc
3

[4J(0)+3J(ωN)] [3 (cosθ)2−1] (2.3)

the spectral density at the15N frequency is calculated from Equation1.12, θ is the angle

between the15N-1H vector and the principal axis of the15N chemical shift tensor,τapp
m is an

estimated isotropic global correlation time for the systemunder study (expressed in ns, and

estimated from the following relation [78]:

τapp
m = 2.5 J(0) (2.4)

and the contribution toR2 from high frequency motions is:

PHF =−1.3 σNOE (2.5)

For the calculations presented here,θ was 15.7o as in Fushmanet al. [88], rN-H was 1.02 Å,

and the15N CSAwas assumed to be -172 ppm. BothrN-H and15N CSAwere typical of spin

relaxation studies analysed using the model-free formalism.

Performing these simple calculations for each residue and then comparing results obtained at

different magnetic fields should, in the case of perfect consistency and assuming the absence

of conformational exchange, yield equal values independently of the magnetic field.

2.2.2 Synthetic Datasets

Synthetic datasets were generated using the programrelax (version 1.2.14) [51, 52]. R1, R2,

andNOE were calculated at three magnetic fields in the case of an N-H vector with an order

parameter (S2) of either 0.6, 0.7, 0.8, 0.9 or 1.0, and with a correlation time (τe) of either 20

or 100 ps (modelm2 within the model-free analysis) on a molecule tumbling isotropically

with a correlation time (τm) of either 5, 10, 20 or 40 ns. As for consistency tests, bothrN-H

http://www.nmr-relax.com
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and15N CSAwere 1.02 Å and -172 ppm, respectively.

2.2.3 Experimental Datasets

Experimental datasets were retrieved from theBMRB [269]. These datasets were recorded

at two or three magnetic fields for proteins with apparent correlation times≥ 5 ns (see

Equation2.4 or Table2.5 for a description of the method used to estimateτapp
m ). Moreover,

two test cases for homologous proteins TEM-1 [240] and PSE-4 [194] were analysed in

details to show the advantage of performing consistency tests.

2.2.4 Temperature Calibrations

Temperature calibration for different NMR probes (Varian RT and cold probes) were

performed using a 4 % CH3OH / 96 % CD3OD sample. The following relation (from Bruker

Instruments VT-Calibration Manual, valid approximately between 0 and 30◦C) was used:

T =
4.109 − ∆δ

0.008708
(2.6)

where the temperatureT is expressed in K and∆δ, the chemical shift difference between the

OH and CH3 resonances, is expressed in ppm.

2.3 Results

The magnetic field dependence of spin relaxation parameters[1] (see Equations1.1, 1.7,

and 1.9 as well as Figures2.1, 2.2, and 2.3) allows over-determination of model-free

equations for quantification of both global and local dynamics within a molecular system.

Recorded data is usually taken directly as input into minimisation procedures to yield

model-free parameters. A field independent function based on these dynamics parameters

would be useful to assess datasets consistency prior to these analyses. This would avoid the

http://www.bmrb.wisc.edu
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potential extraction of erroneous information as well as the waste of time associated to

dissecting inconsistent datasets using numerous long model-free minimisations with

different subsets of data.

The three tests proposed in this study areJ(0), Fη, andFR2 (see Equations1.11, 2.1, and

2.2). While J(0) [75], the spectral density at the zero frequency, is mainly usedin studies of

unfolded proteins using reduced spectral density mapping,it is very well suited for assessing

consistency since it is, in the absence ofµs-ms motions, a field independent function. On the

other hand,Fη andFR2 are two functions which were previously proposed for consistency

testing in the case of determining the15N CSAusing the cross-correlation rateη and the

transverse relaxation rateR2 [88], and are also, in the absence ofµs-ms motions, field

independent functions. Performing these three tests for consistency testing purposes requires

R1, R2, andNOE data at two magnetic fields or more. Moreover, an estimate of the global

correlation timeτapp
m (see Equation2.4) is required for testsFη andFR2 (see Equations2.1

and2.2).

Consistency testing is performed by calculating the different functions using the experimental

data from each magnetic field and then comparing values obtained on a per residue basis

before having a look at correlation plots and at the distribution of ratios. This global picture
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Figure 2.1: Effect of dynamics on spin relaxation:R1 (based on synthetic data for model-free model
m2 and a local correlation timeτe of 20 ps).
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Figure 2.2: Effect of dynamics on spin relaxation:R2 (based on synthetic data for model-free model
m2 and a local correlation timeτe of 20 ps).
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then indicates the level of consistency in a qualitative manner, where consistent datasets have

distributions of ratios centered at one, while deviations from one are observed for inconsistent

datasets.

2.3.1 Consistency Tests on Synthetic Datasets

Simulations based on synthetic data confirm the field independent nature of theJ(0), Fη, and

FR2 functions in the case of consistent datasets for spins not affected by slowµs-ms motions

(Table2.1, see also Figures2.4, 2.5, and2.6). This observation is valid at least forS2 varying

from 0.6 to 1 andτm varying from 5 to 40 ns, thus valid for most protein NMR studies.

Additionally, variations in the local correlation timeτe (from 20 to 100 ps) do not affect

the field independent nature of the functions (data not shown), a prerequisite for their use

as consistency tests. Contrary to the proposed tests, and even though it is sometimes used

for testing global consistency ofR2 data, the normalisation ofR2 by the square root of the

magnetic field (R2/
√

B0) is not a ‘real’ field independent function,i.e. it is not unaffected

by local dynamics (data not shown) and, thus, should not be used for serious consistency

validation of multiple fieldR2 data.
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Figure 2.5: Effect of dynamics on consistency functions:Fη (based on synthetic data for model-free
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A second prerequisite for the use of these functions as consistency tests is that these be

affected by inconsistencies. Tables2.2, 2.3, and2.4 indeed show that errors in the transverse

relaxation rates affect the results of consistency testingand that bothR1 andNOE have a

negligible effect on the calculated values for the three tests (see also Figures2.7, 2.8, 2.9,

2.10, 2.11, and2.12). Moreover, this effect ofR2 on the consistency functions is almost

quantitative, even though we propose that assessment of consistency be performed in a

qualitative manner, looking at the different vectors of a macromolecule as a whole, since

particular conditions could give rise to a local deviation in R2 unrelated to consistency

issues. For example, errors on the measured rates will slightly affect consistency of single

spins. However, taken as a whole, a consistent dataset with anon null error on the measured

rates should give rise to a distribution of ratios centered at one, but with a spread

proportional to the experimental error. Indeed, most inconsistencies will arise from factors

affecting all spins and thus skewing the distribution of ratios away from an average value

of 1, as opposed to giving rise to a wider distribution.

Of course, the proposed tests are not strictly perfect,i.e. some deviations are observed in the

case of perfect datasets, for example whenτm is short (∼ 5 ns) probably becauseωNτm

approaches 1 where some assumptions are not valid anymore. Indeed, the shape of the

spectral density is characterised as an inverse quadratic function ofωN whenωNτm ≫ 1 (i.e.
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Figure 2.7: Effect of inconsistencies inNOE andR1 on J(0) (based on synthetic data for model-free
modelm2 and a local correlation timeτe of 20 ps; consistency function calculated for a1H frequency
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Figure 2.10: Effect of inconsistencies inR2 on J(0) (based on synthetic data for model-free model
m2 and a local correlation timeτe of 20 ps; consistency function calculated for a1H frequency of
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in the so-called slow tumbling or spin diffusion regime). Onthe other hand, when this

condition is not met, the shape of the spectral density changes and the assumptions

necessary for reduced spectral density mapping in case of the J(0) test (assuming that the

spectral density does not vary much at higher frequencies, see Section1.3.2) are not valid

anymore. However, these deviations are less than 1.5 % in allcases (see Table2.1).

Moreover, some effects ofR1 andNOE inconsistencies can also be observed, mostly lower

than 2.5 % for 10 % inconsistencies, thus generally not precluding the use of these tests for

consistency testing. Of course, if different inconsistencies are combined, these effects also

combine in an additive way, potentially increasing or decreasing the consistency scores

(depending on the combination), but again in a limited way since the effects onJ(0), Fη, and

FR2 of both R1 and NOE inconsistencies are small compared to the effects ofR2

inconsistencies (see Tables2.2and2.4as well as Figures2.7, 2.8, 2.9, 2.10, 2.11, and2.12).

Hence, the above arguments confirm the availability of thesefunctions for use as consistency

tests. However, as all three functions report on the same inconsistency (affectingR2), we

prefer the use of the spectral density at the zero frequency,J(0), alone since it does not rely

on an estimation of the global correlation time (τapp
m ), neither on a measure ofθ, the angle

between the15N-1H vector and the principal axis of the15N chemical shift tensor (which was

shown to vary for different residues in ubiquitin, with an average value of 15.7±5.0◦, for a
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Figure 2.12: Effect of inconsistencies inR2 on FR2 (based on synthetic data for model-free model
m2 and a local correlation timeτe of 20 ps; consistency function calculated for a1H frequency of
600 MHz).
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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 estimation ofτm (which certainly

cannot be excluded) gives rise to an apparent inconsistencyof up to 2 % for perfect data in

both Fη andFR2 (data not shown). For these reasons, we will focus solely on consistency

assessment usingJ(0) in the examples discussed below.

2.3.2 Consistency Tests on Experimental Datasets

Since, at short correlation times (i.e. < 5 ns), consistency tests are less efficient (see text

above), only datasets for which the correlation time was estimated to be≥ 5 ns were extracted

from the BMRB [269] and analysed (see Table2.5). Among the datasets retrieved from

the BMRB (17 in total), some showed apparent inconsistencies, whereas others displayed

excellent multiple field consistency (see Table2.5).

Good Consistency

Examples of very good consistency included data for the enzyme human neutrophil

gelatinase-associated lipocalin (BMRB4267, [42]), the apo-cellular retinol-binding protein

type I (BMRB 5331, [84]), the enzyme adenylate kinase in complex with inhibitor Ap5A

(BMRB 5746, [246]), the kinase-interacting FHA domain of KAPP protein (BMRB5841,

[58]), the protein azurin (BMRB6243, [295]), and the class Aβ-lactamase TEM-1 (BMRB

16392, [240], discussed further below).

Table 2.1:Simulations for consistent synthetic data (calculated forS2 = 0.8 andτe = 20 ps).

τm
500−600

600 (%) 500−800
800 (%) 600−800

800 (%)
(ns) J(0) Fη FR2 J(0) Fη FR2 J(0) Fη FR2

5 -0.1 -0.1 0.7 -0.1 -0.1 1.4 -0.1 -0.1 0.7
10 0.0 0.0 0.2 0.0 0.0 0.5 0.0 0.0 0.2
20 0.0 0.0 0.1 0.0 0.0 0.1 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

http://www.bmrb.wisc.edu
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
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Table 2.2:Simulations for synthetic data with inconsistentRinc
1 = R1+10% forS2 = 0.8 andτe = 20 ps. †

τm
500−600

600 (%) 500−800
800 (%) 600−800

800 (%)
(ns) J(0) Fη FR2 J(0) Fη FR2 J(0) Fη FR2

5 -2.3 / 1.7 -0.2 / 0.0 0.8 / 0.6 -2.4 / 1.0 -0.3 / -0.1 1.6 / 1.4 -1.8 / 1.0 -0.2 / 0.0 0.8 / 0.7
10 -0.7 / 0.5 -0.1 / 0.0 0.3 / 0.2 -0.7 / 0.3 -0.1 / 0.0 0.5 / 0.4 -0.5 / 0.3 -0.1 / 0.0 0.3 / 0.2
20 -0.2 / 0.1 0.0 / 0.0 0.1 / 0.1 -0.2 / 0.1 0.0 / 0.0 0.2 / 0.1 -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 -0.1 / 0.0 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 inconsistentRinc
2 = R2+10% forS2 = 0.8 andτe = 20 ps. †

τm
500−600

600 (%) 500−800
800 (%) 600−800

800 (%)
(ns) J(0) Fη FR2 J(0) Fη FR2 J(0) Fη FR2

5 12.2 / -10.5 10.1 / -9.2 10.6 / -8.4 12.2 / -10.1 10.0 / -9.3 11.4 / -7.7 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 / -8.7 10.5 / -9.4 10.0 / -9.1 10.2 / -8.9
20 10.2 / -9.2 10.0 / -9.1 10.1 / -9.0 10.2 / -9.2 10.0 / -9.1 10.1 / -9.0 10.1 / -9.2 10.0 / -9.1 10.1 / -9.0
40 10.1 / -9.1 10.0 / -9.1 10.0 / -9.1 10.1 / -9.1 10.0 / -9.1 10.0 / -9.1 10.0 / -9.1 10.0 / -9.1 10.0 / -9.1

Table 2.4:Simulations for synthetic data (with inconsistentNOEinc = NOE+0.1 for S2 = 0.8 andτe = 20 ps. †

τm
500−600

600 (%) 500−800
800 (%) 600−800

800 (%)
(ns) J(0) Fη FR2 J(0) Fη FR2 J(0) Fη FR2

5 0.2 / -0.3 0.4 / -0.4 0.2 / 1.1 0.2 / -0.2 0.3 / -0.4 1.0 / 1.7 0.2 / -0.2 0.3 / -0.3 0.4 / 1.0
10 0.1 / -0.1 0.2 / -0.1 0.0 / 0.3 0.1 / -0.1 0.1 / -0.1 0.3 / 0.5 0.0 / 0.0 0.1 / 0.1 0.1 / 0.3
20 0.0 / 0.0 0.0 / 0.0 0.0 / 0.1 0.0 /0.0 0.0 / 0.0 0.1 / 0.2 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 / 0.0

† Results in Tables2.2, 2.3, and2.4are presented for inconsistencies in both low and high field data (low field / high field).
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High Inconsistency

On the contrary, some datasets displayed high apparent inconsistencies (> 5 %, see Table

2.5). These include data from the functional domain ofParacoccus denitrificanscytochrome

c552 in the oxidised state (BMRB5080, [232]), thede novodesigned protein S-824 (BMRB

5687, [96]), the kinase-interacting FHA domain of KAPP protein (BMRB6474, [58]) the

de novodesigned protein S836 monomer (BMRB15437, [96]), and the human 15.5 kDa /

NHPX protein (BMRB15445, [250]) where inconsistencies were> 5 % when comparing

data acquired at 500 and 600 MHz.

Transverse relaxation data from BMRB5080[232], with its positiveJ(0)(500−600)/600 ratio

(see Table2.5) is an interesting case of inconsistency where many residues are associated

with a higherR2 at 500 MHz compared to 600 MHz. This is theoretically impossible since

R2 (in the presence or absence of conformational exchange) should get higher as the static

magnetic field increases as a result of a growing importance of theCSAconstantc which is

proportional toω2 (see Equation1.7and Figure1.2).

BMRB 5687and15437both belong to the same study [96] where the two proteins display

similar apparent inconsistency with eitherR2 at 600 MHz being over-estimated or, inversely,

R2 at 500 MHz being under-estimated. These inconsistentR2 values may have lead to some

Rex values of the same magnitude asR2 and unusually largeS2 errors for several residues in

both S-836 (BMRB15437) and S-824 (BMRB5687). In the case of S-836 (BMRB15437),

most residues with significantRex terms are co-localised, indicating the potential consistency

of this dataset which could probe a protein with importantµs-ms motions. On the contrary,

model-free analysis results for protein S-824 (BMRB5687) display more scatteredRex

parameters of low value. However, since the authors only analysed the details of residues

affected byRex of significant values (> 2 s−1), the possible effect of inconsistencies for

protein S-824 (BMRB5687) are diminished with respect to data interpretation. Hence, in

this case, even though raw consistency tests show that inconsistencies are present, the

authors seem to have taken the necessary precautions to minimise incorrect conclusions.

BMRB 6474 is a very interesting case since these data relate to the bound state of the

protein probed in BMRB5841, which displayed very good consistency (see above). Hence,

as proposed in the study [58], this could be a very good example of conformational

exchange caused by ligand binding. Hence, for BMRB6474, the apparent inconsistency

would be artificially caused byµs-ms motions (as confirmed by relaxation dispersion

http://www.bmrb.wisc.edu/data_library/generate_summary?5080
http://www.bmrb.wisc.edu/data_library/generate_summary?5687
http://www.bmrb.wisc.edu/data_library/generate_summary?6474
http://www.bmrb.wisc.edu/data_library/generate_summary?15437
http://www.bmrb.wisc.edu/data_library/generate_summary?15445
http://www.bmrb.wisc.edu/data_library/generate_summary?5080
http://www.bmrb.wisc.edu/data_library/generate_summary?5687
http://www.bmrb.wisc.edu/data_library/generate_summary?15437
http://www.bmrb.wisc.edu/data_library/generate_summary?15437
http://www.bmrb.wisc.edu/data_library/generate_summary?5687
http://www.bmrb.wisc.edu/data_library/generate_summary?15437
http://www.bmrb.wisc.edu/data_library/generate_summary?5687
http://www.bmrb.wisc.edu/data_library/generate_summary?5687
http://www.bmrb.wisc.edu/data_library/generate_summary?6474
http://www.bmrb.wisc.edu/data_library/generate_summary?5841
http://www.bmrb.wisc.edu/data_library/generate_summary?6474
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experiments [58]). In other words, further investigation confirmed that these datasets are

consistent with the presence of significant conformationalexchange processes.

BMRB 15445is different; in this case, the authors associated aRex term to 15 residues out

of 144 [250]. Removing these residues from the consistency analysis yields a similar

inconsistency score of 33.9 % (the highest inconsistency wecould analyse in this study).

Since the averageR2 is too high at 500 MHz compared to 600 MHz (R2 were∼20 % higher

at 500 MHz compared to 600 MHz), it is however normal that fewRex terms were

introduced in the analysis. In this case, the global tumbling description may be incorrect

since, for example, theτapp
m (see Table2.5 for a description of the method used to estimate

τm) at 500 and 600 MHz were, respectively, 13.1 and 9.8 ns. It is probable that the authors

did not notice this problem when looking at the details of local dynamics. In fact, the

authors chose an isotropic diffusion tensor despite aDratio (D‖/D⊥) of 1.1. It is not clear

what effects this simplistic definition of the global diffusion introduced. The combination of

this incorrect characterisation of global tumbling and over-estimatedR2 at the low field

would be suggested to give rise to two-timescale motions, which is apparently not the case

[250]. It is clear that consistency tests, in this case, could have helped to improve the

analysis and may even have yielded a different picture of dynamics in this system with

potentially different biological interpretation of the results.

Moderate Inconsistency

Moderate inconsistencies, on the other hand, were observedfor some datasets including the

functional domain ofParacoccus denitrificanscytochrome c552 in the reduced state

(BMRB 5079, [232]), the cellular retinol-binding protein type I (BMRB5331, [84]), the

class Aβ-lactamase PSE-4 (BMRB6838, [194], discussed further below), the apo chicken

triosephosphate isomerase (BMRB15064, [142]), the 2-PGA-bound chicken

triosephosphate isomerase (BMRB15065, [142]), and the apo-PGG/GGG chicken

triosephosphate isomerase (BMRB15066, [142]).

Datasets5079and5080belong to the same study and are respectively for the reducedand

oxidised forms of cytochromec552 [232]. For both datasets, although to a different extent,

consistency tests indicate a significantly higherR2 at 500 MHz compared to 600 MHz for

many residues. As stated before, this should normally neverhappen. The authors, in this

case, may have missed important dynamic features of their protein which could have helped

http://www.bmrb.wisc.edu/data_library/generate_summary?15445
http://www.bmrb.wisc.edu/data_library/generate_summary?5079
http://www.bmrb.wisc.edu/data_library/generate_summary?5331
http://www.bmrb.wisc.edu/data_library/generate_summary?6838
http://www.bmrb.wisc.edu/data_library/generate_summary?15064
http://www.bmrb.wisc.edu/data_library/generate_summary?15065
http://www.bmrb.wisc.edu/data_library/generate_summary?15066
http://www.bmrb.wisc.edu/data_library/generate_summary?5079
http://www.bmrb.wisc.edu/data_library/generate_summary?5080
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explain, for example, their hydrogen exchange data. Indeed, they noted that theRex were of

no use to explain hydrogen exchange data because of their lowvalue (< 1.5 s−1).

The dataset for holo-cellular retinol-binding protein type I (BMRB 5331, [84]) shows a low

apparent inconsistency of 3.5 % for data recorded at 500 and 600 MHz. The apo form of the

same protein (BMRB5330, also from the same study, [84]) showed high consistency. As in

the case of BMRB5079and5080[232], consistency tests indicate a higherR2 at 500 MHz

compared to that at 600 MHz which strongly prevents the appearance ofRex terms in the

model-free analysis (since the model-free formalism assumes that exchange processes occur

in the fast exchange regime,i.e. that there is a quadratic dependence of conformational

exchange contributions toR2 terms with the strength of the magnetic field). This

inconsistency is not caused by a few outliers as the distribution of 500MHzJ(0)/600MHzJ(0)

ratio is narrow and generally symmetric, pointing to an overall discrepancy between data

recorded at the two magnetic fields. Of course, this low inconsistency could cause other

problems such as incorrect characterisation of the global tumbling or aberrantS2 values.

However, its small amplitude may not affect data analysis.

The datasets for the triosephosphate isomerase dimer (BMRB15064, 15065, and15066,

[142]) also show apparent inconsistencies. However, BMRB15064 and 15065 show

apparent inconsistencies in opposite directions comparedto BMRB 15066, consistent with

the findings of the authors who assessed that the wild-type protein (BMRB 15064

and 15065) was affected byµs-ms motions (in loops 6 and 7), whereas the mutant

(BMRB 15066) was not. Considering these data, the results perfectly makesense. However,

for BMRB 15066, R2 were lower than expected at 800 MHz (strongly precluding

appearance ofRex terms). Hence, data for the wild-type protein (BMRB15064and15065)

appear of high quality withµs-ms motions co-localising on the 3D structure. Hence, it is

possible that data for the mutant (BMRB15066) are slightly inconsistent and mask the

underlying dynamics.

Limits

It is difficult from consistency tests alone to decide whether or not the apparently inconsistent

datasets are indeed erroneous. An apparent low consistencycould be caused by widespread

slow µs-ms motions affectingR2 in a field dependent manner. However, in any case, such

low consistency results indicate the need for a more in-depth analysis of results obtained by

http://www.bmrb.wisc.edu/data_library/generate_summary?5331
http://www.bmrb.wisc.edu/data_library/generate_summary?5330
http://www.bmrb.wisc.edu/data_library/generate_summary?5079
http://www.bmrb.wisc.edu/data_library/generate_summary?5080
http://www.bmrb.wisc.edu/data_library/generate_summary?15064
http://www.bmrb.wisc.edu/data_library/generate_summary?15065
http://www.bmrb.wisc.edu/data_library/generate_summary?15066
http://www.bmrb.wisc.edu/data_library/generate_summary?15064
http://www.bmrb.wisc.edu/data_library/generate_summary?15065
http://www.bmrb.wisc.edu/data_library/generate_summary?15066
http://www.bmrb.wisc.edu/data_library/generate_summary?15064
http://www.bmrb.wisc.edu/data_library/generate_summary?15065
http://www.bmrb.wisc.edu/data_library/generate_summary?15066
http://www.bmrb.wisc.edu/data_library/generate_summary?15066
http://www.bmrb.wisc.edu/data_library/generate_summary?15064
http://www.bmrb.wisc.edu/data_library/generate_summary?15065
http://www.bmrb.wisc.edu/data_library/generate_summary?15066
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Table 2.5:Consistency results for data retrieved from theBMRB.

τapp
m † Residues Temperature J(0) test BMRB
(ns) (oC) 500−600

600 (%) 500−800
800 (%) 600−800

800 (%)

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 ‡4267
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 x 248 20.0 – – 4.8 15066
29.4 2 x 248 20.0 – – -4.8 15065
30.1 2 x 248 20.0 – – -4.5 15064

† The apparent correlation timeτapp
m is estimated from the relationτapp

m = 2.5 J(0) using the mean
value forJ(0) [78].

‡ Data at the highest magnetic field was from 750 MHz, not 800 MHz.

analysing other information on the system under study (see below for such an analysis for

proteins TEM-1 and PSE-4). Additionally, inconsistenciescan be revealed by consistency

tests, but be hidden because of limitations in analytical schemes often used for model-free

analysis, particularly because of model selection [48].

It should be noted that the low number of retrieved datasets highlights a gap between the

publication of relaxation studies (> 400) and the deposition of the related experimental

relaxation data within theBMRB [269] (< 50). We would like to encourage NMR

spectroscopists to deposit their relaxation data within the BMRB for access of these data by

the scientific community. Consistency tests should be performed prior to data deposition in

the BMRB with notes deposited as well to explain the obtained results, either for high or

low consistency.

http://www.bmrb.wisc.edu
http://www.bmrb.wisc.edu
http://www.bmrb.wisc.edu/data_library/generate_summary?5079
http://www.bmrb.wisc.edu/data_library/generate_summary?5080
http://www.bmrb.wisc.edu/data_library/generate_summary?5687
http://www.bmrb.wisc.edu/data_library/generate_summary?5330
http://www.bmrb.wisc.edu/data_library/generate_summary?5331
http://www.bmrb.wisc.edu/data_library/generate_summary?15437
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?5746
http://www.bmrb.wisc.edu/data_library/generate_summary?6474
http://www.bmrb.wisc.edu/data_library/generate_summary?4267
http://www.bmrb.wisc.edu/data_library/generate_summary?6838
http://www.bmrb.wisc.edu/data_library/generate_summary?15445
http://www.bmrb.wisc.edu/data_library/generate_summary?16392
http://www.bmrb.wisc.edu/data_library/generate_summary?15066
http://www.bmrb.wisc.edu/data_library/generate_summary?15065
http://www.bmrb.wisc.edu/data_library/generate_summary?15064
http://www.bmrb.wisc.edu
http://www.bmrb.wisc.edu
http://www.bmrb.wisc.edu
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2.3.3 β-Lactamases TEM-1 and PSE-4 as Test Cases for InconsistentR2

Two studies were performed on very similar systems in our laboratory. Datasets differed in

their respective level of consistency, making these studies a particularly good test case for

consistency tests. TEM-1 datasets [240] displayed a very high consistency leading to a

straightforward analysis of relaxation data. However, PSE-4 datasets [194] were less

consistent with each other, leading to the need to remove aberrant data for proper analysis in

the model-free formalism. Here, we will focus on the differences between these two studies

and on the value of consistency tests for PSE-4 data analysis.

2.3.3.1 TEM-1 (BMRB 16392)

β-Lactamase TEM-1 was studied by recording spin relaxation data at three magnetic fields:

500, 600, and 800 MHz [240]. The consistency of these datasets was high (see Figure2.13

and Table2.5), which allowed the analysis within the model-free formalism using all data

recorded. From this analysis, 12 N-H vectors required aRex term in their selected

model-free model. These were mostly clustered on the 3D structure, co-localising with two

N-H vectors with extremely broadened resonances, which strongly supports the presence of

slower timescale dynamics. Moreover, the low number ofRex terms nfor this 263 residue

protein was consistent with a very high quality HSQC spectrum with sharp peaks apparently

not affected by broadening from conformational exchange.

Even though consistency tests should be used to assess consistency of data for single

residues, they can also be useful in identifying residues for which dynamics are of particular

interest or, on the contrary, for which data is erroneous, potentially from peak overlap or

other reason. Such an outlier is present in theJ(0) correlation plots for TEM-1 (see Figure

2.13). This residue is Thr141 which was not assigned to any model-free model in the original

work of Savard and Gagné [240] who used the analytical scheme of Mandelet al. [174]

based on F-test statistics. However, in a recent re-analysis of these datasets [79] using relax

[51, 52] and an analytical scheme involving small sample size Akaike information criterion

(AICc, see Equation7.4) [120], this residue was assigned to modelm2. In this case, the fit

was of poor quality, with aχ2 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 thisresidue and

either re-evaluating the data or excluding it from the analysis to avoid the extraction of

http://www.bmrb.wisc.edu/data_library/generate_summary?16392
http://www.nmr-relax.com
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potentially aberrant information.

2.3.3.2 PSE-4 (BMRB6838)

An NMR study on the dynamics of the class Aβ-lactamase PSE-4 was recently presented

(see Chapter7 and [194]) in which we discussed the inconsistency of some data amonga

multiple magnetic field dataset (see Figure2.14and Table2.5). In summary, from this three

magnetic field dataset (500, 600, and 800 MHz), theR2 values at 800 MHz were identified as

inconsistent and discarded prior to model-free analysis.

In this case, includingR2 at 800 MHz caused dozens of artifactualRex terms appearing for

residues throughout the protein. Removing the inconsistentdata solved the problem and high

quality dynamic information could then be extracted. Removing other parts of the dataset did

not result in loss of theseRex artifacts (see Table2.6). Hence, theJ(0) test forR2 consistency

could easily detect the inconsistentR2 values at 800 MHz, whereas other reporters such as

Figure 2.13: J(0) consistency of datasets for TEM-1β-lactamase (BMRB16392). The consistency of
these three magnetic field datasets is high. Since no NOEs were recorded at800 MHz, theJ(0) values
at 800 MHz were calculated by setting the NOEs to those at 600 MHz. As shown in the text as well as
in Figure2.7 and Table2.4, theJ(0) function is quite insensitive toNOE inconsistencies, hence this
choice is not problematic. Top: correlation plots with a diagonal aty= x. Bottom: distributions of the
ratios with a dashed line atx= 1.

http://www.bmrb.wisc.edu/data_library/generate_summary?6838
http://www.bmrb.wisc.edu/data_library/generate_summary?16392
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the χ2 value were unable to identify the inconsistent data (see Table 2.6). In the end, the

model-free analysis published for PSE-4 included 20Rex parameters, among which 5 had

especially high values and co-localised in the active site where broadened resonances were

also observed. This is similar to what was obtained for the homologous protein TEM-1, and

very different from what would have been obtained if the aberrant data had been included in

the analysis (i.e. if consistency tests had not been performed).

This example clearly shows the advantage of using consistency tests to avoid the time

consuming step of fitting model-free parameters to different combinations of subsets of the

complete dataset in order to determine if aberrant data are present (as were performed here,

for test case purposes, see Table2.6). Further discussion on PSE-4 datasets consistency is

available in PartII of this thesis (in Chapter7), and in [194].

Figure 2.14: J(0) consistency of datasets for PSE-4β-lactamase (BMRB6838). The consistency of
both 500 and 600 MHz data is high, whereas the consistency of the 800 MHzdata is lower. Top:
correlation plots with a diagonal aty = x. Bottom: distributions of the ratios with a dashed line at
x= 1.

http://www.bmrb.wisc.edu/data_library/generate_summary?6838
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Table 2.6:Model-free optimisation for PSE-4β-lactamase using different datasets.†

Datasets < localτm > (ns) < S2 > < χ2 > ‡ Number ofRex

All 12.55± 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 800 MHzR1 12.53± 1.19 0.86± 0.09 0.72± 0.77 45
All but 800 MHzR2 12.64± 1.11 0.86± 0.09 0.76± 0.77 8
All but 800 MHzNOE 12.52± 1.23 0.86± 0.08 0.68± 0.54 46

Only 500 MHz∗ 12.52± 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

† 230 residues with data at the three magnetic fields were minimised using a localτm (model-free
modelstm0 to tm9 in relax [51, 52]).

‡ Theχ2 values were normalised by dividing the obtained value by the number of datasets used.
∗ Only model-free modelstm0, tm1, 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 can be detected so they are not incorporated

into a joint multiple magnetic field data analysis. However,it is best to minimise the potential

for inconsistencies before actual recording of datasets, so recorded data can be used in totality

in the subsequent analysis. There are three main factors oneshould pay attention to when

recordingR1, R2, andNOE: the sample itself, the effective temperature and pulse sequence

parameters. Of course, these are inter-related.

2.3.4.1 Sample

Obviously, the sample should be in the same conditions throughout the complete

experimental scheme. Concentration, in the case of using multiple samples, should be

carefully matched as it affects the solvent viscosity, which in turn affects the global tumbling

of the molecule (for example, in the absence of dimerisation, we observed a 5 % modulation

of the apparent correlation time for PSE-4 when the protein concentration was changed from

http://www.nmr-relax.com
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0.125 to 0.5 mM, see Section7.3, Figure7.2, and [194]). Sample integrity, of course, should

also be monitored as a macromolecule being degraded as a function of time will, among

other problems, have its global correlation time being modulated, hence affecting dataset

consistency.

In the case of the use of a single sample for the whole experimental scheme, a good way to

assess sample integrity over time is to record a complete spin relaxation dataset at one

magnetic field and, after data at other magnetic fields are recorded, record the first dataset

again. This allows the comparison of the relaxation data at the start and end of the

experimental scheme, allowing the detection of any change which could affect dynamics

that may not be detected by15N-1H 2D correlation spectra (e.g.a HSQC). Moreover, this

allows a direct assessment of experimental error. This approach was adopted in our study of

PSE-4 (see Chapter7 and [194]) and helped discriminate between inconsistencies and time

dependent modification of the sample.

In the case of multiple samples, special care must be taken tomatch both sample and salt

concentrations as well aspH. As a check for these, relaxation data could be acquired at

a common magnetic field for the different samples, allowing the comparison of datasets to

assess the consistency of the samples used, prior to recording of data using other magnetic

fields.

2.3.4.2 Temperature

As temperature affects the solvent viscosity, which in turnaffects the diffusion of

macromolecules in solution, temperature should be carefully calibrated. Indeed, the Einstein

relation (or Einstein–Smoluchowski relation) [68, 249] clearly shows the dependence of the

rotational diffusion constant (Diso = 1/(6 τm), see Equation1.20, [18]) on both the

temperatureT and the viscosityηvisc:

Diso =
kB T

fr
(2.7)

wherekB is the Boltzmann constant andfr , the rotational frictional drag coefficient for a
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sphere of radiusR, is defined as:

fr = 8 π ηvisc R3 (2.8)

Standard procedures for measuring temperature with eithermethanol or ethylene glycol are

well known. Typically, this involves measuring the chemical shift separation of OH and CH

resonances in methanol (CH3OH) or ethylene glycol (HOCH2CH2OH) as discussed in [35].

Temperature calibration is extremely important as temperature controllers within different

probes generally behave differently depending on the probevendor, model and/or generation,

leading to differences in the effective temperature. See Figure2.15for an example of such

differences between temperature controllers of differentprobes.

2.3.4.3 Pulse Sequence Parameters

Pulse sequence details should be carefully matched with special care for solvent suppression

as differences can severely influence exchanging amides (e.g.solvent exposed amides).

Heat compensation schemes should be used when recording experiments potentially causing

sample heating, such asR2 measurements, to avoid any internal inconsistency again arising

from temperature variations. These inconsistencies are also caused by duty cycle variations

which affect probe tuning and lead to non-ideal RF pulses, hence causing a decrease in

internal consistency and, indirectly, in overall consistency. These problems are increased at

high magnetic field and/or short recycle delays. See Yip and Zuiderweg [292] for a

discussion on this topic.

In the case of CPMG-basedR2 experiments, similar RF field strength during the CPMG

pulse train should be used. The field strength should be high enough so that no important

off-resonance effects arise within the datasets. However,the field strength should not be too

high to avoid too much sample heating. A simple way to avoid such off-resonance effects

could be the use of the modified phase cycling proposed by Yip and Zuiderweg [291].

Moreover, sample heating should be similar at all magnetic fields to avoid a modulation of

R2 (which would decrease as a function of temperature). Interleaving of the different delays

in a scan by scan mode might help in stabilising the temperature within a single dataset and,
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indirectly, minimise sample heating and stabilise temperature throughout acquisition at

multiple magnetic fields [147]. Finally, unnecessary long relaxation delays (during which

the CPMG pulse train is active) should be avoided also to reduce sample heating.

2.4 Discussion

As is demonstrated using synthetic datasets, the proposed consistency tests are field

independent functions suitable for assessing consistencyof multiple magnetic field datasets.
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    Effective temperature = (1.2167 * VT) - 3.985

Cold probe:

    Effective temperature = (1.0478 * VT) - 1.6628

Figure 2.15: Temperature calibration for different NMR probes. Effective temperature (calibrated
using methanol) as a function of the temperature set for the variable temperature (VT) controller within
Varian RT (broken line and squares) and cold (solid line and circles) probes. The grey line indicates a
theoretical perfect agreement between the controller temperature and theeffective temperature. As can
be seen, temperature on both probes is very linear (r2 > 0.9999), but the slope is different, leading to
potential differences in temperatures if calibration is not undertaken to assess the effective temperature
in the sample.
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Since local variations inR2 caused by slowµs-ms motions are common, these tests should

be used in a qualitative manner for assessing overall quality of datasets. Moreover, these

tests could also be used to investigate the data for individual bond vectors.

Obviously, N-H groups affected byµs-ms motions will appear inconsistent using tests forR2

sinceRex is scaled quadratically with the strength of the magnetic field. However, proteins

rarely displayµs-ms motions throughout their whole sequence and a majorityof residues

should be unaffected by such motions. Hence, once again, we point to the need for a global

qualitative analysis instead of a residue focused quantitative analysis. A better option for

assessing dataset consistency of such systems would be the recording ofRex-free R2 [109].

Indeed, such experiments yield the exchange-freeR2 (by quenching the effect of exchange)

which should then give rise to high consistency scores in favorable conditions, irrespective

of whether there are or notµs-ms motions in the particular system under study. Moreover,

when suchµs-ms motions are suspected because of consistency tests, experiments probing

these timescales (e.g.CPMG orR1ρ relaxation dispersion experiments) should be performed.

High field effects could arise within relaxation data based on a modulation of theCSA

constantc as a function of the magnetic field. Indeed, theCSAhas been shown previously to

vary depending on the actual N-H bond vector studied [88, 152, 264]. Assuming a value of

-172 ppm for all N-H bonds, as in most spin relaxation studies, could potentially give the

impression of inconsistencies at high field for some residues where theCSAis significantly

different from -172 ppm. However, this would most probably have the effect of broadening

the distribution of ratios, but not of skewing it (since the ‘real’ CSAfor individual vectors

should have the same chance of being lower or higher than the average value of -172 ppm),

thus conserving a fairly good consistency appearance overall. Hence, we believe this should

not affect consistency tests too much.

Of course, it would also be very useful to have tests for the assessment ofR1 andNOE data

consistency. However, it turns out very difficult, if not impossible, to develop field

independent functions for consistency testing purposes ofR1 andNOE that would also be

independent of local dynamics. Indeed, contrary toR2, R1 and NOE are inter-dependent

(i.e. they are influenced by each other) and influenced by fast motions with negligible

contribution from the very slow motions probed byJ(0), as shown in Equations1.1, 1.7,

and 1.9. In fact, performing consistency testing onR1 and NOE would require the

knowledge of local dynamics which is actually why the data isrecorded, hence a chicken

and egg problem... However, an interesting approach to verify the approximative
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consistency ofR1 and NOE data (as well as that ofR2 data) might be, along with

consistency tests, to use the comparative approach of Reddy and Rainey [228] where

synthetic data is calculated based on user variable model-free parameters. Using this

approach which is implemented in aweb interface, one can verify that recorded data have

reasonable values for the system under study and the magnetic fields used.

We do not claim to be the first to propose ways to improve analysis of spin relaxation data.

However, we think the use of these simple validation tests, in particular ofJ(0), for the

assessment ofR2 consistency within multiple field datasets will be very useful. In particular,

it will reduce the extraction of erroneousµs-ms motions. Additionally, it will allow a better

description of global tumbling for NMR spectroscopists using the Kayet al. R2/R1 approach

[139] to determination of the isotropic correlation timeτm, hence indirectly contributing to a

better description of local motions. Overall, the use of these tests will be a valuable addition

to the set of analytical tools available for spin relaxationdata.

http://structbio.biochem.dal.ca/jrainey/webscripts
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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 datasetstested for consistency, it is

clear that bias can appear in spin relaxation studies even though great care is taken to avoid

such problems. This was the case in recent work on protein PSE-4 by our laboratory [194],

where consistency tests helped in removing inconsistent data to allow a reliable description

of protein dynamics.

Thus, we believe that the introduction of consistency testswithin the analytical scheme of

spin relaxation data could allow a better description of thesystems studied. Indeed, when

inconsistencies are seen, datasets could be excluded if other data indicates no widespread

µs-ms motions are present. On the contrary, the tests could also identify when a

macromolecule has widespread conformational exchange. Hence, high consistency would

confirm the data is of good quality and the macromolecule is not affected by widespread

conformational exchange, while low consistency would require a deeper look at the data.

We propose that consistency testing should be performed prior to any joint analysis of

different datasets. This includes multiple field datasets,as well as datasets recorded with

different samples, such as in the case of unstable proteins.

The tests presented here apply to15N spin relaxation data (mainlyR1, R2, andNOE) for the

identification of inconsistencies withinR2. However, the same principles could apply to other

spins (although large variations in theCSAfor a given nucleus might limit their use). These

tests ought to be used by anyone seelking to extract high quality data from multiple field

datasets. The three consistency testsJ(0), Fη, andFR2 are available within the programrelax

(versions 1.2.14 and higher) [51, 52].

3.2 Future Work

It will be important to encourage the community to use as muchas possible these

consistency tests to avoid situations where inconsistent data is analysed and gives rise to

aberrant conclusions on the dynamics of the system under study.

http://www.nmr-relax.com
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The ease of use of this approach in the analytical scheme willcertainly have a predominant

role and, thus, additional work could include the semi-automation of the consistency testing

procedure. Indeed,relax could be further improved by integrating code to handle the

complete multiple field datasets, calculateJ(0) values, and output correlation and

distribution plots of the results, along with some statistics and recommendations.

http://www.nmr-relax.com
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4.1 Bacterial Cell Wall

One of the challenges faced by microbial organisms consistsin resisting to the important

osmotic pressure difference between their cytoplasm and the surrounding environment.

Bacteria achieve this by synthesizing a cell wall,i.e. a peptidoglycan layer located outside

the plasmic membrane and increasing the rigidity of the cell(see Figure4.1). This mixed

polymer is generally made of two sugar derivatives (N-acetylglucosamine and

N-acetylmuramic acid) as well as different amino acids (including three amino acids not

encountered in proteins:D-Ala, D-Glu, andmeso-diaminopimelic acid) [224].

Peptidoglycan strength comes from its components forming amesh-like structure. Many

enzymes participate in the biosynthesis of this network, including DD-transpeptidases (also

known asD-Ala-D-Ala carboxypeptidase-transpeptidases, or penicillin binding proteins).

These enzymes participate in the last step of peptidoglycansynthesis in linking a

D-Ala-D-Ala extremity from one peptidoglycan molecule to a neighbouring molecule

(reviewed in [81]). This DD-transpeptidase activity is necessary throughout the cellcycle,

especially during cell division when an increase in peptidoglycan synthesis is observed

(reviewed in [72]). Hence, stopping (or slowing) peptidoglycan synthesis is a very efficient

and specific approach to counter bacterial growth.

4.2 β-Lactam Antibiotics

Many microorganisms, in order to protect their own environment, have developed means

for eliminating other organisms.β-Lactam antibiotics are molecules synthesised by fungi

in order to control bacterial growth. This class of molecules was discovered more than 80

years ago by Sir Alexander Fleming inPenicillium notatum[82]. The molecule responsible

for the activity observed by Fleming (penicillin) was purified and further investigated by

Chainet al. [36]. A few years later (in 1945), Fleming, Chain, and Florey shared the Nobel

prize for their work on penicillin. Indeed, this recent discovery had already showed its utility

by saving thousands of lives during World War II. Since then,dozens of different derivatives

of penicillin have been used in both medicine and agriculture.

β-Lactam antibiotics share a common structural feature: theβ-lactam ring (see Figure4.2).



Dynamics of Class Aβ-Lactamases: Introduction 57

This allows them to covalently bind to the active site ofDD-transpeptidases and inhibit their

activity, thus preventing the last step of peptidoglycan synthesis to be performed (reviewed

in [44, 254, 263, 281]). This particularity gives an antimicrobial activity toβ-lactams.

However, there is a widespread belief in the population and among physicians that penicillin

derivatives very often cause allergy. Even though penicillin derivatives cause allergic

reactions, this belief of widespread allergy is exaggerated as among the 0.7–10% people

with reactions to penicillin, only 10–20% are really allergic as verified by skin testing: for a

total of approximately 0.07 to 2% of people allergic in the population (reviewed in [236]).

Hence, with their limited number of side effects,β-lactams are very useful antibiotics for

use in medicine.

Figure 4.1: Gram− (left) and Gram+ (right) bacterial cell walls. The different components
are: peptidoglycan (yellow), proteins (purple), teichoic acids (green), phospholipids (brown), and
lipopolysaccharides (orange). (A) The plasmic membrane is principally madeof phospholipids.
(B) The peptidoglycan layer gives the necessary strength to resist the high osmotic pressure from
the cytoplasm. Its thickness is more important in Gram+ bacteria (20–80 nm compared to 1–3 nm
for Gram− bacteria) since these do not possess an external membrane. (C) The external membrane
is solely present in Gram− bacteria. Different metabolic activities in Gram− bacteria take place in
the periplasmic space, between the external membrane and the peptidoglycanlayer. Figure from
http://www.ppws.vt.edu/%7Esforza/agro/agro.htmlwith kind permission from Peter Sforza.

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

Antibiotics resistance was developed either by the organisms producing theβ-lactams to be

protected from their own weapons or by the target organisms to survive enemies producing

β-lactams (reviewed in [81]). Different strategies were developed (reviewed in [81]):

• Mutations inβ-lactams targets (i.e. theDD-transpeptidases);

• Modifications in the cell wall structure to preventβ-lactams access to their target;

• Deletion of membrane porines to preventβ-lactams entry in the cell;

Figure 4.2: Structure of differentβ-lactam antibiotics (penicillin G, also known as benzylpenicillin,
ampicillin, and carbenicillin) andβ-lactamase inhibitors (sulbactam, tazobactam, and clavulanic acid).
Theβ-lactam ring is shown in red with the possible substituents as R’, R”, and R”’.
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• Production of efflux proteins to exportβ-lactams outside the cell wall;

• Production of proteins acting asβ-lactam inhibitors;

• Production of proteins hydrolysingβ-lactams (β-lactamases).

Selective pressure for resistance toβ-lactam antibiotics (either natural or caused by the use of

antibiotics in medicine and agriculture) has supported thewidespread dissemination of these

mechanisms (reviewed in [284]). This process has been extensively accelerated by the fact

that the genes for many of these mechanisms are located on mobile genetic elements such as

plasmids and integrons (reviewed in [53]).

4.4 β-Lactamases

The main resistance mechanism against penicillin-derivedmolecules (i.e. the β-lactams) is

the production of enzymes, theβ-lactamases, able to cleave the four-memberedβ-lactam

ring [81]. β-Lactamase enzymes are divided in four classes based on their primary structure:

A, B, C, and D [7, 128, 209]. Another classification scheme is based on their functional

characteristics (substrate profile and inhibitor susceptibility) whereβ-lactamases are divided

in four principal groups [27].

Classes A, C, and D are serine-catalytic, whereas enzymes fromclass B use (generally) one

or two Zn2+ ions for catalysis. Theseβ-lactamases with a catalytic serine have, as common

ancestors, theDD-transpeptidases. Indeed, these different groups of enzymes are structurally

and catalytically close.β-lactamases from classes A, C, and D most probably acquired the

catalytic activity againstβ-lactams in order to avoid being irreversibly bound to these

molecules, such as is the case forDD-transpeptidases (reviewed in [145]).

Enzymes from class A (which include most ESBLs) are the most often found [178]. They

represent a diverse class of proteins in terms of substrate specificity. Moreover, these

enzymes are highly effective catalysts. Indeed, the specific activity of several of these

enzymes (e.g.β-lactamase I, PC1, and TEM-1) is diffusion-controlled [37].
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4.4.1 Class Aβ-Lactamases

Class Aβ-lactamases have a MW of approximately 30 kDa. Their structure is made of two

domains (one allα and oneα/β) packed against each other and at the interface of which lies

the active site (see Figures4.3and4.4). This active site is constructed using different residues

including Ser70, Lys73, Ser130, Glu166, and Lys/Arg234.

Class Aβ-lactamases are closely related toDD-transpeptidases as was first observed by Tipper

and Strominger back in 1965 [263]. In fact, their structures near the active site are conserved

with four important motifs shared by the two groups of enzymes [129]:

Figure 4.3: Structure of class Aβ-lactamases. Active site residues (Ser70, Lys73, Ser130, Glu166, and
Arg234), and the disulfide bond (between Cys77 and Cys123, connecting two helices of theα domain)
are shown in the stick representation on the structure of the class Aβ-lactamase PSE-4 (PDB1G68,
[165]).

http://www.pdb.org/pdb/explore/explore.do?structureId=1G68
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• The strictly conserved Ser70-X-X-Lys73 tetrad;

• TheΩ loop (residues 161 to 179);

• The ‘SDN’ loop formed by residues Ser130, Asp131, and Asn132;

• The less conserved ‘KTG’ motif formed by residues Lys234, Thr235, and Gly236, where

residue 234 is replaced by an Arg in certain sub-classes of class Aβ-lactamases, and

residue 235 is generally a Ser in class Aβ-lactamases.

4.4.1.1 Catalytic Mechanism of Class Aβ-Lactamases

The general mechanism of class Aβ-lactamases is composed of two steps, akin to that of

serine proteinases [111]. First, catalytic Ser70 makes a nucleophilic attack on the carbonyl

of the β-lactam ring [31, 41, 80]. This creates a tetrahedral intermediate and leads to the

hydrolysis of theβ-lactam ring (i.e. the breakage of its amide bond) [81]. The process is

similar whenβ-lactam antibiotics inactivate their target (i.e. theDD-transpeptidases), ending

up in an inactive acyl-enzyme complex which stops bacterialcell growth and leads to cell

death. The second step, deacylation (virtually absent forDD-transpeptidases), consists in a

nucleophilic attack by a H2O molecule activated by theΩ loop conserved residue Glu166 [2,

32, 73, 116, 173, 191]. This leads to the hydrolysis of the acyl-enzyme complex and release

Figure 4.4: Stereoview of the active site of class Aβ-lactamases. Important catalytic residues are
shown in the stick representation and H bonds are displayed with dashed lines using TEM-1 structure
1ERQ[199]. This figure is a generous gift from Pierre-Yves Savard and was originally published in
his Ph.D. thesis [239].

http://www.pdb.org/pdb/explore/explore.do?structureId=1ERQ
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of the hydrolysedβ-lactam. Figure4.5 depicts the overall general catalytic mechanism of

class Aβ-lactamases.

However, to first attack theβ-lactam ring, the catalytic Ser70 must have its hydroxyl proton

accepted by a general base. The identity of this activator iscontroversial. One hypothesis

involves Lys73 as the general base [116, 163, 173, 255]. For this hypothesis to be valid, the

pKa of the Lys would need to be under 10,i.e. Lys73 would need to be deprotonated in order

to attract a proton from Ser70.

Another hypothesis involves Glu166 [95, 155, 156] (reviewed in [81]). In this case, Glu166

would have a role similar to His57 in serine proteinases [23]. For this mechanism to be

possible, Glu166 would need an abnormally highpKa and would thus be protonated at

physiologic pH (which seems to be the case from an ultrahigh resolution structure of

TEM-1 [190]). Moreover, theΩ loop would need to possess a high flexibility [234, 271] or

there would need a water molecule to serve as relay between Glu166 and Ser70

[9, 46, 65, 104, 112, 115, 155, 190].

Other hypotheses propose the involvement of Ser130 and/or the carboxyl group of the

β-lactam [9, 59, 67, 203, 286].

A model has emerged recently in which a duality of mechanismswas shown for tetrahedral

formation (i.e. acylation) [184]. In this model, the activation process depends on the

Figure 4.5: Catalytic mechanism of class Aβ-lactamases. Ser70 proceeds to the nucleophilic attack
of the carbonyl on theβ-lactam ring. This creates a tetrahedral intermediate which, upon the amide
bond breakage, leads to an acyl-enzyme complex. Finally, after deacylation, the hydrolysedβ-lactam
compound is released.
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β-lactamase/β-lactam combination and is a competition between mechanisms involving

either Glu166 or Lys73 as the general base for activation of Ser70. This kind of dual

mechanism could reconcile different contradictory studies. It could also explain the high

activity of class Aβ-lactamases where certain members, such as TEM-1 (see below) are

diffusion-limited (i.e. their catalytic rate being limited by entry and expulsion ofthe

substrate in and out of the active site, withkcat/KM ∼ 107-108 s−1M−1) [165, 226].

4.4.1.2 Ambler Numbering Scheme

The numbering of residues within class Aβ-lactamases follows a standard numbering

scheme introduced by Ambleret al. [8]. Using this scheme, the most important residues are

numbered the same within different enzymes. A consequence of this is the presence of

apparent gaps within the sequences,i.e. sequence numbers for which there are no residue.

Additionally, since class Aβ-lactamases have a signal peptide (also known as leader

peptide) for exportation outside the cell, the numbering ofthe mature proteins generally

does not start at 1. The Ambler numbering scheme is very useful when comparing different

class Aβ-lactamases and is used throughout this document.

4.4.1.3 TEM-1

The penicillinase TEM-1 is the most often found class Aβ-lactamase in cases of resistance

to penicillins and cephalosporins (reviewed in [85, 176, 177, 278]). It is the model enzyme

for class Aβ-lactamases and has been studied extensively, Indeed, dozens of studies have

been performed on TEM-1, either using standard biochemicalapproaches (reviewed, among

others, by [22, 26, 27, 81, 94, 106, 176–178, 221, 260]), X-ray crystallography (see Table4.1

for an exhaustive listing), MD (including QM/MM) [29, 65, 66, 79, 112, 113, 115, 184, 185,

234], and NMR [46, 62, 240, 241].

TEM-1-like β-lactamases being the major cause for resistance againstβ-lactam antibiotics, a

database has been launched recently in order to classify thedifferent variants either observed

clinically or designed in laboratory. ThisLactamase Engineering Database[258] reconciles

data from both theNCBI protein databaseandTEM mutation table(website hosted by Lahey

Clinic).

http://www.LacED.uni-stuttgart.de
http://www.ncbi.nlm.nih.gov/protein
http://www.lahey.org/Studies/temtable.asp
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Table 4.1:Structures of the class Aβ-lactamase TEM-1. †

PDB Mutation(s) Ligand/Complex ‡ Resolution (Å) Year∗ Reference

1BTL V84I, A184V SO2−
4 1.80 1995 [129]

1XPB SO2−
4 1.90 1997 [83]

1TEM V84I, A184V Penicillate ALP 1.95 1997 [179]
1AXB V84I, A184V Inhibitor FOS 2.00 1998 [181]
1BT5 V84I, A184V Imipenem, SO2−4 1.80 1999 [180]
1CK3 V84I, A184V, N276D 2.28 1999 [256]
1ESU S235A SO2−

4 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]
1HTZ1 E104K, M182T, G238S 2.40 2001 [207]
1JTG Ca2+ 1.73 2001 [164]
1JTD BLIP-II 2.30 2001 [164]
1L19 M69V K+, PO3−

4 1.52 2002 [280]
1JWZ2 E104K, R164S, M182T Inhibitor 105 1.80 2002 [278]
1LHY3 R241S PO3−

4 2.00 2002 [280]
1LI04 M69I, M182T CHO−

3 , K+ 1.61 2002 [280]
1LI95 M69V K+, PO3−

4 1.52 2002 [280]
1JWV G238A Inhibitor CB4, K+ 1.85 2002 [278]
1JWP M182T PO3−

4 1.75 2002 [278]
1M40 M182T Inhibitor CB4, K+, PO3−

4 0.85 2002 [190]
1JVJ N132A Imipenem, K+ 1.73 2002 [279]

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
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Table 4.1:Structures of class Aβ-lactamase TEM-1 (continued). †

PDB Mutation(s) Ligand/Complex ‡ Resolution (Å) Year∗ Reference

1NYM M182T Inhibitor CXB, K+, PO3−
4 1.20 2003 [277]

1NY0 M182T Inhibitor NBF, K+, PO3−
4 1.75 2003 [278]

1NXY M182T Inhibitor SM2, K+ 1.60 2003 [278]
1NYY M182T Inhibitor 105 1.90 2003 [277]
1SOW BLIP 2.30 2004 [230]
1PZP R100N Inhibitor FTA 1.45 2004 [117]
1PZO M182T Inhibitor CBT 1.90 2004 [117]
1ZG4 V84I , A184V 1.55 2005 [252]
1XXM E104A, Y105A BLIP, Ca2+ 1.90 2005 [230]
1ZG6 S70G 2.10 2005 [252]
1YT46 S130G 1.40 2005 [262]
2B5R V84I, E104Y, Y105N BLIP 1.65 2006 [229]
3C7U W150A BLIP 2.20 2008 [276]
3C7V Y51A BLIP 2.07 2008 [276]
3CMZ L201P PO3−

4 1.92 2008 [175]
3DTM P62S, V80I, E147G, M182T, L201P 2.00 2008 [135]

I208M, A224V, I246V, L273R
3GMW BLIP-I, PO3−

4 2.10 2009 [98]
3JYI N170G Inhibitor EPE, PO3−4 2.70 2009 [24]

† Adapted (and updated) with permission from Pierre-Yves Savard [239].

‡ Abbreviations are defined starting at Pagexvi.
∗ Year deposited in thePDBwith structures ordered chronologically based on this date.

Mutants also known as TEM-521, TEM-642, TEM-303, TEM-324, TEM-345, and TEM-766.

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 residue 26and ends, after 263 residues

(28.9 kDa) and two gaps (at positions 239 and 253), at residue290.

4.4.1.4 PSE-4

PSE-4 enzyme was originally found inPseudomonas aeruginosa[86, 200, 201], an

opportunistic pathogen often found in cystic fibrosis patients, but was soon found in

non-pseudomonal strains [231]. Its discovery closely followed the beginning of use of the

penicillin derivative carbenicillin (originally marketed as Pyopen by Beecham, see

Figure 4.2) [169]. PSE-4 is expressed in the periplasm of different Gram− bacteria (see

Figure 4.1). It is the model enzyme for the subclass of carbenicillin hydrolysing class A

β-lactamases (subgroups 2c and 2d of the Bush-Jacoby-Medeiros functional classification

scheme [27]) and was, in 1990, the most widespreadβ-lactamase in carbenicillin resistant

strains ofPseudomonas aeruginosa[20]. Hence, PSE-4 contributes to the multi-resistant

phenotypes ofPseudomonas aeruginosa(reviewed in [253]).

Levesque and coworkers were the first to isolate and sequencethe gene encoding PSE-4

[19, 20]. Using the Ambler numbering scheme [8], mature PSE-4 starts at residue 22 and

ends, after 271 residues (29.5 kDa) and three gaps (at positions 58, 239, and 253), at residue

295. Following these advances, kinetics and mutational studies were made easier and several

publications followed on PSE-4. Many of these publicationsare discussed below.

In order to investigate substrate specificity modulation, Therrienet al. [261] made mutations

for residues 162–179 of theΩ loop. Indeed, it had been observed that this region of the

protein was responsible for substrate specificity in TEM-1 [110, 215, 216, 222]. However,

upon random mutations in itsΩ loop, PSE-4 did not acquire activity toward new antibiotics

or inhibitors. Nevertheless, residues 162–164 and 165–167were shown to have a more

important effect on ampicillin hydrolysis compared to carbenicillin. Similar results were

obtained when theΩ loop from either TEM-1, SHV orStreptomyces albusG β-lactamase

replaced theΩ loop in PSE-4 [238]: the mutants had MICs and kinetic properties similar to

wild-type PSE-4 (i.e.no important effect was observed).

In one study, a library of random mutations was prepared for residues 216–218 located in a

loop bordering the active site [235]. One particular mutant (Val216Ser, Thr217Ala, Gly218Arg)

showed an increase in theKM for both carbenicillin and ampicillin (see Figure4.2) as well
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as an increase in theKi for sulbactam and tazobactam (see Figure4.2), both penicillanic acid

sulfone inhibitors. This contrasted observations made in TEM-1 where residues Val216 and

Ala217 do not tolerate substitution [118].

In 2000, Therrienet al. [259] characterised the inhibition of PSE-4 by the three

clinically-used mechanism-based inhibitors: sulbactam,clavulanic acid, and tazobactam

(see Figure4.2). The three molecules were shown to cause irreversible inhibition of PSE-4,

with tazobactam displaying the highest affinity. Moreover,the partition ratios (kcat/kinact)

were all lower than previously observed for TEM-1 [28, 123, 124] indicating the greater

susceptibility of PSE-4 against these inhibitors. These were good news.

In another study, mutations were made in the region including residues 125–129 [242]. It was

observed that mutations in this region (within anα helix close to the active site, right next

to the loop of residues 216–218) were sensitive to activity towards mechanism-based suicide

inhibitors (i.e. sulbactam, clavulanic acid, and tazobactam, see Figure4.2), with clavulanic

acid as the most affected by these mutations. Moreover, residue Met127 was shown to be

invariant, while Ala125 was more tolerant. This was different than in TEM-1 where mutations

to Ala125 were not tolerated [118].

The crystal structure of PSE-4 was solved in 2001 [165] (see Table4.2). Besides PSE-4

having a high sequence identity with TEM-1 (41.5 %), its structure (composed of two

domains: an allα and anα/β domain, as in other class Aβ-lactamases) is also very close to

that of TEM-1 with a backbone RMSD of only 1.3 Å. Figure4.3 displays most of PSE-4

structural features. What distinguishes PSE-4 (and other carbenicillinases) from

non-carbenicillinases (such as TEM-1), however, is the mutation Lys234Arg. This change

confers its enlarged specificity to PSE-4, placing it in group 2c of carbenicillin hydrolysing

β-lactamases inhibited by clavulanic acid [27]. Indeed, the two structures solved for PSE-4

(PDB 1G68and1G6A, see Table4.2, [165]) showed that the substitution of a Lys to an Arg

residue at position 234 in PSE-4 prevents a clash between theα-carboxyl group of the

carbenicillin molecule and Asn170 by allowing a different conformation for Ser130. Indeed,

thekcat/KM for carbenicillin hydrolysis is reduced by a factor of 50 in the Arg234Lys mutant

compared to wild-type PSE-4, whereas the effect on penicillin and ampicillin hydrolysis is

less than fivefold [165, 242]. Since the publication of this crystal structure in 2001, no other

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 Aβ-lactamase PSE-4.

PDB Mutation Ligand Resolution (Å) Year† Reference

1G68 SO2−
4 1.95 2000 [165]

1G6A R234K SO2−
4 1.75 2000 [165]

† Year deposited in thePDB.

4.4.1.5 Dynamics in Class Aβ-Lactamases

Several MD, QM/MM, and NMR studies have been performed to getinsights into the relation

between function, structure, and dynamics in the class Aβ-lactamase TEM-1 [29, 65, 66, 79,

112, 113, 115, 184, 185, 234]. These different studies used methods which have evolved over

time to look at different aspects of TEM-1 dynamics.

To our knowledge, the first modern MD study on TEM-1 was performed by Merouehet al. in

2002 [185]. Simulations were performed on wild-type TEM-1 and the inhibitor-resistant

mutant Met69Leu (also known as TEM-33) for 2 ns. Dynamics of the two variants were very

similar and differed only in short regions suggesting that the Met69Leu mutation would be

the less destructive mutation conferring inhibitor resistance.

Following this study, Díazet al.presented two MD simulations of 1 ns each for TEM-1 and its

complex with benzylpenicillin [65]. These authors concluded that theΩ loop was rigid with

a structural water molecule between Ser70 and Glu166 not exchanging with bulk water during

the simulations. The simulation in the presence of substrate did not yield additional insights

from a dynamic point of view. However, by analysing the detailed structure of TEM-1 and its

bound substrate in the course of the simulation, they could propose two different hypotheses

for activation of Ser70: either by Glu166 helped with a structural water molecule, or by the

substrate carboxylate helped by Ser130.

An interesting QM/MM study was published in 2003 by Hermannet al. [115]. The authors

studied the acylation step of the mechanism and concluded that Ser70 is activated by Glu166

acting as the general base via a water molecule, similarly asproposed earlier by

Díazet al. [65], but with further data to prove the hypothesis.

Another QM/MM study was performed to compare TEM-1 with twoDD-transpeptidases

[204], all in the presence of substrates. The two mechanisms proposed earlier 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 Glu166 or the carboxylate moiety of the substrate as the general base were shown

consistent with the simulations. Additionally,pKa calculations indicated that Lys73 would

be protonated at physiologicalpH, hence contradicting the model involving this residue as

the general base activating Ser70 prior to acylation.

Later, a MD study focused on elucidating the preference of TEM-1 for benzylpenicillin over

cephalosporin [66]. It was concluded that this preference is due to the higher efficacy of

benzylpenicillin to bind both the ‘carboxylate pocket’ (formed by residues Ser130, Lys234,

Ser235, and Arg244) and ‘oxyanion’ hole (formed by the backbone of residues Ser70 and

Ala237) at the same time.

In 2005, Hermannet al. realised other QM/MM simulations in order to characterise further

the acylation step for TEM-1 in the presence of benzylpenicillin [ 112]. Their conclusions

were similar to their 2003 study [115], although with additional details. In particular, the

‘oxyanion hole’ (residues Ser70 and Ala237) was observed to be especially important for

stabilisation of the transition state and tetrahedral intermediate. Residue Asn132, different

positively charged residues close to the active site and the‘carboxylate pocket’ (Ser130,

Lys234, Ser235, and Arg244) were also shown as important for this stabilising effect.

The same year, in a 5 ns MD study of TEM-1, Roccatanoet al. observed a flap-like motion

of theΩ loop towards the protein core [234]. This motion would fill a cavity and potentially

stabilise residue Glu166 of the Ω loop in a catalytically efficient position near Ser70. Also,

based on H bonding patterns, the authors speculated that acylation might be possible

through different mechanisms. This new hypothesis would reconcile the different

contradicting mutational, kinetics, structural, andin silico studies by allowing more than one

single avenue to acylation.

As stated before in Section4.4.1.1, Merouehet al. performed a QM/MM study on TEM-1

and observed a duality of competing mechanisms for Ser70 activation: either through Lys73

or Glu166 [184]. These results confirmed speculations by Roccatanoet al. [234] and were

consistent with previous mutational studies, thus apparently solving the controversy

concerning the acylation step within class Aβ-lactamases.

In 2006, Hermannet al. studied the deacylation step with QM/MM approaches. Their work

yielded further details on the widely accepted hypothesis of Glu166 acting as the general base

in this second step ofβ-lactam hydrolysis by class Aβ-lactamases. As they concluded from
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their data, this process would happen through a conserved water molecule.

Prior to our studies of PSE-4, the dynamics of only one class Aβ-lactamase, again TEM-1,

had been characterised by NMR. Savard and Gagné [240] demonstrated that TEM-1 is a very

rigid protein on the ps-ns timescale. This rigidity is especially significant in the vicinity of the

active site, suggesting that substrate binding should not trigger any important unfavorable loss

in conformational entropy. In other words, if ligand binding affects ps-ns motions, it should

more probably reduce order,i.e. induce a favorable increase in conformational entropy (as

opposed to rigidify the active site). Also,µs-ms motions were observed around the active site

andΩ loop. Further insights into TEM-1 dynamics from NMR were obtained by a study on

the comparative dynamics of the wild-type enzyme with the mutant Tyr105Asp [62]. It was

shown that this single point mutation affected the dynamicsof several active site residues and,

thus, could have long-range allosteric effects on the dynamics of the protein. This suggested

that motions in TEM-1 might be at least partly concerted.

Feeding the controversy on the acylation step, Hermannet al. published a QM/MM study

of wild-type TEM-1 and the mutant Lys73Ala [113]. They concluded that the general base

in the acylation step is Glu166 while Lys73’s role would be limited to a stabilising effect on

the transition state, as proposed earlier for other residues [115]. The authors proposed that

this role, in conjunction with a proton shuttle role in laterstages of the reaction [114], would

explain the decreased acylation rates of mutants at position 73. Data from a similar study on

a Glu166 mutant would have been interesting in rationalising these conclusions and assessing

their validity in the context of the dual mechanism proposedby Merouehet al. [184].

A MD study published the same year dealt with general dynamics as the authors extracted

root mean-square fluctuations andS2 parameters from their 50 ns (10 x 5 ns) simulation [29].

Similar to the results of Savard and Gagné [240], secondary structure elements were very

ordered, as well as theΩ loop, except for residues 173–177 which moved to open and close a

cavity between theΩ loop and protein core. This motion was similar to the flap-like motion

of Roccatanoet al. discussed above [234]. The absence of motion for the rest of theΩ loop

was explained by a network of water molecules in the cavity between theΩ loop and residues

65–69.

The dynamic study of TEM-1 published most recently was by Fisetteet al. in our laboratory

[79]. The study included a re-analysis of NMR data from Savard and Gagné [240] in the

context of a new 60 ns (3 x 20 ns) MD simulation. These are the longest MD simulations
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ever performed on TEM-1. As observed earlier by NMR, MD results showed that TEM-1’s

active site is highly ordered on the fast timescales probed by MD. Moreover, motion of part

of theΩ loop was observed, which could have impact on the catalytic mechanism of class A

β-lactamases. Indeed, this motion partially fills a cavity between theΩ loop and the protein

core, which could stabilise Glu166 in a catalytically efficient position. This is similar to the

proposal by Roccatanoet al. [234] and Bös and Pleiss [29], although the exact motion is

different. Indeed, the motion observed by Fisetteet al. is better characterised, thanks to

the simulation length (3 x 20 ns), and thus more realistic. Inparticular, the motion is more

complex compared to the simple flap-like motion proposed earlier from 5 ns simulations.

From the previous studies of the dynamics in class Aβ-lactamases, it is clear that insights

can be obtained into the function of these important enzymesusing approaches to

investigate protein dynamics. Hence, a deeper understanding of structure, dynamics and

function in β-lactamases, especially the knowledge of the motions near the active site,

should provide additional information yielding to a bettermechanistic understanding to

complement the extensive, already available data.

4.5 Objectives of this Work

The work presented in this second part of the thesis concerned principally the characterisation

of the dynamics of the class Aβ-lactamase PSE-4. Although this work was of a descriptive

nature (as opposed to hypothesis-driven), the following specific objectives were pursued:

• Overexpression and purification of PSE-4;

• Assignment of backbone1H, 13C, and15N chemical shifts;

• Titration of Lys73;

• Characterisation of fast dynamics from15N spin relaxation;

• Characterisation of slow dynamics from15N relaxation dispersion;

• Characterisation of protein stability from amide exchange experiments;

• Study of PSE-4/TEM-1 chimeras.
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In the following chapters, results are presented in order tofulfill most of these different

research objectives.



Chapter 5

Dynamics of Class Aβ-Lactamases:

PSE-4 Backbone Resonance Assignments

PSE-4, the model enzyme for carbenicillinases, is an especially interesting

target for NMR characterisation as it gives rise to spectra of very high quality

despite its 271 residues. Here we report the overexpression, purification, and

backbone resonance assignments for PSE-4. The TROSY versions of several

3D heteronuclear experiments were used, and more than 98 % ofbackbone

nuclei (including Cβ) have been assigned. Backbone1H, 13C, and 15N

resonances have been deposited in theBMRB (under accession number6838).

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 resolution using 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 ompA [93] was inserted in the pEt24 plasmid

(Novagen, Gibbstown, NJ) and overexpressed inEscherichia coliBL21 DE3 (Stratagene,

La Jolla, CA) for∼ 20 h under 0.4 mM IPTG at 25◦C in modified M9 minimal medium

[237].

The first part of the purification involved recovering the enzyme from the cytoplasm but also,

to a smaller extent, from the supernatant where a portion of the PSE-4 production was sent

due to its signal peptide. However, contrary to the homologous protein TEM-1, which is

completely exported outside the bacteria with the use of theompA signal peptide, the effect

was incomplete for PSE-4. The purification involved two chromatographic steps: an anion

exchange (HiPrep 16/10 Q XL, GE Healthcare, Piscataway, NJ)step to enrich the sample

in PSE-4 and a gel filtration (HiLoad 26/60 Superdex 75 prep grade, GE Healthcare) step

to achieve optimal purity. Finally, PSE-4 was lyophilised and its identity was confirmed by

electrospray ionisation mass spectrometry which also served for evaluation of the extent of

isotopic labelling.

Four different samples were prepared:

• [15N]-labelled,

• [13C, 15N]-labelled,

• [2H, 13C, 15N]-labelled,

• [15N]-Thr and [13C-15N]-Lys-labelled.
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Table 5.1:Amino acid supplemented M9 medium (based on McIntosh and Dahlquist [182])

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 V 100
H 200 W 200
I 100 Y 80
L 80 K (13C-15N) 110
M 160 T (15N) 150

The specifically[15N]-Thr and [13C-15N]-Lys-labelled sample was produced using M9

minimal medium supplemented with the different amino acids, either labelled ([15N]-Thr

and [13C-15N]-Lys) or not, with quantities based on McIntosh and Dahlquist [182]. Exact

quantities were as in Table5.1.

Throughout the purification scheme, PSE-4 was followed (qualitatively) with the use of the

chromogenic cephalosporin nitrocefin (see Figure5.1, [202]). Indeed, upon hydrolysis of this

cephalosporin by aβ-lactamase like PSE-4, nitrocefin color will change from yellow to red

allowing hydrolysis to be monitored qualitatively. The useof nitrocefin also helped a lot in

optimising purification conditions.

Figure 5.1:Structure of the chromogenic cephalosporin nitrocefin. As in Figure4.2, theβ-lactam ring
is shown in red.
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5.2.2 NMR Spectroscopy

The NMR samples contained 0.6 mM protein atpH 6.65 (as confirmed with imidazole

chemical shifts, [12]), 0.1 mM DSS, 3 mM imidazole, 0.1% sodium azide, 10% D2O, and a

proteinase inhibitor cocktail (Complete protease inhibitor cocktail from Roche Applied

Science, Laval, QC). Measurements were performed on a VarianINOVA 600 MHz

spectrometer at 30◦C in normal length tubes and in Shigemi tubes. TROSY [220] versions

of HSQC [138] and of several 3D experiments (HNCO [102, 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 sequential assignments. The

different spectra were recorded using their sensitivity enhanced versions [138, 274].

Spectral widths were as follows for1H and 15N dimensions, respectively: 10000 and

1529 Hz. For the different triple resonance spectra, the spectral widths for13C varied as

follows: 4100 Hz (HNCA and HN(CO)CA), 10858 Hz (HNCACB and HN(CO)CACB), and

2200 Hz (HNCO and HN(CA)CO).

Spectra were processed withNMRPipe [55] and analysed withinNMRView [131] using

Smartnotebook[248] to facilitate handling of connectivities and speed up the process.

Moreover, initial chemical shifts were predicted with the assignments for TEM-1 [241], a

class Aβ-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 the supernatant, while most of the

production was recovered after cell lysis, all of the purified protein was free from the fused

signal peptide. This was confirmed by SDS-PAGE and mass spectrometry, the latter also

serving to estimate the extent of isotopic labelling (see Table 5.2). It is possible that the

protein obtained after cell lysis was located in the periplasmic space. This would explain why

the signal peptide is removed, although the protein is not exported outside the cell wall as for

TEM-1 [241]. Labelling used standard approaches and yielded standardresults 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 MW† Measured MW‡ Extent of labelling
(Da) (Da) (%)

[15N]-labelled 29885∗ 29872 96.4 for15N
[13C, 15N]-labelled 31183∗∗ 31140 97.7 for13C
[2H, 13C, 15N]-labelled 32730∗∗∗ 32682 97.0 (91.4) for2H ∗∗∗∗

† The theoretical MW of mature PSE-4 is 29527 Da, wth 32331 Da for PSE-4with its signal peptide.
‡ As measured from LC-MS.
∗ Corresponding to 29527 Da + 35815N.
∗∗ Corresponding to 29527 Da + 35815N + 129813C.
∗∗∗ Corresponding to 29527 Da + 35815N + 129813C + 15902H.
∗∗∗∗ Assuming exchangeable amides are 100 % exchanged (assuming 80 % exchange).

of nitrogen and carbon sites labelled, and > 90 % of proton site changed to deuterium (see

Table5.2). Hence, the production of PSE-4 for NMR was successful and yielded between 20

and 80 mg of > 95 % pure (see Figure5.2) protein per liter of culture.

Figure 5.2: Gel filtration chromatograph and SDS-PAGE of purified [2H, 13C, 15N]-labelled PSE-4.
(A) Typical gel filtration chromatograph of purified PSE-4. (B) Corresponding SDS-PAGE. Shown
are molecular weight markers as well as three fractions covering most of the gel filtration peak (around
the peak center at∼ 170 mL).
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5.3.2 Assignments

PSE-4 yields a very well dispersed 2D15N-HSQC with very little overlap considering its

MW (see Figure5.4). 98.1 % of all backbone1HN and 15N, 99.3 % of13Cα, 96.8 % of
13Cβ, and 98.2 % of13C’ were assigned. The three last residues of PSE-4 which were not

seen in the crystal structure are very intense with low, or even negative,1H15N-NOEs (see

Section7.3, [194]) confirming their high mobility and explaining their absence in the crystal

structure. Moreover, secondary structure predicted from the PsiCSIprogram [119] were in

almost perfect agreement with secondary structures in the crystal structure1G68[165] (data

not shown). Finally, assignments for the Thr and Lys amides were counter-verified using a

[15N]-Thr and [13C-15N]-Lys specifically-labelled sample (see Figure5.3).

Figure 5.3:2D 15N-TROSY-HSQC for [15N]-Thr and [13C-15N]-Lys specifically-labelled PSE-4. Lys
resonances are circled in red with the resonance for active site residueLys73 double-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 2D15N-TROSY-HSQC spectrum (A) of deuterated PSE-4 with an enlarged view
of the most crowded region of the spectrum (B).
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Missing assignments (using the Ambler numbering scheme [8] in which PSE-4 is numbered

22–295 with gaps at positions 58, 239, and 253) are those of residues Ser22 and Ser23, the

amide of Ser24, the 13C’-Thr69, the amide and13Cβ of Ser70, the 13C’-Asn90, the
13C’-Ser106, the13Cβ-Thr149, the13Cβ-Thr182, the13Cβ-Thr189, the13Cβ-Ser209, the amide

of Ala237 and the13Cβ-Ser285. As in the case of TEM-1 [240], active site residue Ala237 was

not observed, probably from extreme broadening caused by conformational exchange.

Additionally, residue Ser70 was also not observed in PSE-4, potentially because of the same

reason (as the amide resonances for this residue were weak and broadened in TEM-1 [240]).

This points to the generality of potentially important dynamics going on in the active site of

class Aβ-lactamases on theµs-ms timescale.

Backbone1H, 13C, and15N chemical shifts have been deposited under accession number

6838in theBMRB and are also available in Appendix 1 (Table10.1).

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


Chapter 6

Dynamics of Class Aβ-Lactamases:

PSE-4 Lys73 Titration Trial

An hypothetical involvement of Lys73 in the acylation step of the mechanism of

class Aβ-lactamases implies that thepKa of its side-chain is anormally low

(i.e. below 10). Hence, manyin silico and experimental studies aimed at

determining thispKa in order to validate or invalidate this hypothesis. None of

these groups, however, obtained convincing results. Unfortunately, as these

groups, we were not succesful in measuring the pKa of this Lys73. This chapter

presents the result of our endeavor to mesure thispKa value.
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6.1 Context

After the proposal by Strynadkaet al. that thepKa of Lys73 would be modulated by the

proximity of the positively charged Lys234 [255], many research groups aimed at

characterising thepKa of Lys73 in order to prove or refute this hypothesis. This is indeed an

important mechanistic aspect for class Aβ-lactamases as a loweredpKa around 8 would be

needed for the involvement of Lys73 in the acylation step. Several studies were thus carried

out to characterise thepKa of Lys73 with many of these usingin silico approaches. These

yielded contradictory results with apKa of either 8.0 [257] or 10.0 [157, 227]. An

experimental study by Damblonet al. [46] reported having titrated Lys73 in TEM-1 using

NMR. Unfortunately, the assignments used were found erroneous when compared to the

(almost) complete assignments for TEM-1 [239]. Another group reported apKa of 8.0-8.5

for Lys73 using differentin silico and experimental approaches [97]. However, the value of

this study was reduced by the ambiguous assignment of Cε/Hε resonances for Lys73.

In our laboratory, using a sample labelled only for Lys residues, Savard [239] could

completely observe 9 out of 11 Lys side-chains in TEM-1, except Lys73 and Lys234, the

resonances for these two residues being broadened and too weak for observation passed the
13Cβ resonances. Later, during further assignment of side-chain resonances, the chemical

shifts for every side-chain13C atom in both Lys73 and Lys234 could be obtained, however

indirectly, i.e. through the extrapolation of the diagonal in 3D HCCH-TOCSY spectra by

observation of corresponding Cα and Cβ cross-peaks (Pierre-Yves Savard, personal

communication). These Lys73 side-chain chemical shifts were different from those reported

by Damblonet al. [46] (data not shown). Hence, no experimental study has ever succeeded

in characterising thepKa of Lys73 without ambiguity.

We thus decided to see if the situation could be different in PSE-4 and if we could assign and

titrate Lys73’s side-chain.

6.2 Methods

The [15N]-Thr and [13C-15N]-Lys specifically labelled sample of PSE-4 produced for

verification of backbone chemical shift assignments of Thr and Lys residues (see Chapter5,
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[196]) was re-used for titration trials.

In order to assign side-chain chemical shifts from Lys73 using this sample, different spectra

were recorded (under the same experimental conditions as for backbone chemical shift

assignments, see Chapter5): a 2D 13C-HSQC [130, 138], a 3D HCCH-TOCSY [13, 140],

and the TROSY [220] version of a 3D H(CCO)NH (also known as 3D

HCCH-TOCSY-NNH, [100, 170]). These were all from Biopack (Varian Inc, Palo Alto,

CA).

6.3 Results and Discussion

Lys73’s Cα resonance was the weakest of all lysines Cα resonances in the 2D13C-HSQC (see

Figure6.1). Moreover, we were unable to see Lys73’s side-chain further than the Cα on the

3D HCCH-TOCSY spectrum (data not shown). Finally, even in the 3DH(CCO)NH spectrum

which would yield a single set of resonances for Lys73 on the N-H plane for residue Thr74

(because the segment ‘KT’ is present only once in PSE-4 sequence), not a single peak could

be observed (data not shown). This lack of signal (from the Cε, Hε and other resonances)

prevented the titration of the side-chain Nζ group.

A potential avenue to solving this S/N issue caused by potential intermediate exchange of

Lys73’s side-chain would have been to record the data at other temperatures (either lower

or higher, not exceeding 41◦C where both TEM-1 and PSE-4 precipitatein vitro, data not

shown). This approach would maybe have moved the exchange process from the intermediate

regime to the slow or fast regime, in turn allowing observation of these resonances.

In summary, as was the case for TEM-1, assigning the side-chain resonances of Lys73 at

30 ◦C proved impossible in PSE-4. This, however, again emphasised the potential presence

of importantµs-ms motions in the vicinity of the active site where amides from two residues

(Ser70 and Ala237) are unobservable. Indeed, all these ‘invisible’ resonances could be

broadened from conformational exchange arising on the catalysis timescale.
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Figure 6.1:Cα resonances of Lys residues in PSE-4. The Cα region of a 2D13C-HSQC of [15N]-Thr
and [13C-15N]-Lys specifically labelled sample of PSE-4 is shown with the resonance for Lys73 Cα
circled and 14 other Lys Cα marked by a star (*). Black and red denote positive and negative
resonances, respectively. The 16th Lys Cα is overlapped by the water signal and, thus, unobservable.
As can be seen, the Cα resonance for Lys73 is the weakest of all observed Lys Cα resonances.



Chapter 7

Dynamics of Class Aβ-Lactamases:

PSE-4 Backbone Dynamics

The backbone dynamics for the 29.5 kDa class Aβ-lactamase PSE-4 is

presented. This solution NMR study was performed using multiple field 15N

spin relaxation,15N CPMG relaxation dispersion, and amide exchange data in

the EX2 regime. Analysis was carried with therelax program and the

Lipari-Szabo model-free approach. Similar to the homologous enzyme TEM-1,

PSE-4 is very rigid on the ps-ns timescale, although slowerµs-ms motions are

present for several residues; this is especially true in thevicinity of the active

site. However, significant dynamics differences exist between the two homologs

for several important residues. Moreover, our data supportthe presence of

motion of theΩ loop first detected using MD simulations on TEM-1 but not

detected when studying TEM-1 by NMR. Class Aβ-lactamases appear to be a

class of highly ordered proteins on the ps-ns timescale despite their efficient

catalytic activity and high plasticity toward several different β-lactam

antibiotics. Theµs-ms motions present in the active site suggest this dynamics

has a potential role in catalysis.

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

Amide backbone chemical shift assignments being missing for two important active site

residues (Ser70 and Ala237, see Chapter5 and [196]) and being corroborated with invisible

side-chain resonances for Lys73 (see Chapter6), intermediate exchange processes are

suspected in the vicinity of PSE-4’s active site. Hence, in order to understand further these

processes, the backbone dynamics of PSE-4 on different timescales were studied and

compared to NMR data already available for TEM-1 [62, 79, 240].

7.2 Methods

7.2.1 NMR Data Acquisition

[15N]-labelled PSE-4 was produced as described previously (see Chapter5, [196]). NMR

samples were as follows: 0.5 mM PSE-4, 10 % D2O, 3 mM imidazole, and 0.1 % sodium

azide atpH 6.65. Chemical shift referencing was performed externally using a sample of

0.4 mM DSS in 10 % D2O. Spectra were acquired at a temperature of 31.5◦C (calibrated

using MeOH) on a Varian INOVA 600 (in-house), and Varian INOVA 500 and 800

(Québec / Eastern Canada High Field NMR Facility, Montréal, Canada) spectrometers

(corresponding to 60.8, 50.6, and 81.0 MHz nitrogen frequency, respectively) equipped with

z-axis pulse field gradients triple resonance cold probes (except for amide exchange data at

pH 7.85 which was acquired using a room temperature probe).

Measurement of longitudinal (R1) and transverse (R2) relaxation rates as well as the

steady-state heteronuclearNOE proceeded with established pulse sequences [76, 138]. For

both R1 andR2 experiments recorded at 500 and 800 MHz, acquisition of relaxation data

was performed in an interleaved manner (interleaving the different delays) to prevent the

effects of field and sample inhomogeneity as a function of time [265]. For example, if

delays 1, 2, 3, 4, 5, 6 had to be recorded, the acquisition order of the different 2D spectra

was as follows: 1, 3, 5, 2, 4, 6 (or, inversely, 6, 4, 2, 5, 3, 1).In the case ofR1 andR2 data

recorded at 600 MHz, interleaving proceeded as part of the recording of pseudo 3D spectra.

In this case, relaxation delays were interleaved after eachtwo FIDs (i.e. after the real and
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imaginary parts of each indirect dimension increment).NOEs were collected in duplicate at

50.6 MHz. At 60.8 MHz, R1 experiments were recorded in quadruplicate,R2, in

quintuplicate, andNOE, in triplicate, with some experiments recorded before and others

after the recording of data at 50.6 and 81.0 MHz. This ensuredthat the sample was in the

same state throughout the complete experimental scheme.

For the measurement of the longitudinal relaxation rate (15N-R1), the sensitivity-enhanced

inversion-recovery pulse sequence from Lewis Kay’s group [76] was used. Relaxation delays

were of 10.9, 21.8 (60.8 MHz), 43.6, 87.2 (50.6 and 60.8 MHz),174.4, 348.9 (50.6 and

60.8 MHz), 697.7, 1395.4 (50.6 and 60.8 MHz), and 1995.0 ms. With eight transients per

FID and a recycle delay of 2 s, this acquisition scheme represented a total acquisition time of

∼ 13 h per magnetic field.

For the measurement of the transverse relaxation rate (15N-R2), the pulse sequence was the

implementation of Lewis Kay’s sequence [138] within BioPack (Varian Inc., Palo Alto, CA).

Relaxation delays were of 10, 30, 50, 70, 90, 110, 130, 150, and190 ms. Heat compensation

[274] was used. An interpulse delay of 575.6, 583.2, and 574.0µs was used in the CPMG

train (at 50.6, 60.8, and 81.0 MHz, respectively). Also, theRF field strength for the15N 180◦

pulses in the CPMG sequence was 5.061, 5.187 (and 5.981 and 5.952), and 4.902 kHz at

50.6, 60.8, and 81.0 MHz, respectively. These spectra were recorded by accumulating eight

transients per FID using a recycle delay of 3 s for a total of∼ 7 h at each magnetic field.

For the measurement of the steady-state heteronuclearNOE ({1H}15N-NOE), the pulse

sequence was again from Lewis Kay’s group [76]. Spectra were recorded with and without
1H saturation. A saturation time of 4 s was used and recycle delays were of 5 s for

experiments with and without saturation (4 s of saturation +1 s of blank delay, or 5 s of

blank delay, respectively).NOE experiments being less sensitive thanR1 or R2 experiments,

every experiment (with or without saturation) took∼ 14 h per magnetic field for the

recording of 44 transients per FID.

15N CPMG relaxation dispersion experiments proceeded also using a pulse sequence from

Lewis Kay’s group in which relaxation occurred during a constant-time delayT [108].

Spectra were recorded at two different magnetic fields: 500 and 800 MHz. The delayT was

set to 40 ms. A reference spectrum was recorded for each dataset as well as spectra for the

following CPMG pulse train frequencies (νCPMG): 67, 133, 200, 267, 333, 400, 467, 533,

600, 733, 867, and 1000 Hz. Duplicates were recorded at 800 MHz for νCPMG 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-HSQC [138, 220] spectra (BioPack,

Varian Inc., Palo Alto, CA) using lyophilised PSE-4 dissolved in D2O. The TROSY [220]

implementation allowed smaller phase cycling so very shortspectra could be acquired with

limited baseline distortions. Hence, at the beginning, more frequent short spectra (with a

low number of transients) were acquired, and at the end fewerlong spectra (with increasing

transients) were acquired. To determine the exchange regime, amide exchange experiments

were performed for 80 days atpH 6.65, and for six days atpH 7.85. In both situations,

approximately 60 spectra were recorded.

Amide exchange experiments were performed with the INOVA 600 spectrometer, at a

temperature of 31.5◦C as for spin relaxation experiments. AtpH 7.85, the acquisition was

at the following times (when half the acquisition had been completed): 35; 43; 51; 59; 67;

75; 83; 91; 99; 107; 119; 135; 150; 166; 182; 197; 213; 228; 244; 260; 276; 291; 307; 322;

338; 354; 369; 385; 408; 439; 470; 500; 531; 562; 593; 624; 655; 685; 717; 748; 778; 809;

840; 871; 1039; 1206; 1373; 1541; 1708; 2710; 2877; 2924; 3122; 3537; 3935; 4334; 5068;

5803; 6874, and 8974 min. Spectra up to 107 min were recorded with two transients; from

119 to 385 min, with four transients; from 408 to 2877 min, with eight transients; and from

2924 min to the end, with 16 transients. AtpH 6.65, the acquisition was at the following

times (when half the acquisition had been completed): 32; 40; 48; 56; 68; 76; 84; 92; 100;

108; 120; 136; 151; 167; 182; 198; 214; 229; 245; 260; 276; 291; 307; 323; 338; 354; 369;

385; 407; 438; 469; 500; 531; 562; 592; 623; 654; 685; 716; 746; 777; 808; 870; 1103;

1398; 1937; 2416; 3060; 3152; 5331; 6503; 8096; 12,492; 16,100; 37,334; 38,217; 44,253;

58,532; 77,293, and 115,559 min. Spectra up to 108 min were recorded with two transients;

from 120 to 385 min, with four transients; from 407 to 2416 min, with eight transients; and

from 3060 min to the end, with 16 transients.

7.2.2 NMR Data Processing

NMR data were processed using the programNMRPipe[55]. FIDs were shuffled to yield

pure absorptive two-dimensional line shapes from the sensitivity-enhanced [138, 212] data

with the ‘ranceY.M’ macro. Water signals were subtracted with the function ‘SOL’. Linear

http://spin.niddk.nih.gov/NMRPipe/
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prediction was performed in the indirect (15N) dimension to extend the amount of data points

by 50 % (70 % for amide exchange data). The baseline in each dimension was corrected

using the function ‘POLY -auto -ord 0’. As stated before, thenumber of transients was higher

as time proceeded for amide exchange experiments; thus FIDswere scaled accordingly (so

amplitudes were comparable between spectra with a different number of transients) using the

NMRPipefunction ‘MULT -c’.

Peak deconvolution proceeded using the macro ‘nlinLS’ invoked from the script ‘autoFit.tcl’,

both distributed withinNMRPipe[55]. R1 andR2, as well as amide exchange rates, were

obtained with the programCurveFit (A. G. Palmer, Columbia University, New York, NY).

R1 andR2 relaxation rates were obtained by fitting peak amplitudes asa function of relaxation

delay using a two-parameter exponential decay function of the form:

A(t) = A0 e−Rt (7.1)

whereA stands for amplitude,R is the relaxation rate (eitherR1 or R2), andt is the time.

Amide exchange rates (kHX) were obtained by fitting peak amplitudes as a function of time

after dissolution in D2O using an offset three-parameter exponential decay function of the

form:

At = A0 e−kHXt +A∞ (7.2)

whereA∞ represents the amplitude at infinite time (i.e. the signal from residual protons, or the

offset). Errors on these fits were obtained from either 500 Monte Carlo [186] simulations or

the Jackknife [225] method, using the method that yielded the largest error. A correction was

introduced for systematic errors not accounted for when a near-perfect fit was obtained from

theR1 andR2 exponential curve-fitting. This was done only for model-free analysis where too

small errors on experimental data can introduce over-complex models. Thus, parameters with

unrealistically small errors (smaller than the mean value)had their error scaled to the mean

value. This is similar to the approach of Savard and Gagné [240]. NOEs were calculated

as the ratio of peak amplitude with and without proton saturation (see Equation1.10), and

error propagation was calculated from the noise. Finally, relaxation dispersion profiles were

obtained by calculatingRe f f
2 , the effectiveR2, for each value ofνCPMG 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]:

Re f f
2 =− 1

T
ln

[

ACPMG

Are f

]

(7.3)

whereT is the constant relaxation time during which the CPMG train with frequencyνCPMG

is applied (here 40 ms),ACPMG is the peak amplitude in the experiment with CPMG, andAre f

is the peak amplitude in the reference spectrum (i.e. without CPMG train). T was chosen

so thatACPMG/Are f was approximately equal to 0.5 (as proposed by Mulderet al. [198]).

Following extraction ofRe f f
2 values, curve-fitting of dispersion profiles using a two-state

exchange model was performed with either aMatlab script from Lewis Kay’s group [149],

or the programCPMGFit (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, we assessed the effect of

concentration on global rotational diffusion. Two samplesof lower concentration were

prepared (i.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 magnetic fields was assessed with the use

of reduced spectral density mapping [75] within the programrelax (version 1.2.14) [51, 52].

The test, as proposed by Morin and Gagné (see Chapter2, [195]), consisted of calculating

the field independent functionJ(0) for each residue and then comparing results obtained at

different fields. For these calculations, the15N chemical shift anisotropy (CSA) was

-172 ppm, and the vibrationally averaged effective N-H bondlength (rN-H) was 1.02 Å.

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 usingthe program relax

(version 1.2.14) [51, 52] with a variant of the methodology for the dual optimisationof the

model-free parameters and the global diffusion tensor proposed recently [52] (see

experimental flowchart in Figure7.1). To avoid any artifact (resulting from under- or

over-fitting), only residues for which data was available atthe three magnetic fields were

analysed. N-H vectors orientations were extracted from PDB1G68[165]. Since this crystal

structure does not include amide protons, these were added usingMolmol [146]. Values for

theCSAandrN-H were as for the consistency test (i.e. -172 ppm and 1.02 Å, respectively).

The values were set to the same as in Savard and Gagné [240] to facilitate the comparison to

the dynamics of the homologous protein TEM-1.

Five different diffusion models were tested (no global diffusion tensor,i.e. with a localτm

parameter for each residue; sphere; prolate spheroid; oblate spheroid; and ellipsoid). These

were optimised using residues from well defined secondary structures (determined using

DSSP[133], see Table10.3in Appendix 3) and selected byAIC (see Equation1.27[3]). Ten

model-free models (with 0 to 5 adjustable parameters, defined previously in Equation1.21)

were used to describe internal dynamics.

Local model-free models selection during iterations for diffusion tensor optimisation was

also done usingAIC. This allowed the selection of complex models for residues difficult to

fit, avoiding the diffusion tensor from being biased by thoseresidues. After convergence of

the different diffusion tensors and selection of the diffusion tensor with the lowestAIC, local

model-free models were minimised for all residues using this diffusion tensor, which was

then held fixed. Then, the best model for each residue was selected usingAICc [120]:

AICc = χ2 + 2k +
2k (k + 1)
n − k − 1

(7.4)

wheren represents the size of the dataset. This was done to minimiseover-fitting 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 of d’Auvergne and Gooley [50, 52] for the first step with only residues
from the core of regular secondary structures (α-helices andβ-strands). In this step, model selection is performed usingAIC (see Equation1.27, [3]).
In the second step, the optimised diffusion tensor is used for minimisation of local model-free models for all residues. The best local model for each
residue is chosen usingAICc (see Equation7.4, [120]).
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Optimising the diffusion tensor using only residues withinwell-defined secondary structures

takes advantage of the information contained in the crystalstructure concerning secondary

structures and avoids any bias of the global diffusion tensor that could arise from incorrect

N-H orientations in loops caused by crystal packing or intrinsic flexibility. After

optimisation of the different diffusion models, theAIC chosen diffusion tensor was used to

minimise models for every residues, except for the three C-terminus residues (which were

analysed as diffusing independently of the rest of the protein, because their N-H vector

orientation is unavailable). Final model selection for allresidues (after the tensor had been

fixed) then proceeded usingAICc (see Equation7.4, [120]) to minimise over-fitting. Indeed,

on a per residue basis, the sample size for relaxation data isquite small (n= 8) compared to

the complete set used for diffusion tensor optimisation (n = 1072), justifying the use of

different statistical approaches suited for these two situations. Additionally, usingAIC

instead drastically increased the number of residues displaying non significant and isolated

Rex terms. In fact,AIC yielded 52 residues withRex terms andAICc yielded 32, with the 20

supplementaryRex terms fromAIC being questionable because of both their low values and

isolated distribution. For these reasons,AICc 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 global models was performed using

the Newton algorithm. Finally, errors on the extracted local parameters were obtained by

performing 500 Monte Carlo [186] simulations. A flowchart of the model-free protocol used

in this study is shown in Figure7.1.

7.3 Results and Discussion

Chemical shift referencing was done externally because DSS interacts weakly with PSE-4.

Indeed, the DSS peak at 0 ppm was observed to lose more than 60 %of its intensity after

several days in the presence of PSE-4 (data not shown). Its1H-R1 also changed from 0.9 s−1

to 2.8 s−1 over the same period of time. These two observations pointedin the same direction

with DSS MW increasing because of an interaction with PSE-4 in a slow exchange process. In

addition, samples did not contain any proteinase inhibitorcocktail because we also observed

that some inhibitors bind to the active site (data not shown). This was not surprising as

class Aβ-lactamases are closely related to serine proteinases (seeChapter4) and may thus

bind similar inhibitors. Finally, no buffer was used because NMR data indicates that the
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phosphate buffer interacts weakly with TEM-1’s active site[239], despite its ubiquitous use

in many kinetics studies ofβ-lactamases. Therefore, samples were prepared to minimiseany

unwanted interaction that could bias our study because relaxation experiments are extremely

sensitive.

A slight modulation ofR1 and R2 relaxation rates was observed by varying the protein

concentration from 0.125 to 0.5 mM, The variation corresponded to a lowering of the

estimated correlation time by less than 5 % for this concentration range (see Figure7.2).

This small variation is expected due to viscosity changes asa function of protein

concentration and excludes the possibility of concentration driven partial dimerisation which

could, if present, bias the analysis. In fact, a similar modulation of relaxation parameters

was observed for1H-R1 of imidazole as a function of protein concentration (see Figure7.2).

This variation was different than for PSE-4 because imidazole is in the fast tumbling

(i.e. extreme narrowing) regime (ω2
H τ2

m ≪ 1) while PSE-4 is not (ω2
N τ2

m ∼ 1). Nevertheless,

this showed that the apparent tumbling time of imidazole increased with increasing protein

concentration, thus confirming the change in sample viscosity.

Backbone resonance assignments for PSE-4 (BMRB6838, see also Table10.1 of

Appendix 1) [196] allowed for the extraction of atom specific data. However, no information

could be extracted for residues Ser22, Ser23, Ser24, Ser70, and Ala237 for which amide

assignments are unavailable; Ser22, Ser23, and Ser24 probably due to fast solvent exchange,

and Ser70 and Ala237 because of very broad and/or highly overlapped resonances.Also,

residues which overlapped severely were excluded from further analysis (see Tables10.2,

10.3, and10.4). Hence, a total of 230 residues out of 271 were characterised with data at the

three magnetic fields (N = 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 experiments: 15N-R1, 15N-R2 and

{1H}15N-NOE. Data at more than one magnetic field being required for over-determination

of model-free parameters, we acquired data at 11.7, 14.1, and 18.8 T (respectively, 50.6,

60.8, and 81.0 MHz nitrogen frequency). To confirm that the sample did not change during

the experimental scheme, we recorded one set ofNOE, three complete sets ofR1, and two

complete sets ofR2 at 60.8 MHz before recording data at 50.6 and 81.0 MHz. Following

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 sets ofNOE, one complete set of

R1, and three complete sets ofR2 again at 60.8 MHz. This also allowed us to verify that

error on spin relaxation data was neither under- nor over-estimated using Jackknife [225]

and Monte Carlo [186] methods (data not shown). For example, the four differentR1

datasets recorded at 60.8 MHz gave rates that, within estimated errors, were reproducible for

most residues. Mean relative errors for these datasets wereas follows: 2.77 %, 2.91 %,

2.77 %, and 3.28 %. On the other hand, mean error for the combined datasets was 2.47 %,

reflecting the improvement obtained when using more data points. Datasets recorded at 50.6

and 81.0 MHz were not repeated as for 60.8 MHz (except forNOE at 50.6 MHz), but

displayed errors on the same range. Finally, even thoughR2 values obtained at 60.8 MHz

were extracted from experiments with two different RF fields (5.2 and 6.0 kHz), this

difference did not affect rates, which fell within respective errors (data not shown).15N spin

relaxation data for PSE-4 have been deposited in the BMRB underaccession number6838,

are available in Appendix 2 (Table10.2) and are shown in Figure7.3.
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Figure 7.2: Effect of protein concentration on PSE-4 estimated global correlation timeτR2R1_diffusion
m

(middle). Estimation proceeded from theR2/R1 ratio ([139], top) in the programR2R1_diffusion
(A. G. Palmer, Columbia University, New York, NY). A trimmed set ofR2/R1 was used such that no
residue was outsideR2/R1±1 SD. Moreover, an axially symmetric diffusion tensor was assumed and
PDB 1G68[165] was used for data fitting. Data is compared toR1 for imidazole (bottom) based on
both the low frequency (squares) and high frequency (circles) peaks.

http://www.bmrb.wisc.edu/data_library/generate_summary?6838
http://cpmcnet.columbia.edu/dept/gsas/biochem/labs/palmer/software/diffusion.html
http://www.pdb.org/pdb/explore/explore.do?structureId=1G68
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Figure 7.3: 15N spin relaxation data. Shown are the longitudinal (R1) and transverse (R2) relaxation rates as well as theR2/R1 ratio and the
steady-state heteronuclearNOE at 50.6 (light grey), 60.8 (dark grey), and 81.0 (black) MHz nitrogen frequency. Important active site residues are
highlighted vertically in light grey. Secondary structures are shown with helices as wide black boxes, andβ sheets as narrow grey boxes.
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Statistics for the 2103 observables are available in Table7.1. Mean errors for the recorded

parameters vary between 2 and 4 % before scaling (see the Methods Section7.2). Except for

the five C-terminal residues, PSE-4 dynamics seems to be quitehomogeneous, as is the case

for TEM-1 [240]. This points to a unique diffusion core for this two-domainenzyme.

7.3.2 Dataset Consistency

To extract high quality information from multiple field experiments, it is important that

datasets share a high degree of consistency. As discussed inChapter2 [195], inconsistencies

can arise from several factors, including variations in sample viscosity (caused by changes in

temperature, concentration, etc.) and water saturation during acquisition (which influences

N-H moieties as a function of the exchange rate with the aqueous solvent). In this study, the

field independent functionJ(0) (the spectral density at the zero frequency) [75] was used to

assess datasets consistency as proposed by Morin and Gagné (see Chapter2, [195]).

Results from this consistency test demonstrate the good quality of the three datasets

(Figure 2.14). 50.6 and 60.8 MHz data display especially high consistency, whereas

81.0 MHz consistency with 50.6 and 60.8 MHz data is good. The somehow wider

distributions seen for data at 81.0 MHz were assessed further and some inconsistency was

identified to be caused byR2 data (see the following Model-Free Section7.3.3).

On an individual basis, a few outliers from the correlation and distribution plots are observed.

These can arise because of five principal reasons. First, modulation of theR2 parameter can

arise because of conformational exchange. Since this modulation is field dependent, apparent

consistency will be lower (residue Arg234 is one of those). Second, consistency can appear

lower as a result of some assumptions being erroneous. Theseinclude the assumption of

Table 7.1:15N spin relaxation statistics.

50.6 MHz 60.8 MHz 81.0 MHz
R1 (s−1) 1.34± 0.08 0.99± 0.07 0.67± 0.06
R2 (s−1) 15.6± 1.4 16.5± 1.6 20.7± 2.3
R2/R1 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 excluded because of high mobility (hence,
N = 228 at 50.6 MHz, 229 at 60.8 MHz, 235 at 81.0 MHz)



Dynamics of Class Aβ-Lactamases: PSE-4 Backbone Dynamics 98

constantrN-H andCSA(discussed further in Section7.3.3.3). Third, residues can possess

extremely high mobility yielding negativeNOE values, giving rise to a higherJ(0) value,

hence giving the false impression of a overestimatedR2 (see Equation1.11). Fourth, data for

a given residue might be erroneous because of overlapping resonances. Fifth, one or more

relaxation measurement at one field strength could be prone to errors (probe imperfection,

environmental instability, difficulty of carrying reliable data acquisition given the available

hardware, etc). This last reason may be the case for the overall R2 inconsistency at 81.0 MHz

that we observed.

To assess if datasets recorded at 81.0 MHz should be used for model-free analysis, several

tests were done with optimisation of model-free models using a local correlation time

(local τm) for each residue (see Table2.6). This approach was inspired by the work of

Gagnéet al. who analysed their 500 and 600 MHz data together and separately in order to

confirm their consistency [91]. When using all datasets, a high number of residues needed a

Rex parameter (35 residues among the 134 located in regular secondary structure elements).

This number was similar when removing either of the two consistent datasets (50.6 and

60.8 MHz). However, when removing the 81.0 MHz dataset, thisnumber decreased

significantly (from 35 to 17). Not surprisingly, the number of Rex parameters was still high

when removingR1 or NOE data at 81.0 MHz. However, when discardingR2 at 81.0 MHz,

the number ofRex decreased to the low number encountered when removing all three

parameters at 81.0 MHz. Thus,R2 recorded at 81.0 MHz were excluded from the

subsequent model-free analysis. This is not surprising because, for molecules of∼ 30 kDa,

R2 has a high weight in theJ(0) consistency test function. In fact, as we proposed in

Chapter2 [195], the J(0) consistency test should be used to assess consistency of multiple

field transverse relaxation rates. Despite our best efforts, which involved recording a total of

three datasets at 81.0 MHz over a period of two years and carrying numerous parameter

optimisations, we never succeeded to recordR2 at 81.0 MHz that was flawless with the

available hardware. The cause for theR2 at 81.0 MHz to be slightly inconsistent with the

rest of the data is still unknown although it could be caused by factors such as water

saturation or probe stability during the CPMG pulse train. Nevertheless, the inconsistency

was detected and does not affect the quality of the extractedinformation. On the contrary,

some studies could contain artifacts resulting from a failure to recognise such inconsistent

datasets. We therefore believe some consistency test should always be done as proposed

before (see Chapter2, [195]).
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7.3.3 Model-Free Analysis

As stated in Chapter1, the model-free formalism [40, 51, 167, 168] is the preferred

approach for spin relaxation data analysis. Using this formalism, two main parameters,S2

and τ, account respectively for the restriction of the motion forone vector (e.g. the N-H

bond) and the effective upper limit for the timescale of thismotion (normalised byS2).

Moreover, theRex parameter can account for slow motions on theµs-ms timescale

contributing to the observedR2. Several programs have been developed for the optimisation

of the model-free parameters. We used the open source program relax [51, 52] with the

protocol presented in Figure7.1. As stated above, since the consistency test revealed some

inconsistency in the 81.0 MHz data, an in-depth look at the data was performed and we

found that theR2 at 81.0 MHz were inconsistent. Hence, we did not use these data for

model-free analysis. Fortunately, because the inconsistency was detected, high quality is

anticipated for the extracted information.

A re-analysis of TEM-1’s spin relaxation data [240] using the same approach as the one

used here for PSE-4 has been presented recently [79]. In this recent study, data were also

re-analysed using the same approach as in Savard and Gagné [240], but with ModelFree-4.20

[174, 214] to avoid problems present in the preceding versions of the program [51]. In the

following discussion, results obtained for PSE-4 will be compared 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 by the derivation of model-free

parameters using a local diffusion tensor for each N-H vector. Indeed, the mean localτm is

12.70± 0.87 ns (excluding the three C-terminal residues) with only afew dispersed outsiders,

thus with no region in the 3D structure showing differentialdiffusion (data not shown).

Table 7.2 shows a summary of the optimisation results for the different diffusion tensors

tested. The best model is an ellipsoid described by the parameters in Tables7.2 and7.3. A

representation of this diffusion tensor, and of the orientations of the N-H vectors used for

its optimisation, is available in Figure7.4. As can be seen, N-H orientations are generally

well dispersed over the structure, although the axis alongDz seems 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 τm (ns) D‖/D⊥ θ (◦) φ (◦) ψ (◦)
Local τm 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 data at three magnetic fields.
† Mean value excluding the three C-terminal residues.
‡ LowestAIC: selected description of PSE-4 diffusion.

Table 7.3:Diffusion tensor parameters.

Isotropic component of diffusion Diso 13.141 (± 0.024) x 106 s−1

Anisotropy of diffusion Da 3.75 (± 0.19) x 106 s−1

Rhombicity Dr 0.080 (± 0.022) s−1

Diffusion constants for thex axis Dx 11.59 (± 0.10) x 106 s−1

Diffusion constants for they axis Dy 12.19 (± 0.11) x 106 s−1

Diffusion constants for thez axis Dz 15.64 (± 0.13) x 106 s−1

Global correlation time τm = 1/(6Diso) 12.683 (± 0.024) ns

since the shape of the diffusion tensor covers the shape of the structure, we are confident with

its overall value as the description of PSE-4 rotational diffusion. Moreover, the parameters

are close to the prolate description of TEM-1 presented in Savard and Gagné [240] where

D‖/D⊥ was equal to 1.23. Indeed, using the following relation:

D‖/D⊥ ≈ Dz

(Dx+Dy)/2
(7.5)

a value of 1.32 is calculated forD‖/D⊥ in PSE-4. Also, anisotropy for PSE-4 extracted

from the model-free analysis generally agrees with the shape of the crystal structure [165].

Indeed, the relative moments of inertia are 1.00, 0.89, and 0.59 as determined usingpdbinertia

(A. G. Palmer, Columbia University, New York, NY). These can be compared to theD‖/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 relaxation, the lower value in solution

being potentially caused by some loops being flexible compared to 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 orientations (right).
N-H vectors orientations are shown as surface on artificial vectors of length 20 Å placed at the center
of mass of the protein. These vectors are duplicated in the opposite directionbecause of symmetry in
the ellipsoidal diffusion tensor. Missing residues in the crystal structure (Ser22, Ser23, Gln293, Ser294,
and Arg295) were added for visualisation of the whole protein; their exact position being unknown.
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Finally, diffusion description from model-free analysis is close to that estimated from

hydrodynamics calculations usingHYDRONMR[92] (with parametera, the effective radius

of the atomic element, set to 2.6 Å, as in Hall and Fushman [107]). In fact, using this

approach,Da = 3.82 x 106 s−1 i.e. within 2 % of model-free derivedDa. Moreover, values

of the diffusion constant for the three principal axes of thediffusion were within 4 % of the

model-free derived values, withD‖/D⊥ = 1.30. A similar analysis for TEM-1 is in

agreement with PSE-4 having a higher anisotropy than TEM-1 and 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 parameters. Even though

parameters are far more important than model listing, we cansummarise PSE-4 local

model-free models as follows:

m0 1 residue,

m1 129 residues,

m2 46 residues,

m3 28 residues,

m4 3 residues,

m5 19 residues,

m6 3 residues,

m7 no residue,

m8 no residue,

m9 1 residue,

for a total of 230 N-H vectors analysed. As is seen here, most residues (i.e. 77 %) are fitted

with simple modelsm1 andm2. Local model-free parameters for PSE-4 have been deposited

in theBMRB under accession number6838and are available in Appendix 3 (Table10.3).

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 parameter (S2) of PSE-4 backbone amides is 0.861± 0.087 (0.868± 0.051

excluding the three C-terminal flexible residues). Additionally, the meanS2 for the secondary

structure core (0.879± 0.035) is slightly higher and less dispersed than that for the loops and

very short helices (0.834± 0.125; 0.852± 0.066 excluding the flexible C-terminus). Clearly,

PSE-4 is a highly ordered protein on the ps-ns timescale, displayingS2 > 0.85 (the typical

value for regular secondary structures, equivalent to motion on a cone of semi-angleθ0 = 19◦

[167]) for 70 % of its amides (see Figures7.5, 7.6, and7.7-A). The most rigid amides are

located around the active site andΩ loop, as is the case for TEM-1 [240]. Only some solvent

exposed loops are less rigid, with just five residues (Asn53, Ser292, Gln293, Ser294, and Arg295)

possessing an order parameter below 0.70, indicating the absence of high amplitude backbone

motions on the ps-ns timescale in PSE-4, similar to previousobservations for TEM-1. This

high rigidity might be related to the low thermal stability of both TEM-1 and PSE-4, which

both precipitatein vitro at temperatures> 41 ◦C (data not shown).

When comparing TEM-1’s model-free order parameters with those of PSE-4, TEM-1 appears

slightly more rigid than PSE-4 (Figure7.8). Differences seem to be smaller for theΩ loop

where order parameters agree more than for other loops, pointing to a conservation of order

for this important part of the enzyme. This is also the case around the Ser70-X-X-Lys73

tetrad and for the ‘SDN’ loop (residues 130-132) whereS2 parameters are elevated in both

TEM-1 and PSE-4. This similarity of backbone dynamics on theps-ns timescale might hide

important differences for side-chain motions as is the casefor calmodulin [158]. However,

this is beyond the scope of the current study.
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Figure 7.5: Optimised model-free parameters. Shown are theS2, τ (on both slow,τs, and fast,τe andτ f , timescales), andRex (at 60.8 MHz) values.
Important active site residues are highlighted vertically in light grey. Secondary structures are shown withα helices as wide black boxes, andβ sheets
as narrow grey boxes.
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Figure 7.6: Distribution of order parameters for PSE-4. The red dashed vertical lines representS2

values of 0.70 and 0.85 and are shown with their equivalent representation using a ‘motion in a cone’
model (withθ0, the cone semi-angle, calculated from Equation1.23, [167]).
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Figure 7.7: Motions extracted from model-free analysis. (A) Backbone amide ps-ns timescale
generalised order parameter (S2). (B) Residues fitted using a conformational exchange term (Rex,
in model-free modelsm3, m4, m7, m8 or m9). In all inserts, grey is used for residues without data
(prolines, overlapped, and unassigned). In theRex insert, white is used for absence of the parameter
in the model fitted. Active site residues (Ser70, Lys73, Ser130, Glu166, and Arg234) are shown in the
stick representation. Missing residues in the crystal structure (Ser22, Ser23, Gln293, Ser294, and Arg295)
were added for visualisation of their fitted parameters.
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Figure 7.8:Comparison of PSE-4 and TEM-1 order parameters. Differences are shown for either the TEM-1 order parameters of Savard and Gagné
(S2

S. & G., [240]) or the order parameters using the same analytical approach as in the current study (S2
F. et al., [79]). Important active site residues are

highlighted vertically in light grey. Secondary structures are shown withα helices as wide black boxes, andβ sheets as narrow grey boxes.
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Conformational exchange

Figure7.7-B shows residues for which a contribution toR2 from µs-ms motions had to be

accounted for during model-free minimisation.Rex parameters depend on several factors

(timescale of exchange, populations of either states and chemical shift difference, see

Section7.3.4). Conformational exchange can be detected either for a moving N-H moiety or

for a rigid vector with a moving neighbour modulating its chemical shift. This can also be

invisible for certain combinations of timescales, populations and chemical shift changes.Rex

parameters from model-free analysis are considered in the fast exchange regime and thus

scaled quadratically with the magnetic field. They are presented in this study for an effective

magnetic field of 60.8 MHz. Thus,Rex for TEM-1 [240] were rescaled from their originally

associated field (50.6 MHz) for comparison purposes.

In PSE-4, 32 residues have a non nullRex parameter. Of these, five are particularly important

because of both their elevatedRex parameter and localisation on the protein 3D structure.

These are residues Thr128 (Rex = 5.1 ± 0.9 s−1), Leu221 (Rex = 4.2 ± 1.2 s−1), Arg234

(Rex = 4.2 ± 1.6 s−1), Ser235 (Rex = 4.5 ± 2.0 s−1), and Gly236 (Rex = 2.9 ± 0.8 s−1)

which are located 4.0–12.6 Å from the active site (N-H to N-H distance with Ser70). This

is consistent with two nearby residues (Ser70 and Ala237) not being observed, probably due

to extreme broadening arising from importantµs-ms motions. Indeed, residue Ser235 even is

fitted using modelm9 (with the second largestRex in PSE-4) which means that its dynamics

is dominated by conformational exchange. Since these motions are near the surface of the

active site cavity, conformational exchange could arise because of a ligand moving in and

out of the cavity. A potential candidate for this motion could be a structural water molecule

moving slowly between residues Asn214, Arg234, and Ser235 as seen in a 5 ns MD simulation

of TEM-1 [234]. Indeed, in these simulations, the network of H bonds between active site

residues was frequently disrupted by water molecules. Thiswould point to a conservation

of slow motions in the active site for both TEM-1 and PSE-4. The motion of this water

molecule would also affect residues Ser70 and Ala237 (extremely broadened), both being on

the path which the ligand would take to possibly access residues Asn214, Arg234, and Ser235.

TheRex for Gly236 could be explained in the same way. Another candidate for causing line

broadening in the active site would be the water molecule bridging residues Ser70, Glu166, and

Asn170, also observed in the same study. The extreme broadening of N-H groups of Ser70 and

Ala237 might also be explained by their proximity (N-H to N-H distance: 3.0 Å ) where the

movement of one N-H group would affect the other. These hypotheses are also plausible

for TEM-1, whereRex parameters arise near the active site and Ala237’s 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 ordered onthe ps-ns timescale with

several residues displaying order parameters higher than 0.94 [240]. This was consistent with

active site residues displaying lower than average B-factors for TEM-1 in the presence of a

sulfate ion in the active site [129]. In PSE-4, the most rigid residues on the ps-ns timescale

(highestS2) are also located in the active site, pointing to a meaningful conservation of this

feature which could also be foreseen from backbone amide B-factors [165] (see Figure7.9).

Indeed, qualitative dynamics information can be extractedfrom crystallographic B-factors

(or temperature factors). However, compared to model-freeorder parameters, differences

can originate because B-factors are dominated by lattice disorder [153]. Moreover, these are

often recorded at very low temperatures compared to NMR, as inthe case of PDB1G68

[165] for which X-ray diffraction data was recorded at 100 K. Other possible differences

might also arise from crystal packing or translational motions within the crystal. Crystal

packing interactions would quench motions while translational motions wihtin the crystal

would affect B-factors, but be invisible toS2 from NMR. Finally, B-factors do not report

on a specific timescale and thus can be influenced by motions much slower than the ps-ns

timescale probed by order parameters obtained from15N spin relaxation data. Hence, in our

case, some differences are seen while some parts show betteragreement (Figure7.9). This

is the case for both N- and C-termini, the Thr51–Gly54 loop, the Leu225–Trp229 loop, and

the Glu254–Pro258 loop. On the other hand, the Leu102–Val108 loop, which displays fairly

low order parameters (compared to the rest of the protein), possesses low nitrogen amide

B-factors (i.e. low flexibility); these may be artifacts due to crystal packing interactions as

this loop is closely packed against two helices (Leu221–Val224 and Met272–Thr291) from a

neighbour protein in the crystal lattice of PDB1G68[165]. Additionally, the region from

residue Ala84 to Asp101 displays very high B-factors although the meanS2 for this region

(0.846± 0.034) is only slightly below average. In this case, B-factors might see a broader

timescale than that probed by the model-free order parameters (i.e.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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Figure 7.9:Comparison of order parameters (S2) with amide nitrogen crystallographic B-factors from PDB1G68[165]. Important active site residues
are highlighted vertically in light grey. Secondary structures are shown with α helices as wide black boxes, andβ sheets as narrow grey boxes.

http://www.pdb.org/pdb/explore/explore.do?structureId=1G68
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Ser70 N-H correlation for Ser70 is not observed. In TEM-1, it is severely overlapped and

broadened, thus unusable. This strongly supports the existence of motions on timescales

slower than global tumbling (e.g. µs-ms) also affecting other residues in the vicinity which

display broadened backbone (Ala237, see Chapter5, [196]) or side-chain (Lys73, see

Chapter6) resonances.

Lys73 Lys73 is suspected of being involved in the first catalytic step (acylation), where

its side-chain Nζ group could activate Ser70 by accepting a proton from the side-chain

hydroxyl group (2.8 Å away, reviewed in [81]). Lys73 was fitted to modelm1 with one of the

highest order parameters throughout PSE-4 (0.94± 0.01). This contrasts with the low

intensity of its N-H cross-peak which suggests that chemical exchange broadening may be

present. Indeed, Lys73’s Cα is the weakest of all lysines Cα (see Figure6.1). Moreover, we

were unable to see Lys73’s side-chain further than the Cβ, thus preventing the titration of the

side-chain Nζ group (see Chapter6). These, again, indicate that importantµs-ms motions

are nearby. These motions could be similar to those presumably affecting Ser70, located less

than 6 Å away (N-H to N-H). If rejecting modelm1 because of these evidences of slow

motions arising nearby, the second lowestAICc score for Lys73 within PSE-4 is modelm3

with a Rex parameter of 0.7± 0.5 s−1. Compared to theRex parameters for other residues,

this Rex would be the lowest and the one with the highest relative error. Hence, the

possibility for Lys73 N-H to be fitted using aRex parameter is questionable although strong

signs of conformational exchange are present, especially for the side-chain. The situation in

TEM-1 was very similar and Lys73 fitted modelm1 with a S2 of 0.95± 0.02. These data

indicate that Lys73’s side-chain could be affected by motions in the slow- or

intermediate-exchange regime. In these conditions,Rex does not scale quadratically with the

magnetic field [189]. This could explain the lowRex with high error obtained for Lys73 when

using modelm3 where the model-free fitting procedure scales theRex quadratically for

multiple field data. Incorporating the parameterα from Millet et al. [189] in the fitting

procedure could potentially alleviate this problem. Finally, if present, these motions could

explain the extreme broadening of Lys73’s side-chain, as well as Ser70 and Ala237 amides.

Tyr 105 Tyr105 displays a slow correlation time (τs) of 1008± 188 ps in conjunction with

a S2 of 0.80 ± 0.02 using the two-timescale modelm5. In TEM-1, this residue was one of

the most flexible [240] and the selected model did not incorporate this kind of two-timescale

motion as in PSE-4. This could be of significant importance inregards to substrate
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recognition and specificity. The motion detected here couldhowever be artifactual because

modelm2 also fits relatively well PSE-4 experimental data: with a higherS2 (0.85± 0.01),

but with a correlation time of 26± 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 similarS2 (0.79) but with aτs

of ∼ 500 ps.

In another work, Doucetet al. [63] discussed the importance of this residue for substrate

specificity and proposed that steric restriction of the active site by the side-chain of residue

Tyr105 could allow the correct positioning and stabilisation of substrates within the active

site, thus facilitating catalysis. This gate-keeping function was further investigated and the

side-chain of Tyr105 was shown to adopt two conformations: one in which the side-chain

points toward Val216 (open state, rotamert) and one in which the side-chain points toward

Glu104 (closed state, rotamerm, only visible in inhibitor bound TEM-1) [61]. This motion

seen for TEM-1 could influence the dynamics of the backbone N-H moiety of Tyr105 in

PSE-4 where rotamert is present, with only minor electronic density toward the position of

rotamerm (data not shown). UsingSHIFTS(version 4.1.1) [287], chemical shifts for the two

rotamers discussed in Doucetet al. [63] were predicted. Based on these results, only two

residues would have their backbone15N chemical shift modified by such a transition between

the two rotamerst andm. Of course, Tyr105 amide nitrogen has a different chemical shift in

both rotamers, although the difference is very small (12 Hz at 60.8 MHz) and would not give

rise to a significantRex. Ser106 would be more affected with a difference in15N chemical shift

of 286 Hz at 60.8 MHz (∼ 0.5 ppm) between the two rotamers. This could be expected to give

rise to aRex term, although no such parameter was observed in the model-free minimisation.

Indeed, even when deliberately choosing a model with aRex term (i.e. m3, m4, m7, m8 or

m9), no significantRex term was fitted and values tended to 0. A possible explanationfor this

situation is that the timescale for this conversion from rotamert to rotamerm would be on

the sub-nanosecond timescale as proposed by the selected model for Tyr105. If so, it would

not influence transverse relaxation of Ser106 and would only be probed by Tyr105 itself.

Ser130 Residue Ser130 has been proposed to participate in the catalytic process [203]

and was shown to be of clinical importance for enhanced resistance (see

Lahey Clinic Website). In the crystal structure by Limet al. [165], the hydroxyl group of

Ser130 displays two alternative positions. Such alternative positions with a shared occupancy

of 0.5 between two conformations are seen for eight other residues (Ser140, Glu159, Asp168,

Ile186, Ser188, Leu190, Glu208, and Ser209) in the crystal structure [165]. From model-free

http://casegroup.rutgers.edu/qshifts/qshifts.htm
http://www.lahey.org/Studies/temtable.asp
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analysis, Ser130 fits modelm1 (as other residues we could observe with atoms displaying

shared occupancy of 0.5) with aS2 of 0.95± 0.02. The movement of its side-chain might

not influence the amide transverse relaxation of Ser130, but, depending on the timescale,

could be the cause of such conformational exchange effects seen for nearby residues Ser70

(not observed, broadened), Thr128 (Rex= 5.1±0.9 s−1), Arg234 (Rex= 4.2±1.6 s−1), Ser235

(Rex = 4.5±2.0 s−1), Gly236 (Rex = 2.9±0.8 s−1), and Ala237 (not observed, broadened),

all within 5 to 8 Å from the side-chain of Ser130. In TEM-1, no model-free parameter could

be extracted for Ser130 in the original study of Savard and Gagné [240]. However, in the

re-analysis usingModelFree-4.20[79], Ser130 was assigned aS2 of 0.99± 0.01, exactly as

Asp131, indicating a high local rigidity. In PSE-4, as for Lys73, Ser130 order parameter is

very high. This is also the case for other residues of the conserved Ser130-Asp131-Asn132

(0.95± 0.02, 0.92± 0.01, and 0.97± 0.01, respectively) structural motif (known as the

‘SDN’ loop). These data in TEM-1 and PSE-4 point to a conservation of ps-ns order in the

active site of class Aβ-lactamases.

Glu166 Residue Glu166 is directly involved in catalysis, probably for both acylation and

deacylation steps (reviewed in [81]). As was the case for the two catalytic residues Lys73 and

Ser130, residue Glu166 fits modelm1 with a fairly high order parameter (0.91± 0.02). In the

re-analysis usingModelFree-4.20for TEM-1, Glu166 fitted modelm1 with S2 = 0.94±0.02,

in contrast with modelm4 in the original work [240]. Using relax , this residue was assigned

modelm2 with S2 = 0.93 ± 0.02 andτe = 47± 24 ps. This is not surprising as theRex

first detected was of low significance and, thus,m4 could simplify tom1 or m2 (two similar

models). Rigidity for Glu166 thus seems similar in TEM-1, although a bit higher as for many

other residues.

Arg234 In carbenicillin-hydrolysingβ-lactamases such as PSE-4, residue 234 is an

arginine. In other class Aβ-lactamases, it is a lysine. Arg234 first fitted modelm2 with an

averageS2 of 0.88± 0.02. However, the value measured forR2 at 50.6 MHz is most likely

under-estimated and erroneous, because of the partial overlap with residue Lys192, a result of

the poorer resolution at the lower field. Indeed, Arg234 has one the highestR2 at both 60.8

and 81.0 MHz, whereas at 50.6 MHz the measuredR2 is much lower than for surrounding

residues. Hence, when excludingR2 at 50.6 MHz, the selected model becomesm3 with an

unchanged order parameter of 0.88 and aRex parameter of 4.2± 1.6 s−1. This is much more

logical for this residue because the majority of surrounding residues display signs of

http://www.palmer.hs.columbia.edu/software/modelfree.html
http://www.palmer.hs.columbia.edu/software/modelfree.html
http://www.nmr-relax.com
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conformational exchange. Indeed, residues Asp233, Ser235, and Gly236 all possess aRex term

(respectively 1.2± 0.5, 4.5± 2.0, and 2.9± 0.8) while residue Ala237 is not even observed

most probably because of line broadening. Moreover, for TEM-1, the presence ofRex for

Arg234 was also found using eitherModelFree-4.20or relax, both with a Rex of

1.9± 0.4 s−1 and a highS2 of 0.94± 0.02. It should be noted here that surrounding residue

Gly236 also possessed aRex while residue Ala237 was also not observed. Thus, order on the

ps-ns timescale would be higher in TEM-1, but the presence ofslow µs-ms motions would

be similar, again indicating the presence of conservedµs-ms motions near the active site of

class Aβ-lactamases.

Ω loop A 19 residue loop is located below the active site of class Aβ-lactamases

(residues Arg161 to Asp179). This loop is anΩ loop, a non regular secondary structure found

in many proteins [77]. It was shown in two different studies to be flexible in TEM-1usingin

silico approaches [234, 271]. Indeed, in a five ns simulation by Roccatano et al. [234], a

flap-like motion of theΩ loop was present for TEM-1 in the absence of a ligand. The

timescale was undefined in this study because this phenomenon was only seen once, the

loop keeping its new position after the movement had happened. No such motion had been

seen in the 1 ns simulation by Diazet al. [65]; these inconsistencies could either be a result

of the short simulation length in the Diazet al. [65] study or of simulation artifacts in the

Roccatanoet al. [234] study. Nevertheless, in TEM-1, using NMR, theΩ loop was shown to

be very rigid on the ps-ns timescale, although displaying the presence of someµs-ms

motions [240]. This seems to unite short simulations results showing limited motions with

longer simulations pointing to slow high amplitude motions. Indeed, movements on the

µs-ms timescale are hardly defined using currently availableMD simulations.

Our results for PSE-4 confirm this observation, although differently from what was seen in

TEM-1 using NMR. In fact, only two residues within PSE-4Ω loop display signs of

conformational exchange (i.e. Arg161 and Arg178). These residues are located at the

extremities of theΩ loop, where it narrows (with N-H moieties separated by∼ 8 Å). Arg178

could represent the hinge of a movement similar to that stated above which could allow

Gly175 (Asn175 in TEM-1) to reach Arg65 to form the hydrogen bond discussed by

Roccatanoet al. [234] (see Figure7.10). This would correspond to a movement of∼ 5 Å,

Arg65 carbonyl being 7.1 Å from Gly175 amide nitrogen in the steady-state crystal structure.

This motion would fill the cavity between theΩ loop and the protein core present in both

TEM-1 and PSE-4 (see Figure7.10-D). With this cavity closed, the structure would be better

http://www.palmer.hs.columbia.edu/software/modelfree.html
http://www.nmr-relax.com
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packed, possibly transiently stabilising Glu166 in a catalytically relevant position. The

absence ofRex for residues Asp176 and Leu177 does not counter indicate this possibility as

the N-H moiety of Leu177 would point toward the solvent in both conformations and

hydrogen bonding of Asp176 N-H group with the carbonyl of residue Lys173 would also be

present in both conformations, hence not affecting the chemical shift. Unfortunately, due to

overlapped resonances, no spin relaxation data is available for residues Lys173 and Leu174

which could sense this movement because they are closer to the protein core. However,

these residues both display normal amplitude N, HN, Cα, and Cβ resonances, which could

contradict their involvement into conformational exchange. Hence, current observations

support the slow motion of theΩ loop proposed by Roccatanoet al. [234], but are also

consistent with a slightly different motion of theΩ loop observed by Fisetteet al. in TEM-1

[79] and PSE-4 (Olivier Fisette and Stéphane M. Gagné personal communication).

Because of the implications of movements of theΩ loop in terms of catalysis, it will be very

important to get more insights into this part of the enzyme. In fact, if a movement such as the

one discussed above exists, it would allow Glu166 to stay close to Ser70 and potentially act

during the acylation step [234].

Resistance to inhibitors and extended spectrumβ-lactams

Extended spectrumβ-lactams such as oxyimino-β-lactams (e.g. ceftizoxime, cefotaxime,

ceftriaxone, and ceftazidime) and monobactams (i.e. beta-lactams with the ring not

juxtaposed to another ring;e.g. aztreonam, as well as non commercially available

tigemonam, nocardicin A, and tabtoxin) have allowed for a better fight against the resistance

phenomenon. However, their beneficial effect was diminished by the rapid appearance of

resistance to these molecules. The mutations for such resistance include those at positions

69, 237, 240, and 276 [144].

Additionally, β-lactamase inhibitors have been useful in the fight againstβ-lactam

antibiotics resistance. However, since the introduction of β-lactamase inhibitors, several

mutations appeared that provided resistance to those compounds which include the widely

used clavulanic acid, sulbactam, and tazobactam. Several mutations have been documented

which include those at positions 69, 130, 165, 275, and 276 (seeLahey Clinic Website).

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

http://www.lahey.org/Studies/temtable.asp
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Figure 7.10: Stereoview of the cavity-filling motion for residues Glu171–Leu177 of the Ω loop.
(A) Order parameters (S2 coloured as in Figure7.7-A). (B) Conformational exchange (Rex coloured as
in Figure7.7-B). (C) Apparent free energies of exchange (∆GHX, coloured as in Figure7.17). (D) The
cavity between theΩ loop and the protein core which the motion of residues Glu171–Leu177 (yellow)
would fill is shown in grey surface. Residues from the hinge (Arg161 and Arg178) are coloured red and
shown in the stick representation as well as residues Arg65 and Gly175 (orange) which would form a
hydrogen bond once the motion (black arrow) is completed. Catalytic Glu166 is also shown as sticks.
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effects of such mutations are unknown in PSE-4, the differential dynamics for these conserved

residues in TEM-1 and PSE-4 might help understand what is happening. Here is a discussion

of dynamics at positions relevant to resistance to inhibitors and extended spectrumβ-lactams.

Thr 69 In the homologous protein TEM-1, residue at position 69 (Met69) was shown to

be of high importance with regard to resistance against bothextended-spectrumβ-lactams

andβ-lactamase inhibitors (seeLahey Clinic Website). This is no surprise as this residue is

located next to the catalytic Ser70. In PSE-4, residue 69 is not a methionine, but a threonine.

Thr69 fits modelm1 with a very highS2 (0.94± 0.02). In TEM-1, Met69 had also a high order

parameter (0.96± 0.02) [240]. Given the very highS2 at position 69 and for residues nearby,

mutations at this position (in TEM-1: Met→ Ile, Leu, or Val) might loosen the region around

Ser70 so catalytic residues can reposition according to these evolved compounds.

Ser130 See Section7.3.3.2above.

Ile165 Inhibitor resistance was shown to be sometimes caused by mutations at position 165

(seeLahey Clinic Website) which is occupied by a tryptophan residue in TEM-1. As for

position 164, N-H backbone order parameter for Ile165 is low relative to most residues in

PSE-4 (0.82± 0.01). This contrasts with the catalytic Glu166 which displays aS2 of

0.91± 0.02. The joint flexibility of residues at position 164 and 165 may allow Glu166 to

move slightly toward Ser70 as could be needed for its direct activity (without help of a

structural water molecule) in the acylation step of the mechanism [234, 271]. Hence, the

flexibility of Trp165 in TEM-1 could be increased in mutants (in TEM-1: Trp→ Arg, Cys or

Gly) resistant to inhibitors allowing a specific positioning of Glu166. However, no NMR

dynamics data is available for this residue in TEM-1 [240].

Ala237 Mutations of residue Ala237 are found in resistance to extended-spectrum

β-lactams (seeLahey Clinic Website). In PSE-4, this residue has not been assigned probably

due to broadened resonances, thus preventing gathering of dynamic information at this

position. Nevertheless,µs-ms motions could be affecting Ala237 and nearby residues such as

Asp233, Arg234, Ser235, and Gly236 which are all fitted using aRex (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 Ala237, thus supporting the conservation and importance of

http://www.lahey.org/Studies/temtable.asp
http://www.lahey.org/Studies/temtable.asp
http://www.lahey.org/Studies/temtable.asp
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such slow motions. It would be interesting to see if mutants for Ala237 modify these slow

motions affecting Ala237 and its neighbours.

Gly240 Position 240 is another position mutated in extended-spectrum β-lactamases (see

Lahey Clinic Website). It is occupied by a glycine in PSE-4 (as in most carbenicillinases

[165]) and is quite ordered (S2 of 0.91 ± 0.01). However, in TEM-1, Glu240 is much more

ordered with aS2 of 0.97. Motions might be more released in PSE-4 as a result ofGly240’s

side-chain being smaller, comparatively to the situation in TEM-1 where Glu240 has its

side-chain packed against residues 170–172 of theΩ loop. Hence, mutations in TEM-1

(Glu → Lys, but also Arg and Val) might allow more movement at this position, as is the

case in PSE-4. This could also have an indirect effect on flexibility of the Ω loop.

Arg275 Even though it is quite far from the active site (> 15 Å, Arg275 being located on

the side of the active site entry), residue Arg275 is often mutated inβ-lactamase inhibitor

resistance cases (seeLahey Clinic Website). In PSE-4, this residue is fitted using modelm2

with a pretty high order parameter of 0.91± 0.01. The situation is similar in TEM-1 where

the order parameter is∼ 0.93. A loosening of motional restriction might cause the augmented

resistance for Arg275 variants by potentially allowing more motions in the periphery of the

active site, hence permitting adaptation of the active siteconfiguration in order to avoid steric

clashes with bulky molecules.

Asn276 Mutation at position 276 is found in TEM-1 mutants resistantto

extended-spectrumβ-lactams and inhibitors (seeLahey Clinic Website). In PSE-4, residue

Asn276 fits, as residue Arg244 (also often mutated in cases of resistance, and making

side-chain contacts with Asn276), model m3 with a S2 of 0.87 ± 0.02 and aRex of

1.6± 0.5 s−1. In TEM-1, where this mutation was identified as clinically relevant, model

m1 is chosen with a fairly high order parameter of 0.92± 0.02. This points to a potentially

important difference in TEM-1 with regards to PSE-4. Looking at the dynamics of TEM-1

mutants at this position could be of high interest for further understanding resistance to

broad spectrumβ-lactams.

http://www.lahey.org/Studies/temtable.asp
http://www.lahey.org/Studies/temtable.asp
http://www.lahey.org/Studies/temtable.asp
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7.3.3.3 Limits in the Analytical Approach

Many factors limit interpretation of results extracted using the model-free approach [51, 52].

Here, we will concentrate on three specific limitations: variations of theCSAandrN-H for

different N-H moieties, and lack of well-defined N-H vector orientations in crystal structures

used for model-free minimisation. In this study, theCSAwas held fixed with a value of

-172 ppm. This allowed comparison with dynamics data for TEM-1 [240]. The N-H bond

length,rN-H , was also held fixed with a value of 1.02 Å which also allowed comparison with

dynamics data for TEM-1 [240].

Variations of the CSA Within model-free analyses, theCSAis generally held fixed with

an assumed value of -172 ppm as in this study. However, several studies [88, 152, 264]

showed that theCSAvaries among different residues in a given protein. Variations of the

CSA, although limited, influence results extracted using the model-free formalism. Thus,

trying to optimise theCSAas part of the model-free analysis is a potential avenue to extracting

better dynamics information because theCSAdirectly affects several parameters such as the

extracted order parameters. Despite this, one needs to be really careful with such an analysis

because optimising theCSAcould lead to artifacts. We tried such an optimisation with models

m1 tom5 to which theCSAwas added as an additional parameter. After model selectionusing

AICc and exclusion of outsiders (S2 → 1 andCSA→ 0), a value of -157.3± 19.3 ppm was

reached, with values ranging from -237.1 to -120.0 ppm. The associatedS2 values extracted

using this approach were slightly more elevated than those using the standard approach with

a meanS2 of 0.909± 0.061. This is certainly related to the large variation ofCSAobtained

which contrasts to published data where a narrower distribution of theCSAwas measured

(i.e. −170 ± 11 ppm, [264]). Results obtained by Lee and Wand [159] who also optimised

theCSAas part of their model-free analysis of ubiquitin yielded such a narrow distribution of

CSAvalues. We are thus aware that some bias and artifacts could arise in our description of

the dynamics of PSE-4 by introducing a variableCSA. 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-H is generally assumed

constant throughout the sequence. In the current study, a value of 1.02 Å was used. The

order parameters extracted with such a value will incorporate contributions from bond

vibration and libration, hence the proposal by Ottiger and Bax [208] of a value of 1.04 Å for
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extraction of pure angular motions from spin relaxation data within the model-free

framework. These differentrN-H values have been equivalently proposed (1.02 Å [33], and

1.04 Å [208], respectively). Using the first value,S2 values are∼ 12 % lower than with the

second (0.85 vs 0.95, respectively, for residues within rigid secondary structures) [210].

This is due to the fact that the value of 1.04 Å is an effective bond length which incorporates

quantum mechanical zero-point motions of the proton. Hence, S2 parameters extracted using

this value only report on motions of the peptide plane. However, the difference between both

values is only a matter of scaling and doesn’t influence the conclusions resulting from the

corresponding model-free analysis. Moreover, dynamics oftwo different proteins analysed

with the same N-H bond length (either 1.02 or 1.04 Å) will compare equivalently,

irrespective of whetherrN-H is 1.02 or 1.04 Å [33], as behaviours of vectors withS2 of 0.85

(from rN-H = 1.02 Å) and 0.95 (fromrN-H = 1.04 Å) are indistinguishable [34]. As stated

in Section7.2, the 1.02 Å value is widely used in the community with most model-free

studies using it and many programs having it as default parameter. Moreover, the study of

TEM-1 dynamics was performed using this value [240]. Hence, for comparison purposes,

we chose to setrN-H to 1.02 Å.

Absence of protons in crystal structures Crystal structure1G68 [165] has a 1.95 Å

resolution, which does not allow the visualisation of protons. Hence, derived N-H vector

orientations may be erroneous from their actual average position, potentially having an

effect on the model-free models selected because, because for non isotopic diffusion tensors,

goodness of fit depends on N-H vector orientation compared tothe diffusion tensor

orientation. Moreover, for residues potentially involvedin crystal contacts, orientations

might be slightly off, which could also bias model-free analysis. This situation could be

assessed by allowing variation of N-H bond orientations during model-free minimisation.

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

7.3.4 15N CPMG Relaxation Dispersion

CPMG relaxation dispersion experiments were performed to probe the ms timescale and

quantitatively characterise the slow motions observed from model-free analysis in PSE-4’s

active site (see Section7.3.3.2). Data were recorded at two magnetic fields (500 and

800 MHz) as Millet et al. showed that this is essential in order to fully characterise

potentially observable motions [189].

http://www.pdb.org/pdb/explore/explore.do?structureId=1G68
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Considering a two-state exchange process between statesA andB:

A
kA

⇋

kB

B (7.6)

dispersion experiments can potentially yield quantitative information includingpA (with

pA = 1− pB, wherepA and pB are populations for statesA andB, respectively),kex (the

apparent exchange rate between both states wherekex= kA+kB), and∆ω (the chemical shift

difference between resonances in both states). Indeed, assuming pA ≫ pB andR2,A = R2,B

(respectively, the transverse relaxation rate for the resonances in sites A and B),Rex, the

contribution onR2 from conformational exchange processes, is approximated as follows

[189]:

Rex≈
pA (1− pA) kex

1 + (kex/∆ω)2 (7.7)

The exchange can either be slow, intermediate or fast on the NMR timescale. This

nomenclature defines the observable resonances and their characteristics and is a function of

bothkex and∆ω. A parameter,α, can be calculated to establish the exchange regime [189]:

α =
2(kex/∆ω)2

1+(kex/∆ω)2 (7.8)

Slow exchange is defined whenα is between 0 and 1, intermediate whenα= 1, and fast when

α has a value between 1 and 2. In other words, exchange is generally slow whenkex≪ ∆ω
and fast whenkex≫ ∆ω. The limiting values forRex are then either [189]:

Rex= (1− pA) kex (7.9)

or

Rex=
pA (1− pA) ∆ω2

kex
(7.10)

for the cases of extremely slow (kex/∆ω → 0) or fast (kex/∆ω → ∞) exchange, respectively.
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In the extremely slow exchange limit,Rex is independent of the magnetic field [75, 219,

223]. On the contrary, in the extremely fast exchange limit,Rex depends quadratically on the

magnetic field [125].

When slow exchange is present, peaks from both statesA and B can theoretically be

observed. However, when populations are highly skewed, thelow-populated resonances are

hardly observable (because of S/N issues). Slow exchange can be probed by observation of

the major resonance (from stateA). In this case, a relaxation dispersion profile is defined by

the exchange rate from stateA to stateB (kA), the transverse relaxation rate in stateA (R2,A),

the chemical shift difference between resonances in both states (∆ω), and either the CPMG

pulsing frequency (νCPMG) or the time between the 180◦ pulses in the CPMG train (τCPMG,

with τCPMG= 1/νCPMG, [150]) as [266]:

Re f f
2 = R2,A+kA−kA





sin
(

∆ω
νCPMG

)

∆ω
νCPMG



 (7.11)

whereRe f f
2 is the effective transverse relaxation rate.

In the intermediate exchange regime, resonances are usually severely broadened such that

they are no longer observable.

In the fast exchange regime, different information can be extracted from the single observable

resonance for which the chemical shift is averaged depending on the different populationspA

and pB and their respective chemical shifts (ωA andωB). The corresponding relaxation rate

then depends onRex (see Equation7.7above),kex, andνCPMG [150, 189]:

Re f f
2 = R2+Rex

[

1−2tanh

(

kex

2 νCPMG

)

νCPMG

kex

]

(7.12)

In order to characterise conformational exchange, relaxation dispersion experiments are

recorded whereRe f f
2 is measured as a function of varyingνCPMG (see Equation7.3) in order

to obtain dispersion profiles. These are then fitted using Equation7.11or 7.12, depending on

the exchange regime. Figure7.11shows examples of dispersion profiles in the slow and fast

exchange limits, as well as in a case where dispersion is unobservable.
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Figure 7.11:Theoretical dispersion profiles for different exchange regimes as a function of the pulsing rateνCPMG. Left: Slow exchange dispersion
profiles calculated from Equation7.11usingR2,A = 15 s−1, kA = 15 s−1, and∆ω = 200 (solid line), 1000 (dashed line), or 5000 (dotted line) Hz.
Middle: Fast exchange dispersion profiles calculated from Equation7.12usingR2 = 15 s−1, Rex= 15 s−1, andkex= 200 (solid line), 1000 (dashed
line), or 5000 (dotted line) s−1. Right: Absence of dispersion withRe f f

2 = R2 = 15 s−1.
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Unfortunately, although dispersion was perceptible for some residues based on a visual

inspection of data (not shown), both curve-fitting approaches (i.e.Lewis Kay’s groupMatlab

script [149] andCPMGFit — A. G. Palmer, Columbia University, New York, NY) failed to

provide reliable fits. Hence, no dispersion was quantified using this approach. Figure7.12

shows two examples of the recorded data. Ala135 represents a typical profile with no effect

of the CPMG pulse train on the effective transverse relaxation rate (i.e. a flat profile),

whereas Ser235 represents a residue with apparent dispersion, although giving rise to a poor

quality fit because of noise in the data.

There are different possible reasons for such absence of detectable and quantifiable dispersion

from our15N CPMG relaxation dispersion datasets:

• The population of stateB could be very low (e.g. below 1 %). This would affect

parameterpA in Equation7.7, yielding a very lowRex which would be unobserved in

the profile because of S/N issues.

• The chemical shift difference between statesA andB could be very small (potentially

because of only a small structural change between both states, i.e. a small change in

electronic environment). This would affect parameter∆ω in Equation7.7, also yielding

a smallRex term.

• Slow motions detected from model-free analysis of spin relaxation data could happen

on a timescale faster than that probed by CPMG relaxation dispersion,i.e.on theµs-ms

timescale, as is generally the case forRex terms obtained from model-free analysis. It

is possible that such motions could not be quenched by the CPMGpulse train and, as

a consequence, no variation inRe f f
2 would be observed. An experimental approach to

solve this issue would be to perform relaxation dispersion experiments in the presence

of a spin lock field instead of a CPMG pulse train. This kind of experiment is known

asR1ρ relaxation dispersion and can probe slightly faster motions than conventional

CPMG relaxation dispersion experiments (see Figure1.1). However, this approach is

more difficult technically as the different spin lock fields used are usually calibrated

based on measurements of scalar couplings (e.g.1JNH) in the presence and absence of

the spin lock field (reviewed in [213]).

One of the above reasons (or a combination of many) could giverise to smallRex terms which

would not be observed because of S/N issues. Indeed, the S/N ratio of recorded data could be

http://www.mathworks.com/products/matlab/
http://biochemistry.hs.columbia.edu/labs/palmer/software/cpmgfit.html
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Figure 7.12:Representative relaxation dispersion profiles for residues Ala135 (left) and Ser235 (right).
CPMG relaxation dispersion data are shown at 500 (circles and solid line for the proposed fit) and
800 (squares and dashed line for the proposed fit) MHz. No dispersionis detected for Ala235. At
500 MHz, the equationRe f f

2 = 14.81 represents the data with a low RMSD of 0.31. At 800 MHz,
the equation,Re f f

2 = 18.22 represents the data also with a low RMSD of 0.33. For residue Ser235,
dispersion is visible, although the fit (withR2 = 17.39±0.49 s−1, 600MHzRex= 3.61±0.57 s−1, and
kex= 2029±535 s−1; the proposedRex being close to the model-free derived value of 4.53± 1.95) is
of poor quality with aχ2 value of 36.6 for the dual fit of 500 and 800 MHz together withinCPMGFit.
Residue Ser235 is the only residue for which theMatlabscript from Lewis Kay’s group [149] detected
dispersion.

too low (i.e. recorded data could be too noisy compared to the amplitude oftheseRex) such

that there is a masking effect on potential low amplitude dispersion. This might be the case

as the dispersion profile of many residues possesses a slightly scattered appearance (i.e. Re f f
2

varies randomly with an amplitude≥ 1 s−1, see Figure7.12). Indeed, considering the modest

values of model-free derivedRex parameters (with a mean value of 1.88± 1.12 s−1, where the

highestRex is 5.11 s−1, see Appendix 3, Table10.3), the effect of noise on the curve-fitting

process cannot be excluded.

7.3.5 Amide Exchange

Protein backbone amide protons can exchange with surrounding water molecules. Hence,

dissolving lyophilysed protein in D2O causes exchange of amide protons from N-H to N-D,

http://biochemistry.hs.columbia.edu/labs/palmer/software/cpmgfit.html
http://www.mathworks.com/products/matlab/
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giving rise to a signal decay in 2D15N-HSQC [138] spectra (see Figure7.13). The process

is as follows:

N-Hprotected

kopen

⇋

kclose

N-Hexposed

kint

→ N-Dexposed (7.13)

with kopen andkclose respectively as the opening and closing rate of the structure protecting

the N-H group from exchange with the solvent, andkint as the intrinsic rate of exchange for

an isolated residue (i.e. in absence of protection from the solvent).

Steady-state amide exchange experiments allow the study ofhigher energy states difficult to

detect with techniques reporting on ensembles [38]. In other words, they allow the study of

very slow movements of relatively high amplitude by which solvent access to N-H moieties is

allowed [166]. Not requiring denaturing conditions, they can probe the presence of partially

unfolded states, intermediates of which can be of importance for catalysis. Additionally, they

provide helpful information on the long-term stability of tertiary and secondary structures,

including hydrogen bond networks [69, 70].

Two limiting cases for amide exchange exist: EX1 and EX2 [151]. In the EX1 regime,

exchange rates arepH independent, whereas in the EX2 limit, they are affected bypH

variations (see Figure7.14).

Depending on the exchange regime, different information can be extracted. In the EX1

regime, insights into the kinetics of exchange can be obtained since thenkHX = kopen, the

opening rate of the structure protecting the N-H group from access by the solvent. In the

EX2 regime, insights into the thermodynamics of the openingreaction for the structure

protecting the N-H group from exchange (transient unfolding processes) can be obtained.

The equilibrium constant of exchanging sitesKop is then defined as follows:

Kop =
1

SF
=

kopen

kclose
(7.14)

whereSF is the slowing factor (or protection factor), andkopen andkclose the opening and
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closing rates, respectively. Experimentally, it can be calculated from:

Kop =
kHX

kc
(7.15)

Figure 7.13: Amide resonance signal decay as a function of time. HSQC snapshots are shown for
PSE-4 atpH 6.65 with time after dissolution in D2O shown for each spectrum. At time 36 days,
remaining resonances are identified and correspond to residues with∆GHX > 9 kcal/mol, all located
in theβ sheet of theα/β domain.
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wherekHX is the exchange rate; andkc, the expected unprotected exchange rate (intrinsic rate)

[11, 43]. Moreover,∆GHX, the apparent stabilisation free energy of the protecting structure

is obtained as usual [10] from:

∆GHX =−RT lnKop =−RT ln

(

kHX

kint

)

(7.16)

Information on local stability derived from this parametercan be rationalised from amide

exchange data in the EX2 regime.

In our experiments, since some residual water prevented thesignals from completely

vanishing (to an amplitudeA∞ = 0), better fits were obtained using an exponential decay

function including an offset (A∞ > 0, see Figure7.15). In fact, the offset was between 5 and

10 % for most residues. This value is in the expected range considering the experimental

scheme.

Exchange was faster atpH 7.85 for all residues for which data were available, hence

confirming the EX2 regime atpH 6.65 (see Table10.4and Figure7.16). A change ofpH

Figure 7.14:Amide exchange regimes EX1 and EX2. Rates are shown as a function ofpH.
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from 6.65 to 7.85 would theoretically cause effective ratesto increase by a factor of

approximately 16 (101.2 ≈ 15.85). The mean increase ofkHX, in our case, was of 11± 7

(not including amides exchanging too fast for observation at pH 7.85). This lower value

(compared to the theoretical value of 16) could be a result ofsome amides entering the EX1

regime at apH below 7.85.

Of the 226 residues with available data atpH 6.65, 101 exchanged very rapidly and were

already unobservable in the first time point (i.e. after only 32 min, with

kHX > 1 x 10−3 s−1). Therefore, 125 residues had a measurable exchange rate ranging from

2 x 10−3 s−1 to 3 x 10−8 s−1. ∆GHX, as well asKop andSF, were calculated using an Excel

spreadsheet from S. W. Englander (University of Pennsylvania, Philadelphia, PA, [11, 43])

and are displayed in Table10.4 and Figure7.16. Moreover,∆GHX values are shown in

Figure 7.15: Amide exchange data for residues Ser47 (circles) and Leu207 (squares). Fits are shown
with both a 2-parameter function (dotted line) and a 3-parameter function (dashed line). For both
residues, the best fit is obtained with the 3-parameter function, which allowsA∞, the contribution from
residual protons, to also be fitted.
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Figure7.17. These data have been deposited in theBMRB under accession number6838

and are available in Appendix 4 (Table10.4).

Globally, free energies of opening are on the order of 6–11 kcal mol−1 for most residues

within secondary structures, and are slightly higher in theα/β domain where many residues

have∆GHX > 8 kcal mol−1. Hence, this domain is more stable than the allα domain. This

is contrary to what was proposed for TEM-1 [240] that theα domain might be the most

stable. This hypothesis was speculative as no amide exchange rates have been determined,

nor was exchange in the EX2 regime verified. For TEM-1, the slowest exchanging amides

were those from the allα domain and the authors concluded that this domain is more stable

than theα/β domain due to the presence of the disulfide bond between Cys77 and Cys123, as

proposed by Vanhoveet al. [270]. Here, we postulate the contrary for PSE-4 based on EX2

exchange data. In PSE-4, though the disulfide bond between Cys77 and Cys123 stabilises the

local structure (surrounding residues with∆GHX between 4 and 8 kcal mol−1), the protection

from the solvent in theα domain is globally lower than in theα/β domain. One might argue

that the disulfide bond in the PSE-4 sample is not formed. However, this is ruled out by

Cβ chemical shifts [247] for Cys77 (41.6 ppm) and Cys123 (42.0 ppm) [196], which show

that both Cys residues are oxidised. The most stable domain inPSE-4 is theα/β domain

whereas it could be theα domain in TEM-1. Indeed, the theoretical free energies of folding

calculated usingVADAR[282] shows that the allα domain in TEM-1 would be more stable

than in PSE-4, while the inverse is predicted for theα/β domain (data not shown). This

could indicate some thermodynamic differences between thetwo domains of these homologs.

However, to confirm this hypothesis, analysis of data in the EX2 regime 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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Figure 7.16:Amide exchange results. Shown are amide exchange rates (kHX) at pH 6.65 (blue circles) and 7.85 (red squares). Slowing factors (SF),
equilibrium constants (Kop) and apparent free energies for the opening of the protecting structure (∆GHX) are also shown forpH 6.65 (i.e. in the EX2
regime). Important active site residues are highlighted vertically in light grey. Secondary structures are shown withα helices as wide black boxes,
andβ sheets as narrow grey boxes.
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As expected, the first protons to exchange with the solvent were those within loops as well

as most key residues from the active site (see Figure7.17). Moreover, all glutamine and

asparagine side-chains were exchanged rapidly. These N-H moieties being all located at or

near the protein surface, their exchange is too fast for steady-state exchange experiments

and would require approaches such as pulse labelling [151]. It is interesting to note that all

residues from the Ile97 to Gln115 region exchange fast, as well as residues Asn132 to Ile137

from the adjacentα-helix (Figure7.18). This region of PSE-4 could have a non negligible

population existing as a partially unfolded state (probably with ∆GHX < 4 kcal mol−1, kHX

values all being> 1 x 10−3 s−1, despite 17 amide groups out of 24 having null ASA, and

15 out of 24 being involved in H bonds, as calculated usingVADAR[282]). Indeed,∆GHX

below 4 kcal mol−1 would correspond to populations of partially unfolded states for> 0.1 %,

according to the following relation [10]:

pU

pF
=

kF→U

kU→F
= e−∆GF→U/RT ≡ e−∆GHX/RT = Kop =

kHX

kint
(7.17)

Thus, the sub-domain formed by residues Ile97 to Gln115 and Asn132 to Ile137 could be the

driving force for the lower stability of the close byα domain. Also, local unfolding could

arise near the active site, including residue Tyr105 for which motions were discussed above.

These local unfolding events, from both their population, possible timescale and location

could have a profound impact on PSE-4 catalysis and might be the cause of some of the

observedRex.

The fact that the amide of Glu166 and a few other amides from theΩ loop are protected from

exchange with∆GHX between 6 and 8 kcal mol−1 points toward some motional restriction

of this long loop, preventing the disruption of the network of hydrogen bonds and the

exposure of amide moieties to solvent. This argues againstµs-ms motions proposed for

TEM-1 in Savard and Gagné [240] where residues Arg164, Glu166, and Leu169 possessed a

Rex parameter, these three residues displaying∆GHX of 7.3, 7.6, and 6.1 kcal mol−1,

respectively, within PSE-4. However, this is in agreement with the motion proposed by

Roccatanoet al. [234] and discussed in the model-free section (7.3.3) where residues

Glu171–Leu177 (with kHX > 1 x 10−3 s−1) could move toward the protein core without

affecting residues Arg161–Glu170 (with mean ∆GHX ∼ 6.7 kcal mol−1) as shown in

Figure7.10. Indeed, this motion could transiently position theΩ loop so Glu166 is in the

vicinity of Ser70 for its activation [234]. 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 location where residues Glu171–Leu177

are proposed to translate by this motion, a cavity is present(see Figure7.10-D). This

available space would be filled in the ‘closed’ state. The same cavity being also present in

TEM-1, the conservation of this motion among class Aβ-lactamases is plausible, in

agreement with observations from Roccatanoet al. [234], as well as with recent simulations

of both TEM-1 and PSE-4 which show motions of a different nature for theΩ loop, also

consistent with our experimental data (TEM-1: [79], PSE-4: Olivier Fisette and Stéphane M.

Gagné personal communication). Finally, the fact that thismotion was only seen once

during the 5 ns simulation is consistent with a much slower effective timescale. It is thus

tempting to relate this rare motion observed from a 5 ns MD simulation to thoseµs-ms

motions suggested byRex parameters extracted from model-free analysis.

Figure 7.17: Apparent stabilisation free energies of the protecting structures (∆GHX). kHX is shown
for residues for which exchange was too fast for being quantified (kHX > 1 x 10−3 s−1). Important
active site residues (Ser70, Lys73, Ser130, Glu166, and Arg234), and the disulfide bond (between Cys77

and Cys123, connecting two helices of theα domain) are shown in the stick representation. Missing
residues in the crystal structure (Ser22, Ser23, Gln293, Ser294, and Arg295) were added for visualisation
of their parameters.
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Figure 7.18:Amide exchange of the 97–115/132–137 sub-domain. These amide groupsall exchange
with kHX ≥ 10−3 s−1. 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 red while those not involved
in such bonding are yellow. Important active site residues (Ser70, Lys73, Ser130, Glu166, and Arg234),
and the disulfide bond (between Cys77 and Cys123, connecting two helices of theα domain) are shown
in the stick representation.
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Finally, during model-free analysis, Ser235 and Gly236, which both exchange with rates faster

than 1 x 10−3 s−1, were fitted with highRex parameters (7.5 and 4.5 s−1, respectively). These

data, in addition to null ASA for these amides, support the presence ofµs-ms motions near the

active site, potentially severely broadening amide cross-peaks of residues Ser70 and Ala237,

as discussed before. Once again, these motions might be important for catalysis sincekcat for

hydrolysis ofβ-lactams byβ-lactamases is on the order of 1 (ms)−1.

7.4 Conclusions

This work is the first NMR characterisation of the dynamics ofa class A carbenicillin

hydrolysingβ-lactamase. It follows the study of Savard and Gagné [240] which explored the

dynamics of another class Aβ-lactamase, TEM-1.

Linking results from the different techniques used here to PSE-4 catalytic activity is not

straightforward [127]. From the available experimental data, PSE-4 appears as highly ordered

on different timescales. Indeed, ps-ns timescale order parameters are elevated, almost as

much as in the case of the homologous TEM-1. Moreover, overall stability is also quite

elevated with apparent free energies of opening (from amideexchange experiments) reaching

11 kcal mol−1 for several residues in theβ sheet of theα/β domain. Theses results contrast

with the low thermal stability of both TEM-1 and PSE-4 and with the presence of slowµs-ms

motions as indicated by model-free analysis.

Rigidity on the ps-ns timescale could be a characteristic of all class A β-lactamases. As

stated before, the catalytic efficiency of some of the class Aβ-lactamases is

diffusion-controlled [37]. This high efficiency supplemented by a high plasticity toward

different types ofβ-lactams contrasts with the restricted motions in the catalytic site, at least

on the ps-ns timescale. Longer timescales might be populated by important conserved

motions as shown for many active site residues displaying conformational exchange terms

(Rex) reporting on theµs-ms timescale, the timescale of enzyme catalysis (e.g. the kcat

against ampicillin and carbenicillin is∼ 1.2 (ms)−1 for PSE-4 [235]). Moreover, the

absence of detectable high amplitude motions on the faster ps-ns timescales might show that

the active site of class Aβ-lactamases adapts its shape on substrate approach, thus pointing

to motions present during some steps of the catalytic process (although such data in the

presence of a substrate is currently not available). However, CPMG relaxation dispersion



Dynamics of Class Aβ-Lactamases: PSE-4 Backbone Dynamics 136

experiments failed to quantify accurately these slow motions. It is possible thatR1ρ

relaxation dispersion experiments would have yielded better data for these motions since

they probe slightly different (i.e. faster) timescales (reviewed in [211], see Figure1.1).

Nevertheless, the fit for residue Ser235 (although of poor quality) is very exciting as the fitted

kex (2029±535 s−1, see Figure7.12) is close to thekcat against ampicillin and carbenicillin

for PSE-4 (∼ 1.2 (ms)−1, [235]). To further understand these motions potentially linkedto

catalysis, it will be interesting to get more insights into the µs-ms timescales and to study

dynamics of TEM-1 and PSE-4 mutants. Moreover, it will be critical to obtain data

regarding dynamics during catalysis (see below).

We are aware that backbone dynamics can be decoupled from side-chain motions [158]. The

apparent lack of motions seen for backbone N-H moieties on the ps-ns timescale could be

coupled to important side-chain motions on the same timescale as observed by

Lee et al. [158]. Also, the apparent dynamics similarity between TEM-1 andPSE-4 might

also prove limited to backbone amides with side-chains potentially displaying different

motional patterns. Hence, a side-chain dynamics study might prove very insightful.

Moreover, we are mindful about the lack of data for a bound form of wild-type PSE-4 either

with a β-lactam or an inhibitor. However, as highlighted by Savard and Gagné [239, 240],

this proves to be very difficult considering the high catalytic efficiency of these enzymes (in

the case ofβ-lactams), or the high partition ratio for turnover and inhibition (kcat/kinact, in

the case of inhibitors). Forβ-lactams, this means that after only a short period of time

(shorter than the time needed for recording of NMR experiments), all substrate would be

hydrolysed. For inhibitors, this means that very high concentrations of ligands would be

needed in the NMR tube, concentrations potentially limitedby solubility of the compound.

Indeed,kcat/kinact for clavulanic acid and tazobactam are 80 and 1000, respectively [235].

Finally, we are aware that indications of conformational exchange shown here are qualitative

and extracted from the variations of the transverse relaxation rate (R2) over a restricted range

of magnetic field strengths. Indeed, despite the highly convincing model-free data showing

the presence ofRex around the active site, CPMG relaxation dispersion experiments failed to

give new insights by supplying quantitative data. Hence, the µs-ms timescale will be an

interesting target for further studies to better quantify the slow motions detected here,

especially for what concerns motions around theΩ loop and active site cavity. This will be

very interesting as this timescale corresponds to that of the cleavage of theβ-lactam ring.

Thus, the recording ofR1ρ relaxation dispersion data will certainly shed light onto the

conformational exchange processes suspected to arise nearthe active site where some

residues (e.g.Lys73), although rigid on the ps-ns timescale, display broadenedresonances, in
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addition to some resonances being even invisible as a resultof peak broadening (e.g.Ser70

and Ala237).

Finally, the detailed backbone dynamics data gathered for PSE-4 will join those from

TEM-1 in enabling in-depth comparative MD simulations. Such a comparative study of

PSE-4 backbone dynamics characterised by MD and NMR is currently underway by Olivier

Fisette in our laboratory. This will permit betterin silico studies of the dynamics of class A

wild type and mutantβ-lactamases in the presence of substrate, experiments which are

impossible using NMR because the turnover rate of relevantβ-lactams is tremendously fast

with respect to NMR experiments being quite long.



Chapter 8

Dynamics of Class Aβ-Lactamases:

cTEM-17m Backbone Resonance

Assignments

The rapid evolution of class Aβ-lactamases, which procure resistance to an

increasingly broad panel ofβ-lactam antibiotics, underscores the urgency to

better understand the relation between their sequence variation and their

structural and functional features. To date, more than 300 clinically-relevant

β-lactamase variants have been reported, and this number continues to increase.

With the aim of obtaining insights into the evolutionary potential of

β-lactamases, an artificially engineered, catalytically active chimera of the

class A TEM-1 and PSE4β-lactamases is under study by kinetics and NMR.

Here we report the1H, 13C, and15N backbone resonance assignments for the

30 kDa chimera cTEM-17m. Despite its high molecular weight,the data

provide evidence that this artificially-evolved chimeric enzyme is well folded.

The hydrolytic activity of cTEM-17m was determined using the chromogenic

substrate CENTA, withKM = 160 ± 35 µM andkcat = 20 ± 4 s−1, which is in

the same range as the values for TEM-1 and PSE-4β-lactamases.
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8.1 Context

Hundreds ofβ-lactamase variants have been clinically isolated (seeLahey Clinic Website,

visited in November 2009). Their rapidly increasing numbers underscore the urgency to

better understand their swift evolution, which is severelyundermining the clinical

effectiveness ofβ-lactam drugs.

Series of functional, ‘chimeric’β-lactamases have previously been obtained, where fragments

of different class-Aβ-lactamases were blended [64, 187, 272]. The novel protein engineering

algorithm SCHEMA was applied to recombine TEM-1 and PSE-4β-lactamases with the least

amount of disruption of native residue contacts. Their hightopological homology (backbone

RMSD = 1.3 Å) was offset by their moderate sequence identity (41 %). Application of the

SCHEMA algorithm resulted in orders of magnitude better success in generating functional

TEM-1/PSE-4 chimeras relative to random sequence shuffling[64]. Nonetheless, greater

recombination resulted in less functional chimeras, underscoring the negative impact toward

function of disrupting specific contacts within the protein. Indeed, it was not possible to

predict which among the greater sample of designed chimeraswould fold, or be functional.

To further understand the evolutionary potential ofβ-lactamases, we must gain insight into

the structure of such artificially evolved yet functional enzymes. We cannot predict how

closely matched the functional chimeras may be to either of the TEM-1 and PSE-4 ‘parent’

structures. As a first step toward this goal, we report the backbone assignment of a

functional chimera produced by blending eight sequence blocks (A: residues 26–65,

B: 66–73, C: 74–149, D: 150–161, E: 162–176, F: 177–190, G: 191–218, H: 219–290) of

TEM-1 and PSE-4 [272], according to the standard Ambler numbering scheme for which

cTEM-17m is numbered from 26 to 290, with gaps at positions 239 and 253 [8]. The

chimera cTEM-17m is the blend of segments 26–149 (A-B-C) and 191–290 (G-H) from the

TEM-1 parent, with segment 150–190 (D-E-F, encompassing the conservedΩ loop) from

PSE-4. The chimera cTEM-17m was selected according to its capacity to hydrolyse

ampicillin (personal communication from Michelle M. Meyerand Frances H. Arnold,

California Institute of Technology). cTEM-17m has 17 mutations relative to TEM-1 (hence

its name) and 133 mutations relative to PSE-4 (Figure8.1-A); other residues are identical

between the two parents. This results in a chimeric active site (see Figure8.1-B).

http://www.lahey.org/Studies/temtable.asp
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Figure 8.1:Building blocks for cTEM-17m. (A) Primary sequence alignment of cTEM-17m with the
parental TEM-1. Mutations relative to TEM-1 (17 in total) are underlined and bold while the segment
from PSE-4 is in bold. (B) cTEM-17m recombination blocks from TEM-1 and PSE-4β-lactamases
displayed on PSE-4 structure (PDB1G68, [165]). White: segments from TEM-1 (residues 26–149
and 191–290); black: segment from PSE-4 (residues 150–190). Active site residues (Ser70, Lys73,
Ser130, and Glu166) and the disulfide bond (between Cys77 and Cys123) 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 reported by Voigt et al. [272] and

was a generous gift from Michelle M. Meyer and Frances H. Arnold (California Institute of

Technology). The DNA sequence encoding the mature chimericβ-lactamase was fused 3’ to

the OmpA signal peptide and inserted into the plasmid pET-24(Novagen, Gibbstown, NJ) as

previously described for PSE-4 [196].

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

The expression of unlabelled TEM-1, PSE-4, and cTEM-17m were undertaken inEscherichia

coli using previously described procedures [54]. Purifications were performed according

to a two-step protocol using an Äkta FPLC (GE Healthcare, Piscataway, NJ) as previously

described [21, 54].

8.2.3 [15N]- and [13C, 15N]-Labelled cTEM-17m

Uniformly [15N]- and [13C, 15N]-labelled cTEM-17m was overexpressed and purified as

previously described for PSE-4 [196]. Activity was qualitatively monitored during

purification using the chromogenic cephalosporin substrate nitrocefin (see Figure5.1, [202])

and purity was assessed by Coomassie blue staining followingSDS-PAGE. Typical yields

were of 65 mg/L of > 98 % pure protein.

8.2.4 Enzyme Kinetics

KM andkcat values for hydrolysis of CENTA (see Figure8.2, [132]) by TEM-1, PSE4, and

cTEM-17m were determined at room temperature in 50 mM sodiumphosphate buffer

pH 7.0 using a molar extinction coefficient at 405 nm∆ε405nm = 6400 M−1cm−1 [132] over
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a concentration range of 35-1000µM. Substrate hydrolysis was monitored according to

initial steady-state velocities for six substrate concentrations which flanked theKM values

for TEM-1, using a Cary 100 Bio UV-visible spectrophotometer (Varian Canada Inc.,

Montréal, QC). The kinetic parameters were calculated from the initial linear portion

(corresponding to the first 10 % of substrate hydrolysis) of the curve and analysed using

non-linear regression and the Michaelis-Menten equation [188] using the software

GraphPad Prism(GraphPad Software, San Diego, CA). Thekcat parameter was thus

determined according to [188]:

kcat =
Vmax

[E]
(8.1)

where kcat is the catalytic turnover constant,Vmax is the maximum enzyme velocity

extrapolated to maximum substrate concentrations, and theenzyme concentration[E] was

determined using the BioRad protein assay (Biorad, Hercules, CA) taking into account its

estimated purity via SDS-PAGE analysis usingScion Image analysis software(NIH Image).

The values obtained are in general agreement with previously reported values for the same,

or similar, systems [14].

8.2.5 NMR Spectroscopy

NMR samples were prepared from lyophilised protein in 0.1 % azide, 3 mM imidazole,

10 % D2O, pH 6.7 at a protein concentration of 0.4 mM. No additional buffer was added to

minimise interactions with the chimera, as had been previously observed in the case of

phosphate buffer interacting with TEM-1’s active site [239]. Chemical shift referencing was

performed externally since it was previously shown that DSScan interact with PSE-4 (see

Figure 8.2: Structure of the chromogenic cephalosporin CENTA. As in Figure4.2, theβ-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 31.5◦C (calibrated using MeOH as

described before in Section2.2.4) on a Varian INOVA 600 MHz equipped with az-axis

pulsed field gradient triple resonance cold probe. Backbone assignments were obtained from
15N-HSQC [138] and TROSY [220] versions of HNCA [102, 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 [103] experiments in Varian Biopack (Varian Inc, Palo Alto, CA). The

different spectra were recorded using their sensitivity enhanced versions [138, 274].

Spectral widths were as follows for1H and 15N dimensions, respectively: 11990 and

1534 Hz. For the different triple resonance spectra, the spectral widths for13C varied as

follows: 3920 Hz (HNCA and HN(CO)CA), 9049 Hz (HNCACB and HN(CO)CACB),and

1750 Hz (HNCO and (HN)CO(CO)NH).

Processing of NMR data proceeded usingNMRPipe[55]. FIDs were shuffled to yield pure

absorptive two-dimensional line shapes from the sensitivity-enhanced data with the

‘ranceY.M’ macro. Water signals were subtracted with the function ‘SOL’. Linear prediction

was performed in the indirect (13C and15N) dimensions to extend the amount of data points

by 100 %. Finally, the baseline in each dimension was corrected using the function

‘POLY -auto ord 0’.

Analysis of spectra was performed usingSmartnotebook[248] within NMRView [131].

Chemical shifts for cTEM-17m were predicted based on assignments for TEM-1 (BMRB

6024, 6357, and7238) and PSE-4 (BMRB6838) using the programORB[99] to guide the

assignment withinSmartnotebook. Secondary structures were inferred from the Cα / Cβ / C’

chemical shift index (CSI) [283] with coil reference chemical shifts taken fromRef-DB

[294].

8.3 Results and Discussion

The cTEM-17m chimera gives rise to spectra of high quality (Figure 8.3-A), as do its

parentalβ-lactamases TEM-1 [241] and PSE-4 [196], despite their molecular weight being

near 30 kDa. The15N-HSQC for cTEM-17m is closely related to that of TEM-1 and PSE-4

such that some well-resolved peaks could be assigned directly (e.g. Glu28, Val44, Met69,

Gly172, Gly255, and Trp290), based solely on the 2D15N-HSQC. However, for the vast

majority of residues, assignment required the use of tripleresonance 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 the chemical shifts for TEM-1 and

PSE-4.

Assigned amide resonances are shown on Figures8.3-A,B. 90.8 % (228/251) of backbone
1HN and15N, 92.4 % (243/263) of13Cα, 87.5 % (210/240) of13Cβ, and 86.3 % (227/263) of
13C’ were assigned. Missing assignments are the following: Cα-His26, Cβ-His26, C’-His26,

C’-Arg61, Cα-Pro67, Cβ-Pro67, Cβ-Met68, Cβ-Met69, C’-Met69, HN-Ser70, N-Ser70,

Cβ-Ser70, Cβ-Thr71, C’-Ser106, Cβ-Thr128, Cβ-Ser130, C’-Ser130, HN-Asp131, N-Asp131,

Cα-Asp131, Cβ-Asp131, C’-Asp131, HN-Asn132, N-Asn132, C’-Gly144, Cβ-Thr149, Cβ-Glu166,

C’-Glu166, C’-Gly172, HN-Lys173, N-Lys173, C’-Thr182, C’-Ala213, HN-Asp214, N-Asp214,

Cα-Asp214, Cβ-Asp214, C’-Asp214, C’-Lys215, HN-Val216, N-Val216, Cα-Val216, Cβ-Val216,

C’-Val216, HN-Ala217, N-Ala217, Cα-Ala217, Cβ-Ala217, C’-Ala217, HN-Gly218, N-Gly218,

Cα-Gly218, C’-Gly218, Cα-Pro219, Cβ-Pro219, C’-Pro219, HN-Leu220, N-Leu220, Cα-Leu220,

Cβ-Leu220, C’-Leu220, HN-Leu221, N-Leu221, Cα-Leu221, Cβ-Leu221, C’-Leu225, C’-Asp233,

HN-Lys234, N-Lys234, Cα-Lys234, Cβ-Lys234, C’-Lys234, HN-Ser235, N-Ser235, Cα-Ser235,

Cβ-Ser235, C’-Ser235, HN-Gly236, N-Gly236, Cα-Gly236, C’-Gly236, HN-Ala237, N-Ala237,

Cα-Ala237, Cβ-Ala237, C’-Ala237, HN-Gly238, N-Gly238, Cα-Gly238, C’-Gly238, HN-Glu240,

N-Glu240, Cα-Glu240, Cβ-Glu240, C’-Glu240, HN-Arg241, N-Arg241, Cα-Arg241, Cβ-Arg241,

C’-Arg241, HN-Gly242, N-Gly242, Cα-Gly242, C’-Gly242, HN-Ser243, N-Ser243, Cα-Ser243,

Cβ-Ser243, C’-Ser243, HN-Arg244, N-Arg244, Cβ-Arg244, Cβ-Ile246, Cβ-Ile247, C’-Gly251,

C’-Lys256, Cβ-Pro257, C’-Thr265, HN-Thr266, N-Thr266, Cα-Thr266, Cβ-Thr266, C’-Thr266,

HN-Gly267, N-Gly267, C’-Thr271, HN-Met272, N-Met272, Cβ-Ile279, and C’-Trp290.

Backbone1H, 13C, and15N resonance assignments have been deposited in theBMRB under

accession number16598and are also available in Appendix 5 (Table10.5).

Spin relaxation studies on both TEM-1 [240] and PSE-4 (see Chapter7) [194] have shown

that conformational exchange is present in the vicinity of the active site of class A

β-lactamases, broadening backbone resonances of Ser70 and Ala237, in particular. Those

resonances were also broadened for cTEM-17m. The additional unassigned resonances that

are clustered around the chimeric active site (Figure8.4) may be the result of a similar line

broadening effect. Indeed, unassigned resonances in the HSQC are either very weak (with

S/N five times lower than for assigned resonances on average)or absent in the different 3D

spectra (data not shown), precluding their assignment. Taking this observation into

consideration, the proportion of assigned chemical shifts(when compared to the number of

‘really’ assignable resonances) is then much closer to 100 %. Potential 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) 2D15N-HSQC of
[15N]-labelled cTEM-17m with an enlarged view of the most crowded region ofthe spectrum (B).
Active site residue Lys73 is highlighted with a red box. Side-chains are either marked by WSC (for
Trp side-chains) or linked by a line for Arg, Asn, and Gln side-chain doublets. Unassigned peaks are
marked by an asterisk. The peak from residue Gln215 being too weak for observation at the current
level, its position is marked by ‘+’.
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causing this line broadening are currently under investigation and will be presented in detail

elsewhere.

The class Aβ-lactamase-like 3D structure of cTEM-17m chimera is inferred from different

observations. First, the1HN resonances are well dispersed (see Figure8.3-A), proving the

folded nature of the protein. Second, the protein was found to be active in hydrolysing the

β-lactam chromogenic substrate CENTA (see Figure8.2, [132]). Indeed, we determined the

cTEM-17m chimera to possess aKM of 160± 35 µM and akcat of 20± 4 s−1 for CENTA

hydrolysis, which is in the same range as the values obtainedfor TEM-1 and PSE-4 [14, 132]

(see Table8.1). Third, the conserved disulfide bridge between Cys77 and Cys123 is present.

Indeed, Cβ shifts for Cys77 and Cys123 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 extracted from aDSSPanalysis [133]

of the crystal structures PDB1BTL [129] and 1G68 [165], respectively (see Figure8.5).

Together, these observations confirm that cTEM-17m is a functional class Aβ-lactamase,

although it originates from artificial recombination.

Figure 8.4:Unassigned backbone resonances for cTEM-17m are shown on the 3D structure for PSE-4
(PDB 1G68, [165]). Black denotes residues with no amide (prolines and N-terminus) whereas blue
denotes missing assignments. Active site residues (Ser70, Lys73, Ser130, and Glu166) and the disulfide
bond (between Cys77 and Cys123) 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
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Figure 8.5:Secondary structure predictions for cTEM-17m from Cα / Cβ / C’ CSI [283]. The secondary structures of TEM-1 and PSE-4 are shown
(based on aDSSP[133] analysis of PDB1BTL [129] and1G68[165], respectively) withα helices andβ strands as large black and small grey boxes,
respectively. Active site residues (Ser70, Lys73, Ser130, Glu166, and Lys234) are highlighted vertically in light grey. For Cα and C’ CSI, positive values
indicate anα helical propensity, while negative values indicate a propensity for the formation ofβ sheets. Cβ CSI behave inversely.

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
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Table 8.1:Kinetics for hydrolysis of CENTA by TEM-1, PSE-4, and cTEM-17m.

Enzyme [Enzyme] kcat KM kcat/KM

(nM) (s−1) (µM) (µM−1s−1)
TEM-1 1.3 17± 1 120± 4 0.14± 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

† Values are the average of triplicate assays± SD.

8.4 Conclusions

In summary, we present the backbone chemical shift assignments for cTEM-17m, a chimeric

β-lactamase consisting of segments from TEM-1 and PSE-4β-lactamases. According to

both kinetics and chemical shift data, the functional and structural features of this chimera are

generally conserved relative to the parental proteins. Since the main difference with TEM-1’s

active site is the presence of theΩ loop of PSE-4, it is not surprising that the chimera is active.

Indeed, it has been observed that suchΩ loops are often removed, added or moved during

evolution [233]. Moreover, data suggest that the slow dynamics detected inthe active sites of

TEM-1 and PSE-4 could be exacerbated in cTEM-17m. Forthcoming work including kinetics

toward a range ofβ-lactam substrates,15N spin relaxation, and relaxation dispersion data will

soon complement these preliminary results.
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9.1 Class Aβ-Lactamases as Highly Ordered Enzymes with

Active Site Subjected toµs-ms Motions

In summary, the work performed in this second part of the thesis includes the backbone

chemical shift assignments of PSE-4 and the chimera cTEM-17m, as well as the

characterisation of PSE-4 backbone dynamics using15N spin relaxation (analysed within the

model-free formalism),15N CPMG relaxation dispersion, and amide exchange experiments.

Previous NMR studies on a class Aβ-lactamase performed by Savard and Gagné [240]

revealed two striking features in TEM-1 concerning the N-H bonds (and thus the peptide

plane). First, the enzyme was shown to be highly rigid on the fast ps-ns timescale. Second,

data pointed to the presence of slower (µs-ms) motions near the active site where ps-ns order

was higher. This was the data available when the studies on PSE-4 begun.

Our studies in PSE-4 lead to no different conclusions than for TEM-1: this interplay of ps-ns

order andµs-ms motions in the active site was also observed. Model-free data pointed to an

ordered active site whereRex terms also clustered. Additionally, the active site was where

two residues (Ser70 and Ala237: residues forming the ‘oxyanion’ hole with their backbone

atoms) could not be observed, most probably because of extreme line broadening. Finally,

the active site residue Lys73 also suffered from conformational exchange line broadening

with its side-chain resonances being broadened to the noise, precluding the titration of this

important residue. In fact, this duality of order and motions might be present in all class A

β-lactamases as we also have clues for a similar phenomenon inthe TEM-1/PSE-4 chimera

cTEM-17m.

9.2 Future Work

With the data collected so far, it is now possible to take thisproject (the study of the dynamics

of class Aβ-lactamases) from discovery-driven to hypothesis-drivenscience. Our hypothesis

would then be the following:

A link exists between the apparently conserved slow motions in the

active site of class Aβ-lactamases and their catalytic mechanism.
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In order to verify this hypothesis, four different aspects of the dynamics of class A

β-lactamases will need further insights in the future:

1. The µs-ms timescale should be quantitatively analysed. The amplitude of Rex

parameters in PSE-4 could be quantified by comparingR2 with R0
2, the Rex-free R2,

with the approach proposed by Hansenet al. [109]. Rex parameters derived this way

would be more quantitative than model-free derivedRex parameters and would

potentially allow the detection of more exchange. Additionally, CPMG relaxation

dispersion experiments could be optimised in order to improve the S/N ratio of

extractedRe f f
2 . This would potentially allow the quantification of exchange for other

residues than Ser235. In the case where optimised CPMG experiments would ‘really’

yield no additional information on exchange processes, other types of experiments

could be performed to broaden the timescale probed and include faster motions such

as those assumed by the model-free formalism (i.e. µs-ms motions). As shown in

Figure 1.1, this could be done usingR1ρ relaxation dispersion (reviewed in [211])

and/or RDC (reviewed in [267]) experiments.

2. The dynamics should be characterised in the presence of ligands, eitherβ-lactam

antibiotics or β-lactamase inhibitors (or both). Characterisation of changes in

dynamics upon ligand binding would further help the understanding of this important

class of enzymes. Indeed, the binding of ligands might quench slow motions in the

‘oxyanion’ hole by which the amide resonances of residues Ser70 and Ala237 are

broadened to the noise. This could also affect side-chain resonances of Lys73 and,

eventually, allow its titration. In the case where characterisation of a ligand bound

wild-type class A β-lactamase using NMR would be unfeasible experimentally,

mutants or non-hydrolysable substrate analogs could be tried. If none of these

approaches turned successful,in silico approaches might prove useful. Such

characterisation of dynamics in the presence of ligands using MD simulations is

currently performed for both TEM-1 and PSE-4 by Olivier Fisette.

3. The dynamics of mutants and chimera with different substrate profiles or different

kinetics parameters should also be characterised. As a firststep in this direction, the

chimera cTEM-17m, for which the backbone chemical shifts are now available, is

currently under study by NMR using15N spin relaxation and CPMG relaxation

dispersion experiments.

4. Side-chain dynamics should also be characterised as theymight be quite different
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from backbone dynamics. As different side-chain groups areinvolved in ligand

binding and/or hydrolysis, their dynamics might prove of high importance and might

shed new light on the mechanism. To achieve characterisation of side-chain dynamics,

two approaches could be used. As usual, NMR would be very powerful (reviewed in

[121, 143]), but would rely on assignment of side-chain chemical shifts. In this case,

TEM-1 might be a better target for such studies than PSE-4 since assignment of its

side-chain resonances is completed [239]. On the other hand, MD simulations of

TEM-1 [79] and PSE-4 (Olivier Fisette, unpublished results) which were directed

toward analysis of backbone dynamics could be used for exploring also side-chain

dynamics and, thus, provide novel information potentiallynon available fromin vitro

experiments.

Together, these new data will help further understand the relation between motions and

activity in class A β-lactamases, and might serve for improvement of these invaluable

β-lactam antibiotic drugs.
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Table 10.1:PSE-4 backbone chemical shifts

Residue HN N Hα Cα Cβ C’

# aa (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

22 Ser n-ter n-ter – – – –
23 Ser – – – – – –
24 Ser – – – 58.942 63.619 176.424
25 Lys 8.415 124.016 3.995 58.626 32.307 176.749
26 Phe 7.777 115.596 4.018 58.669 37.036 175.354
27 Gln 7.418 120.401 – 59.836 28.489 177.743
28 Gln 8.470 118.709 3.939 58.036 28.002 177.629
29 Val 7.065 119.159 – 65.689 30.905 177.747
30 Glu 8.008 118.536 – 60.832 30.109 177.754
31 Gln 7.649 116.069 4.009 58.969 28.337 178.993
32 Asp 8.444 122.143 4.422 57.718 39.853 178.793
33 Val 8.777 119.998 – 67.056 31.271 177.553
34 Lys 8.033 119.373 – 59.785 32.275 179.183
35 Ala 7.752 119.905 4.238 54.963 18.006 181.118
36 Ile 7.962 122.267 3.805 64.534 37.961 177.594
37 Glu 8.750 121.715 – 61.296 30.939 179.816
38 Val 7.600 115.614 3.914 65.632 32.234 179.445
39 Ser 8.403 117.241 4.170 61.882 62.913 176.812
40 Leu 8.632 117.977 – 54.858 42.411 177.433
41 Ser 7.781 117.176 4.214 58.849 61.618 172.828
42 Ala 7.884 120.054 5.050 49.938 23.978 176.164
43 Arg 8.301 119.340 4.993 55.651 31.936 175.861
44 Ile 9.594 124.437 5.335 60.173 40.739 173.488
45 Gly 9.038 115.339 – 44.694 – 171.643
46 Val 9.127 122.675 5.519 59.171 36.865 174.937
47 Ser 9.247 119.145 4.952 57.492 66.765 172.204
48 Val 8.891 122.823 5.052 61.471 35.621 173.719
49 Leu 9.279 128.364 5.035 53.651 45.550 174.182
50 Asp 8.935 127.713 4.828 53.575 41.877 177.128
51 Thr 7.948 115.766 – 64.611 69.027 175.960
52 Gln 8.973 122.886 4.115 58.234 29.221 176.975
53 Asn 7.624 112.828 4.862 52.011 39.325 176.853
54 Gly 8.192 110.306 – 46.235 – 174.193
55 Glu 8.119 121.234 4.332 57.526 30.782 175.023
56 Tyr 8.435 124.160 5.665 56.808 42.035 175.165
57 Trp 8.502 127.131 4.260 57.902 31.518 172.556
59 Asp 6.603 122.260 4.159 52.675 44.740 171.710
60 Tyr 8.179 117.511 4.171 57.728 41.727 175.095
61 Asn 8.764 123.962 4.301 53.926 36.107 177.017
62 Gly 8.338 101.370 – 47.244 – 173.020
63 Asn 8.268 112.637 5.002 51.783 38.948 175.339
64 Gln 7.285 120.237 4.133 55.106 29.407 173.558
65 Arg 7.837 115.935 4.805 55.092 31.818 177.238
66 Phe 8.900 118.748 – 55.635 43.286 172.500
67 Pro – – – 63.005 32.414 177.748
68 Leu 8.926 124.920 – 58.413 44.746 181.532
69 Thr 10.648 116.392 – 63.087 69.354 –
70 Ser – – – 63.752 66.065 176.723
71 Thr 8.177 113.743 – 65.016 69.673 176.275
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Table 10.1:PSE-4 backbone chemical shifts (continued)

Residue HN N Hα Cα Cβ C’

# aa (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

72 Phe 8.315 116.862 – 59.169 38.524 176.934
73 Lys 6.721 122.814 2.782 61.821 30.694 175.016
74 Thr 6.554 111.876 – 65.289 69.667 175.551
75 Ile 7.427 117.026 – 64.080 38.619 177.192
76 Ala 7.299 119.588 – 55.491 17.268 177.740
77 Cys 7.864 112.442 – 61.629 41.617 175.540
78 Ala 8.315 123.539 3.907 55.562 16.367 178.700
79 Lys 7.965 117.148 – 59.727 31.291 177.185
80 Leu 7.532 119.169 – 59.011 40.933 177.348
81 Leu 7.307 115.340 – 57.460 40.527 178.144
82 Tyr 8.642 122.615 – 61.971 39.462 177.953
83 Asp 9.465 121.451 – 57.266 39.438 179.981
84 Ala 8.488 125.893 4.728 54.919 18.056 182.376
85 Glu 8.350 122.397 – 59.841 29.198 179.130
86 Gln 7.600 113.914 4.248 55.024 28.983 176.344
87 Gly 7.911 107.912 – 45.817 – 174.963
88 Lys 8.302 118.089 4.211 57.330 33.868 175.797
89 Val 6.993 114.844 4.261 59.689 35.426 172.574
90 Asn 8.762 123.205 – 48.846 39.156 –
91 Pro – – – 64.571 32.069 174.562
92 Asn 8.024 112.480 4.839 53.162 38.746 175.378
93 Ser 8.005 117.605 4.350 59.744 63.975 172.826
94 Thr 7.881 108.284 5.283 59.407 72.329 175.685
95 Val 8.875 119.094 4.269 60.610 35.165 174.499
96 Glu 8.356 124.433 4.477 55.721 30.524 176.285
97 Ile 8.566 126.059 4.054 60.049 35.971 176.456
98 Lys 9.032 130.468 4.727 54.267 33.449 177.032
99 Lys 8.904 123.916 – 59.851 32.240 178.802

100 Ala 8.331 117.690 – 53.852 18.692 177.816
101 Asp 7.525 115.322 4.526 55.001 41.576 176.009
102 Leu 7.106 116.970 – 55.859 41.978 177.887
103 Val 7.876 119.704 4.602 59.331 34.416 176.558
104 Thr 8.201 119.846 – 64.038 69.066 172.709
105 Tyr 8.690 123.039 3.954 60.412 36.037 172.273
106 Ser 8.475 117.957 4.719 55.246 64.734 –
107 Pro – – – 64.065 32.405 178.030
108 Val 8.690 118.870 3.971 64.611 33.250 178.644
109 Ile 9.529 121.487 – 61.734 34.904 178.674
110 Glu 8.391 116.407 – 58.849 28.230 177.333
111 Lys 6.938 115.873 4.408 56.327 32.555 177.067
112 Gln 7.953 117.930 4.508 54.737 30.199 174.432
113 Val 7.207 119.020 3.338 65.334 31.009 177.573
114 Gly 8.723 116.085 – 45.112 – 173.971
115 Gln 8.219 119.384 4.600 54.090 30.131 173.446
116 Ala 8.212 121.990 5.302 50.577 20.065 177.086
117 Ile 8.499 119.429 4.850 58.803 41.531 174.748
118 Thr 8.749 113.075 5.205 60.165 71.305 176.400
119 Leu 7.733 119.577 – 57.803 40.838 179.199
120 Asp 8.370 119.496 – 58.638 42.383 178.118
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Table 10.1:PSE-4 backbone chemical shifts (continued)

Residue HN N Hα Cα Cβ C’

# aa (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

121 Asp 8.195 118.328 – 57.122 39.832 179.919
122 Ala 8.545 125.224 – 55.496 16.063 179.848
123 Cys 8.185 118.807 – 63.731 42.002 175.844
124 Phe 8.473 122.259 – 62.287 38.282 179.322
125 Ala 8.750 121.660 – 55.371 17.678 180.773
126 Thr 8.524 116.397 4.161 67.170 68.350 175.816
127 Met 8.529 119.761 – 55.580 29.888 180.632
128 Thr 7.942 109.673 – 64.382 70.760 176.232
129 Thr 7.318 106.338 5.227 62.562 73.853 175.187
130 Ser 7.867 112.041 – 60.233 62.722 173.715
131 Asp 7.355 119.962 – 57.107 43.907 177.532
132 Asn 9.196 129.696 – 56.571 39.011 177.536
133 Thr 8.277 121.569 – 68.410 67.978 176.939
134 Ala 9.293 123.763 – 55.189 18.290 178.292
135 Ala 7.113 116.050 – 55.522 18.994 178.386
136 Asn 7.828 119.507 4.763 55.498 36.857 179.686
137 Ile 8.508 124.865 – 65.508 37.824 178.764
138 Ile 7.752 120.623 – 62.282 35.357 178.538
139 Leu 8.959 118.438 – 58.154 42.402 179.489
140 Ser 8.122 113.521 4.210 61.609 62.851 176.306
141 Ala 7.755 123.228 4.421 53.721 20.147 179.260
142 Val 7.703 107.340 4.730 59.726 32.034 176.251
143 Gly 7.602 108.553 – 45.642 – 176.167
144 Gly 9.017 110.339 – 45.378 – 170.357
145 Pro – – – 66.234 31.922 178.357
146 Lys 8.632 117.965 – 59.659 32.466 178.319
147 Gly 7.458 108.148 – 46.940 – 177.516
148 Val 8.454 121.963 – 67.288 31.307 177.023
149 Thr 8.581 119.015 – 68.661 – 175.408
150 Asp 8.797 121.680 – 57.834 40.156 179.147
151 Phe 7.836 122.521 – 59.305 39.133 176.086
152 Leu 8.146 120.683 – 57.865 40.581 178.586
153 Arg 8.221 116.379 – 57.332 28.324 181.353
154 Gln 8.180 121.756 – 58.922 28.135 178.480
155 Ile 7.629 111.451 4.342 60.940 37.775 176.430
156 Gly 7.585 109.064 – 45.669 – 172.968
157 Asp 8.286 123.162 4.612 52.917 39.961 176.293
158 Lys 8.582 123.329 – 56.375 32.948 176.372
159 Glu 8.598 118.061 4.479 57.478 33.032 177.409
160 Thr 9.746 124.272 – 64.706 66.406 173.854
161 Arg 9.010 121.833 4.594 54.903 33.601 170.666
162 Leu 7.781 121.592 – 53.539 45.872 174.210
163 Asp 10.211 125.956 – 55.872 45.521 175.234
164 Arg 9.469 126.224 4.664 54.905 35.027 172.009
165 Ile 7.232 106.006 – 59.427 37.984 177.903
166 Glu 9.002 117.273 – 55.542 28.971 178.300
167 Pro – – – 63.825 32.670 177.540
168 Asp 8.142 128.115 4.378 57.418 40.881 176.478
169 Leu 7.441 113.108 – 57.204 40.749 176.971
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Table 10.1:PSE-4 backbone chemical shifts (continued)

Residue HN N Hα Cα Cβ C’

# aa (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

170 Asn 7.555 119.088 – 54.511 40.501 174.076
171 Glu 7.221 121.302 – 60.818 30.185 177.940
172 Gly 9.714 105.157 – 46.362 – 174.714
173 Lys 8.135 118.750 3.579 57.694 33.196 177.473
174 Leu 8.151 128.201 – 56.881 41.370 177.926
175 Gly 8.993 115.489 – 45.120 – 172.817
176 Asp 7.282 120.820 4.490 52.937 42.031 177.233
177 Leu 8.747 128.110 – 55.561 42.902 178.347
178 Arg 7.990 119.789 – 57.032 30.597 177.178
179 Asp 9.087 115.855 – 55.508 42.721 178.240
180 Thr 7.349 105.853 – 59.782 75.089 173.184
181 Thr 8.485 112.982 4.266 59.606 69.030 173.029
182 Thr 8.666 111.560 5.582 57.591 67.712 174.388
183 Pro – – – 65.539 31.640 179.026
184 Lys 8.324 116.746 – 59.493 33.306 178.493
185 Ala 8.317 124.469 – 55.275 18.424 180.478
186 Ile 8.226 116.117 – 61.671 36.920 176.939
187 Ala 7.146 124.603 – 55.616 18.075 178.966
188 Ser 7.538 111.410 – 61.192 62.889 177.499
189 Thr 8.763 123.201 – 67.074 67.953 174.560
190 Leu 8.608 120.811 – 58.812 41.369 178.646
191 Asn 7.860 116.161 – 56.977 39.190 177.317
192 Lys 7.810 118.848 – 60.026 32.019 179.058
193 Phe 7.810 114.255 4.510 57.725 38.735 176.771
194 Leu 8.053 115.430 3.965 56.785 42.701 176.611
195 Phe 7.811 112.603 4.967 56.578 40.494 176.975
196 Gly 7.437 110.211 – 45.345 – 174.202
197 Ser 8.681 113.923 – 57.978 63.988 175.242
198 Ala 7.459 122.778 4.270 55.268 19.223 176.187
199 Leu 7.998 113.573 5.083 52.205 46.823 176.143
200 Ser 10.430 118.541 – 57.822 64.749 175.215
201 Glu 8.852 122.560 – 59.970 29.344 178.894
202 Met 8.388 115.546 4.115 58.625 32.027 178.992
203 Asn 7.501 119.525 4.845 54.595 38.559 177.236
204 Gln 8.895 123.828 – 60.033 27.617 178.577
205 Lys 7.621 115.884 3.935 57.962 31.486 179.565
206 Lys 7.475 123.079 3.626 59.214 31.906 177.551
207 Leu 7.892 120.470 – 57.826 41.668 178.259
208 Glu 8.272 117.011 – 60.200 30.452 178.448
209 Ser 8.220 114.758 – 61.965 – 177.622
210 Trp 7.915 123.170 – 58.358 28.793 176.308
211 Met 7.528 113.622 6.823 58.576 36.327 180.738
212 Val 9.409 124.675 – 66.357 32.790 178.741
213 Asn 7.930 115.795 4.821 54.132 38.621 173.259
214 Asn 6.902 118.361 – 55.365 39.231 177.400
215 Gln 9.439 125.964 4.558 56.262 30.792 178.982
216 Val 8.339 112.363 4.864 61.624 31.950 176.607
217 Thr 8.010 109.307 4.559 60.691 67.845 177.411
218 Gly 9.142 116.142 – 47.812 – 172.784
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Table 10.1:PSE-4 backbone chemical shifts (continued)

Residue HN N Hα Cα Cβ C’

# aa (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

219 Asn 8.116 113.176 4.691 52.381 36.926 174.642
220 Leu 7.211 116.186 – 51.979 40.807 177.449
221 Leu 7.097 126.059 – 57.992 41.608 178.274
222 Arg 8.821 116.534 – 60.128 30.135 176.891
223 Ser 7.466 112.791 – 61.187 63.901 174.764
224 Val 7.208 112.690 4.528 59.676 32.045 173.681
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 17.991 179.259
228 Gly 8.664 110.769 – 45.478 – 174.820
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 Ile 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 44.474 174.577
234 Arg 7.840 118.962 – 57.930 34.023 172.791
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 – 172.658
240 Gly 8.691 108.384 – 45.650 – 173.759
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 33.633 173.796
245 Ser 8.738 118.223 5.269 56.595 67.305 174.070
246 Ile 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 24.358 173.474
249 Val 9.562 122.233 5.404 61.017 33.839 175.684
250 Val 9.389 119.382 5.843 58.908 35.358 174.559
251 Trp 8.200 119.854 – 57.221 31.311 171.788
252 Ser 8.763 115.795 4.387 56.162 66.395 173.706
254 Glu 8.520 118.500 – 59.012 29.336 176.780
255 His 7.835 113.003 – 54.947 30.674 173.190
256 Gln 7.304 122.786 4.382 54.054 29.702 173.289
257 Ala 8.393 131.358 – 50.924 17.165 174.582
258 Pro – – – 63.617 31.717 176.066
259 Ile 9.394 126.230 5.014 59.124 40.832 175.461
260 Ile 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 65.607 172.891
263 Ile 8.783 122.273 4.781 61.053 41.832 172.931
264 Tyr 9.373 125.838 – 57.412 42.074 172.458
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 Gln 8.746 117.744 – 56.570 25.650 173.549
268 Thr 8.258 111.557 5.226 59.293 69.179 173.634
269 Gln 8.991 127.509 – 55.727 28.977 175.478
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Table 10.1:PSE-4 backbone chemical shifts (continued)

Residue HN N Hα Cα Cβ C’

# aa (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

270 Ala 8.307 124.327 4.261 52.714 20.808 177.795
271 Ser 9.010 119.609 – 58.067 65.170 175.405
272 Met 9.210 122.412 – 58.024 30.670 177.558
273 Glu 8.895 117.980 – 60.888 28.670 179.057
274 Glu 7.723 119.220 – 59.264 30.389 180.262
275 Arg 8.253 119.759 – 60.457 30.633 177.264
276 Asn 8.906 119.606 – 55.635 36.943 177.138
277 Asp 8.125 118.576 – 57.062 40.824 177.953
278 Ala 7.693 121.416 4.032 55.224 19.373 178.867
279 Ile 7.435 116.736 – 65.602 36.626 177.349
280 Val 8.063 119.683 – 67.850 31.570 177.364
281 Lys 8.468 120.062 – 59.734 32.459 179.840
282 Ile 8.195 119.653 – 65.917 38.210 177.963
283 Gly 8.737 106.146 – 47.174 – 173.267
284 His 9.066 119.342 – 59.039 28.579 176.922
285 Ser 7.989 115.444 4.050 62.302 67.298 177.124
286 Ile 7.957 121.418 – 66.117 38.122 177.941
287 Phe 8.713 118.242 4.521 59.230 36.509 179.121
288 Asp 8.344 119.809 4.413 56.927 40.475 178.827
289 Val 7.492 120.157 3.347 65.969 30.878 177.805
290 Tyr 7.339 116.209 4.300 61.300 40.274 177.868
291 Thr 8.418 111.123 4.582 62.933 69.610 175.895
292 Ser 7.900 117.211 4.421 59.368 63.620 174.805
293 Gln 8.051 120.900 4.381 55.979 29.276 175.920
294 Ser 8.195 116.984 4.467 58.425 63.727 173.526
295 Arg 7.930 128.122 4.200 57.475 31.396 180.933

• Important active site residues (Ser70, Lys73, Tyr105, Ser130, Glu166, and Arg234) are shown in bold
red while residues from theΩ loop (residues 161–179) are coloured blue.

• Chemical shifts have been deposited in theBMRB (under accession number6838).

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

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


Appendix 2:
PSE-415N Spin Relaxation Data
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Table 10.2:PSE-415N spin relaxation data

Residue 50.6 MHz 60.8 MHz 81.0 MHz

# aa R1 ∆R1 R2 ∆R2 NOE ∆NOE R1 ∆R1 R2 ∆R2 NOE ∆NOE R1 ∆R1 R2 ∆R2 NOE ∆NOE

(s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1)

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 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. 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. 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 1.513 0.572 0.0431.034 0.095 15.113 1.050 0.614 0.026
26 Phe 1.423 0.019 12.630 0.296 0.660 0.0161.091 0.014 13.767 0.180 0.693 0.0190.785 0.032 17.039 0.728 0.764 0.018
27 Gln 1.317 0.024 15.382 0.271 0.730 0.0150.984 0.012 16.511 0.234 0.798 0.0200.683 0.014 20.580 0.298 0.819 0.020
28 Gln 1.399 0.036 14.498 0.347 0.715 0.0161.115 0.022 15.421 0.301 0.773 0.0220.762 0.038 19.950 0.750 0.792 0.018
29 Val 1.289 0.017 14.777 0.347 0.748 0.0181.015 0.016 15.686 0.250 0.793 0.0220.697 0.014 20.372 0.472 0.807 0.020
30 Glu 1.315 0.043 15.721 0.348 0.841 0.0201.001 0.017 17.132 0.318 0.858 0.0260.664 0.013 21.054 0.368 0.819 0.020
31 Gln 1.286 0.032 15.085 0.372 0.790 0.0180.945 0.013 16.479 0.223 0.765 0.0200.670 0.011 19.159 0.486 0.814 0.019
32 Asp 1.360 0.019 15.341 0.535 0.783 0.0161.122 0.073 14.426 0.344 0.859 0.0210.652 0.043 17.571 0.461 0.899 0.019
33 Val 1.318 0.024 15.786 0.229 0.780 0.0200.998 0.018 17.145 0.329 0.828 0.0260.659 0.022 21.044 0.588 0.875 0.026
34 Lys 1.326 0.029 16.232 0.369 0.810 0.0181.016 0.015 17.337 0.263 0.791 0.0220.658 0.013 21.296 0.466 0.816 0.020
35 Ala 1.321 0.017 15.679 0.364 0.787 0.0151.001 0.014 16.943 0.249 0.844 0.0210.683 0.010 20.186 0.251 0.844 0.018
36 Ile 1.296 0.025 15.088 0.401 0.789 0.0201.023 0.019 15.564 0.303 0.823 0.0250.669 0.014 18.734 0.436 0.885 0.022
37 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. 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 0.0230.634 0.023 18.275 0.248 0.818 0.020
39 Ser 1.337 0.025 14.898 0.407 0.786 0.0161.006 0.013 16.101 0.277 0.791 0.0190.689 0.011 19.336 0.228 0.834 0.016
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. 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 0.0240.628 0.019 21.590 0.469 0.883 0.022
42 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. 0.578 0.018 20.097 0.314 0.777 0.021
43 Arg 1.226 0.018 16.753 0.354 0.743 0.0200.916 0.016 17.314 0.384 0.730 0.0250.620 0.013 21.107 0.812 0.782 0.021
44 Ile 1.257 0.022 14.702 0.218 0.792 0.0240.954 0.021 15.796 0.384 0.780 0.0300.664 0.017 20.280 1.647 0.800 0.026
45 Gly 1.329 0.047 15.295 0.266 0.831 0.0270.971 0.022 16.232 0.442 0.808 0.0320.666 0.049 19.780 0.683 0.864 0.036
46 Val 1.326 0.027 15.458 0.218 0.785 0.0240.983 0.021 16.241 0.416 0.847 0.0310.677 0.019 18.842 0.617 0.856 0.029
47 Ser 1.346 0.042 15.799 0.238 0.813 0.0231.017 0.021 17.021 0.361 0.791 0.0270.687 0.019 21.547 1.037 0.875 0.028
48 Val 1.343 0.034 15.135 0.242 0.766 0.0250.923 0.027 16.355 0.409 0.823 0.0300.668 0.020 18.722 0.450 0.883 0.033
49 Leu 1.282 0.030 15.431 0.352 0.796 0.0270.984 0.026 16.507 0.507 0.798 0.0330.655 0.023 22.224 1.241 0.835 0.031
50 Asp 1.319 0.028 14.969 0.271 0.752 0.0271.026 0.027 15.305 0.435 0.813 0.0340.700 0.028 20.782 0.856 0.813 0.032
51 Thr 1.366 0.035 13.713 0.424 0.776 0.0190.987 0.051 15.210 0.353 0.681 0.0270.803 0.019 18.053 0.817 0.772 0.023
52 Gln 1.395 0.015 13.736 0.133 0.606 0.0141.089 0.014 15.144 0.201 0.625 0.0160.824 0.018 18.621 0.278 0.684 0.018
53 Asn 1.348 0.027 11.319 0.194 0.545 0.0161.068 0.018 11.550 0.370 0.626 0.0210.764 0.016 16.566 0.468 0.627 0.019
54 Gly 1.372 0.017 13.207 0.431 0.718 0.0181.048 0.018 14.503 0.212 0.730 0.0220.747 0.013 18.612 0.438 0.781 0.018
55 Glu 1.315 0.017 13.238 0.234 0.691 0.0141.059 0.014 14.324 0.218 0.721 0.0190.740 0.011 17.651 0.329 0.761 0.017
56 Tyr 1.307 0.032 14.495 0.169 0.693 0.0190.974 0.021 15.500 0.482 0.714 0.0240.711 0.014 20.102 0.902 0.745 0.021
57 Trp 1.236 0.034 18.162 0.513 0.780 0.0290.936 0.026 18.965 0.682 0.791 0.0350.623 0.032 26.914 1.467 0.811 0.032
59 Asp 1.214 0.012 15.773 0.165 0.815 0.0140.889 0.010 16.541 0.191 0.790 0.0160.591 0.015 21.260 0.861 0.896 0.015
60 Tyr 1.217 0.034 17.850 0.886 0.799 0.0260.906 0.024 16.114 0.398 0.876 0.0360.594 0.018 22.093 0.642 0.921 0.029
61 Asn 1.389 0.042 16.111 0.324 0.803 0.0240.988 0.024 16.165 0.395 0.830 0.0290.679 0.033 20.461 0.545 0.865 0.028
62 Gly 1.246 0.026 16.883 0.566 0.835 0.0230.900 0.021 17.875 0.443 0.819 0.0290.610 0.027 24.174 1.700 0.896 0.031
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Table 10.2:PSE-415N spin relaxation data (continued)

Residue 50.6 MHz 60.8 MHz 81.0 MHz

# aa R1 ∆R1 R2 ∆R2 NOE ∆NOE R1 ∆R1 R2 ∆R2 NOE ∆NOE R1 ∆R1 R2 ∆R2 NOE ∆NOE

(s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1)

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 0.021
64 Gln 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 0.025
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 0.022
66 Phe 1.381 0.069 15.593 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 0.035
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 0.046
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 0.047
70 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. 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 0.027
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. 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 0.024
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 0.022
75 Ile 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 0.033
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 0.030
77 Cys 1.292 0.032 15.132 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 0.023
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 0.019
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 0.021
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. o.l.
81 Leu 1.283 0.030 15.583 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 0.030
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 0.026
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 0.024
84 Ala 1.332 0.017 15.845 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 0.021
85 Glu 1.293 0.018 15.547 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 0.019
86 Gln 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 0.021
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 0.021
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 0.021
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 0.014
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. 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 0.017
93 Ser 1.275 0.024 15.691 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 0.017
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 0.019
95 Val 1.257 0.021 15.400 0.343 0.760 0.0230.979 0.020 15.922 0.341 0.778 0.0290.669 0.018 19.813 0.757 0.813 0.029
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 0.015
97 Ile 1.295 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 0.025
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 0.029
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. 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 0.018
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 0.019
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 0.019
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Table 10.2:PSE-415N spin relaxation data (continued)

Residue 50.6 MHz 60.8 MHz 81.0 MHz

# aa R1 ∆R1 R2 ∆R2 NOE ∆NOE R1 ∆R1 R2 ∆R2 NOE ∆NOE R1 ∆R1 R2 ∆R2 NOE ∆NOE

(s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1)

103 Val o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. 0.661 0.024 20.911 0.708 0.794 0.037
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. 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 0.0270.740 0.023 17.726 0.413 0.758 0.025
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 0.023
107 Pro - - - - - - - - - - - - - - - - - -
108 Val 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 0.031
109 Ile 1.245 0.066 16.122 0.447 0.784 0.0400.921 0.038 17.242 0.790 0.746 0.0450.703 0.077 20.962 1.218 0.911 0.058
110 Glu 1.252 0.022 18.033 0.260 0.798 0.0210.950 0.016 20.426 0.373 0.821 0.0250.620 0.014 24.653 0.531 0.870 0.023
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 0.020
112 Gln 1.237 0.029 14.825 0.538 0.734 0.0180.940 0.016 15.598 0.230 0.759 0.0250.620 0.012 19.458 0.506 0.812 0.021
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 0.018
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 0.032
115 Gln 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 0.017
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 0.013
117 Ile 1.262 0.045 13.822 0.192 0.730 0.0230.987 0.021 15.311 0.322 0.732 0.0290.665 0.016 19.409 0.536 0.798 0.024
118 Thr 1.344 0.039 14.581 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 0.027
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 0.032
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 0.026
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 0.023
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 0.023
123 Cys 1.313 0.021 16.850 0.660 0.782 0.0190.974 0.020 18.282 0.441 0.783 0.0270.681 0.015 22.706 0.836 0.867 0.022
124 Phe 1.268 0.026 16.020 0.572 0.841 0.0240.855 0.058 18.179 0.388 0.796 0.0260.668 0.014 22.038 0.817 0.858 0.021
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. 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 0.0270.691 0.019 20.459 0.409 0.910 0.025
127 Met 1.392 0.039 18.249 0.351 0.817 0.0321.027 0.031 19.891 0.714 0.775 0.0400.695 0.030 25.743 1.913 0.864 0.040
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 0.032
129 Thr 1.368 0.042 16.970 0.728 0.853 0.0371.007 0.034 17.822 0.786 0.824 0.0440.613 0.067 22.006 0.933 0.944 0.041
130 Ser 1.530 0.069 15.653 1.019 0.799 0.0321.070 0.035 19.723 1.338 0.859 0.0420.764 0.036 21.992 1.828 0.894 0.038
131 Asp 1.429 0.039 15.514 0.372 0.802 0.0291.037 0.032 17.535 0.650 0.818 0.0410.713 0.028 21.390 0.857 0.885 0.040
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 0.036
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 21.945 0.616 0.940 0.028
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 0.025
135 Ala 1.370 0.029 15.057 0.201 0.849 0.0201.030 0.016 16.165 0.266 0.849 0.0220.689 0.022 19.341 0.472 0.870 0.020
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 0.022
137 Ile 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 0.030
138 Ile 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 0.029
139 Leu 1.415 0.039 15.184 0.469 0.780 0.0231.044 0.022 16.504 0.356 0.803 0.0280.723 0.021 20.184 0.650 0.851 0.030
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 0.016
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 0.017
142 Val 1.308 0.033 13.580 0.229 0.813 0.0210.968 0.018 14.879 0.270 0.804 0.0250.615 0.023 18.141 0.787 0.874 0.023
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Table 10.2:PSE-415N spin relaxation data (continued)

Residue 50.6 MHz 60.8 MHz 81.0 MHz

# aa R1 ∆R1 R2 ∆R2 NOE ∆NOE R1 ∆R1 R2 ∆R2 NOE ∆NOE R1 ∆R1 R2 ∆R2 NOE ∆NOE

(s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1)

143 Gly 1.373 0.038 15.529 0.201 0.830 0.0211.024 0.024 16.818 0.318 0.840 0.0240.697 0.056 20.488 0.446 0.904 0.025
144 Gly 1.425 0.028 14.629 0.254 0.830 0.0201.073 0.018 16.223 0.293 0.835 0.0220.719 0.023 20.649 0.397 0.904 0.024
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. o.l. o.l. o.l. o.l. o.l.
147 Gly 1.349 0.021 15.547 0.197 0.829 0.0210.989 0.018 17.314 0.322 0.863 0.0250.664 0.018 19.343 0.397 0.901 0.025
148 Val 1.343 0.025 15.785 0.418 0.822 0.0250.935 0.029 21.554 1.269 0.751 0.0270.669 0.015 25.394 3.133 0.859 0.021
149 Thr 1.347 0.025 17.043 0.325 0.751 0.0240.977 0.021 17.671 0.424 0.772 0.0280.626 0.023 21.716 0.907 0.818 0.026
150 Asp 1.306 0.029 16.702 0.275 0.816 0.0180.956 0.014 18.349 0.334 0.805 0.0210.709 0.015 22.287 0.619 0.907 0.022
151 Phe 1.338 0.033 16.211 0.368 0.803 0.0201.012 0.018 17.023 0.350 0.829 0.0250.671 0.019 21.219 0.949 0.942 0.024
152 Leu 1.355 0.035 17.573 0.313 0.830 0.0260.986 0.026 17.293 0.721 0.823 0.0340.605 0.038 21.782 0.647 0.871 0.027
153 Arg 1.307 0.028 18.101 0.814 0.835 0.0250.954 0.020 19.494 0.511 0.830 0.0280.629 0.025 24.322 2.497 0.940 0.026
154 Gln 1.316 0.032 16.136 0.253 0.779 0.0171.020 0.039 16.175 0.289 0.845 0.0210.654 0.011 21.687 0.342 0.835 0.017
155 Ile 1.331 0.023 11.025 0.656 0.606 0.0181.007 0.016 11.050 1.129 0.457 0.0190.654 0.015 15.441 1.020 0.720 0.020
156 Gly 1.301 0.036 15.714 0.410 0.835 0.0230.946 0.018 17.852 0.397 0.833 0.0270.630 0.022 22.560 0.579 0.877 0.027
157 Asp 1.274 0.031 17.481 0.742 0.767 0.0190.920 0.015 17.577 0.356 0.803 0.0240.625 0.012 21.847 0.841 0.871 0.022
158 Lys 1.274 0.063 15.813 0.255 0.768 0.0270.895 0.024 16.519 0.485 0.775 0.0320.573 0.047 18.734 0.484 0.865 0.031
159 Glu o.l. o.l. o.l. o.l. o.l. o.l. 1.122 0.090 14.968 0.290 0.926 0.0300.527 0.051 19.339 0.753 0.879 0.030
160 Thr 1.332 0.026 14.647 0.223 0.811 0.0230.929 0.021 15.162 0.390 0.833 0.0300.661 0.019 20.473 1.341 0.847 0.027
161 Arg 1.474 0.034 16.526 0.317 0.783 0.0241.016 0.023 17.619 0.566 0.815 0.0300.710 0.031 22.866 1.287 0.882 0.028
162 Leu 1.393 0.033 16.393 0.661 0.796 0.0271.006 0.028 16.575 0.536 0.841 0.0350.691 0.041 20.543 1.018 0.833 0.029
163 Asp 1.339 0.060 15.058 0.583 0.839 0.0440.946 0.050 15.808 0.943 0.773 0.0550.634 0.043 19.626 1.157 0.920 0.056
164 Arg 1.215 0.051 15.163 0.446 0.795 0.0270.815 0.033 16.757 0.657 0.786 0.0380.620 0.026 21.584 1.234 0.817 0.034
165 Ile 1.256 0.033 13.789 0.261 0.826 0.0310.903 0.028 16.355 1.041 0.813 0.0380.621 0.020 19.279 1.890 0.848 0.028
166 Glu 1.331 0.048 15.901 0.400 0.804 0.0341.010 0.036 17.338 0.679 0.840 0.0420.691 0.034 21.157 0.855 0.883 0.042
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. o.l. o.l.
169 Leu 1.399 0.070 15.729 0.284 0.790 0.0261.061 0.024 17.852 1.433 0.819 0.0300.704 0.022 23.866 1.115 0.882 0.033
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. o.l. o.l.
171 Glu 1.366 0.043 16.701 0.248 0.825 0.0230.962 0.019 17.879 0.522 0.822 0.0280.664 0.021 22.224 0.545 0.888 0.027
172 Gly 1.406 0.074 15.141 0.381 0.786 0.0290.968 0.034 16.923 0.785 0.833 0.0450.659 0.028 23.774 2.081 0.849 0.035
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. 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. o.l. o.l.
175 Gly 1.399 0.125 17.122 1.585 0.735 0.0571.077 0.064 15.914 1.461 0.784 0.0640.664 0.060 21.354 2.081 0.776 0.063
176 Asp 1.386 0.036 15.253 0.312 0.808 0.0161.004 0.014 15.765 0.307 0.805 0.0210.715 0.013 21.043 0.540 0.882 0.021
177 Leu 1.512 0.077 14.803 0.693 0.792 0.0281.041 0.027 13.807 0.494 0.793 0.0320.691 0.045 21.011 0.789 0.823 0.031
178 Arg 1.530 0.057 16.930 0.607 0.817 0.0201.025 0.019 17.539 0.452 0.828 0.0260.736 0.018 22.224 0.595 0.867 0.024
179 Asp 1.368 0.039 15.838 0.606 0.807 0.0290.970 0.027 16.050 0.606 0.860 0.0360.646 0.038 20.433 1.323 0.881 0.038
180 Thr 1.446 0.051 14.120 0.412 0.844 0.0240.999 0.022 15.587 0.459 0.804 0.0300.703 0.028 23.138 2.542 0.912 0.025
181 Thr 1.401 0.036 15.325 0.284 0.822 0.0291.020 0.026 15.835 0.490 0.821 0.0330.675 0.021 20.890 1.343 0.906 0.030
182 Thr 1.350 0.024 14.882 0.306 0.769 0.0210.976 0.017 15.689 0.326 0.831 0.0250.623 0.033 20.916 0.566 0.871 0.023
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Table 10.2:PSE-415N spin relaxation data (continued)

Residue 50.6 MHz 60.8 MHz 81.0 MHz

# aa R1 ∆R1 R2 ∆R2 NOE ∆NOE R1 ∆R1 R2 ∆R2 NOE ∆NOE R1 ∆R1 R2 ∆R2 NOE ∆NOE

(s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1)

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. 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. o.l. o.l. o.l.
186 Ile 1.353 0.027 14.393 0.569 0.809 0.0201.114 0.051 16.139 0.383 0.846 0.0340.690 0.017 19.410 0.328 0.892 0.021
187 Ala 1.386 0.018 16.324 0.272 0.850 0.0191.051 0.015 17.277 0.283 0.840 0.0220.722 0.013 22.097 1.572 0.882 0.021
188 Ser 1.288 0.021 o.l. o.l. 0.489 0.013 0.957 0.017 15.299 2.434 0.445 0.0170.710 0.012 11.112 0.917 0.586 0.017
189 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. 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 0.0280.685 0.018 21.576 0.468 0.917 0.026
191 Asn 1.354 0.034 15.195 0.569 0.805 0.0200.934 0.047 18.613 0.942 0.778 0.0270.715 0.015 20.969 1.010 0.876 0.022
192 Lys 1.396 0.061 15.677 0.535 0.811 0.0211.150 0.079 15.749 0.276 0.873 0.0280.623 0.044 19.761 0.479 0.910 0.023
193 Phe 1.364 0.029 14.779 0.505 0.786 0.0180.983 0.014 15.724 0.237 0.843 0.0210.655 0.018 20.305 1.262 0.879 0.020
194 Leu 1.344 0.034 14.937 0.223 0.832 0.0240.995 0.020 16.596 0.356 0.765 0.0250.701 0.016 19.250 0.530 0.865 0.024
195 Phe 1.317 0.050 14.492 0.333 0.778 0.0231.002 0.022 15.528 0.771 0.827 0.0290.661 0.017 20.147 0.889 0.890 0.026
196 Gly 1.233 0.018 11.971 0.487 0.720 0.0190.916 0.016 13.876 0.231 0.762 0.0230.660 0.012 17.489 0.267 0.789 0.020
197 Ser 1.500 0.201 14.198 0.963 0.701 0.0500.910 0.046 14.063 1.109 0.738 0.0560.698 0.051 18.038 1.341 0.740 0.047
198 Ala 1.325 0.035 14.502 0.230 0.670 0.0151.010 0.022 15.410 0.216 0.670 0.0180.723 0.038 19.423 0.696 0.719 0.017
199 Leu 1.269 0.022 14.672 0.277 0.782 0.0160.926 0.012 15.720 0.211 0.802 0.0200.638 0.010 18.946 0.359 0.854 0.018
200 Ser 1.158 0.025 15.634 0.198 0.778 0.0220.855 0.019 16.547 0.372 0.820 0.0310.581 0.019 20.811 0.891 0.792 0.029
201 Glu 1.366 0.031 13.997 0.125 0.784 0.0181.080 0.030 14.984 0.231 0.804 0.0200.721 0.036 18.672 0.671 0.856 0.021
202 Met 1.386 0.027 14.473 0.270 0.772 0.0151.043 0.011 15.108 0.156 0.798 0.0170.710 0.026 18.339 0.530 0.810 0.015
203 Asn 1.361 0.044 14.633 0.239 0.844 0.0221.055 0.021 15.997 0.294 0.847 0.0280.738 0.018 19.765 0.350 0.859 0.025
204 Gln 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. o.l.
205 Lys 1.357 0.021 14.564 0.177 0.786 0.0201.014 0.018 15.470 0.248 0.845 0.0250.689 0.014 18.647 0.728 0.831 0.022
206 Lys 1.350 0.018 15.025 0.152 0.809 0.0201.005 0.018 15.677 0.320 0.833 0.0230.684 0.026 18.965 0.394 0.851 0.022
207 Leu 1.371 0.026 15.481 0.452 0.828 0.0201.053 0.021 16.902 0.346 0.773 0.0260.703 0.045 20.134 0.408 0.833 0.024
208 Glu 1.387 0.027 17.930 0.933 0.844 0.0291.091 0.018 16.382 0.274 0.844 0.0250.625 0.026 22.854 2.507 0.922 0.024
209 Ser 1.386 0.019 14.718 0.216 0.795 0.0171.039 0.013 15.727 0.197 0.801 0.0190.694 0.020 19.063 0.568 0.874 0.017
210 Trp 1.401 0.025 15.325 0.315 0.812 0.0171.050 0.015 15.820 0.217 0.801 0.0190.731 0.027 19.609 0.514 0.888 0.019
211 Met 1.379 0.051 13.306 0.406 0.762 0.0270.998 0.025 o.l. o.l. 0.864 0.034 0.669 0.021 18.748 0.866 0.876 0.032
212 Val 1.455 0.033 17.011 0.326 0.794 0.0271.047 0.029 17.380 0.529 0.836 0.0350.706 0.059 21.457 0.798 0.919 0.039
213 Asn 1.367 0.042 16.257 0.267 0.815 0.0361.068 0.052 16.287 0.296 0.853 0.0280.619 0.016 20.498 0.732 0.969 0.036
214 Asn 1.322 0.038 14.863 0.361 0.807 0.0180.927 0.015 15.940 0.348 0.769 0.0220.665 0.015 20.366 0.401 0.838 0.022
215 Gln 1.291 0.033 15.617 0.699 0.767 0.0280.991 0.030 16.419 1.000 0.804 0.0380.650 0.026 25.529 1.298 0.882 0.037
216 Val 1.421 0.033 15.373 0.264 0.763 0.0231.040 0.021 16.809 0.381 0.758 0.0280.721 0.023 23.332 0.643 0.846 0.025
217 Thr 1.483 0.061 15.484 0.178 0.766 0.0181.053 0.016 17.031 0.297 0.766 0.0210.747 0.059 22.934 0.738 0.814 0.019
218 Gly 1.583 0.193 18.832 1.975 0.739 0.0760.930 0.082 19.602 2.873 0.784 0.0810.715 0.124 22.362 3.368 0.887 0.106
219 Asn 1.469 0.106 16.691 0.212 0.800 0.0190.982 0.035 17.204 0.393 0.841 0.0240.681 0.079 25.720 1.309 0.914 0.022
220 Leu 1.336 0.036 16.346 0.231 0.813 0.0230.938 0.019 17.564 0.508 0.828 0.0280.656 0.017 22.217 1.356 0.849 0.027
221 Leu 1.319 0.073 18.198 0.858 0.797 0.0520.909 0.054 19.905 1.468 0.772 0.0610.630 0.057 27.843 2.792 0.974 0.066
222 Arg 1.363 0.049 17.557 0.895 0.835 0.0400.949 0.035 17.401 0.949 0.851 0.0470.655 0.038 22.658 1.132 0.903 0.046
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Table 10.2:PSE-415N spin relaxation data (continued)

Residue 50.6 MHz 60.8 MHz 81.0 MHz

# aa R1 ∆R1 R2 ∆R2 NOE ∆NOE R1 ∆R1 R2 ∆R2 NOE ∆NOE R1 ∆R1 R2 ∆R2 NOE ∆NOE

(s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1)

223 Ser 1.445 0.045 13.637 1.218 0.791 0.0191.022 0.017 15.579 1.151 0.820 0.0220.711 0.022 20.701 0.702 0.908 0.025
224 Val 1.374 0.061 15.607 0.424 0.808 0.0240.985 0.020 16.420 0.407 0.845 0.0290.675 0.016 21.087 0.456 0.885 0.026
225 Leu 1.181 0.016 14.767 0.156 0.828 0.0190.886 0.014 15.669 0.270 0.800 0.0210.576 0.016 19.450 0.332 0.863 0.020
226 Pro - - - - - - - - - - - - - - - - - -
227 Ala 1.183 0.031 14.551 0.102 0.762 0.0130.905 0.009 15.433 0.171 0.825 0.0160.605 0.026 19.214 1.067 0.834 0.015
228 Gly 1.312 0.084 13.626 0.743 0.732 0.0240.916 0.036 14.134 0.379 0.773 0.0270.614 0.068 19.064 0.759 0.757 0.023
229 Trp 1.337 0.025 14.470 0.261 0.769 0.0141.067 0.032 14.323 0.256 0.797 0.0180.693 0.017 18.733 0.248 0.823 0.016
230 Asn 1.283 0.027 15.073 0.477 0.775 0.0230.910 0.024 16.654 0.443 0.750 0.0280.670 0.021 19.901 1.128 0.844 0.031
231 Ile 1.259 0.031 14.483 0.275 0.855 0.0190.973 0.015 15.609 0.249 0.824 0.0210.648 0.022 19.029 0.256 0.845 0.019
232 Ala 1.272 0.037 15.679 0.993 0.812 0.0350.895 0.029 17.124 0.746 0.891 0.0410.654 0.029 20.384 0.825 0.871 0.041
233 Asp 1.337 0.048 16.284 0.392 0.795 0.0200.952 0.019 16.915 0.440 0.805 0.0270.625 0.028 20.958 1.017 0.879 0.023
234 Arg 1.235 0.048 15.949 0.550 0.805 0.0300.820 0.064 21.608 1.495 0.785 0.0390.678 0.026 24.033 1.217 0.808 0.030
235 Ser 1.466 0.289 21.903 1.580 0.846 0.0731.043 0.088 20.983 3.235 0.764 0.0800.827 0.088 27.182 4.184 0.924 0.076
236 Gly 1.250 0.059 19.017 0.445 0.814 0.0320.884 0.034 18.893 1.135 0.849 0.0510.653 0.034 27.756 4.630 0.911 0.046
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. n.o. n.o. n.o. n.o. n.o. n.o.
238 Gly 1.260 0.039 16.250 0.509 0.730 0.0200.886 0.016 16.894 0.418 0.752 0.0250.588 0.019 21.495 1.536 0.814 0.024
240 Gly 1.408 0.035 16.109 0.425 0.791 0.0270.997 0.025 17.195 0.559 0.828 0.0320.697 0.026 21.822 0.843 0.982 0.040
241 Phe 1.474 0.039 15.627 0.436 0.771 0.0271.021 0.026 16.996 0.553 0.830 0.0330.691 0.048 20.834 0.610 0.867 0.029
242 Gly 1.324 0.028 16.957 0.388 0.751 0.0240.957 0.028 19.104 0.689 0.841 0.0390.675 0.027 27.471 3.444 0.883 0.039
243 Ala 1.385 0.054 17.324 0.387 0.836 0.0190.970 0.014 18.242 0.378 0.826 0.0210.706 0.014 23.506 0.833 0.919 0.023
244 Arg 1.399 0.038 17.994 0.899 0.789 0.0300.979 0.027 18.486 0.689 0.835 0.0370.671 0.028 23.535 0.898 0.857 0.034
245 Ser o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. 0.615 0.041 25.514 1.198 0.892 0.037
246 Ile 1.333 0.031 17.231 0.811 0.804 0.0270.988 0.023 17.596 0.502 0.831 0.0310.669 0.022 22.203 0.640 0.898 0.034
247 Thr 1.375 0.047 16.966 0.620 0.836 0.0370.962 0.034 17.078 0.742 0.872 0.0470.637 0.028 21.598 1.274 0.875 0.040
248 Ala 1.291 0.022 15.367 0.399 0.787 0.0210.920 0.019 15.998 0.403 0.831 0.0310.639 0.037 20.639 0.541 0.879 0.028
249 Val 1.256 0.028 15.200 0.220 0.820 0.0250.930 0.020 15.615 0.418 0.806 0.0300.592 0.017 18.623 0.420 0.929 0.029
250 Val 1.370 0.029 15.594 0.352 0.801 0.0271.038 0.025 17.145 0.457 0.817 0.0330.716 0.023 19.977 0.523 0.934 0.032
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. o.l. o.l. o.l. o.l. o.l. o.l.
252 Ser 1.384 0.032 14.446 0.244 0.802 0.0211.038 0.018 15.304 0.295 0.816 0.0240.697 0.021 18.726 0.954 0.879 0.024
254 Glu 1.490 0.090 14.386 0.401 0.709 0.0221.046 0.032 15.103 0.399 0.718 0.0270.726 0.074 18.789 0.437 0.728 0.023
255 His 1.466 0.153 12.171 0.436 0.640 0.0300.958 0.037 14.746 1.065 0.664 0.0380.672 0.029 18.542 0.797 0.711 0.032
256 Gln 1.191 0.024 12.842 0.136 0.637 0.0140.866 0.010 13.484 0.204 0.666 0.0170.614 0.019 17.565 0.694 0.736 0.016
257 Ala 1.214 0.018 15.782 0.414 0.748 0.0180.930 0.015 17.276 0.314 0.774 0.0220.596 0.053 21.214 0.446 0.809 0.022
258 Pro - - - - - - - - - - - - - - - - - -
259 Ile 1.344 0.029 14.759 0.301 0.783 0.0271.032 0.028 16.024 0.456 0.867 0.0350.684 0.023 21.068 0.659 0.872 0.030
260 Ile 1.302 0.037 15.655 0.565 0.769 0.0210.956 0.021 15.494 0.444 0.846 0.0340.643 0.017 17.968 0.600 0.930 0.027
261 Val 1.246 0.045 15.050 0.227 0.804 0.0240.943 0.022 16.200 0.458 0.820 0.0320.622 0.034 21.556 0.572 0.864 0.027
262 Ser 1.274 0.028 15.994 0.330 0.813 0.0230.913 0.017 17.712 0.631 0.812 0.0270.611 0.015 20.434 1.062 0.885 0.027
263 Ile 1.292 0.027 16.919 0.718 0.810 0.0250.915 0.020 16.947 0.523 0.792 0.0300.625 0.018 19.958 0.463 0.892 0.028
264 Tyr 1.223 0.031 16.808 0.944 0.812 0.0240.931 0.023 15.881 0.405 0.893 0.0310.601 0.025 20.200 0.501 0.874 0.028
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Table 10.2:PSE-415N spin relaxation data (continued)

Residue 50.6 MHz 60.8 MHz 81.0 MHz

# aa R1 ∆R1 R2 ∆R2 NOE ∆NOE R1 ∆R1 R2 ∆R2 NOE ∆NOE R1 ∆R1 R2 ∆R2 NOE ∆NOE

(s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1) (s−1)

265 Leu 1.276 0.038 16.783 0.419 0.765 0.0260.869 0.024 17.709 0.611 0.777 0.0340.655 0.023 20.394 1.323 0.811 0.034
266 Ala 1.177 0.018 16.457 0.351 0.767 0.0210.870 0.015 16.942 0.367 0.788 0.0240.617 0.029 20.535 0.453 0.816 0.024
267 Gln 1.232 0.047 15.520 0.544 0.813 0.0290.931 0.024 17.121 0.530 0.823 0.0350.597 0.021 20.988 0.629 0.806 0.033
268 Thr 1.254 0.045 15.632 0.271 0.797 0.0200.910 0.015 16.848 0.350 0.765 0.0240.616 0.019 22.937 1.032 0.821 0.021
269 Gln 1.336 0.068 15.913 0.375 0.756 0.0310.937 0.030 17.287 0.769 0.796 0.0360.623 0.091 21.929 0.817 0.850 0.038
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. o.l. o.l. o.l. o.l.
271 Ser 1.252 0.039 15.992 0.263 0.759 0.0220.929 0.023 17.364 0.495 0.780 0.0270.593 0.026 23.598 0.937 0.868 0.029
272 Met 1.398 0.229 13.826 1.738 0.790 0.0900.960 0.094 18.512 3.733 0.760 0.0840.652 0.092 20.277 2.860 0.783 0.076
273 Glu 1.433 0.039 15.140 0.215 0.773 0.0171.003 0.014 16.128 0.293 0.780 0.0210.718 0.015 20.232 0.588 0.878 0.024
274 Glu 1.278 0.042 15.855 0.271 0.810 0.0230.960 0.022 17.364 0.508 0.824 0.0310.640 0.017 21.813 0.542 0.837 0.026
275 Arg 1.346 0.028 15.694 0.971 0.822 0.0260.923 0.029 18.091 0.446 0.712 0.0270.721 0.017 22.469 0.673 0.817 0.026
276 Asn 1.349 0.043 16.285 0.389 0.763 0.0190.987 0.017 17.052 0.374 0.818 0.0250.671 0.015 21.591 0.624 0.882 0.026
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. 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 0.0210.643 0.021 21.525 0.803 0.880 0.020
279 Ile 1.259 0.023 15.100 0.236 0.803 0.0240.953 0.019 16.314 0.363 0.806 0.0290.624 0.015 19.288 0.431 0.876 0.027
280 Val 1.339 0.042 15.467 0.291 0.808 0.0201.007 0.018 17.579 0.328 0.834 0.0250.684 0.021 22.270 0.696 0.869 0.024
281 Lys 1.332 0.027 17.121 0.790 0.797 0.0211.009 0.018 17.969 0.341 0.814 0.0270.654 0.015 21.986 0.781 0.846 0.026
282 Ile o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. 0.577 0.056 22.099 0.531 0.852 0.022
283 Gly 1.357 0.032 15.565 0.261 0.822 0.0261.016 0.024 16.992 0.438 0.821 0.0320.663 0.018 22.129 2.502 0.914 0.031
284 His 1.353 0.019 15.545 0.176 0.812 0.0201.022 0.017 17.103 0.307 0.828 0.0240.698 0.018 22.598 1.059 0.876 0.026
285 Ser 1.316 0.024 15.373 0.142 0.793 0.0170.973 0.012 16.713 0.218 0.830 0.0190.646 0.014 19.990 0.341 0.821 0.016
286 Ile 1.301 0.042 15.923 0.386 0.831 0.0250.895 0.056 19.354 0.593 0.767 0.0300.673 0.016 23.627 1.850 0.894 0.030
287 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. 0.684 0.015 21.124 0.798 0.862 0.026
288 Asp 1.374 0.029 16.439 0.131 0.789 0.0171.058 0.017 16.958 0.250 0.809 0.0210.676 0.025 21.404 0.339 0.887 0.020
289 Val 1.287 0.033 16.263 0.190 0.778 0.0190.945 0.016 17.312 0.325 0.821 0.0270.656 0.015 21.371 0.408 0.823 0.026
290 Tyr 1.279 0.046 15.153 0.387 0.805 0.0260.963 0.023 16.288 0.370 0.754 0.0290.636 0.016 19.536 0.388 0.859 0.026
291 Thr 1.373 0.024 12.462 0.254 0.666 0.0131.022 0.013 13.138 0.165 0.687 0.0180.708 0.024 17.907 0.420 0.687 0.015
292 Ser 1.639 0.074 10.042 0.191 0.449 0.0081.270 0.024 10.496 0.083 0.476 0.0101.028 0.068 13.249 0.452 0.589 0.009
293 Gln 1.799 0.165 6.299 0.217 0.080 0.0061.425 0.048 6.187 0.094 0.212 0.0081.235 0.046 7.925 0.448 0.419 0.007
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 4.464 0.415 0.081 0.005
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 -0.393 0.003

• Exact magnetic fields (reported here as nitrogen Larmour frequencies) were as follows: 50.641893 (50.6), 60.777824 (60.8), and 81.046603 (81.0) MHz.
• Values presented here are rounded to three decimals. Exact values can be obtained from the BMRB (accession number6838).
• Important active site residues (Ser70, Lys73, Tyr105, Ser130, Glu166, and Arg234) are shown in bold red while residues from theΩ loop (residues 161–179) are coloured blue.
• 81.0R2 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.

http://www.bmrb.wisc.edu/data_library/generate_summary?6838
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Table 10.3:PSE-4 model-free parameters

Residue Model Parameters Diffusion S2 ∆S2 S2
f ∆S2

f S2
s ∆S2

s τe ∆τe τ f ∆τ f τs ∆τs
60.8Rex ∆60.8Rex

# aa core ? ps ps ps ps ps ps s−1 s−1

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 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.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o.
25 Lys m2 S2,τe - 0.829 0.020 - - - - 856.178 99.801 - - - - - -
26 Phe m5 S2

f ,S
2,τs - 0.761 0.017 0.846 0.012 0.899 0.011 - - - - 1143.569 127.978 - -

27 Gln m2 S2,τe yes 0.877 0.012 - - - - 16.682 3.897 - - - - - -
28 Gln m5 S2

f ,S
2,τs yes 0.838 0.017 0.896 0.013 0.935 0.010 - - - - 1267.107 236.493 - -

29 Val m2 S2,τe yes 0.861 0.010 - - - - 14.841 3.878 - - - - - -
30 Glu m1 S2 yes 0.895 0.012 - - - - - - - - - - - -
31 Gln m2 S2,τe yes 0.857 0.011 - - - - 11.268 3.783 - - - - - -
32 Asp m1 S2 yes 0.858 0.014 - - - - - - - - - - - -
33 Val m1 S2 yes 0.891 0.010 - - - - - - - - - - - -
34 Lys m2 S2,τe yes 0.905 0.012 - - - - 12.647 5.907 - - - - - -
35 Ala m3 S2,Rex yes 0.873 0.016 - - - - - - - - - - 0.965 0.498
36 Ile m1 S2 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 m1 S2 yes 0.844 0.010 - - - - - - - - - - - -
39 Ser m2 S2,τe yes 0.875 0.013 - - - - 9.908 4.818 - - - - - -
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. o.l.
41 Ser m1 S2 - 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. o.l. o.l. o.l. o.l. o.l.
43 Arg m2 S2,τe yes 0.868 0.012 - - - - 21.376 3.934 - - - - - -
44 Ile m2 S2,τe yes 0.844 0.011 - - - - 11.349 3.329 - - - - - -
45 Gly m1 S2 yes 0.873 0.011 - - - - - - - - - - - -
46 Val m1 S2 yes 0.879 0.011 - - - - - - - - - - - -
47 Ser m1 S2 yes 0.902 0.012 - - - - - - - - - - - -
48 Val m1 S2 yes 0.864 0.012 - - - - - - - - - - - -
49 Leu m1 S2 yes 0.873 0.012 - - - - - - - - - - - -
50 Asp m2 S2,τe yes 0.867 0.011 - - - - 13.680 4.855 - - - - - -
51 Thr m5 S2

f ,S
2,τs - 0.811 0.019 0.868 0.014 0.934 0.012 - - - - 1180.373 239.759 - -

52 Gln m5 S2
f ,S

2,τs - 0.829 0.015 0.904 0.012 0.917 0.009 - - - - 591.971 106.323 - -
53 Asn m6 S2

f ,τ f ,S2,τs - 0.640 0.015 0.749 0.013 0.854 0.013 - - 20.329 4.640 1586.108 250.112 - -
54 Gly m5 S2

f ,S
2,τs - 0.759 0.019 0.837 0.014 0.907 0.012 - - - - 1524.367 221.604 - -

55 Glu m5 S2
f ,S

2,τs yes 0.791 0.015 0.846 0.012 0.935 0.010 - - - - 902.180 166.434 - -
56 Tyr m5 S2

f ,S
2,τs yes 0.797 0.017 0.857 0.012 0.930 0.011 - - - - 975.830 153.656 - -

57 Trp m4 S2,τe,Rex yes 0.864 0.018 - - - - 11.022 5.169 - - - - 2.691 0.594
59 Asp m1 S2 yes 0.842 0.011 - - - - - - - - - - - -
60 Tyr m1 S2 yes 0.848 0.012 - - - - - - - - - - - -
61 Asn m1 S2 - 0.898 0.012 - - - - - - - - - - - -
62 Gly m1 S2 - 0.883 0.012 - - - - - - - - - - - -
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Table 10.3:PSE-4 model-free analysis results (continued)

# aa Model Parameters Diffusion S2 ∆S2 S2
f ∆S2

f S2
s ∆S2

s τe ∆τe τ f ∆τ f τs ∆τs
60.8Rex ∆60.8Rex

core ? ps ps ps ps ps ps s−1 s−1

63 Asn m1 S2 - 0.910 0.013 - - - - - - - - - - - -
64 Gln m1 S2 - 0.892 0.012 - - - - - - - - - - - -
65 Arg m1 S2 yes 0.826 0.011 - - - - - - - - - - - -
66 Phe m1 S2 yes 0.890 0.013 - - - - - - - - - - - -
67 Pro - - yes - - - - - - - - - - - - - -
68 Leu m1 S2 - 0.940 0.020 - - - - - - - - - - - -
69 Thr m1 S2 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 m1 S2 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 m1 S2 yes 0.943 0.012 - - - - - - - - - - - -
74 Thr m1 S2 yes 0.892 0.015 - - - - - - - - - - - -
75 Ile m1 S2 yes 0.922 0.014 - - - - - - - - - - - -
76 Ala m3 S2,Rex yes 0.881 0.015 - - - - - - - - - - 1.054 0.523
77 Cys m1 S2 yes 0.867 0.012 - - - - - - - - - - - -
78 Ala m3 S2,Rex yes 0.894 0.016 - - - - - - - - - - 1.235 0.484
79 Lys m1 S2 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 m1 S2 yes 0.884 0.011 - - - - - - - - - - - -
82 Tyr m1 S2 yes 0.915 0.010 - - - - - - - - - - - -
83 Asp m1 S2 yes 0.905 0.012 - - - - - - - - - - - -
84 Ala m1 S2 yes 0.896 0.013 - - - - - - - - - - - -
85 Glu m1 S2 yes 0.880 0.010 - - - - - - - - - - - -
86 Gln m1 S2 - 0.817 0.010 - - - - - - - - - - - -
87 Gly m1 S2 - 0.852 0.010 - - - - - - - - - - - -
88 Lys m2 S2,τe - 0.878 0.012 - - - - 11.827 4.325 - - - - - -
89 Val m2 S2,τe - 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 m1 S2 - 0.851 0.010 - - - - - - - - - - - -
93 Ser m3 S2,Rex - 0.841 0.015 - - - - - - - - - - 1.251 0.558
94 Thr m1 S2 yes 0.847 0.011 - - - - - - - - - - - -
95 Val m2 S2,τe yes 0.859 0.011 - - - - 13.605 4.456 - - - - - -
96 Glu m2 S2,τe yes 0.798 0.010 - - - - 17.800 2.452 - - - - - -
97 Ile m2 S2,τe - 0.805 0.010 - - - - 19.071 2.739 - - - - - -
98 Lys m5 S2

f ,S
2,τs - 0.834 0.015 0.856 0.039 0.974 0.033 - - - - 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 S2,τe - 0.907 0.012 - - - - 17.027 5.876 - - - - - -
101 Asp m2 S2,τe - 0.831 0.011 - - - - 20.344 3.220 - - - - - -
102 Leu m2 S2,τe - 0.854 0.011 - - - - 14.236 3.606 - - - - - -
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Table 10.3:PSE-4 model-free analysis results (continued)

# aa Model Parameters Diffusion S2 ∆S2 S2
f ∆S2

f S2
s ∆S2

s τe ∆τe τ f ∆τ f τs ∆τs
60.8Rex ∆60.8Rex

core ? ps ps ps ps ps ps s−1 s−1

103 Val 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.
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 m5 S2

f ,S
2,τs - 0.802 0.018 0.855 0.013 0.938 0.011 - - - - 1008.489 187.762 - -

106 Ser m2 S2,τe - 0.825 0.013 - - - - 9.508 3.100 - - - - - -
107 Pro - - - - - - - - - - - - - - - - -
108 Val m2 S2,τe - 0.899 0.012 - - - - 30.362 7.297 - - - - - -
109 Ile m1 S2 - 0.882 0.015 - - - - - - - - - - - -
110 Glu m3 S2,Rex - 0.911 0.014 - - - - - - - - - - 1.535 0.523
111 Lys m5 S2

f ,S
2,τs - 0.845 0.014 0.876 0.022 0.965 0.016 - - - - 392.691 170.001 - -

112 Gln m2 S2,τe - 0.823 0.012 - - - - 12.455 2.700 - - - - - -
113 Val m2 S2,τe - 0.810 0.010 - - - - 21.316 3.136 - - - - - -
114 Gly m2 S2,τe - 0.892 0.011 - - - - 15.791 5.774 - - - - - -
115 Gln m2 S2,τe - 0.856 0.012 - - - - 16.211 4.024 - - - - - -
116 Ala m2 S2,τe yes 0.756 0.010 - - - - 19.077 1.995 - - - - - -
117 Ile m2 S2,τe yes 0.825 0.011 - - - - 15.916 3.149 - - - - - -
118 Thr m1 S2 yes 0.868 0.012 - - - - - - - - - - - -
119 Leu m3 S2,Rex yes 0.863 0.016 - - - - - - - - - - 1.434 0.513
120 Asp m3 S2,Rex yes 0.873 0.015 - - - - - - - - - - 1.305 0.525
121 Asp m1 S2 yes 0.894 0.012 - - - - - - - - - - - -
122 Ala m1 S2 yes 0.898 0.012 - - - - - - - - - - - -
123 Cys m3 S2,Rex yes 0.875 0.014 - - - - - - - - - - 2.014 0.516
124 Phe m1 S2 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 m1 S2 yes 0.925 0.011 - - - - - - - - - - - -
127 Met m3 S2,Rex yes 0.943 0.018 - - - - - - - - - - 1.970 0.674
128 Thr m3 S2,Rex yes 0.917 0.017 - - - - - - - - - - 5.112 0.920
129 Thr m1 S2 yes 0.924 0.017 - - - - - - - - - - - -
130 Ser m1 S2 - 0.952 0.020 - - - - - - - - - - - -
131 Asp m1 S2 - 0.920 0.012 - - - - - - - - - - - -
132 Asn m1 S2 yes 0.966 0.013 - - - - - - - - - - - -
133 Thr m3 S2,Rex yes 0.916 0.020 - - - - - - - - - - 1.332 0.597
134 Ala m1 S2 yes 0.897 0.011 - - - - - - - - - - - -
135 Ala m1 S2 yes 0.886 0.011 - - - - - - - - - - - -
136 Asn m3 S2,Rex yes 0.885 0.014 - - - - - - - - - - 1.108 0.511
137 Ile m1 S2 yes 0.896 0.013 - - - - - - - - - - - -
138 Ile m3 S2,Rex yes 0.884 0.016 - - - - - - - - - - 1.421 0.468
139 Leu m1 S2 yes 0.905 0.012 - - - - - - - - - - - -
140 Ser m1 S2 yes 0.858 0.012 - - - - - - - - - - - -
141 Ala m5 S2

f ,S
2,τs yes 0.814 0.019 0.850 0.014 0.957 0.010 - - - - 1806.494 976.523 - -

142 Val m1 S2 - 0.819 0.011 - - - - - - - - - - - -
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Table 10.3:PSE-4 model-free analysis results (continued)

# aa Model Parameters Diffusion S2 ∆S2 S2
f ∆S2

f S2
s ∆S2

s τe ∆τe τ f ∆τ f τs ∆τs
60.8Rex ∆60.8Rex

core ? ps ps ps ps ps ps s−1 s−1

143 Gly m1 S2 - 0.907 0.012 - - - - - - - - - - - -
144 Gly m1 S2 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 m1 S2 yes 0.897 0.012 - - - - - - - - - - - -
148 Val m3 S2,Rex yes 0.872 0.014 - - - - - - - - - - 1.462 0.709
149 Thr m2 S2,τe yes 0.907 0.011 - - - - 20.010 7.396 - - - - - -
150 Asp m1 S2 yes 0.920 0.012 - - - - - - - - - - - -
151 Phe m1 S2 yes 0.906 0.011 - - - - - - - - - - - -
152 Leu m3 S2,Rex yes 0.900 0.017 - - - - - - - - - - 1.336 0.634
153 Arg m3 S2,Rex yes 0.907 0.015 - - - - - - - - - - 1.517 0.559
154 Gln m1 S2 yes 0.889 0.012 - - - - - - - - - - - -
155 Ile m5 S2

f ,S
2,τs - 0.722 0.024 0.812 0.017 0.888 0.014 - - - - 654.180 96.647 - -

156 Gly m1 S2 - 0.887 0.012 - - - - - - - - - - - -
157 Asp m1 S2 - 0.884 0.013 - - - - - - - - - - - -
158 Lys m1 S2 - 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 m1 S2 - 0.842 0.011 - - - - - - - - - - - -
161 Arg m3 S2,Rex - 0.909 0.016 - - - - - - - - - - 1.318 0.529
162 Leu m1 S2 - 0.902 0.013 - - - - - - - - - - - -
163 Asp m1 S2 - 0.859 0.019 - - - - - - - - - - - -
164 Arg m2 S2,τe - 0.822 0.014 - - - - 7.048 2.900 - - - - - -
165 Ile m1 S2 - 0.817 0.013 - - - - - - - - - - - -
166 Glu m1 S2 - 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 m1 S2 - 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 m1 S2 - 0.912 0.011 - - - - - - - - - - - -
172 Gly m1 S2 - 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 m1 S2 - 0.927 0.031 - - - - - - - - - - - -
176 Asp m1 S2 - 0.883 0.012 - - - - - - - - - - - -
177 Leu m2 S2,τe - 0.854 0.014 - - - - 10.618 4.523 - - - - - -
178 Arg m3 S2,Rex - 0.918 0.017 - - - - - - - - - - 1.088 0.594
179 Asp m1 S2 - 0.878 0.013 - - - - - - - - - - - -
180 Thr m1 S2 yes 0.867 0.012 - - - - - - - - - - - -
181 Thr m1 S2 yes 0.889 0.012 - - - - - - - - - - - -
182 Thr m1 S2 yes 0.858 0.012 - - - - - - - - - - - -
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Table 10.3:PSE-4 model-free analysis results (continued)

# aa Model Parameters Diffusion S2 ∆S2 S2
f ∆S2

f S2
s ∆S2

s τe ∆τe τ f ∆τ f τs ∆τs
60.8Rex ∆60.8Rex

core ? ps ps ps ps ps ps s−1 s−1

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. 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 Ile m1 S2 yes 0.885 0.015 - - - - - - - - - - - -
187 Ala m1 S2 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. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l.
190 Leu m1 S2 yes 0.929 0.012 - - - - - - - - - - - -
191 Asn m1 S2 yes 0.895 0.016 - - - - - - - - - - - -
192 Lys m1 S2 yes 0.892 0.017 - - - - - - - - - - - -
193 Phe m1 S2 yes 0.862 0.012 - - - - - - - - - - - -
194 Leu m1 S2 yes 0.884 0.012 - - - - - - - - - - - -
195 Phe m1 S2 yes 0.853 0.014 - - - - - - - - - - - -
196 Gly m5 S2

f ,S
2,τs - 0.732 0.017 0.774 0.012 0.946 0.011 - - - - 1065.649 254.605 - -

197 Ser m2 S2,τe - 0.798 0.025 - - - - 18.865 5.836 - - - - - -
198 Ala m5 S2

f ,S
2,τs - 0.800 0.017 0.872 0.013 0.918 0.011 - - - - 898.306 130.471 - -

199 Leu m2 S2,τe - 0.838 0.011 - - - - 6.647 3.053 - - - - - -
200 Ser m2 S2,τe - 0.821 0.011 - - - - 7.860 3.290 - - - - - -
201 Glu m1 S2 yes 0.868 0.012 - - - - - - - - - - - -
202 Met m2 S2,τe yes 0.870 0.011 - - - - 13.715 4.465 - - - - - -
203 Asn m1 S2 yes 0.889 0.011 - - - - - - - - - - - -
204 Gln 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 m1 S2 yes 0.869 0.011 - - - - - - - - - - - -
206 Lys m1 S2 yes 0.871 0.012 - - - - - - - - - - - -
207 Leu m3 S2,Rex yes 0.888 0.016 - - - - - - - - - - 1.017 0.512
208 Glu m1 S2 yes 0.901 0.013 - - - - - - - - - - - -
209 Ser m1 S2 yes 0.884 0.011 - - - - - - - - - - - -
210 Trp m1 S2 yes 0.900 0.011 - - - - - - - - - - - -
211 Met 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.
212 Val m1 S2 yes 0.952 0.014 - - - - - - - - - - - -
213 Asn m1 S2 - 0.894 0.013 - - - - - - - - - - - -
214 Asn m2 S2,τe - 0.851 0.010 - - - - 7.839 3.414 - - - - - -
215 Gln m1 S2 - 0.895 0.015 - - - - - - - - - - - -
216 Val m2 S2,τe - 0.904 0.011 - - - - 16.096 6.297 - - - - - -
217 Thr m2 S2,τe - 0.918 0.012 - - - - 25.549 8.683 - - - - - -
218 Gly m0 - - - - - - - - - - - - - - - -
219 Asn m1 S2 - 0.896 0.016 - - - - - - - - - - - -
220 Leu m3 S2,Rex - 0.866 0.014 - - - - - - - - - - 1.336 0.520
221 Leu m3 S2,Rex - 0.855 0.028 - - - - - - - - - - 4.163 1.176
222 Arg m1 S2 - 0.923 0.020 - - - - - - - - - - - -
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Table 10.3:PSE-4 model-free analysis results (continued)

# aa Model Parameters Diffusion S2 ∆S2 S2
f ∆S2

f S2
s ∆S2

s τe ∆τe τ f ∆τ f τs ∆τs
60.8Rex ∆60.8Rex

core ? ps ps ps ps ps ps s−1 s−1

223 Ser m1 S2 - 0.907 0.014 - - - - - - - - - - - -
224 Val m1 S2 - 0.885 0.012 - - - - - - - - - - - -
225 Leu m1 S2 - 0.814 0.010 - - - - - - - - - - - -
226 Pro - - - - - - - - - - - - - - - - -
227 Ala m2 S2,τe - 0.814 0.012 - - - - 6.241 2.638 - - - - - -
228 Gly m2 S2,τe - 0.777 0.015 - - - - 12.801 2.424 - - - - - -
229 Trp m2 S2,τe - 0.852 0.011 - - - - 11.011 4.232 - - - - - -
230 Asn m4 S2,τe,Rex yes 0.817 0.015 - - - - 8.872 2.953 - - - - 1.577 0.496
231 Ile m1 S2 yes 0.846 0.011 - - - - - - - - - - - -
232 Ala m1 S2 yes 0.859 0.016 - - - - - - - - - - - -
233 Asp m3 S2,Rex yes 0.858 0.016 - - - - - - - - - - 1.194 0.485
234 Arg m3 S2,Rex yes 0.881 0.023 - - - - - - - - - - 4.244 1.568
235 Ser m9 Rex yes - - - - - - - - - - - - 4.529 1.951
236 Gly m3 S2,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.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o. n.o.
238 Gly m2 S2,τe - 0.848 0.011 - - - - 14.654 3.426 - - - - - -
240 Gly m1 S2 - 0.914 0.012 - - - - - - - - - - - -
241 Phe m1 S2 - 0.922 0.013 - - - - - - - - - - - -
242 Gly m1 S2 - 0.928 0.013 - - - - - - - - - - - -
243 Ala m1 S2 - 0.934 0.013 - - - - - - - - - - - -
244 Arg m3 S2,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 Ile m1 S2 yes 0.906 0.013 - - - - - - - - - - - -
247 Thr m1 S2 yes 0.909 0.015 - - - - - - - - - - - -
248 Ala m1 S2 yes 0.854 0.012 - - - - - - - - - - - -
249 Val m1 S2 yes 0.835 0.010 - - - - - - - - - - - -
250 Val m1 S2 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 m1 S2 yes 0.874 0.012 - - - - - - - - - - - -
254 Glu m2 S2,τe - 0.864 0.015 - - - - 34.480 5.795 - - - - - -
255 His m5 S2

f ,S
2,τs - 0.747 0.020 0.796 0.029 0.938 0.022 - - - - 495.106 180.752 - -

256 Gln m5 S2
f ,S

2,τs - 0.707 0.015 0.765 0.011 0.924 0.010 - - - - 766.669 114.559 - -
257 Ala m2 S2,τe - 0.862 0.012 - - - - 14.766 4.017 - - - - - -
258 Pro - - - - - - - - - - - - - - - - -
259 Ile m1 S2 yes 0.878 0.012 - - - - - - - - - - - -
260 Ile m1 S2 yes 0.852 0.012 - - - - - - - - - - - -
261 Val m1 S2 yes 0.850 0.011 - - - - - - - - - - - -
262 Ser m1 S2 yes 0.875 0.012 - - - - - - - - - - - -
263 Ile m1 S2 yes 0.874 0.013 - - - - - - - - - - - -
264 Tyr m1 S2 yes 0.848 0.013 - - - - - - - - - - - -



A
ppendix

3:
P

S
E

-4
M

odel-F
ree

A
nalysis

P
aram

eters
176

Table 10.3:PSE-4 model-free analysis results (continued)

# aa Model Parameters Diffusion S2 ∆S2 S2
f ∆S2

f S2
s ∆S2

s τe ∆τe τ f ∆τ f τs ∆τs
60.8Rex ∆60.8Rex

core ? ps ps ps ps ps ps s−1 s−1

265 Leu m4 S2,τe,Rex yes 0.846 0.016 - - - - 11.828 3.379 - - - - 1.513 0.524
266 Ala m2 S2,τe yes 0.847 0.011 - - - - 9.686 3.503 - - - - - -
267 Gln m1 S2 - 0.861 0.012 - - - - - - - - - - - -
268 Thr m2 S2,τe - 0.849 0.012 - - - - 8.957 3.626 - - - - - -
269 Gln m1 S2 - 0.877 0.015 - - - - - - - - - - - -
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. o.l. o.l.
271 Ser m2 S2,τe - 0.866 0.013 - - - - 7.956 4.062 - - - - - -
272 Met m1 S2 yes 0.859 0.047 - - - - - - - - - - - -
273 Glu m1 S2 yes 0.895 0.011 - - - - - - - - - - - -
274 Glu m1 S2 yes 0.880 0.011 - - - - - - - - - - - -
275 Arg m2 S2,τe yes 0.906 0.013 - - - - 21.302 6.038 - - - - - -
276 Asn m3 S2,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. o.l. o.l. o.l.
278 Ala m1 S2 yes 0.891 0.011 - - - - - - - - - - - -
279 Ile m1 S2 yes 0.856 0.011 - - - - - - - - - - - -
280 Val m1 S2 yes 0.898 0.011 - - - - - - - - - - - -
281 Lys m3 S2,Rex yes 0.898 0.015 - - - - - - - - - - 1.127 0.563
282 Ile 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 m1 S2 yes 0.900 0.011 - - - - - - - - - - - -
284 His m1 S2 yes 0.903 0.013 - - - - - - - - - - - -
285 Ser m1 S2 yes 0.875 0.011 - - - - - - - - - - - -
286 Ile m3 S2,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. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l. o.l.
288 Asp m1 S2 yes 0.921 0.011 - - - - - - - - - - - -
289 Val m2 S2,τe yes 0.886 0.011 - - - - 10.056 4.798 - - - - - -
290 Tyr m1 S2 yes 0.860 0.012 - - - - - - - - - - - -
291 Thr m5 S2

f ,S
2,τs yes 0.729 0.015 0.810 0.011 0.899 0.010 - - - - 1008.582 111.115 - -

292 Ser m6 S2
f ,τ f ,S2,τs - 0.524 0.013 0.761 0.013 0.688 0.013 - - 35.875 5.380 1911.024 169.023 - -

293 Gln tm5 τm,S2
f ,S

2,τs - 0.494 0.013 0.828 0.015 0.596 0.011 - - - - 727.014 30.186 - -
294 Ser tm6 τm,S2

f ,τ f ,S2,τs - 0.119 0.049 0.539 0.036 0.220 0.075 - - 73.828 5.213 1460.971 126.183 - -
295 Arg tm5 τm,S2

f ,S
2,τs - 0.201 0.005 0.611 0.010 0.329 0.006 - - - - 315.594 12.998 - -

• Exact magnetic fields (reported here as nitrogen Larmour frequencies) were as follows: 50.641893 (50.6), 60.777824 (60.8), and 81.046603 (81.0) MHz.

• Values presented here are rounded to three decimals. Exact values can be obtained from theBMRB (accession number6838).

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

• The diffusion tensor associated with these local model-freeparameters is an ellipsoid with the following characteristics [47]:

http://www.bmrb.wisc.edu
http://www.bmrb.wisc.edu/data_library/generate_summary?6838
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• Correlation time:τm = 12.683 (± 0.024) ns;

• Anisotropy:Da =Dz− (Dx+Dy)/2 = 3.75 (± 0.19) x 106 s−1;

• Asymmetry (or rhombicity):Dr = (Dy−Dx)/(2Da) = 0.080 (± 0.022) s−1;

• Isotropic component of diffusion:Diso = 1/(6τm) = (Dx+Dy+Dz)/3 = 13.1 (± 2.4) x 106 s−1;

• Diffusion constants for the three principal diffusion axes: Dx = 11.59 (± 0.10) x 106s−1, Dy = 12.19 (± 0.11) x 106 s−1, Dz = 15.64 (± 0.13) x 106 s−1;

• Orientations (relative to PDB1G68[165]): θ = 166.2 (± 8.4)◦, φ = 146.8 (± 1.1)◦, andψ = 131.6 (± 2.6)◦.

• This diffusion tensor was minimised using residues in secondary structures (i.e. with ‘Diffusion core→ yes’,N=134). Other residues (N=96) were excluded from diffusion tensor optimisation.

• Local model-free models were selected usingAICcas well as with manual modifications for residues Gly175, Leu199, Glu201, Arg234, and Thr291.

• Residues Gln293, Ser294, and Arg295 from the C-terminus, absent from the crystal structure, werefitted using a localτm parameter: 7.49 (± 0.22) ns, 12.22 (± 6.44) ns, and 3.58 (± 0.19) ns, respectively.

• Important active site residues (Ser70, Lys73, Tyr105, Ser130, Glu166, and Arg234) are shown in bold red while residues from theΩ loop (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.

http://www.pdb.org/pdb/explore/explore.do?structureId=1G68
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Table 10.4:PSE-4 amide exchange data

Residue EX2 ? pH 7.85 pH 6.65

# aa kHX ∆kHX kHX ∆kHX kint logSF Kop ∆GHX

(s−1) (s−1) (s−1) (s−1) (s−1) (kcal mol−1)

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. 1.1e+1 — — —
25 Lys — o.l. o.l. >1e-3 >1e-3 8.4e-1 — — —
26 Phe — >1e-3 >1e-3 >1e-3 >1e-3 2.3e+0 — — —
27 Gln — >1e-3 >1e-3 >1e-3 >1e-3 5.6e+0 — — —
28 Gln — o.l. o.l. >1e-3 >1e-3 2.3e+0 — — —
29 Val — >1e-3 >1e-3 >1e-3 >1e-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 Gln — 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 1.1e-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 5.4 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 Ile EX2 3.5e-5 1.7e-6 2.8e-6 1.1e-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. o.l. 3.6e-5 8.2e-7 5.6e+0 5.2 6.4e-6 7.2
39 Ser — >1e-3 >1e-3 >1e-3 >1e-3 8.5e+0 — — —
40 Leu — o.l. o.l. o.l. o.l. 1.2e+0 — — —
41 Ser — >1e-3 >1e-3 >1e-3 >1e-3 3.3e+0 — — —
42 Ala — o.l. o.l. 1.3e-4 2.5e-6 4.5e+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 Ile EX2 2.9e-4 3.8e-5 1.6e-5 5.3e-7 7.0e-1 4.6 2.3e-5 6.5
45 Gly — o.l. o.l. 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 Gln — >1e-3 >1e-3 >1e-3 >1e-3 3.6e+0 — — —
53 Asn — >1e-3 >1e-3 >1e-3 >1e-3 2.3e+0 — — —
54 Gly — >1e-3 >1e-3 >1e-3 >1e-3 4.0e+0 — — —
55 Glu — >1e-3 >1e-3 >1e-3 >1e-3 2.0e+1 — — —
56 Tyr — o.l. o.l. >1e-3 >1e-3 3.5e+0 — — —
57 Trp EX2 6.1e-4 2.8e-4 3.9e-5 1.4e-6 9.9e-1 4.4 3.9e-5 6.1
59 Asp EX2 >1e-3 >1e-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 — >1e-3 >1e-3 >1e-3 >1e-3 2.6e+0 — — —
62 Gly — >1e-3 >1e-3 2.5e-4 8.6e-5 4.0e+0 4.2 6.3e-5 5.9
63 Asn — >1e-3 >1e-3 >1e-3 >1e-3 5.6e+0 — — —
64 Gln EX2 >1e-3 >1e-3 9.5e-5 2.8e-6 2.3e+0 4.4 4.2e-5 6.1
65 Arg — >1e-3 >1e-3 >1e-3 >1e-3 2.7e+0 — — —
66 Phe EX2 3.3e-4 1.4e-4 2.4e-5 1.7e-6 6.6e+0 5.4 3.7e-6 7.6
67 Pro — — — — — — — — —
68 Leu EX2 >1e-3 >1e-3 3.3e-5 3.3e-6 6.0e-1 4.3 5.5e-5 5.9
69 Thr — >1e-3 >1e-3 >1e-3 >1e-3 1.2e+0 — — —
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Table 10.4:PSE-4 amide exchange data (continued)

Residue EX2 ? pH 7.85 pH 6.65

# aa kHX ∆kHX kHX ∆kHX kint logSF Kop ∆GHX

(s−1) (s−1) (s−1) (s−1) (s−1) (kcal mol−1)

70 Ser — n.o. n.o. n.o. n.o. 8.5e+0 — — —
71 Thr — >1e-3 >1e-3 >1e-3 >1e-3 3.9e+0 — — —
72 Phe — o.l. o.l. o.l. o.l. 6.3e+0 — — —
73 Lys — >1e-3 >1e-3 5.2e-4 7.3e-5 1.0e+0 3.3 5.0e-4 4.6
74 Thr EX2 >1e-3 >1e-3 1.0e-3 5.7e-4 1.2e+0 3.0 9.0e-4 4.2
75 Ile EX2 2.9e-4 7.5e-5 2.1e-5 9.9e-7 6.7e-1 4.5 3.1e-5 6.3
76 Ala EX2 1.2e-4 9.2e-6 9.1e-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. o.l. 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 6.1e-6 7.0e-6 4.1e-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 3.1e-5 1.3e-5 5.1e-7 6.6e+0 5.7 2.0e-6 8.0
85 Glu EX2 >1e-3 >1e-3 6.7e-5 2.1e-6 8.1e+0 5.1 8.3e-6 7.1
86 Gln — o.l. o.l. >1e-3 >1e-3 6.6e+0 — — —
87 Gly — >1e-3 >1e-3 >1e-3 >1e-3 4.0e+0 — — —
88 Lys — >1e-3 >1e-3 >1e-3 >1e-3 1.0e+0 — — —
89 Val EX2 >1e-3 >1e-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 >1e-3 >1e-3 >1e-3 2.3e+0 — — —
93 Ser — >1e-3 >1e-3 >1e-3 >1e-3 5.3e+0 — — —
94 Thr — >1e-3 >1e-3 >1e-3 >1e-3 3.9e+0 — — —
95 Val EX2 >1e-3 >1e-3 3.4e-4 3.5e-5 3.1e+0 4.0 1.1e-4 5.5
96 Glu — >1e-3 >1e-3 o.l. o.l. 1.3e+1 — — —
97 Ile — >1e-3 >1e-3 >1e-3 >1e-3 1.2e+0 — — —
98 Lys — >1e-3 >1e-3 >1e-3 >1e-3 2.5e-1 — — —
99 Lys — o.l. o.l. o.l. o.l. 2.5e-1 — — —

100 Ala — >1e-3 >1e-3 >1e-3 >1e-3 1.3e+0 — — —
101 Asp — >1e-3 >1e-3 >1e-3 >1e-3 8.1e+0 — — —
102 Leu — >1e-3 >1e-3 >1e-3 >1e-3 1.7e+0 — — —
103 Val — o.l. o.l. >1e-3 >1e-3 1.2e+0 — — —
104 Thr — o.l. o.l. o.l. o.l. 3.1e+0 — — —
105 Tyr — >1e-3 >1e-3 >1e-3 >1e-3 1.9e+0 — — —
106 Ser — >1e-3 >1e-3 >1e-3 >1e-3 6.0e+0 — — —
107 Pro — — — — — — — — —
108 Val — >1e-3 >1e-3 >1e-3 >1e-3 2.0e+0 — — —
109 Ile — >1e-3 >1e-3 >1e-3 >1e-3 6.7e-1 — — —
110 Glu — >1e-3 >1e-3 >1e-3 >1e-3 4.8e+0 — — —
111 Lys — >1e-3 >1e-3 >1e-3 >1e-3 1.2e+0 — — —
112 Gln — >1e-3 >1e-3 >1e-3 >1e-3 1.3e+0 — — —
113 Val — >1e-3 >1e-3 >1e-3 >1e-3 2.0e+0 — — —
114 Gly — >1e-3 >1e-3 >1e-3 >1e-3 6.3e+0 — — —
115 Gln — >1e-3 >1e-3 >1e-3 >1e-3 5.6e+0 — — —
116 Ala — >1e-3 >1e-3 >1e-3 >1e-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 kHX ∆kHX kHX ∆kHX kint logSF Kop ∆GHX

(s−1) (s−1) (s−1) (s−1) (s−1) (kcal mol−1)

117 Ile EX2 >1e-3 >1e-3 1.4e-4 1.2e-5 4.2e-1 3.5 3.3e-4 4.9
118 Thr EX2 >1e-3 >1e-3 1.2e-4 1.4e-5 1.2e+0 4.0 1.1e-4 5.5
119 Leu EX2 >1e-3 >1e-3 1.4e-4 1.1e-5 9.6e-1 3.8 1.5e-4 5.3
120 Asp — o.l. o.l. 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+1 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+0 5.6 2.7e-6 7.8
124 Phe EX2 2.1e-4 5.4e-5 3.7e-5 6.5e-7 1.1e+1 5.5 3.2e-6 7.7
125 Ala — o.l. o.l. o.l. o.l. 5.6e+0 — — —
126 Thr EX2 >1e-3 >1e-3 1.8e-4 1.7e-5 2.0e+0 4.0 9.1e-5 5.6
127 Met — o.l. o.l. 3.6e-4 6.3e-5 3.6e+0 4.0 9.9e-5 5.6
128 Thr EX2 >1e-3 >1e-3 6.4e-4 1.6e-4 2.0e+0 3.5 3.3e-4 4.9
129 Thr — >1e-3 >1e-3 >1e-3 >1e-3 3.1e+0 — — —
130 Ser — >1e-3 >1e-3 >1e-3 >1e-3 8.5e+0 — — —
131 Asp — >1e-3 >1e-3 >1e-3 >1e-3 1.6e+1 — — —
132 Asn — >1e-3 >1e-3 >1e-3 >1e-3 6.6e+0 — — —
133 Thr — >1e-3 >1e-3 >1e-3 >1e-3 2.0e+0 — — —
134 Ala — >1e-3 >1e-3 >1e-3 >1e-3 3.6e+0 — — —
135 Ala — >1e-3 >1e-3 >1e-3 >1e-3 2.3e+0 — — —
136 Asn — o.l. o.l. >1e-3 >1e-3 2.3e+0 — — —
137 Ile — >1e-3 >1e-3 >1e-3 >1e-3 4.2e-1 — — —
138 Ile EX2 2.0e-4 8.0e-5 1.8e-5 7.6e-7 2.5e-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 >1e-3 >1e-3 1.2e-4 4.6e-6 3.3e+0 4.4 3.6e-5 6.2
141 Ala EX2 >1e-3 >1e-3 6.6e-5 1.5e-6 4.5e+0 4.8 1.5e-5 6.7
142 Val EX2 2.2e-4 3.1e-5 1.7e-5 5.4e-7 2.0e+0 5.1 8.7e-6 7.1
143 Gly — >1e-3 >1e-3 >1e-3 >1e-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. o.l. 4.2e-1 — — —
147 Gly — >1e-3 >1e-3 >1e-3 >1e-3 2.3e+0 — — —
148 Val EX2 2.9e-4 6.1e-5 3.4e-5 8.6e-7 4.8e+0 5.1 7.1e-6 7.2
149 Thr EX2 2.6e-4 5.3e-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+1 5.5 2.9e-6 7.7
151 Phe EX2 1.9e-4 5.2e-5 2.1e-5 9.8e-7 1.1e+1 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 >1e-3 >1e-3 1.9e-5 6.7e-7 1.7e+0 5.0 1.1e-5 6.9
154 Gln EX2 >1e-3 >1e-3 9.9e-5 5.7e-6 3.8e+0 4.6 2.6e-5 6.4
155 Ile 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 — >1e-3 >1e-3 >1e-3 >1e-3 2.3e+0 — — —
157 Asp EX2 >1e-3 >1e-3 2.3e-4 1.7e-5 2.0e+1 4.9 1.1e-5 6.9
158 Lys — >1e-3 >1e-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 >1e-3 >1e-3 8.4e-5 5.2e-6 4.3e+0 4.7 2.0e-5 6.6
162 Leu EX2 >1e-3 >1e-3 6.5e-5 3.7e-6 1.0e+0 4.2 6.5e-5 5.8
163 Asp EX2 >1e-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 kHX ∆kHX kHX ∆kHX kint logSF Kop ∆GHX

(s−1) (s−1) (s−1) (s−1) (s−1) (kcal mol−1)

164 Arg EX2 >1e-3 >1e-3 4.4e-5 4.8e-6 7.8e+0 5.3 5.6e-6 7.3
165 Ile — >1e-3 >1e-3 5.3e-5 2.9e-6 7.0e-1 4.1 7.5e-5 5.7
166 Glu — >1e-3 >1e-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. o.l. 8.1e+0 — — —
169 Leu EX2 >1e-3 >1e-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. o.l. 1.4e+0 — — —
171 Glu — >1e-3 >1e-3 >1e-3 >1e-3 8.1e+0 — — —
172 Gly — >1e-3 >1e-3 >1e-3 >1e-3 1.1e+1 — — —
173 Lys — o.l. o.l. o.l. o.l. 1.0e+0 — — —
174 Leu — o.l. o.l. o.l. o.l. 3.6e-1 — — —
175 Gly — o.l. o.l. >1e-3 >1e-3 2.4e+0 — — —
176 Asp — >1e-3 >1e-3 >1e-3 >1e-3 2.0e+1 — — —
177 Leu — n.o. n.o. >1e-3 >1e-3 1.7e+0 — — —
178 Arg EX2 >1e-3 >1e-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+1 5.4 4.4e-6 7.5
180 Thr EX2 >1e-3 >1e-3 4.9e-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 3.1e+0 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. o.l. 4.2e-1 — — —
185 Ala — o.l. o.l. o.l. o.l. 1.3e+0 — — —
186 Ile EX2 1.9e-4 2.1e-5 1.4e-5 6.6e-7 4.2e-1 4.5 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 >1e-3 >1e-3 6.0e-5 2.8e-6 5.3e+0 4.9 1.1e-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 1.4e-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 1.4e+0 4.8 1.4e-5 6.7
192 Lys — 2.8e-4 5.7e-5 o.l. o.l. 4.2e-1 — — —
193 Phe EX2 1.0e-4 1.2e-5 1.0e-5 4.4e-7 2.3e+0 5.4 4.5e-6 7.5
194 Leu — o.l. o.l. 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 1.4e-5 5.1e-7 2.4e+0 5.3 5.6e-6 7.3
196 Gly — >1e-3 >1e-3 >1e-3 >1e-3 9.7e+0 — — —
197 Ser — o.l. o.l. >1e-3 >1e-3 1.3e+1 — — —
198 Ala — >1e-3 >1e-3 >1e-3 >1e-3 4.5e+0 — — —
199 Leu EX2 >1e-3 >1e-3 2.6e-4 1.2e-5 6.0e-1 3.4 4.4e-4 4.7
200 Ser — >1e-3 >1e-3 >1e-3 >1e-3 3.3e+0 — — —
201 Glu — >1e-3 >1e-3 >1e-3 >1e-3 1.6e+1 — — —
202 Met — >1e-3 >1e-3 >1e-3 >1e-3 6.6e+0 — — —
203 Asn — >1e-3 >1e-3 >1e-3 >1e-3 2.3e+0 — — —
204 Gln — o.l. o.l. o.l. o.l. 2.3e+0 — — —
205 Lys — o.l. o.l. o.l. o.l. 4.2e-1 — — —
206 Lys EX2 >1e-3 >1e-3 2.0e-4 1.6e-5 2.5e-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. o.l. 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 2.9e-4 4.2e-5 1.9e-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 kHX ∆kHX kHX ∆kHX kint logSF Kop ∆GHX

(s−1) (s−1) (s−1) (s−1) (s−1) (kcal mol−1)

211 Met — o.l. o.l. 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 — >1e-3 >1e-3 >1e-3 >1e-3 2.3e+0 — — —
215 Gln — >1e-3 >1e-3 >1e-3 >1e-3 2.3e+0 — — —
216 Val — >1e-3 >1e-3 >1e-3 >1e-3 2.0e+0 — — —
217 Thr — >1e-3 >1e-3 >1e-3 >1e-3 3.1e+0 — — —
218 Gly — n.o. n.o. >1e-3 >1e-3 6.3e+0 — — —
219 Asn — n.o. n.o. >1e-3 >1e-3 5.6e+0 — — —
220 Leu — >1e-3 >1e-3 >1e-3 >1e-3 6.0e-1 — — —
221 Leu — >1e-3 >1e-3 >1e-3 >1e-3 3.7e-1 — — —
222 Arg — >1e-3 >1e-3 >1e-3 >1e-3 1.7e+0 — — —
223 Ser — >1e-3 >1e-3 >1e-3 >1e-3 8.9e+0 — — —
224 Val EX2 >1e-3 >1e-3 4.6e-4 7.9e-5 3.9e+0 3.9 1.2e-4 5.5
225 Leu EX2 >1e-3 >1e-3 1.9e-4 9.1e-6 9.6e-1 3.7 2.0e-4 5.2
226 Pro — — — — — — — — —
227 Ala — >1e-3 >1e-3 >1e-3 >1e-3 2.3e+0 — — —
228 Gly — n.o. n.o. >1e-3 >1e-3 4.0e+0 — — —
229 Trp EX2 >1e-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 5.1e-6 1.8e+0 4.4 3.7e-5 6.2
231 Ile — o.l. o.l. 1.7e-4 9.0e-6 4.2e-1 3.4 3.9e-4 4.8
232 Ala EX2 5.6e-4 2.0e-4 3.8e-5 3.1e-6 1.3e+0 4.5 2.9e-5 6.3
233 Asp EX2 >1e-3 >1e-3 1.7e-4 1.2e-5 8.1e+0 4.7 2.1e-5 6.5
234 Arg — >1e-3 >1e-3 o.l. o.l. 7.8e+0 — — —
235 Ser — n.o. n.o. >1e-3 >1e-3 8.9e+0 — — —
236 Gly — >1e-3 >1e-3 >1e-3 >1e-3 7.9e+0 — — —
237 Ala — n.o. n.o. n.o. n.o. 5.6e+0 — — —
238 Gly — >1e-3 >1e-3 >1e-3 >1e-3 4.0e+0 — — —
240 Gly — >1e-3 >1e-3 >1e-3 >1e-3 9.7e+0 — — —
241 Phe — >1e-3 >1e-3 >1e-3 >1e-3 9.7e+0 — — —
242 Gly — >1e-3 >1e-3 >1e-3 >1e-3 9.7e+0 — — —
243 Ala — >1e-3 >1e-3 >1e-3 >1e-3 5.6e+0 — — —
244 Arg — >1e-3 >1e-3 >1e-3 >1e-3 2.7e+0 — — —
245 Ser — o.l. o.l. o.l. o.l. 8.9e+0 — — —
246 Ile EX2 1.5e-5 1.5e-6 2.9e-6 1.1e-7 8.4e-1 5.5 3.4e-6 7.6
247 Thr — o.l. o.l. 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 5.1e-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. o.l. 1.4e+0 — — —
252 Ser EX2 >1e-3 >1e-3 4.8e-4 3.4e-4 4.1e+0 3.9 1.2e-4 5.5
254 Glu — o.l. o.l. >1e-3 >1e-3 1.6e+1 — — —
255 His — o.l. o.l. >1e-3 >1e-3 2.8e+1 — — —
256 Gln — >1e-3 >1e-3 >1e-3 >1e-3 1.1e+1 — — —
257 Ala — >1e-3 >1e-3 >1e-3 >1e-3 2.3e+0 — — —
258 Pro — — — — — — — — —
259 Ile 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 kHX ∆kHX kHX ∆kHX kint logSF Kop ∆GHX

(s−1) (s−1) (s−1) (s−1) (s−1) (kcal mol−1)

260 Ile EX2 5.6e-7 1.3e-7 2.6e-8 5.1e-9 2.5e-1 7.0 1.0e-7 9.7
261 Val EX2 5.6e-7 1.4e-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 Ile EX2 1.2e-6 2.7e-7 3.6e-8 2.5e-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. o.l. 4.7e-6 2.3e-7 6.8e-1 5.2 7.0e-6 7.2
266 Ala EX2 1.4e-4 2.5e-5 1.3e-5 4.6e-7 1.4e+0 5.0 9.4e-6 7.0
267 Gln — >1e-3 >1e-3 >1e-3 >1e-3 2.3e+0 — — —
268 Thr — >1e-3 >1e-3 >1e-3 >1e-3 2.0e+0 — — —
269 Gln — o.l. o.l. >1e-3 >1e-3 3.6e+0 — — —
270 Ala — o.l. o.l. o.l. o.l. 2.3e+0 — — —
271 Ser — o.l. o.l. >1e-3 >1e-3 5.3e+0 — — —
272 Met — n.o. n.o. >1e-3 >1e-3 4.5e+0 — — —
273 Glu — >1e-3 >1e-3 >1e-3 >1e-3 8.1e+0 — — —
274 Glu — >1e-3 >1e-3 >1e-3 >1e-3 2.3e+1 — — —
275 Arg — o.l. o.l. o.l. o.l. 7.8e+0 — — —
276 Asn — >1e-3 >1e-3 >1e-3 >1e-3 3.8e+0 — — —
277 Asp — o.l. o.l. o.l. o.l. 8.1e+0 — — —
278 Ala EX2 >1e-3 >1e-3 1.3e-4 2.9e-6 6.6e+0 4.7 2.0e-5 6.6
279 Ile EX2 2.5e-4 4.7e-5 1.2e-5 3.1e-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. o.l. 2.8e-6 7.3e-8 6.7e-1 5.4 4.2e-6 7.5
282 Ile — o.l. o.l. o.l. o.l. 2.5e-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. o.l. 4.5e-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+1 6.3 4.7e-7 8.8
286 Ile 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. o.l. 2.3e+0 — — —
288 Asp — o.l. o.l. 7.8e-6 2.0e-7 2.0e+1 6.4 3.9e-7 8.9
289 Val EX2 >1e-3 >1e-3 2.0e-4 1.5e-5 5.6e+0 4.4 3.6e-5 6.2
290 Tyr EX2 >1e-3 >1e-3 2.5e-4 2.0e-5 1.9e+0 3.9 1.3e-4 5.4
291 Thr — >1e-3 >1e-3 >1e-3 >1e-3 2.2e+0 — — —
292 Ser — >1e-3 >1e-3 >1e-3 >1e-3 8.5e+0 — — —
293 Gln — >1e-3 >1e-3 >1e-3 >1e-3 4.5e+0 — — —
294 Ser — >1e-3 >1e-3 >1e-3 >1e-3 5.3e+0 — — —
295 Arg — >1e-3 >1e-3 >1e-3 >1e-3 8.6e-2 — — —

• kint values were obtained from an Excel spreadsheet from S. W. Englander (University of Pennsylvania,
Philadelphia, PA, [11, 43]).

• Values presented here are rounded. Exact values can be obtained fromBMRB (accession number6838).

• Important active site residues (Ser70, Lys73, Tyr105, Ser130, Glu166 and Arg234) are shown in bold red while
theΩ loop (residues 161–179) is coloured blue.

• 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 HN N Cα Cβ C’

# aa (ppm) (ppm) (ppm) (ppm) (ppm)

26 His n-ter n-ter – – –
27 Pro – – 65.568 32.340 179.290
28 Glu 11.040 121.750 59.690 28.676 179.520
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 31.330 178.330
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 18.370 179.520
37 Glu 7.920 117.670 61.020 29.310 180.380
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 42.890 178.920
41 Gly 8.070 112.840 47.340 – 174.040
42 Ala 7.730 119.680 50.720 24.180 174.910
43 Arg 7.630 115.560 55.750 33.290 177.530
44 Val 10.560 128.190 61.290 34.248 172.740
45 Gly 8.800 111.280 44.090 – 172.360
46 Tyr 9.460 124.000 56.700 45.220 174.340
47 Ile 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 65.840 176.530
54 Gly 8.000 112.450 45.630 – 172.410
55 Lys 7.720 119.780 56.880 33.710 175.960
56 Ile 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 66.960 171.670
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 32.650 176.610
63 Glu 8.420 114.070 54.810 29.740 176.210
64 Glu 7.150 120.440 56.180 31.270 174.190
65 Arg 7.920 115.620 55.080 31.970 177.300
66 Phe 8.760 118.360 55.670 42.380 –
67 Pro – – – – 174.475
68 Met 7.862 119.515 58.424 – 179.789
69 Met 10.488 120.181 56.498 – –
70 Ser – – 57.812 – 176.090
71 Thr 7.900 112.010 66.060 – 175.270
72 Phe 7.680 116.730 59.400 39.650 176.860
73 Lys 7.430 122.390 60.170 31.900 177.480
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 HN N Cα Cβ C’

# aa (ppm) (ppm) (ppm) (ppm) (ppm)

75 Leu 6.740 117.750 57.260 40.640 178.060
76 Leu 7.990 116.970 57.540 42.440 177.240
77 Cys 7.460 113.680 63.810 44.870 175.620
78 Gly 8.380 110.860 47.960 – 173.170
79 Ala 7.870 124.380 54.990 17.120 180.700
80 Val 7.960 118.940 66.930 32.200 177.900
81 Leu 8.420 119.120 57.900 40.830 178.070
82 Ser 8.050 115.560 61.950 62.370 178.010
83 Arg 7.510 121.430 59.340 30.320 179.380
84 Val 8.350 124.230 65.090 31.090 180.810
85 Asp 9.010 123.500 57.290 40.800 177.780
86 Ala 7.520 118.750 52.320 19.480 177.920
87 Gly 8.190 107.600 45.760 – 174.930
88 Gln 8.370 117.340 55.630 30.100 173.560
89 Glu 7.360 118.050 52.930 33.670 172.700
90 Gln 10.130 125.120 54.850 31.460 176.030
91 Leu 9.020 122.960 57.650 41.570 177.350
92 Gly 8.360 102.011 44.520 – 173.820
93 Arg 7.320 122.530 58.020 31.920 174.700
94 Arg 8.500 127.260 56.550 31.660 174.470
95 Ile 9.080 130.220 60.240 38.940 174.510
96 His 8.440 124.650 55.400 31.040 174.150
97 Tyr 8.490 120.950 55.990 38.760 173.020
98 Ser 9.420 114.570 57.010 67.380 175.650
99 Gln 9.070 121.880 59.100 28.210 177.950

100 Asn 8.210 115.180 55.080 38.190 175.610
101 Asp 7.890 116.650 55.760 42.680 175.600
102 Leu 7.120 116.770 55.340 41.980 177.940
103 Val 7.730 117.160 58.830 34.470 176.560
104 Glu 8.510 123.220 57.930 30.230 174.930
105 Tyr 8.670 121.230 60.520 36.130 172.120
106 Ser 8.340 119.730 55.810 64.940 –
107 Pro – – 64.094 31.942 177.740
108 Val 8.660 118.380 64.570 33.140 179.060
109 Thr 9.630 113.620 63.970 69.270 181.920
110 Glu 8.170 119.980 58.840 28.590 176.430
111 Lys 7.420 116.200 55.890 32.560 177.260
112 His 7.120 116.190 55.240 28.730 174.490
113 Leu 7.840 120.230 58.220 42.020 179.130
114 Thr 8.290 109.270 64.400 68.870 175.610
115 Asp 8.770 117.120 53.950 40.460 177.650
116 Gly 7.900 110.780 45.110 – 171.630
117 Met 8.280 113.430 54.940 40.400 175.120
118 Thr 8.900 112.210 60.170 70.980 175.830
119 Val 8.090 121.970 68.170 31.760 177.930
120 Arg 9.030 118.350 60.200 31.350 177.590
121 Glu 7.620 118.310 58.440 30.080 180.510
122 Leu 9.070 122.820 58.040 41.130 179.070
123 Cys 8.110 118.910 62.300 42.460 175.960
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Table 10.5:cTEM-17m backbone chemical shifts (continued)

Residue HN N Cα Cβ C’

# aa (ppm) (ppm) (ppm) (ppm) (ppm)

124 Ser 7.710 113.340 61.400 62.610 178.980
125 Ala 8.480 124.560 55.640 17.520 180.210
126 Ala 8.630 120.810 55.120 17.540 178.440
127 Ile 8.210 113.640 65.020 38.180 176.610
128 Thr 8.960 109.770 65.340 – 175.930
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 38.910 177.950
133 Thr 7.620 119.880 67.990 66.990 176.430
134 Ala 8.880 122.700 55.260 18.750 178.460
135 Ala 7.020 115.460 54.580 19.270 177.930
136 Asn 7.830 120.290 55.830 36.820 179.340
137 Leu 8.960 121.970 57.770 42.110 180.980
138 Leu 8.030 119.830 57.370 42.830 180.680
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 68.720 175.690
142 Ile 6.930 112.050 61.080 38.920 175.190
143 Gly 7.440 106.701 45.180 – 174.940
144 Gly 8.090 108.960 45.700 – –
145 Pro – – 66.369 32.271 177.950
146 Lys 8.610 118.110 59.740 32.170 178.960
147 Glu 7.350 118.300 58.530 29.170 180.530
148 Leu 7.770 121.500 57.780 40.540 177.900
149 Thr 8.350 117.260 68.500 – 175.330
150 Asp 8.400 121.160 58.180 40.590 178.780
151 Phe 7.920 122.170 61.030 38.070 176.280
152 Leu 7.980 118.930 57.420 39.720 178.820
153 Arg 8.460 118.210 57.430 28.750 181.790
154 Gln 8.260 121.090 58.710 28.190 178.490
155 Ile 7.430 110.950 61.180 37.300 176.480
156 Gly 7.580 108.980 45.750 – 172.990
157 Asp 8.310 122.860 52.840 40.360 176.300
158 Lys 8.630 123.380 56.300 32.987 176.380
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 45.690 175.470
164 Arg 9.440 125.570 54.900 34.970 171.900
165 Ile 7.080 105.391 59.440 37.920 177.680
166 Glu 9.273 116.456 55.050 – –
167 Pro – – 63.826 33.893 176.986
168 Asp 8.210 127.714 57.360 40.996 176.080
169 Leu 7.360 112.620 57.110 40.830 176.840
170 Asn 7.690 119.760 53.830 40.350 174.890
171 Glu 7.380 121.580 60.460 30.660 176.940
172 Gly 9.510 105.773 46.988 – –
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Table 10.5:cTEM-17m backbone chemical shifts (continued)

Residue HN N Cα Cβ C’

# aa (ppm) (ppm) (ppm) (ppm) (ppm)

173 Lys – – 58.001 32.144 177.820
174 Leu 8.465 127.277 56.884 41.642 178.770
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 75.080 173.290
181 Thr 8.310 113.490 59.990 68.430 173.390
182 Thr 8.760 111.310 57.620 69.090 –
183 Pro – – 66.446 32.271 176.870
184 Lys 8.430 112.780 60.170 33.600 178.210
185 Ala 8.570 124.370 55.640 18.790 180.050
186 Ile 8.260 116.390 65.990 36.540 177.340
187 Ala 8.070 124.220 55.810 19.470 178.930
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 41.410 178.030
191 Arg 8.130 117.990 60.880 28.900 178.420
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 43.380 178.120
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 29.630 176.390
198 Leu 7.420 121.120 57.800 43.120 177.050
199 Leu 8.620 117.980 52.610 44.550 177.510
200 Thr 9.030 112.640 62.090 71.700 175.310
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 28.390 177.070
206 Gln 7.560 118.010 56.990 28.610 177.870
207 Leu 7.930 120.940 58.240 41.560 178.260
208 Ile 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
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Table 10.5:cTEM-17m backbone chemical shifts (continued)

Residue HN N Cα Cβ C’

# aa (ppm) (ppm) (ppm) (ppm) (ppm)

222 Arg 8.610 118.220 59.810 29.255 177.430
223 Ser 7.010 113.340 60.980 63.350 174.010
224 Ala 7.260 122.880 50.660 19.640 176.270
225 Leu 6.690 120.900 53.020 43.970 –
226 Pro – – 61.477 31.965 175.800
227 Ala 8.220 122.780 53.450 18.300 179.410
228 Gly 8.800 110.190 45.410 – 175.330
229 Trp 7.620 120.580 59.060 28.900 175.320
230 Phe 9.370 122.970 56.850 42.260 174.700
231 Ile 7.500 123.470 60.460 40.190 181.080
232 Ala 8.460 127.980 50.640 21.570 174.890
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 – 174.278
245 Gly 8.421 111.554 46.965 – 170.483
246 Ile 9.040 116.970 59.680 – 182.100
247 Ile 8.120 118.430 58.850 – 174.350
248 Ala 8.970 123.750 51.310 24.720 174.580
249 Ala 9.350 122.780 50.340 20.650 175.580
250 Leu 9.300 121.120 55.110 46.620 176.730
251 Gly 8.790 110.460 46.860 – –
252 Pro – – 60.767 31.685 176.010
254 Asp 7.920 114.290 54.950 39.330 177.130
255 Gly 7.720 100.251 46.860 – 173.400
256 Lys 7.170 119.340 52.300 34.630 –
257 Pro – – 62.098 – 176.060
258 Ser 8.520 112.310 58.990 65.750 174.520
259 Arg 8.820 123.250 55.840 36.250 174.500
260 Ile 9.190 122.670 58.780 40.480 174.580
261 Val 9.190 126.310 59.630 36.280 173.340
262 Val 8.190 125.320 60.380 35.810 174.020
263 Ile 8.240 122.560 60.140 41.935 174.520
264 Tyr 8.790 122.620 56.920 44.971 174.420
265 Thr 8.930 110.750 59.540 70.821 –
266 Thr – – – – –
267 Gly – – 45.638 – 174.480
268 Ser 8.360 114.500 58.940 65.645 175.820
269 Gln 8.830 123.360 55.740 29.055 175.910
270 Ala 8.650 123.320 52.280 20.590 178.690
271 Thr 8.650 112.880 61.680 70.950 –
272 Met – – 58.037 30.914 177.800
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Table 10.5:cTEM-17m backbone chemical shifts (continued)

Residue HN N Cα Cβ C’

# aa (ppm) (ppm) (ppm) (ppm) (ppm)

273 Asp 8.410 116.720 57.770 40.660 178.690
274 Glu 7.640 120.300 58.940 30.090 179.280
275 Arg 8.090 118.730 60.760 31.175 177.520
276 Asn 8.770 116.980 55.310 37.256 176.530
277 Arg 8.000 118.740 59.320 30.120 178.830
278 Gln 7.790 114.970 58.330 27.750 178.480
279 Ile 7.430 117.580 66.010 – 175.690
280 Ala 8.060 124.090 55.960 17.722 180.420
281 Glu 8.420 118.330 59.660 29.810 180.680
282 Ile 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 17.820 180.190
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 Ile 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 (Ser70, Lys73, Tyr105, Ser130, Glu166, and Arg234) are shown in bold
red while residues from theΩ loop (residues 161–179) are coloured blue.

• Chemical shifts have been deposited in theBMRB (under accession number16598).

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

http://www.bmrb.wisc.edu
http://www.bmrb.wisc.edu/data_library/generate_summary?16598


Appendix 6:
Curriculum vitae



Appendix 6:Curriculum vitae 193

Sébastien Morin

Academic training

• 2006 – 2010
Ph.D. student in Biochemistry at Université Laval under thesupervision of Dr Stéphane M. Gagné.

• 2004 – 2005
M.Sc. in Biochemistry at Université Laval under the supervision of Dr Stéphane M. Gagné.

• 2000 – 2003
B.Sc. in Biochemistry with Rouge et Or Distinction (Université Laval, with the last semester at
Université Joseph Fourier, Grenoble, France).

Awards and Prizes

2010 • EMBO Long term fellowship.

2009 • Bourse PROTEO aux études supérieures.

• Bourse de congrès de PROTEO for 51st ENC, Daytona Beach (USA): April 18-23, 2010.

• Student Research Achievement Award (SRAA) Poster Competition, Molecular Biophysics
Subgroup at 53rd Biophysical Society Annual Meeting, Boston (USA): February 28th to March
4th, 2009.

• Bourse du Fonds AELIÉS pour une présentation for 53rd Biophysical Society Annual Meeting,
Boston (USA): February 28th to March 4th, 2009.

2008 • FRSQ Ph.D. research studentship: POSTPONED from 2006.

• Student Travel Award for MOOT XXI, Windsor (Canada): October 3-4, 2008.

• Bureau des bourses et de l’aide financière de l’Université Laval Travel Stipend for XXIIIrd

ICMRBS, San Diego (USA): August 24-29, 2008.

• Best Poster Award at Symposium annuel du CREFSIP, Quebec City (Canada): May 28th, 2008.

2006 • Student Travel Grant for the 51st Biophysical Society Annual Meeting, Baltimore (USA): March
3-7, 2007.

• Bourse de congrès du CREFSIP for 51st Biophysical Society Annual Meeting, Baltimore (USA):
March 3-7, 2007.

• NSERC Postgraduate Scholarship (BESC D).

• Fonds Hydro-Québec Ph.D. studentship (via Fondation de l’Université Laval): DECLINED.

• NSERC general fund for graduate studies studentship (via Fondation de l’Université Laval):
DECLINED.

2005 • Fondation J.-Arthur Vincent studentship.

2003 • NSERC Postgraduate Scholarship (ES M).

• FRSQ M.Sc. research studentship: DECLINED.

• NSERC and Fondation de l’Université Laval excellence studentship.

2002 • NSERC Undergraduate Student Research Awards Program (USRA).



Appendix 6:Curriculum vitae 194

Publications

• Morin S., Clouthier C. M., Gobeil S., Pelletier J. N. & Gagné S. M. (In press) Backbone resonance
assignments of a TEM-1/PSE-4 class Aβ-lactamase chimera.Biomolecular NMR Assignments.

• Fisette O., Morin S., Savard P.-Y., Lagüe P. & Gagné S. M. (2010) TEM-1 backbone dynamics – Insights
from combined molecular dynamics and NMR.Biophysical Journal, 98: 637–645.

• Morin S. & Gagné S. M. (2009) Simple tests for the validation of multiple field spin relaxation data.
Journal of Biomolecular NMR, 45: 361–372.

• Morin S. & Gagné S. M. (2009) NMR dynamics of PSE-4β-lactamase: An interplay of ps-ns order and
µs-ms motions in the active site.Biophysical Journal, 96: 4681–4691.

• Morin S., Levesque R.C. & Gagné S. M. (2006)1H, 13C and15N backbone resonance assignment for
PSE-4, a 29.5 kDa class Aβ-lactamase fromPseudomonas aeruginosa. Journal of Biomolecular NMR,
36 Suppl 1: 11.

Proceedings

• Morin S. & Gagné S. (2009) NMR dynamics of PSE-4β-lactamase: An interplay of ps-ns order and
µs-ms motions in the active site.Biophysical Journal: Biophysical Society 53rd Annual Meeting,
Abstracts Issue,96: 74-A.

• Morin S. & Gagné S. (2007) Backbone dynamics and amide exchange for the 29.5 kDa class A
β-lactamase PSE-4 by NMR.Biophysical Journal: Biophysical Society 51st Biophysical Society
Annual Meeting, Abstracts Issue,Suppl. S:641-A.

Oral Presentations

2010 • Interlabs-IBIS (Université Laval, Quebec City, Canada). RMN pour les nuls : des antibiotiques
au VIH

2009 • 9th PROTEO Annual Symposium (Université Laval, Quebec City, Canada). Probing the dynamics
of PSE-4: Motion or not ?

• Conference in Dr Rolf Boelens’s laboratory (Bijvoet Center, Utrecht, The Netherlands). Dynamics
of Class Aβ-lactamases: An interplay of ps-ns order andµs-ms motions

• Conference in Dr Volker Dötsch’s laboratory (Johann Wolfgang Goethe Universität, Frankfurt,
Germany). Dynamics of Class Aβ-lactamases: An interplay of ps-ns order andµs-ms motions

• Conference in Dr Stephan Grzesiek’s laboratory (Biozentrum, Basel, Switzerland). Dynamics of
Class Aβ-lactamases: An interplay of ps-ns order andµs-ms motions

• Conference in Dr Frédéric Allain’s laboratory (ETH, Zürich, Switzerland). Dynamics of Class A
β-lactamases: An interplay of ps-ns order andµs-ms motions

• Conference in Dr Frank D. Sönnichsen’s laboratory (Christian-Albrechts-Universität, Kiel,
Germany). Dynamics of Class Aβ-lactamases: An interplay of ps-ns order andµs-ms motions

• Conference in Dr Kalle Gehring’s laboratory (McGill University, Montréal, Canada). NMR
dynamics of PSE-4β-lactamase: An interplay of ps-ns order andµs-ms motions in the active site

2008 • MOOT XXI (Windsor, Canada). NMR dynamics of PSE-4β-lactamase: An interplay of ps-ns
order andµs-ms motions in the active site

2007 • Conference in Dr. Matthew Crump’s laboratory (Bristol University, Bristol, United Kingdom).
Dynamics of class Aβ-lactamases by NMR and MM



Appendix 6:Curriculum vitae 195

Posters

2010 • 10th PROTEO Annual Symposium (Concordia University, Montreal,Canada). RNA binding
characterization of the multifunctional protein p54nrb. Mikaël BÉDARD, Sébastien MORIN,
Sami Aziz AMEUR, Céline BRUELLE, Stéphane M. GAGNÉ & Michel VINCENT

• 51st ENC (Daytona Beach, FL, USA). Studying Dynamics of Class Aβ-lactamases with the use
of a TEM-1/PSE-4 Chimera. Sébastien MORIN, Christopher M. CLOUTHIER, Sophie GOBEIL,
Joëlle N. PELLETIER & Stéphane M. GAGNÉ

• 51st ENC (Daytona Beach, FL, USA). Initial characterization of RNA binding by the
multifunctional protein p54nrb. Mikaël BÉDARD, Sébastien MORIN, Sami Aziz AMEUR,
Céline BRUELLE, Stéphane M. GAGNÉ & Michel VINCENT

2009 • MOOT XXII (Ottawa, Canada). A toolkit for dynamics relaxingthe BMRB. Edward
D’AUVERGNE, Chris MACRAILD, Sébastien MORIN, Gary THOMPSON, Eldon ULRICH

• MOOT XXII (Ottawa, Canada). Preliminary data for RNA binding by the multifunctional protein
p54nrb. Mikaël BÉDARD, Sébastien MORIN, Sami Aziz AMEUR, Céline BRUELLE, Stéphane
M. GAGNÉ & Michel VINCENT

• 52nd Annual Meeting of the CSBMCB - Protein Folding Principles & Diseases
(Niagara-on-the-Lake, Canada). Dynamics of class Aβ-lactamases from NMR and molecular
dynamics: An interplay of ps-ns order andµs-ms motions. Stéphane M. GAGNÉ, Sébastien
MORIN, Pierre-Yves SAVARD, Olivier FISETTE & Patrick LAGÜE

• 9th PROTEO Annual Symposium (Université Laval, Québec, Canada). A toolkit for dynamics
and how to relax the BMRB. Edward D’AUVERGNE, Chris MACRAILD, Sébastien MORIN,
Gary THOMPSON, Eldon ULRICH

• 5th Annual McGill Biophysical Chemistry Symposium (McGill University, Montreal, Canada). A
toolkit for dynamics and how to relax the BMRB. Edward D’AUVERGNE, Chris MACRAILD,
Sébastien MORIN, Gary THOMPSON, Eldon ULRICH

• 5th Annual McGill Biophysical Chemistry Symposium (McGill University, Montreal, Canada).
Probing the dynamics of PSE-4: Motion or not ? Sébastien MORIN & Stéphane M. GAGNÉ

• 50th ENC (Asilomar, CA, USA). A toolkit for dynamics and how to relax the BMRB.
Edward D’AUVERGNE, Chris MACRAILD, Sébastien MORIN, Gary THOMPSON, Eldon
ULRICH

• Biophysical Society 53rd Annual Meeting (Boston, MA, USA). NMR dynamics of PSE-4
β-lactamase: An interplay of ps-ns order andµs-ms motions in the active site. Sébastien MORIN
& Stéphane M. GAGNÉ

2008 • MOOT XXI (Windsor, Canada). Consistency tests of spin relaxation data at multiple fields: A
prerequisite for the extraction of high quality dynamic information. Sébastien MORIN&
Stéphane M. GAGNÉ

• XXIII rd ICMRBS (San Diego, CA, USA). NMR dynamics of PSE-4β-lactamase: An interplay
of ps-ns order andµs-ms motions in the active site. Sébastien MORIN& Stéphane M. GAGNÉ

• 8th CREFSIP Annual Symposium (Quebec City, Canada). Kinetic and dynamic studies of
chimeric β-lactamases. Christopher M. CLOUTHIER, Sébastien MORIN, Sophie GOBEIL,
Stéphane M. GAGNÉ & Joëlle N. PELLETIER

• 8th CREFSIP Annual Symposium (Quebec City, Canada). NMR as a tool to study dynamics of
class Aβ-lactamases. Sébastien MORIN& Stéphane M. GAGNÉ

• 91st Canadian Chemistry Conference and Exhibition (Edmonton, Canada). Kinetic and dynamic
studies of chimericβ-lactamases. Christopher M. CLOUTHIER, Sébastien MORIN, Sophie

GOBEIL, Stéphane M. GAGNÉ & Joëlle N. PELLETIER
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• 4th Annual McGill Biophysical Chemistry Symposium (Montreal,Canada). NMR as a tool to
study dynamics of class Aβ-lactamases. Sébastien MORIN& Stéphane M. GAGNÉ

2007 • MOOT XX (Ste-Adèle, Canada). NMR study of multiple timescale dynamics for PSE-4, a 30
kDa β-lactamase. Sébastien MORIN& Stéphane M. GAGNÉ

• 7th CREFSIP Annual Symposium (Quebec City, Canada). Dynamics of the 29.5 kDa Class A
β-Lactamase PSE-4 by NMR. Sébastien MORIN& Stéphane M. GAGNÉ

• 3rd Annual McGill Biophysical Chemistry Symposium (Montreal,Canada). Dynamics of the
29.5 kDa class Aβ-lactamase PSE-4 by NMR. Sébastien MORIN& Stéphane M. GAGNÉ

• Biophysical Society 51st Annual Meeting (Baltimore, MD, USA). Backbone dynamics andamide
exchange for the 29.5 kDa class Aβ-lactamase PSE-4 by NMR. Sébastien MORIN& Stéphane
M. GAGNÉ

2006 • XXII nd ICMRBS (Göttingen, Germany). Backbone dynamics and amide exchange for the 29.5
kDa β-lactamase PSE-4 by liquid-state NMR. Sébastien MORIN& Stéphane M. GAGNÉ

• 6th CREFSIP Annual Symposium (Quebec City, Canada). Backbone resonance assignments,
15N spin relaxation and amide exchange for the 29.5 kDa class Aβ-lactamase PSE-4 from
Pseudomonas aeruginosaby liquid-state NMR. Sébastien MORIN, Roger C. LEVESQUE &
Stéphane M. GAGNÉ

2005 • MOOT XVIII (Hamilton, Canada). Dynamics of the 29.5 kDa class A β-Lactamase PSE-4 by
nuclear magnetic resonance: Preliminary results. Sébastien MORIN, Roger C. LEVESQUE &
Stéphane M. GAGNÉ

• 5th CREFSIP Annual Symposium (Quebec City, Canada). Dynamics of the 29.5 kDa class A
β-lactamase PSE-4 by nuclear magnetic resonance: Preliminary results. Sébastien MORIN,
Roger C. LEVESQUE & Stéphane M. GAGNÉ

• 46th ENC (Providence, RI, USA). Dynamics of class Aβ-lactamase PSE-4 by liquid-state NMR:
Preliminary results. Sébastien MORIN, Roger C. LEVESQUE & Stéphane M. GAGNÉ

2004 • Journée de la recherche de la faculté de médecine de l’Université Laval (Quebec City, Canada).
Drosophila melanogaster’s Hsp22 C-terminus seems flexiblein solution within the oligomers.
Sébastien MORIN, Stéphane M. GAGNÉ & Robert M. TANGUAY

• 4th CREFSIP Annual Symposium (Quebec City, Canada). Drosophila melanogaster’s Hsp22
C-terminus seems flexible in solution within the oligomers.Sébastien MORIN, Stéphane M.
GAGNÉ & Robert M. TANGUAY

Research Experience

• 2004 – 2010
Nuclear magnetic resonance laboratory: M.Sc. and Ph.D. student
NMR study of the dynamics of the class Aβ-lactamase PSE-4.
Université Laval, CREFSIP/PROTEO, IBIS. Supervisor: Dr Stéphane M. Gagné.

• 2003 – 2004
Cellular and developmental genetics laboratory: M.Sc. student
Drosophila small heat shock protein Hsp22 structure characterisation by NMR.
Université Laval, CREFSIP, RSVS. Supervisor and co-supervisor: Dr Robert M. Tanguay and Dr
Stéphane M. Gagné.



Appendix 6:Curriculum vitae 197

• 2003
Protein mass spectrometry and signal transduction laboratories: B.Sc. student
Development of a screening method for CK2 protein kinase ligands by MALDI-TOF mass
spectrometry.
Université Joseph Fourier, Institut de Biologie Structurale, Commissariat à l’Énergie Atomique
(Grenoble, France). Supervisors: Dr Éric Forest and Dr Claude Cochet.

• 2002
Cellular and developmental genetics laboratory: B.Sc. student
Preliminary work for Drosophila small heat shock protein Hsp22 structure characterisation by NMR
Université Laval, CREFSIP, RSVS. Supervisor: Dr Robert M. Tanguay.

• 2001
Molecular endocrinology laboratory: B.Sc. student
Participation in the different experiments for isolation,kinetics and crystallisation of a steroidian enzyme
(17β-HSD type 5).
Université Laval, Centre Hospitalier de l’Université Laval. Supervisor: Dr Sheng-Xiang Lin.

Other Experiences and Voluntary Work

• 2010
Teacher for part (2 weeks) ofIntroduction à la bio-informatique(BIF-1001, Université Laval).

• 2010
Teacher for part (2 weeks) ofProtéines(BCM-2001, Université Laval).

• 2009
Teacher for part (6 weeks) of Détermination de la structure des protéines
(BIF-3001/BCM-4100/BCM-7003, Université Laval).

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

• 2008 – 2009
Evaluation committee for the B.Sc. in biochemistry at Université Laval — voluntary work.

• 2008
Association des chercheurs étudiants en biochimie et microbiologie de l’Université Laval (ACEBMUL):
External vice-president — voluntary work.

• 2008
Teaching assistant forLaboratoire de protéines et d’enzymologie(BCM-21141, Université Laval).

• 2007 –Today
relax project, developer — voluntary work. Development of an open-sourcesoftware for the study of
protein dynamics by NMR.

• 2007 – 2008
Commission des études (Université Laval): Graduate student member (for AELIÉS). The role of this
committee is to oversee the creation of new academic programs before they are submitted to the
CREPUQ.

• 2007
Teaching assistant forLaboratoire d’acides nucléiques(BCM-18771, Université Laval).

• 2007
Association des chercheurs étudiants en biochimie et microbiologie de l’Université Laval (ACEBMUL):
External vice-president — voluntary work.

https://gna.org/projects/minfx
http://www.nmr-relax.com
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• 2006 – 2010
Responsible for liquid nitrogen fills for the 600 MHz Varian INOVA NMR magnet in Dr Stéphane M.
Gagné’s laboratory.

• 2006 – 2009
BioConneXion 2007, 2008 and 2009 events (organised by CREFSIP students):Member of the
organizing committee — voluntary work.

• 2006 – 2007
Biochemistry and Microbiology Department (Université Laval): Program committee member as
students’s representative — voluntary work.

• 2004 – 2007
Centre de recherche sur la fonction, la structure et l’ingénierie des protéines (CREFSIP): management
committee as student member — voluntary work.

• 2004 – 2006
BioConneXion2005 and 2006 events (organised by CREFSIP students): Manager of the event —
voluntary work.

http://www.proteo.ca/bioconnexion/
http://www.proteo.ca/bioconnexion/
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