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Protein NMR on a Chip:
Development of an Integrated Microfluidic Platform for Studying

Protein-Ligand Interactions by Nuclear Magnetic Resonance

by Marek Plata

The following work demonstrates the performance of the integrated microfluidic sys-
tem for studying protein-ligand interactions by nuclear magnetic resonance (NMR).
The device couples together the advantages associated with microfluidic operation, i.e.
minimised sample use and precision of operation, and characterisation by NMR. NMR
offers unique capabilities for biomolecular research, relating to its non-invasive and
non-destructive nature and atomic-scale resolution. This enables identification of the
number and location of interaction sites, allosteric effects, atomic structures, dynamics
of ligands and proteins, as well as full thermodynamic evaluation of the interaction.
Integrating the aforementioned aspects can open new avenues for protein analysis, on
one hand enhancing the usually limited throughput and functionality of NMR, on the
other providing an extensive readout method to microfluidic systems, that can be fur-
ther linked with other analytical tools.
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Chapter 1

Introduction

1.1 The goal

The aim of this work is to develop and validate an automated system for charac-
terisation of protein - ligand interactions, exploiting the advantages of microfluidic
operation and analysis by NMR. Microfluidics allow for precise control of the exper-
imental conditions and operation with only microlitres of sample, while NMR is in-
herently non-invasive and non-destructive and provides detailed atomic-scale infor-
mation about biomolecules and their behaviour in solution, often in near-physiological
conditions. Combination of the two approaches into a common LoC-µNMR platform
therefore offers unprecedented opportunities, otherwise unavailable for most analyti-
cal tools.

1.2 Motivation

NMR is a very powerful diagnostic technique, however it normally operates on ∼
500 µL samples and allows for limited functionality. A number of solutions that ad-
dresses either the sample volume requirements or expands the applications’ range
are available, yet all resolve those issues exclusively. Microfluidics on the other hand
might provide the right balance, as it offers high precision of operation with only mi-
crolitres of sample. Therefore, an integrated LoC-µNMR system can present a range
of unique advantages to biomolecular research. Such system should contain generic
components that introduce multiple liquid samples, combine and mix them, and oper-
ate autonomously inside the NMR spectrometer. In microfluidics, these functions are
often carried out by pneumatically actuated microvalves and pumps [56,164] that rely on
deformation of PDMS to manipulate the sample liquid. In the context of NMR these
types of solutions are not trivial. The device is required to operate at high magnetic
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fields and within the confined space of the spectrometer bore. PDMS in particular is
detrimental to the magnetic field homogeneity and leads to large background signals in
the NMR spectra. Fortunately, Yilmaz and Utz [186] have already demonstrated a way
to overcome this issue. It is possible to fabricate fully NMR-compatible PMMA chips
that contain PDMS-based components away from the detection area, and do not affect
the spectral resolution. Rapid prototyping of the PMMA chips is available in the Utz
lab, those are made to a generic design corresponding to the geometry of the homebuilt
transmission line probe. The design flexibility and rapid prototyping allows for a range
of functionalities to be implemented and evaluated time- and cost-effectively.

This project is aimed to demonstrate the functionality of such a device specifically in
the context of protein NMR. The assumed strategy is to carry out a fully automated
and highly precise protein-ligand titration experiments with minimal use of protein
sample. In a conventional NMR approach this is achieved by repeated exchange of
small quantities of liquid between two ∼ 500 µl samples: one at zero ligand concen-
tration, the other containing ligand concentration sufficient to ensure saturation of the
protein. In the NMR spectra, recorded at each of the exchange steps, changes can be ob-
served in the chemical shift, signal intensity or linewidth for the nuclei involved in the
interaction, which give a read-out for the fraction bound of protein. Based on this data
the thermodynamic characterisation of the interaction, including the determination of
the binding constant, is achieved. Implementation of this process into a LoC-µNMR
platform allows to eliminate the need for extensive, error-prone manipulations of the
samples, and offers notable cost reduction by lowered sample use. Upon successful
completion of this task further developments can be considered, e.g. adaptation to-
wards other protein NMR experiments, parallelisation or formulation of a common
pipeline approach leading from microscale protein expression to analysis.

The work described benefits from previous accomplishments in the Utz and Werner
labs. Specifically, the custom-built transmission line probe probe and its capability for
2D detection [150], as well as the fabrication methods of NMR-compatible microfluidic
devices [186]. Likewise, the main subject of study for this work, the hFynSH3 protein,
was readily available and its expression and purification for the purpose of analysis
by NMR could be carried out following well-established protocols. The novelty of this
work relates to the adaptation of the microfluidic device and the associated hardware
to suit the specific requirements of the titration experiment, automation of the entire ex-
perimental procedure with integration of NMR acquisition, and extending the current
state of knowledge on the hFynSH3 protein with extensive set of heteronuclear NMR
data.

The aim of this thesis is to present the author’s individual contributions towards this
project. Where relevant, the inputs of others are clearly stated. This document is
organised as follows. In chapter 2 the main theoretical grounding and present-day
knowledge within the field is summarised. Chapter 3 presents the author’s work,
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achieved using a commercial state-of-the-art NMR equipment, for structural and ther-
modynamic characterisation of protein-ligand interactions using biologically relevant
and well defined molecular model system. The design, operation and functional vali-
dation of the novel LoC-µNMR platform is shown in chapter 4, while chapter 5 demon-
strates the applicability of this device towards high resolution protein-observed NMR
studies of protein-ligand interactions. Chapter 6 specifies the experimental considera-
tions in relation to the presented results and chapter 7 outlines the main conclusions of
the project.





5

Chapter 2

Background

2.1 Physical foundations

The following summarises the fundamental principles of nuclear magnetic resonance
needed to describe the methods involved and results obtained in the course of the ’Pro-
tein NMR on a Chip’ project. The author admits many concepts are intentionally sim-
plified, if considered not essential to the body of the presented work. Comprehensive
explanation of the theoretical concepts of NMR is available in the works by Cavanagh
et al. [20], Claridge [23], Keeler [74], Levitt [86], Teng [159], Wüthrich [179] and others.

2.1.1 The quantum mechanical principles

NMR is the study of matter through the interaction of the atomic nuclei with the mag-
netic field. This interaction is made possible thanks to the spin, i.e. the intrinsic form
of angular momentum carried by elementary particles. Spin is an inherent quantum
mechanical property that cannot be adequately explained by classical physics. Quan-
tum mechanics postulates that all nuclei are characterised by the nuclear spin quantum
number, I, which can have values greater than or equal to zero and is defined by mul-
tiples of 1/2. A correlation exists between the nucleus’ mass number and I such that
nuclei with an even mass number always have an integer spin quantum number, while
those with odd mass numbers posses non-integer I, i.e. 1/2, 3/2, 5/2, etc. Only nu-
clei with non-zero I posses nuclear spin and as such can be observed by NMR. In the
context of organic chemistry a clear setback is that the dominant carbon isotope, 12C,
has I = 0 which renders it ’NMR silent’. Similar case exists for nitrogen, another fun-
damental element of organic molecules. For the most abundant nitrogen isotope, 14N
with I = 1, its nucleus is subject to significant quadrupolar interactions, that render
it difficult to observe by NMR. Fortunately, other stable carbon and nitrogen isotopes
exist, 13C and 15N with I = 1/2, more easily accessible to NMR, however at much
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lower natural abundance. Nowadays numerous methods exist for labelling of organic
molecules with 13C and 15N, nonetheless this adds considerable costs to sample prepa-
ration. In table 2.1 the nuclei most commonly analysed by NMR in the biomolecular
context are listed along with their essential characteristics.

Nucleus Spin Gyromagnetic ratio
(γ) /MHz T−1

Natural abundance
/%

1H 1/2 42.58 99.99
2H 1 6.54 0.01
13C 1/2 10.71 1.07
14N 1 3.08 99.6
15N 1/2 -4.32 0.37
19F 1/2 40.08 99.99
31P 1/2 17.25 99.99

Table 2.1: Characteristics of relevant NMR-active nuclei.

A fundamental principle of NMR is the Zeeman e f f ect, manifested as the separation
of nuclear spin energy levels in the presence of a static magnetic field. This separation
is related to the (2I + 1)-fold degeneracy of the spin quantum number, meaning that
for I = 1/2 the nucleus has two Zeeman states, while for I = 1 it has three. This
expansion becomes greater for higher spin quantum numbers, however, much of the
principles governing NMR can be explained based on the spin-1/2 Zeeman states, pre-
sented in fig. 2.1. By convention, the available energy states are defined as α and β or
+ 1/2 and − 1/2, which in a gross approximation can be explained as the spins align-
ing along or against the magnetic field, respectively. In a mathematical notation the
two basis states are defined as vector quantities:

|α⟩ =
(︄

1
0

)︄

|β⟩ =
(︄

0
1

)︄ (2.1)

In reality, individual spins are not restricted to either of the states but rather exist in a
superposition of the two, while the wave f uncton is the principal quantum mechanical
entity that describes the superposition state:

|ψ⟩ = cα|α⟩+ cβ|β⟩ =
(︄

cα

cβ

)︄
(2.2)
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Figure 2.1: Energy levels for a spin-1/2 in the presence of a static magnetic field.

where cα and cβ are the superposition coe f f icients relating to the individual populations
of each state. As an essentially complex entity the wavefunction possess its complex
conjugate counterpart, which in mathematical terms is defined as an adjoint, |ψ⟩†, of
the wavefunction column vector:

⟨ψ| = |ψ⟩† =
(︂

c∗α c∗β
)︂

(2.3)

where c∗α,β denotes the complex conjugates of the superposition coefficients. The above
notation, established by Paul Dirac, is very useful to describe the fundamental proper-
ties of the wavefunction that are being exploited in NMR:

⟨ψ|ψ⟩ =
(︂

c∗α c∗β
)︂(︄cα

cβ

)︄
= cαc∗α + cβc∗β = |cα|2 + |cβ|2 = 1 (2.4)

|ψ⟩⟨ψ| =
(︄

cα

cβ

)︄(︂
c∗α c∗β

)︂
=

(︄
cαc∗α cαc∗β
cβc∗α cβc∗β

)︄
(2.5)

Equations (2.4) and (2.5) denote the inner and outer product of vector entities, dictated
by linear algebra. The inner product, eq. (2.4), specifies the normalisation condition
of the wavefunction, meaning that although the exact populations of the |α⟩ and |β⟩
cannot be fully known, the entire population within the wavefunction is constrained to
the two available states. This principle is further supplemented by the orthogonality
condition for different states, |ri⟩ and |rj⟩, together termed as orthonormality:

⟨ri|rj⟩ =

⎧⎨⎩0 if i ̸= j

1 if i = j
(2.6)

The outer product, eq. (2.5), results in an expansion of the one-dimensional vectors
into the two-dimensional matrix including the quadratic products of the superposition
coefficients. This product is called the projection operator of the basis states which
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gains special significance when considering a large number of spins, in which case it is
expressed as the density operator:

ρ̂ =
|ψ1⟩⟨ψ1|+ |ψ2⟩⟨ψ2|+ . . .

N
= |ψ⟩⟨ψ| (2.7)

where N is the total number of spins while the overbar indicates the average over all
spins within the ensemble. Analogous to eq. (2.5) the matrix representation of the den-
sity operator is:

ρ̂ =

(︄
ραα ραβ

ρβα ρββ

)︄
=

(︄
cαc∗α cαc∗β
cβc∗α cβc∗β

)︄
(2.8)

Conveniently, in this representation the diagonal matrix elements are the populations,
ραα and ρββ, of the |α⟩ and |β⟩ spin states. The off-diagonal elements on the other
hand represent coherences between the states. Coherences are linked by the complex
relationship:

ραβ = cαc∗β =
(︁
cβc∗α

)︁∗
= ρβα

∗ (2.9)

and the populations are always normalised:

ραα + ρββ = 1 (2.10)

Both element types of the density matrix are of critical importance to NMR. While the
population differences have a physical manifestation as the macroscopic equilibrium
magnetisation of the sample inside the magnetic field, it is the coherences specifically
that give rise to the observable NMR signal.

2.1.2 Emergence of the observable NMR signal

Presence of nuclear spins within the sample placed inside the static magnetic field,
B0, gives rise to the macroscopic magnetisation, M, as a consequence of the difference
in population of the available spin states:

M =
Nα

Nβ
= e∆E/kBT (2.11)

where Nα,β simply represent the number of nuclei in a given energy state, ∆E is the
energy separation between the α and β energy states, kB is the Boltzmann constant and
T is the temperature. As included in fig. 2.1, the energy separation is:

∆E = h̄γB0 (2.12)

where h̄ is the reduced Planck constant, h̄ = h/2π, and γ is the nucleus-specific gyro-
magnetic ratio, as listed in table 2.1. Following from eqs. (2.11) and (2.12), it becomes
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clear that M is mainly determined by the gyromagnetic ratio and the strength of the
magnetic field.

According to the semi-classical vector model M is a vector quantity, which at thermo-
dynamic equilibrium is aligned along or against the direction dictated by the B0, by
convention the z axis. In a standard pulse − acquire NMR experiment, the signal is pro-
duced by perturbation of the magnetisation vector away from its equilibrium position
through irradiation with an oscillating radiofrequency (RF) field, B1. The RF pulse re-
sults in generation of B1 in the x, y plane that exerts a torque on M. With well chosen
pulse duration M is rotated by 90◦ and aligns entirely in the direction perpendicular
to B0, i.e. the transverse (x, y) plane. Once the RF pulse is switched off M begins a
precession motion under the influence of B0. Precession is strictly a consequence of the
spin of the nucleus and its frequency is dictated by the nucleus’ gyromagnetic ratio, γ,
in angular frequency it is expressed as:

ω0 = −γB0 (2.13)

The gyromagnetic ratio is a measure of the nucleus’ receptivity to the magnetic field,
and along the magnitude of B0 determines the characteristic frequency of the nucleus’
precession at a given magnetic field, called the Larmor frequency. This motion is de-
tected according to the Faraday’s law of induction as current on a coil located in the
vicinity of the sample. The transverse magnetisation decays with time as the system
eventually returns to the thermodynamic equilibrium with magnetisation oriented par-
allel to B0. This constitutes the free induction decay (FID) signal of the NMR experi-
ment, recorded over approximately 1 second. Next, the FID signal is subject to Fourier
transformation (FT), which decomposes the single signal in the time domain into all its
individual frequency components.

Figure 2.2: Vector model representation of a simple NMR experiment. Transfer of the
magnetisation (A) from the equilibrium position to the transverse plane under the

influence of B1 and (B) the decay of phase coherence during magnetisation precession
that gives rise to the FID signal.
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2.1.3 Precession in the rotating frame

Many notions become simplified when considering the precession not in the static
laboratory frame, but a conceptual rotating frame. The aim of such transformation is to
make the RF field independent of time. In this coordinate system the observed Larmor
precession, ω0, is expressed in relation to the frequency of the rotating frame, ωr. f .,
therefore, in the rotating frame the frequency of precession is defined by the o f f set,
Ω = ω0 − ωr. f .. The consequence is that the apparent magnetic field, ∆B, can also be
expressed with respect to Ω:

∆B = −Ω
γ

(2.14)

and the e f f ective magnetic field becomes:

Be f f = ∆B + B1 (2.15)

Utilising the Bloch f ormalism, the evolution of the macroscopic magnetisation during
the NMR experiment can be predicted:

d
dt

M = γ(M × Be f f )− R[M − M0] (2.16)

where M0 denotes the equilibrium magnetisation and R represents the relaxation ma-
trix, which contains the terms governing the system’s return to thermodynamic equilib-
rium. The critical conclusion is that, when viewed from the perspective of the rotating
frame, the apparent magnetic field along the z axis can be much smaller than the ap-
plied B0. In the special case of ωr. f . being equal to the Larmor frequency the ∆B is
reduced to zero and the B1 field generated by the RF pulse gains significant influence
over the motion of the magnetisation, even though it is much smaller than the applied
B0. By definition, the RF pulses are always applied at the Larmor frequency of a rel-
evant nucleus to maximise their effect on the sample. Conversely, the frequencies de-
tected in the NMR experiments are always determined relative to the receiver reference
frequency. Since this is commonly set to be the same as the RF frequency, it follows that
the detection also takes place in the rotating frame and the offsets of individual signals
give rise to their frequencies in the NMR spectrum.

2.1.4 Critical NMR parameters

In the context of biomolecular NMR, the following terms need to be clarified:

Chemical shift (δ) is the position of the signal along the frequency axis, measured
with respect to a reference compound, usually tetramethylsilane (TMS) or its deriva-
tive. Observed signal frequencies are proportional to the magnitude of the applied B0,
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however for consistency they are quoted in a field-independent units of ppm:

δ =
ν − ν0

ν0
106, ppm (2.17)

where ν and ν0 are the signal frequencies in Hz of the sample and reference compound,
respectively. On the molecular scale, chemical shift is dependent on the close chemical
environment of each non-equivalent nucleus. In principle, it is the motions of electrons
that create a secondary magnetic field and perturb the applied B0. As a result, the
effective magnetic field at each nucleus is marginally different. This accounts for the
separation of NMR signals along the frequency axis.

Spin-spin coupling constants (n JAX) represent scalar, i.e. through-bond interactions
between two nuclei (A, X) linked by one or more covalent bonds (n). This coupling is
field-independent and usually quoted in units of Hz.

Nuclear Overhauser effect (NOE) arises from dipolar, i.e. through-space, spin cou-
plings with 1/r6 correlation to the internuclear distance (r). Therefore NOEs are most
prominent for short range interactions and become specifically useful in determination
of molecular structures.

Spin-lattice relaxation time (T1) describes the rate at which the magnetisation returns
to the thermodynamic equilibrium parallel to B0 after the RF pulse. T1 is related to the
rotational tumbling of molecules in solution and as such is sensitive to temperature,
sample viscosity, and in case of biocompounds, local changes in structural flexibility.

Spin-spin relaxation time (T2) is the rate of decay of effective magnetisation observed
on the transverse plane after the 90◦ pulse. T2 is never longer than T1, and is related to
the loss of coherence among individual spins that precess in the transverse plane and
build up the macroscopic, observable magnetisation. T2 relies on the dynamic processes
governing the molecules of study, in particular it is inversely correlated to molecular
size.

Linewidth (∆ω1/2) is the determinant of spectral resolution. In NMR we assume the
signals take the Lorentzian line shape. In relation to those, the linewidth is described
as width at half-height of the peak. In an ideal NMR experiment, carried out in a
kinetically stable system, linewidth has a simple correlation to T2:

∆ω1/2 =
1
T2

, (2.18)
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which explains the fall in resolution with increasing molecular size. In reality, linewidth
can be dramatically affected by exchange process and experimental artefacts. More-
over, linewidth and T2 are influenced by molecular mass and shape, otherwise referred
to as the rotational correlation time (τC), which to a good approximation is expressed
by Stoke’s law:

τC =
4πηwrH

3

3kBT
, (2.19)

where ηw, rH, kB, T refer to solvent viscosity, molecule’s effective hydrodynamic radius,
Boltzmann constant and temperature, respectively.

2.1.5 Chemical exchange

Out of the many important aspects of NMR the ability to study the time-dependent
nature of molecular systems, particularly those in thermal equilibrium, makes it stand
out amongst other experimental methods. The NMR experiment detects the molecular
motions themselves. In consequence it provides access to a broad range of processes
occurring on the nanosecond to the many seconds timescale, including the making and
breaking of chemical bonds, acid-base and redox reactions, conformational changes of
relatively rigid structures such as proteins, as well as protein-ligand interactions. In
general, all these processes are referred to as chemical exchange. With few reasonable
assumptions chemical exchange in the context of NMR is usually simplified to a model
of a nucleus shifting between two magnetically distinct environments A and B, each
being equally likely populated:

A
kAB−−⇀↽−−
kBA

B (2.20)

where kAB and kBA are the forward and reverse rate constants and the exchange con-
stant, kex, is defined as:

kex = kAB + kBA =
kAB

pB
=

kBA

pA
(2.21)

while pA and pB are the equilibrium populations of the nuclear spins in the chemical
environments A and B. Considering the above, eq. (2.16) which predicts the evolution
of the macroscopic magnetisation during the NMR experiment can be rewritten for A
and B, including the contributions of the exchange process:

d
dt

MA = γ(MA × Be f f )− R[MA − M0,A] + kBA MB − kAB MA (2.22)

d
dt

MB = γ(MB × Be f f )− R[MB − M0,B] + kAB MA − kBA MB (2.23)

For the NMR experiment, the effects of chemical exchange depend on the relationship
between processes occurring at the Larmor timescale, τ0, i.e. the time required for
nuclear spins to precess by 1 radian in the applied magnetic field, the spectral timescale,
τspect, i.e. the inverse of the chemical shift separation between two distinct chemical
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environments, ∆ω = |ωA − ωB|, and the spin-lattice relaxation timescale defined by
T1. Motions on the τspect timescale have direct manifestations in the lineshapes of NMR
spectra with the critical value at kex ≈ 2

√
pA pB × ∆ω. This so called crossover point

defines the intermediate exchange regime, where the ωA and ωB signals coalesce. At kex

significantly above and below the crossover point the exchange processes have highly
distinct effects on NMR spectra. The slow exchange regime is defined by kex << ∆ω,
where the signals for ωA and ωB are individually well defined, on the opposite end, i.e.
for kex >> ∆ω and f ast exchange, only a single peak is observed. The populations of
A and B play a critical role in both of these cases. For slow exchange they relate to the
intensities of the individual signals, while for fast exchange it is the f requency of the
observed signal that is is averaged by the population difference. The characteristics of
the three exchange regimes are presented in fig. 2.3.

Figure 2.3: Simulated 1H spectra for nuclei in a two-state exchange model. The ratio
between the chemical shift difference (|ωA − ωB|) and exchange rate (kex) is the

ground for characterisation of the (a) slow-, (b) intermediate-, and (c) fast-exchange
regimes, which determine spectral appearance. Figure reprinted from Farber and

Mittermaier [40]. Copyright 2015, with permission from Springer Nature.
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2.2 Sensitivity and resolution

The sensitivity and resolution parameters are of critical importance to NMR. Sensi-
tivity is defined as the minimum amount of sample needed to produce a signal clearly
above the noise level, while resolution dictates how well the individual signals in the
spectrum can be differentiated. The main limitation to sensitivity in NMR relates to the
separation of the nuclear spin energy levels, which is few orders of magnitude lower
in comparison to other spectroscopic methods. One of the main sensitivity measures is
the signal-to-noise ratio (SNR) formulated by Abragam [1] as comparison of the inten-
sity of the observed signal to the root mean square of the noise floor. It can be shown
that [167]:

SNR ∝ [γB0]

[︃
γ2 h2 B0 Ns

16π2 kB T

]︃ [︃
B1

ic

]︃ [︃
1

Vnoise

]︃
(2.24)

where Ns the number of spins per unit volume, B1
ic

is the coil sensitivity defined as
the coil magnetic field per unit current, Vnoise is the noise voltage which has contri-
butions from both the sample and the detector, while h and kB are the Planck’s and
Boltzmann’s constants, respectively. The above gives a rather complex account of the
SNR, however most of the defining parameters are either natural constants or relate to
the sample conditions, such as temperature or number of spins. It follows that one of
the main sensitivity gains is associated with an increasing magnetic field. In fact, truly
groundbreaking improvements in NMR sensitivity were made over the last 50 years,
mainly as consequence of the discovery of superconducting materials. As result, iron
magnets capable of reaching up to 2.35 T are now replaced by modern superconducting
instruments operating at 14 - 28 T. Further sensitivity enhancement is offered by cry-
ocooled probes, which limit the thermal noise generated by the motions of the electrons
in the receiver circuitry, reflected by Vnoise in eq. (2.24). This offers 2 - 4 times better SNR
per unit time in comparison to conventional ambient temperature probes [79,167].

In eq. (2.24) the only element directly related to the RF coil is the B1
ic

, which can be op-
timised by choosing the proper coil geometry for the sample that will maximise the
number of spins in the homogeneous B1 volume [37,38]. This approach has been as-
sumed specifically for mass- and volume-limited samples, where the NMR signal is
notably improved by using miniaturised detectors that closely coincide with the sam-
ple [48,121,122,168]. Further sensitivity improvements are achieved for systems that em-
ploy both detector miniaturisation and cryocooling, as demonstrated by Brey et al. [16].
An entirely separate avenue for increasing sensitivity of the NMR experiment is hyper-
polarisation, where population differences much greater than those at thermal equilib-
rium are imposed on the sample. Methods involved are associated either with transfer-
ring the polarisation from electrons to nuclear spins or the transfer of para-hydrogen
spin order through catalysed chemical association. Currently, these techniques hold
great promise to NMR as up to 10,000-fold signal enhancements have been reported [6,42].
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In practice, the SNR is routinely amplified by signal averaging, i.e. repeated acquisi-
tion and summation of the resulting spectra. The improvement comes from the fact
that the NMR signals are reproducible, whilst the noise is essentially random. For the
acquisition repeated N times the signal intensity improves accordingly, however the
noise is raised only by a factor of

√
N, therefore the overall SNR scales up as a function

of
√

N, allowing for the NMR signals to be extracted out of the noise. The setback of
this approach is such that it becomes time consuming, especially for extended pulse
sequences and/or molecules with long spin-lattice relaxation times, T1. An improve-
ment of 5 ∗ SNR requires repetition of the same experiment 25 times, while 10 ∗ SNR
gain can only be achieved with a 100 repetitions. In individual cases this might require
hours or even days of experimental time.

As exemplified by eq. (2.24) multiple factors, often specific to the sample, influence
the SNR while the acquisition time is completely omitted. This makes the SNR not
an adequate parameter when comparing sensitivities of different detectors [85]. Instead,
the specific sensitivity measure, S, was introduced [168], a function of SNR taking into
account sample conditions such as mass (m) or concentration (C) and the overall acqui-
sition time (tacq):

Sc =
SNR

C
√︁

tacq

Sm =
SNR

m
√︁

tacq

(2.25)

However, scaling with the total acquisition time bears it’s own problems, e.g. the con-
tribution of the repetition delay needs to be accounted for as it reflects the T1 of the
sample. This has prompted Lepucki et al. to propose the normalised limit of detection
(nLOD) measure for comparison of different NMR setups, which describes the detec-
tor performance independent of measurement parameters [85]. In the frequency domain
the mass-nLOD is defined as:

nLODm
f =

3ns
√︁

∆ f
SNR

√
N

(2.26)

where ns is the sample amount in mol, ∆ f is the set receiver bandwidth, SNR is mea-
sured for a single scan and N is the number of measurement points per scan.

In the case of resolution, the critical role plays the homogeneity of the applied mag-
netic field. However, B0 is never perfectly homogeneous as it is being distorted by the
imperfections of the experimental setup, such as magnetic susceptibilities introduced
by the instruments or the sample. As result, the nuclear spins will experience slightly
different magnetic fields depending on their position within the sample, which will
be reflected by their Larmor frequencies and therefore the reported chemical shifts.
The pronounced effect is broadening of the spectral peaks, which affects both their
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linewidth and amplitude, making signals that are close to each other difficult to dis-
tinguish. Other characteristics specific to the sample, i.e. the T2 which is inversely
correlated to the linewidth, will also affect the spectral resolution which is defined by
the linewidth and SNR:

ε =
∆ω1/2√

SNR
(2.27)

2.2.1 The Transmission Line Probe

Figure 2.4: Schematic representation of the TLP detector assembly, including the
microfluidic device. In the front view (A) the position of the generic microfluidic
device (1) is shown, such that the constriction of the detector coincides with the
sample chamber in 1. In the exploded view (B), the two planes (3 and 5) of the

detector are visible, plus the spacer (4) which ensures the correct position of 1. All
measures are expressed in mm, unless stated otherwise. Figure reprinted from
Sharma and Utz [150] with permission from the authors. Copyright 2019, with

permission from Elsevier.

This work employs the transmission line probe (TLP) specifically designed to accom-
modate planar microfluidic devices [47,150,186]. The TLP design derives from the stripline
NMR detector, proven to give

√
2 improvement in SNR when compared to the con-

ventional helical coil of the same volume [38]. The detector geometry is presented in
fig. 2.4, featuring two conducting planes with a constriction that concentrates the RF
field and sensitivity onto the sample area of the microfluidic device. The detector is
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mounted onto an aluminium scaffold compatible with a standard NMR spectrome-
ter. The modular design of the TLP allows for fast optimisation of the detector, where
different designs and geometries can be explored. The current setup is optimised for
proton detection at 14 T with a second channel tunable to 13C or 15N.

Figure 2.5: Performance profile of the the TLP in comparison to other micro-NMR
detectors and a commercially available Cryoprobe (Bruker, US). The references
describing individual micro-NMR detectors (a-u) are listed in table B.1 in the

appendix.

The performance of the TLP in comparison to other micro-NMR detectors described
in the literature is presented in fig. 2.5. The detection volume is plotted on the x-axis,
while the y-axis and the diagonal represent the mass- and concentration-LOD, i.e. the
inverse of the sensitivity parameters presented in eq. (2.25). All considered micro-NMR
(µNMR) detectors are listed in table B.1, including the relevant publications. The TLP
is highlighted in blue along the commercially available TCI cryoprobe (Bruker, US)
operating on ∼ 500 µL samples. As can be noted the TLP performance aligns with the
general trend of decreasing nLOD with size, highlighted by the solid line of gradient
1/3. The main advantage for this detector is associated with improved mass sensitivity,
which is approximately one order of magnitude better than the cryoprobe, however
comes with the concentration-LOD penalty which is correspondingly reduced.
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2.3 Practical aspects of protein NMR

2.3.1 Representation of the NMR pulse sequences

As explained in section 2.1.2 the detection of the NMR signal takes place when the
magnetisation is perturbed in a direction perpendicular to the applied magnetic field,
i.e. the transverse plane. These perturbations are caused by irradiation of the sample
with RF pulses, where the timing of the pulse determines the angle of rotation. Accord-
ing to the vector model the maximum signal in the transverse plane is recorded when
the magnetisation is tilted 90◦ away from the equilibrium position, hence the standard
pulse-acquire NMR experiment contains a single 90◦ pulse, immediately followed by
the acquisition of the FID signal. The depiction of this experiment is shown in fig. 2.6,
where the 90◦ pulse is represented by a single block on the time axis. In a standard
NMR pulse sequence representation, the thickness or colour of the block will relate to
the angle of rotation, while additional information may also specify the phase of the
RF pulse. The more complex NMR experiments are built by multiple pulses and de-
lays designed to shift the populations and coherences of the density matrix, which is
reflected in the detected NMR signal.

Figure 2.6: Standard representation of an NMR pulse sequence. Horizontal line
represents the experiment time axis, coloured blocks symbolise individual RF pulses

while decaying oscillating wave is the detected FID signal during the acquisition
period, t.

2.3.2 Coupled spins and coherence transfer

So far only individual spins or an ensemble of non-interacting spins have been con-
sidered, however real samples consist of complex molecules where spins interact with
each other. The simplest model for such system is a pair of coupled spins-1/2, defined
by the following wavefunction:

|ψ⟩ = cαα|αα⟩+ cαβ|αβ⟩+ cβα|βα⟩+ cββ|ββ⟩ (2.28)

After application of a 90◦ pulse on this system at equilibrium, the resulting transverse
magnetisation may be represented as four vectors in the rotating frame, as shown in
fig. 2.7 A. Those are related to the transitions of individual spins between the |α⟩ and
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Figure 2.7: The energy diagram for a coupled two-spin system. In (A) only the
observable single quantum coherences, associated with the individual spins’

transitions between available energy states, are presented as arrows. In (B) the
non-observable zero quantum coherence and double quantum coherences are

highlighted in blue and gray, respectively.

|β⟩ states. In each one of these cases a single transition between + 1/2 and − 1/2 states
results in a coherence order p = ± 1, which is otherwise known as a single quantum
coherence (SQC). Two other transitions are possible where both of the coupled spins
change their states, as visualised in fig. 2.7 B. The coherence order in these cases is
p = 0 for the transitions between the |αβ⟩ and |βα⟩, and p = ± 2 for the transitions
between |αα⟩ and |ββ⟩, defined as the zero quantum coherences (ZQCs) and double
quantum coherences (DQCs), respectively. This distinction is relevant since the quan-
tum mechanical selection rules dictate that only single quantum coherences can induce
magnetisation on the detection coil, therefore those are the only directly observable
coherences in the NMR experiment. Coherence transfer on the other hand is possible
regardless of the coherence order, however in solution limited only to the J-coupled
spins. Exploring the coupling connections becomes extremely important for multidi-
mensional NMR experiments.

2.3.3 Coherence selection

As highlighted above, all possible coherences evolve according to the sequence of
delays and pulses during the NMR experiment, however, this might lead to a distorted
spectrum if the right coherences are not selected during the pulse sequence. Two meth-
ods can be employed to achieve this goal. Through phase cycling the pulse sequence
is repeated several times over almost identically. The only difference is applied to the
phases, ∆ϕ, of the designated RF pulses. For pulses which change the coherence or-
der, those coherences acquire a phase shift which propagates through the remainder of
the pulse sequence. Sequences repeated multiple times, each time with different ∆ϕ,
when combined allow for the desired signals to add up coherently while all others are
cancelled out and do not appear in the resulting spectrum. PFGs on the other hand
deliberately cause the main magnetic field, B0, to become inhomogeneous for a short
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period of time. As result, any coherences present dephase rapidly, however, this can be
reversed by applying a second PFG. Therefore, by careful choice of the duration and
position of the two PFGs in the pulse sequence one can assure that only the coherences
of interest are rephased. Each of the two methods come with significant considera-
tions. For complex multi-pulse sequences the appropriate coherence selection pathway
via phase cycling may result in significantly extended experimental time, while appli-
cation of PFGs can only be carried out by specifically designed gradient coils, which
are not standard for every NMR probe.

2.3.4 Multidimensional NMR experiments

Although the initial ideas for two-dimensional NMR were presented by Jean Jeneer
in 1971, the first experiments were actually carried out few years later by Aue et al. [8].
This innovation has proven truly revolutionary for biomolecular research, greatly ex-
panding the ability to determine the structures of molecules. The special utility of
2D NMR originates from the fact that these techniques can fully exploit the through-
bond (J-coupling) and through-space (NOE) spin interactions within, but also between
biomolecules. Individual interactions between the spins are either homo- or heteronu-
clear, the former most commonly relates to the 1H-1H couplings while the latter to
1H-13C and 1H-15N. In protein NMR, the regular distribution of spin interactions, e.g.
as for the amide NH J-couplings in the peptide bonds, allows for interrogation of all
residues of the polypeptide chain while they remain individually resolved in the fre-
quency domain.

Figure 2.8: The general scheme for two- (A) and three-dimensional (B) NMR
experiments.

From the experimental perspective, the generation of the second frequency dimension
is relatively simple. Regardless of the exact pulse sequence, the experiment can be
subdivided into four distinct periods: preparation, evolution, mixing and detection,
as presented in fig. 2.8 A. The detection period is entirely analogous to the 1D format,
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preparation and mixing are build by a single pulse or a set of pulses specific to each
2D experiment, and the evolution period is critical to the generation of the second fre-
quency dimension. Therefore specific ”acquisition times”, t1 and t2, are defined for
each dimension. The term ”acquisition time” can be misleading because it’s only the
frequencies of the detection period that are being observed directly and therefore con-
stitute the primary (horizontal) axis of the NMR spectrum. The signal in the second
dimension is generated by sampling the increasing duration of the t1 evolution period,
as presented in fig. 2.9, which adds an amplitude modulation to the directly detected
t2 signal. The t2 and t1 time domain signals are Fourier transformed which results in
a 2D spectrum where individual peaks arise at the maximum amplitudes of both the
frequency domains. This approach can be expanded further by addition of another
incremented evolution period in the pulse sequence, giving rise to a new dimension
of the experiment, as presented in fig. 2.8 B. Critically, as no direct observations are
made during the evolution period, the coherences evolving through t1 can be the non-
observable ZQCs and DQCs. Those are converted into the observable single quantum
coherences in the following mixing period.

Figure 2.9: The principle of NMR data acquisition in two dimensions. The primary
dimension comes from the directly observed FIDs during the t2 acquisition. The

second dimension is generated indirectly through incrementation of the t1 period in
the pulse sequence, which adds an amplitude modulation to the observed FID.
Spectra are produced by successive Fourier transformation of the t2 and t1 data.

2.3.5 Homonuclear correlation spectroscopy

One of the reasons that make NMR such a powerful technique is that it provides
the means to identify the physical correlations between individual atoms, which are
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Figure 2.10: The standard pulse sequences for the COSY (A) and TOCSY (B)
experiments. During the mixing period in the TOCSY experiment a series of pulses
are executed which transfer coherences between spins connected via an unbroken

network of J-couplings. In the schematic representation of the resulting spectra (C) in
grey are the diagonal peaks, in light blue with pink outline are the cross peaks

present in both spectra while the pink signals are the cross peaks which are generated
as a consequence of the mixing period in the TOCSY experiment. The solid and

dotted lines demonstrate the covalent bond relationships that can be extracted from
the COSY and TOCSY spectra, respectively.

manifested in the spectrum. This ability cannot be overstated for organic chemists,
who use it everyday to characterise newly synthesised chemical compounds. Corre-
lation spectroscopy experiments rely on the J-coupling network within the molecule
and in consequence allow to resolve the covalent bond arrangements between indi-
vidual signals. The standard COrrelation SpectroscopY (COSY) and TOtal Correlation
SpectroscopY (TOCSY) pulse sequences as well as the schematic representation of the
resulting spectra are presented in fig. 2.10. The COSY pulse sequence is composed
of two 90◦ pulses separated by the t1 evolution period. The first pulse generates the
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single quantum coherences which evolve over t1, and the second RF pulse is used to
convert the individual coherences into every other coherence in the coupled spin sys-
tem. In the resulting spectra two types of peaks can be observed. Those at the same
frequencies in both dimensions populate the diagonal of the spectrum and represent
the self-correlated spins. These peaks offer no additional information in comparison
to a standard 1D spectrum. The second type of peaks are called cross-peaks and ap-
pear on the off-diagonal of the spectrum. Cross-peaks are only observed for spins that
have a direct J-coupling to the diagonal, therefore they provide critical information
about the chemical bond network within a molecule. An expanded pulse sequence, i.e.
TOCSY shown in fig. 2.10 B, allows to resolve all signals from spins connected via an
unbroken network of J-couplings. The TOCSY experiment employs a series of pulses
arranged in a repetitive sequence which constitute the isotropic mixing period, where
the coherences are relayed along the continuous chain of J-couplings. The duration of
the mixing period, τm, determines the extent of propagation of the coherences between
the coupled spins, where longer mixing times are needed to resolve the long-distance
correlations. However, mixing times above 100 ms are rarely effective as they incur a
significant sensitivity loss due to relaxation. The COSY and TOCSY spectra are usually
recorded together as their additive information allows to quickly identify the single-
and multiple-bond connections within the molecule.

2.3.6 Heteronuclear magnetisation transfer

Similar to the 1H-1H correlations considered in the previous section, individual J-
couplings can be utilised specifically to transfer magnetisation between 1H, 13C and
15N. As the detected NMR signal is ultimately dependent on the size of the equilib-
rium magnetisation generated at the start of the experiment, the sensitivity in NMR
is dictated mainly by the gyromagnetic ratio and the strength of the applied magnetic
field, as defined by eqs. (2.11) and (2.12). Since the γ of 1H is approximately 4 - 10
times that of 13C and 15N while the B0 remains the same for all, the detected proton
signals in the NMR experiment are consequently stronger than those for 13C and 15N.
The Insensitive Nuclei Enhanced by Polarisation Transfer (INEPT) experiment allows
to compensate this difference by transferring the larger equilibrium magnetisation gen-
erated on 1H to the low γ nuclei of 13C and 15N. Furthermore, the repetition rate of the
experiment, determined by the T1 of the examined species, can be greatly increased as
the proton T1 is generally much shorter than that of the other nuclei. The refocused IN-
EPT pulse sequence is shown in fig. 2.11 considering a heteronuclear spin-1/2 pair IS,
where I signifies the high sensitivity nucleus (1H) and S relates to 13C or 15N. The initial
90◦ pulse generates the transverse magnetisation on I while the following (1) period,
including the 180◦ pulse on both channels, is designed to evolve the JIS-coupling as the
chemical shift is refocused. The second (2) period consists of two 90◦ pulses that cause
the coherence transfer from I to S. This constitutes the actual INEPT pulse sequence,
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however the refocused INEPT employs another (3) period analogous to (1) to maximise
the amplitude of the signal detected on S. Likewise, the timings of the τ1 and τ2 delays
are adjusted to give the strongest S signal, which is recorded for τ1 = τ2 = 1/(4JIS).
However, in a real molecule different couplings are present and each will show dis-
tinct enhancement factor depending on the choice of the delay time. Shown in grey in
fig. 2.11 is the decoupling applied on I during detection which effectively reduces the
JIS to zero giving rise to a single peak detected in the S frequency domain.

Figure 2.11: Representation of the refocused INEPT pulse experiment. Three periods
can be singled out during the pulse sequence. During period 1 ,both spin offsets are
refocused through application of the 180◦ pulse (open rectangle) while the J-couplig
is allowed to evolve. Period 2 consists of two 90◦ pulses, executed simultaneously on

both spins transferring the magnetisation from spin I to spin S. In period 3, the
pulses from period 1 are repeated for the same effect before the acquisition is carried

out. The optimum value for both τ1 and τ2 delays is 1/(4JIS)

The INEPT pulse sequence has become one the main building blocks of modern multi-
dimensional NMR experiments, often executed in an out-and-back scheme, where the
magnetisation is both generated and detected on 1H, while specific pulses and delays
of the t1 evolution and mixing periods are applied to generate the indirectly detected
coherences.

2.3.7 Heteronuclear quantum coherence correlation spectroscopy

The ability to record single-bond correlations between 1H, 13C and 15N atoms is of
the upmost importance for protein NMR, as those are regularly distributed within
the polypeptide chain. For this purpose two types of experiments are distinguished,
Heteronuclear Single Quantum Coherence (HSQC) and Heteronuclear Multiple Quan-
tum Coherence (HMQC), both of which provide essentially equivalent correlation data,
however exploit different pathways for the coherence transfer. The main advantage of
these methods comes from the ability to disperse the usually crowded protein 1H sig-
nals according to their heteronuclear shift. The general scheme for the magnetisation
transfer carried out during the HSQC/HMQC experiments is presented in fig. 2.12,
while the corresponding pulse sequences are shown in fig. 2.13.



Chapter 2. Background 25

Figure 2.12: Diagram representing the magnetisation transfer carried out during the
most common heteronuclear 2D protein experiments. 1H-15N HSQC (left) allows to
correlate covalently bound proton and nitrogen atoms of the protein amide groups

while the 1H-13C HMQC (right) achieves the same for proton - carbon pairings of the
methyl, methylene and methine groups. Figure reproduced from ’Protein NMR: A

practical guide’ (https://www.protein-nmr.org.uk/) with permission from the
author.

Both HSQC and HMQC experiments are build by two INEPT-like sequences separated
by the t1 evolution period for the heteronuclear chemical shift. The initial (1) periods
of the HSQC and the INEPT pulse sequences are essentially the same, generating the
transverse magnetisation on I, followed by the evolution of the JIS-coupling and coher-
ence transfer to S. During the t1 period, a single 180◦ pulse is applied on I to refocus
the JIS-coupling, while a single quantum coherence evolves on S. Subsequently, a re-
verse INEPT is carried out which transfers the magnetisation back to I for detection,
while the decoupling is applied to the S channel. Likewise, in the HMQC experiment
the initial magnetisation is generated by a 90◦ pulse on I, which after the delay τ is
transferred into a multiple quantum coherence on S by a 90◦ pulse. The t1 period again
serves to evolve the chemical shift on S, while it is refocused on I by a 180◦ pulse. An-
other 90◦ pulse on S transfers the magnetisation back to I, which is allowed to evolve
into the observable single quantum coherence over the second delay τ before detec-
tion. Again, the intensity of the detected signal depends on the delay times and is
optimal for τ1 = τ2 = τ/2 = 1/(4JIS). Despite the differences in the two pulse se-
quences the resulting spectra are largely the same and the experiments can be applied
alternately. However, the HSQC offers superior sensitivity and resolution in the indi-
rect dimension therefore it remains the most commonly used heteronuclear correlation
technique. The advantages of the HMQC on the other hand relate to the simpler pulse
sequence and exploration of specific relaxation properties of the multiple quantum co-
herences, which can be beneficial for the 1H-13C couplings. Furthermore, an improved
version of the HMQC sequence was developed, i.e. the band-Selective Optimised Flip
Angle Short Transient (SOFAST) HMQC, which limits the total experimental time to
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Figure 2.13: The pulse sequences of the HSQC and HMQC experiments. 90◦ and 180◦

pulses are represented by filled and open rectangles, respectively. The initial periods
(1 and 2) are equivalent to the INEPT pulse sequence and serve to transfer the

magnetisation from the highly sensitive I nucleus to the S. The t1 evolution period (3)
follows, before the magnetisation is transferred via reverse INEPT (4 & 5) to I for
detection. Grey squares represent the decoupling pulses applied on the S channel

during acquisition.

only few seconds, therefore providing the framework for high-throughput NMR stud-
ies [53,142,143]. This experiment can be easily implemented using the modern commercial
NMR systems, however, due to fast pulse repetition and incorporation of PFGs on top
of the double channel requirements it poses notable challenges for the non-standard
hardware.

2.4 Protein NMR, the applications outlook

2.4.1 Background

In biomedical research NMR is very highly regarded. It is one of only few methods
that provide atomic scale resolution, essential in the field of structural biology. How-
ever, the modern-day technique of choice in determining biomolecular structure is X-
ray crystallography (XrC). This method, revolutionised by introduction of synchrotron
radiation in the 1970s [127], today accounts for over 90 % of all structural data deposited
on the RCSB protein data bank (https://www.rcsb.org). The main advantage of XrC
is high atomic resolution and potential application to all types of proteins, irrespective
of molecular weight, solubility or complexity. On the other side, the fundamental re-
straint is the ability to obtain uniform macromolecular crystals formed by the object of
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interest, a process that is notoriously strenuous and based on a repeated trial-and-error
approach [107]. Finally, crystallization drives the molecular system into a highly ordered
state with constrained flexibility. Indeed, it is the most ordered structures that provide
best structural information, while resolution falls drastically for intrinsically disordered
and flexible regions [177]. This drawback, despite unquestionable importance of XrC in
biomedical research, reveals significant limitations of the method to describe real-life
behaviour of life systems. Biological molecules live predominantly in an aqueous en-
vironment, with substantially higher degrees of freedom, an aspect that is especially
important for the primary functional elements of life, i.e. proteins. In fact, importance
of structural flexibility on protein activity, first characterised for haemoglobin [123], is
well recognised in biomedical research [105]. This is the area, where introduction of
NMR becomes particularly advantageous.

2.4.2 The historical stand

Contemporary protein NMR owes a great deal to the ground-breaking work carried
out in the 1980s by Kurt Wüthrich and Richard Ernst, for which both were awarded
the Nobel prize. The field has moved considerably since, however the principles first
outlined for two-dimensional experiments [8] are still fundamental for many pulse se-
quences used to gather biomolecular NMR data. Modern day protein NMR is based
on multidimensional experiments, detecting chemical shifts of different nuclei based
on their correlation, either through J-couplings or NOEs. Because of the character
of J-couplings, heteronuclear experiments are preferred due to more effective transfer
of magnetization between distinctive γ nuclei [12], resulting in higher resolution spec-
tra. Those however require incorporation of NMR-active nuclei into the protein struc-
ture, considerably raising the cost and complexity of sample preparation. In resolving
molecular structures, experiments utilising the NOE are most useful, with the ability to
detect interactions within 6 Å distance. J-couplings in turn provide valuable informa-
tion on the arrangement of covalent bonds and backbone dihedral angles [25,45]. Univer-
sal approach in protein NMR requires assignment of each resonance signal, a process
that is lengthy and complex, however provides a unique opportunity to investigate the
behaviour of every single atom in the structure.

2.4.3 Applications and perspectives

The main characteristics of NMR is the ability to study molecules in solution and
access a broad range of timescales [110], which cover crucial biological processes such
as enzymatic catalysis, signal transduction, ligand binding or allosteric regulation [100].
Indeed, with XrC being such a dominant technique for structural biology, the focus
on dynamic chemical phenomena has become the main application of NMR within
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and outside protein study. Here it is important to mention the influence of dynamic
processes, namely molecular tumbling, on the experimental result. In NMR, resolu-
tion is intrinsically linked to molecular weight, for that reason the detection limit for
proteins stands at approximately 50 kDa. Nonetheless, this value falls well within the
expected molecular weight of an average globular protein domain [151] making NMR
applicable for a broad range of targets. On the other hand, the ability to probe protein
dynamics renders NMR very well suited to study weak interactions and low-affinity
complexes. Coincidentally those are often responsible for driving biological processes.
In particular, protein-ligand interactions are the point of focus to the pharmaceutical
industry, where NMR has become especially useful in fragment-based drug discov-
ery (FBDD). Here, through a hit-and-miss approach an entire library of fragments, i.e.
small compounds below 300 Da, is screened against a known protein target to identify
high quality interactions. In successive steps positive hits are further optimised to lead-
like compounds. Efficacy of this approach can be exemplified by, amongst others, the
recent development of inhibitor drugs for myeloid cell leukaemia 1 (Mcl-1) [49].

Figure 2.14: A small region of the 1H-15N HSQC spectrum of the TAZ2 protein
titrated with p53 AD1 domain. Observed are the CSPs of the protein signals in
response to the increasing ligand concentration. Peak colouring relates to the

concentration ratio between TAZ2 and p53 AD1, from black for the free protein to
magenta for 1:5 ratio, arrows indicate the CSP trajectories for individual signals.
Figure reprinted from Arai et al. [5]. Copyright 2012, with permission from the

American Chemical Society.

At the current state of affairs, when planning an NMR experiment one needs to take
into account primarily the timescales of interrogated interactions and secondly their
kinetic profile. By far, the simplest analysis can be carried out based on the population-
averaged signals observed for a two-state model in fast exchange regime, with a range
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of experiments available of both ligand-observed and protein-observed perspective [50].
The richest set of information is gathered by following the chemical shift perturbations
(CSPs) of protein signals in response to the changing ligand-to-protein molar ratio, a
characteristic of the fast chemical exchange. This method is very well suited to identify
quantitative characteristics of the interactions, such as the binding constant (KD), as
well as more specific information about the binding mode. Conformation changes,
number of binding sites, allosteric regulation, differences between specific and non-
specific binding can be readily inferred from a relatively simple 2D spectrum [50,173],
provided an adequate kinetic model is given. Armed with an appropriate software one
can even start to predict the orientation of the ligand within the binding site [30]. Major
drawbacks of this type of experiments arise from sample quality (isotope labelling)
and quantity (milligrams) requirements, that significantly raise the cost of production.
Moreover, extraction of the most intricate information often requires extensive data
analysis reliant on resonance assignment.

Operating under the same model, a range of ligand-observed methods are also avail-
able to further characterise protein-ligand interactions. Saturation transfer difference
(STD) [104] and Water-LOGSY [27] are two 1D experiments commonly employed in early
stages of FBDD to identify effective binding moieties from broad libraries of fragments.
Both require high ligand excess and significant size difference between the two bind-
ing partners. In fact, the difference in molecular weight between free and complexed,
i.e. bound ligand, provides ground for detection due to disparate relaxation properties.
For this reason, the above methods are especially well suited to study interaction pro-
file of large proteins, otherwise inaccessible for NMR. Furthermore, with introduction
of NOE-based experiments simultaneous analysis of a large compound mixtures has
now become possible [21]. Adding this to other major advantages of ligand-observed
NMR methods, i.e. low protein requirement and no need for isotope labelling, it is
clear to notice their applicability for high throughput screening of fragment libraries.
However, this approach falls short in later stages of the process where structural infor-
mation, provided by either NMR or XrC, is necessary to build lead-like compounds.
Likewise, accuracy drops when interrogated interactions occur beyond the two-state
kinetic model.

Outside the fast exchange regime NMR study of protein-ligand interactions becomes
significantly more complicated, however not impossible. CPMG relaxation disper-
sion [94] and ZZ-exchange [41] are two experiments designed to access the intermediate-
to slow- and slow-exchange processes, respectively. Here, data analysis is based on
linewidths and intensities of protein signals. This poses serious challenges and re-
quires good understanding of underlying physical processes that govern relaxation
properties of the interrogated species and affect the measured quantities. Neverthe-
less, unique capabilities of those methods open further doors for protein NMR, where
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both have become particularly advantageous in studying the dynamics of intrinsically
disordered proteins.

Figure 2.15: NMR methods for analysis of protein-ligand interactions with respect to
the chemical shift timescales. The exchange regimes are defined by the ratio of the

rate, kex, and chemical shift difference, ∆ω, between the free and bound states. Figure
reprinted from Furukawa et al. [50]. Copyright 2016, with permission from Elsevier.

Keeping all this in mind it is easy to see how the full power of NMR can be best
utilised when multiple experimental approaches are employed to reach an integrated
outcome. In particular, FBDD gives a good example how those can be combined and,
when complimented with other interrogation platform, lead to a highly effective out-
come.

2.5 Probing protein - ligand interactions, alternative methods

So far, the focus of this review were methods in structural biology. However, in rela-
tion to the project aims, other techniques to study protein-ligand interaction need to be
considered. Keeping with the classification proposed by Yakimchuk [181], the following
categories are identified:

2.5.1 Labelled ligand-binding assays

Common methods exploit principles of fluorescence, radioactivity and biolumines-
cence. In particular, Förster Resonance Energy Transfer (FRET) is a technique highly
sensitive to intermolecular distances, although susceptible to fluorescence interference.
This method employs the use of two interacting fluorophores, where change in emitted
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wavelength is observed when both are in close proximity (< 100 Å) [93]. For this rea-
son, FRET is suitable to detect protein-protein interactions and conformation changes
of single proteins. In particular, it was proven useful to study behaviour of mem-
brane proteins [64] in real time. Radioligand binding assays are the method-of-choice
for membrane-bound receptors, especially useful for high-throughput studies to de-
termine the binding affinity. Three main binding experiments are: saturation assay,
competitive assay and kinetic assay [66]. Primary advantage of this method is simple
experimental protocol and ability to determine different binding aspects based on the
choice of assay. Nevertheless, concerns arise due to handling of radioactive material.
Bioluminescence based platforms, e.g. NanoLuc (Promega, US), utilise the well-known
function of the luciferase enzyme. Amongst others, the principles are used for FRET-
like Bioluminescence Resonance Energy Transfer (BRET) assays and complementation
reporters, where the luciferase protein is separated into two stable components and
attached to potential interaction partners [34].

2.5.2 Label-free assays

Multiple methods explore the optical aspect of molecular interactions. Surface plas-
mon resonance (SPR) [61] and plasmon-waveguide resonance (PWR) [129] measure the
changes of the refractive index of the analysed solution at a gold (SPR) or quartz (PWR)
surface with immobilised target in response to ligand binding. Advantages of those
methods include low sample requirement, application for soluble and membrane-bound
proteins and ability to determine binding kinetics in real-time. PWR in particular is
highly sensitive to conformation changes with ability to distinguish between full ag-
onists, partial agonists and antagonists [3]. Main complications arise from the need
to immobilise the protein target, which may cause interfere with the binding profile.
By contrast, mass spectrometry (MS) is a high sensitivity method, where the mass of
protein and protein-ligand complex is identified. Currently available saturation exper-
iments allow to characterise even very low affinity ligands, as well as their binding
kinetics [55]. Affinity selection MS in turn is commonly employed for screening wide
libraries of target compounds and filtering false positive interactions [67]. High accu-
racy, low cost and suitability for high throughput analysis makes this method a good
alternative for radioligand based assays.

2.5.3 Thermodynamic assays

In general, the following techniques can be well applied in almost any laboratory
and provide a good platform for high throughput ligand screening. Thermal denat-
uration assays (TDA) exploit the increase in thermal stability of proteins upon ligand
binding. In a usual setup, fluorescence- or aggregation-based approach is assumed to
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detect changes in thermal denaturation patterns of proteins in the presence and ab-
sence of ligands [149]. For some complexes multiple denaturation transitions may be ob-
served, providing additional information on the interaction profile. Isothermal titration
calorimetry (ITC) allows to quantify the heat change observed in a binding event. As
such, it is well suited to distinguish between entropic and enthalpic aspects of protein
binding [161]. Although widely used, this method is currently limited to high affinity,
and single binding site protein-ligand interactions.

2.5.4 Whole cell assays

Methods include Surface acoustic wave (SAW) and resonant-waveguide grating (RWG)
biosensors, which are adaptations of SPR and PWR techniques described earlier [4,82].
Both methods detect binding on a surface with immobilised ligand. A change in the
amplitude of applied electromagnetic (RWG) or acoustic wave (SAW) is recorded as
a measure of molecular mass. Here, membrane receptors are under study allowing
for cell attachment. More complex implications of ligand binding can be investigated
through combination with other methods, e.g. microscope imaging.

2.5.5 Structure-based assays

Previously discussed XrC and NMR are amongst the most widely used ligand bind-
ing methods overall. The unique advantage here is the potential to reach atomic res-
olution and fully identify the binding surfaces. Specific limitations for both methods
render them best suited for different interaction regimes. The necessity to co-crystallise
protein-ligand complexes is a major obstacle in XrC, therefore high affinity complexes
are preferable. NMR in turn is limited by molecular size but applicable to study re-
versible interactions of soluble proteins.

Here it is important to point out neither of the available methods are mutually exclu-
sive. Ongoing research is result- and cost-driven, hence the persistent need for inno-
vation and optimisation. In an ideal scenario a single platform would have capacity to
provide full binding characterisation for any target. This at present remains unattain-
able and for most purposes several methods need to be exhausted.
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2.6 Microfluidics and its applicability to biomolecular sciences
and NMR

2.6.1 Historical context

The object of microfluidics is the science and technology involved in manipulation
of small (below 1 ml) volumes of liquid. Whitesides [171] recognises four origins of this
field: a) molecular analysis, b) biodefence, c) molecular biology and d) microelectron-
ics. Widely regarded as the first platform that demonstrated the power of miniatur-
isation, Terry et al. [160] presented a gas chromatograph fabricated on a silicon wafer,
which offered nearly three orders of magnitude reduction to the overall size of the ex-
perimental apparatus in comparison to the conventional setup, without detriment to
the device’s performance. Following in their footsteps, Manz et al. [98] were the first to
introduce the microchip technology to chemical analysis and present the concept of a
miniaturised total analysis system (µTAS), i.e. a singular microfluidic device designed
to carry out all steps involved in sample analysis, rather than just limiting the sample
use. Nowadays this is also referred to as Lab-on-a-Chip (LoC).

Figure 2.16: Microfluidic device used for sandwich immunoassays as described
by Weibel et al. [169]. The device is fabricated in PDMS and incorporates manually

operated screw valves (in dashed circles) for controlling the flow of fluids in
microfluidic channels. The channels and reagent reservoirs are filled with green dye.

Figure reprinted from Whitesides [171]. Copyright 2006, with permission from
Springer Nature.

Integration of multiple functionalities, e.g. sorting, mixing, pumping, analysis, of-
fered significant improvements in terms of simplification of experimental procedures,
reduced consumption of reagents, and the potential to run multiple experiments in par-
allel, yet required precise fabrication techniques and new materials. Much was made
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possible thanks to soft lithography and polymers such as PDMS, silicon, and other ma-
terials, e.g. glass. In particular, the importance of PDMS to microfluidics cannot be
overstated. Primarily it is an inexpensive, easily moulded soft elastomer which allows
for rapid prototyping. Due to its elastic character it has become possible to fabricate
structures in PDMS that could not function in a rigid material. Classic examples are
pneumatic valves, such as those developed by Unger et al. [164] or Grover et al. [56]. The
former design includes a central liquid line and multiple perpendicular gas channels
above it, pressure supplied to the gas channels forces them to expand and block the
fluid path beneath, and when actuated in a sequence the valves can create a net flow
of the liquid. Further advantages of PDMS include transparency, meaning it can be
coupled with optical detection methods, gas permeability, compatibility with biologi-
cal samples to quote a few, which overall makes it the first choice material for many
microfluidic devices. Exemplary microfluidic device fabricated in PDMS and incor-
porating non-trivial flow control elements necessary for immunoassay functionality is
shown in fig. 2.16.

2.6.2 Characterisitcs and challenges

Miniaturisation in microfluidic systems affects not only volumes but also the be-
haviour of manipulated liquids, which falls under an entirely different regime than that
observed on the macroscopic scale. One of the principal characteristics in fluid dynam-
ics is the ratio of inertial to viscous forces, represented by a dimensionless parameter
known as the Reynolds number (Re):

Re =
uL
v

(2.29)

where u is the flow velocity, L is the characteristic length scale and v is the kinematic
viscosity. At the macroscopic scale liquids’ Reynolds number are usually very large and
lead to turbulence, i.e. chaotic changes in the pressure and flow velocity. In microflu-
idics Re is very low, i.e. the viscous forces dominate and the inertial effects become
negligible, therefore the liquid flow becomes essentially laminar. What this means is
that the motion of the fluid particles is very orderly, resembling layers of solids moving
in parallel, as depicted in fig. 2.17. Another measure is the Péclet number (Pe) which
relates the convection and diffusion occurring in the sample:

Pe =
uL ρ cp

k
(2.30)

where k is the thermal conductivity and cp is the specific heat capacity. Again, in mi-
crofluidics this ratio is skewed almost entirely towards diffusion. As result of those two
characteristics mixing in microfluidic systems is a notorious challenge. For two fluid
streams that meet in a common microchannel and flow perfectly in parallel, without



Chapter 2. Background 35

Figure 2.17: Schematic representation of the laminar and turbulent flow regimes.
Figure reprinted from Saliba et al. [139] with permission from the author and under

the terms of a Creative Commons (CC BY 4.0) license.

any eddies or turbulence, the mixing is basically determined by their contact surface,
as shown in fig. 2.17. Taking into account the very small channel diameters of mi-
crofluidic devices, such process can take hours. Multiple strategies were assumed to
tackle this problem. In general, the solutions can be classified as either active or pas-
sive micromixers. Passive approach can be summarised as any adptations to the chan-
nels’ geometry that give the reagents maximum contact surface. This can be achieved
by incorporation of structures such as obstacles, serpentines, convergence-divergence
channels, etc. In turn, active micromixers act by applying external forces to the sample,
such as acoustic waves, pressure perturbations, magnetic fields, and others. Excellent
review of commonly employed micromixers in microfluidics was recently published
by Cai et al. [18].

2.6.3 The applications perspective

Modern day microfluidic devices are designed to fit the LoC functionality. Such
systems are expected to contain a range of generic components with the ability to:
a) introduce the reagents, b) move the sample liquid, c) effectively mix and/or sep-
arate mixture components and d) carry out detection via fluorescence spectroscopy [65],
MS [17], UV-vis spectroscopy [91], plasmonics [185], immunohistochemistry [109], or other
methods. NMR, despite its wide range of applications, for years has remained out-
side of the focus of microfluidics due to its inherent low sensitivity. Much has changed
at the break of the 21st century with the introduction of miniaturised detectors [178]

that brought improvement in terms of resolution and mass limit of detection. Over
the years, many detector designs were developed, some operating on very low vol-
umes and with excellent performance parameters (detailed summary in table B.1 in
the appendix). Nonetheless, most micro-NMR (µNMR) platforms fall outside of the



Chapter 2. Background 36

µTAS/LoC category. The incorporation of low-volume detectors [108,132,134] and one-
way flow systems [33,63,69,77] has become more widespread over the last two decades and
has led to the emergence of so-called hyphenated systems. Flagship representatives of
these are platforms that combine liquid chromatography (LC) for sample preparation
with NMR detection (LC-NMR) [63,89,90]. The major limitation associated with them is
the inability of the LC technology to operate at high magnetic fields, and the prevail-
ing approach is to place all flow manipulation components outside of the spectrometer.
However, even if the LC and NMR are connected via a low inner-diameter (ID) cap-
illary, the system still operates with notable dead volumes. Other strategies, like cou-
pling NMR with digital microfluidics [84,156] have proven more effective. Specifically,
Swyer et al. [156] have presented a system operating at high magnetic fields and capable
of detailed control over multiple sample droplets. Nonetheless, in the context of LoC
functionality, even this high-precision device has limitations in terms of serial sample
manipulation, that each time requires manual involvement, i.e. removal of the NMR
probe and loading of the new sample. Furthermore, the specifics of NMR dictate that
after the probe is reintroduced into the magnet any inhomogeneities in the magnetic
field need to be corrected, i.e. ’shimmed’, in order to reach good signal resolution. A
task that can be time consuming even for a skilled operator.

2.6.4 Microfluidic protein NMR

The introduction of microfluidics to protein NMR is not new. Building on the suc-
cess of the first miniaturised detectors, a new range of triple-resonance probes was
developed [87,144] with applicability for protein studies. Those early contributions have
led to the development of commercially available CapNMR (Protasis, US) and TCI 1.7
mm MicroCryoProbeTM (Bruker, US) micro-probes. Both offer significant improvement
in terms of sample requirement (∼ 15 µl) however in the microfluidics aspect neither
goes beyond the applications discussed so far. Peti et al [125] were one of the first to
demonstrate the suitability of the micro-probes for protein NMR and reach complete
sidechain assignment based on the µMNR data. In some aspects, they have proven the
CapNMR’s ability to outperform the conventional 5 mm probes. In their later work [126]

the group proposed a unified ”pipeline” approach extending all the way from protein
micro-expression to characterisation by µNMR. Later, this approach was validated by
Zhang et al [189] and Rossi et al [134]. Both have demonstrated µNMR to be an effective
and a cost efficient strategy for large scale optimisation of buffer conditions or protein
constructs for structure determination in the later stages.
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Chapter 3

NMR characterisation of
protein-ligand interactions

This chapter presents the results obtained by the author, using a conventional state-
of-the-art NMR equipment, for the study of the hFynSH3 protein and its interaction
with a short peptide ligand, p85αP91-T104. Initially, the relevant literature on this molec-
ular model system is summarised, followed by the detailed description of the analysis
strategies based on the gathered multidimensional NMR data necessary for structural
and thermodynamic characterisation. The aim is to demonstrate the analytical power
of NMR as a method for analysis of biomolecular systems, using the assumed molec-
ular model and show the present-day capabilities of commercial NMR hardware. The
work presented here is continuing with aim to comprehensively describe the hFynSH3
- p85αP91-T104 system and is expected to be compiled into a relevant publication in the
coming months.

3.1 Background

3.1.1 The hFynSH3 - p85αP91-T104 molecular model system

The Src homology 3 (SH3) domain of the human protein Fyn (hFynSH3) was the
primary object of study for this project. Fyn is a membrane-associated tyrosine ki-
nase from the Src family, involved in multiple cell functions such as T-cell signalling
and neuronal development [71,136]. All Src family members are built by six distinct do-
mains, of which the SH2 and SH3 are necessary for binding to other proteins elements
of the signal transduction pathway [36,103,131,152]. SH3 domains are approximately 60
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Figure 3.1: Ribbon representation of the hFynSH3 backbone with labelled secondary
structure elements. Image produced using UCSF Chimera, based on a previously

elucidated structure [114,131], PDB entry: 1NYF.

amino acid (AA) modules commonly recognised to bind proline-rich polypeptide frag-
ments [29,43,81,101,103,116,187]. The canonical recognition site holds the common PxxP mo-
tif, where x signifies any residue, arranged in a left-handed polyproline II (PPII) he-
lix [43,103,116]. Recognition of the PxxP motif is carried out by highly conserved Asn, Tyr,
Trp and Pro residues between different members of the Src family [44,81]. The flanking
residues, specifically the position of a basic residue, most commonly arginine, and the
orientation of the ligand is also relevant, hence the two main classes of polypeptide lig-
ands are identified: class I contain the consensus sequence RxLPPxP, whereas for class
II the consensus sequence is xPPLPxR [43,81,103], and each orient themselves in an oppo-
site direction with respect to the protein. In some circumstances non-canonical binding
was also reported [44,68,70,76,111], however the prevailing presence of prolines, the only
naturally occurring N-substituted residues, remains critical for the composition of the
ligand. Indeed, Nguyen et al. [117] have shown that proline replacement for synthetic
N-substituted residues in a series of polypeptide ligands is not only non-detrimental,
but can actually improve the affinity towards the SH3 domain [117,118].

On their own, most SH3 domains are soluble proteins below 10 kDa and show a con-
served structure, based on two antiparallel β-sheets and several loop regions [81]. The
two antiparallel β-sheets are built by six identified β-strands, while three loop regions
and a single 310 helix complete the overall structure, as presented in fig. 3.1. Two dis-
tinct structures, FynSH3-1 and FynSH3-2, were first resolved by X-ray crystallogra-
phy [120], both showing a well conserved β-sheet core structure, however only FynSH3-
1 was recognised to be significantly populated in solution [114]. Critically, the binding
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surface on hFynSH3 is classically located between the RT (Leu90-Glu107) and n-Src loop
(Ser114-Asp118), where at least three hydrophobic grooves can be recognised and in-
clude the conserved Asn, Tyr and Trp residues [43,73,88,131,152]. The first two grooves are
involved in the recognition of the two prolines from the PxxP motif, while the third/-
fourth binds the positively charged arginine residue [43,81].

This work builds on the previously characterised binding of hFynSH3 with a class I lig-
and, corresponding to residues 91-104 of the p85α regulatory subunit of the PI3-kinase,
p85αP91-T104: PPRPLPVAPGSSKT [114,131]. It was shown that the SH3 domain of Fyn is
involved in the recruitment of the p85α subunit of PI3-kinase through its proline-rich
region [71] to trigger the proliferation of antigen-activated T-cells, mediated by the T-cell
derived growth factor, Interleukin 2 [72]. Biophysical studies have resolved the hFynSH3
structure in complex with p85αP91-T104

[114] and comprehensively characterised the bind-
ing towards the greater PI3-kinase [131].

3.2 hFynSH3 protein chemical shift assignment

3.2.1 Backbone amide groups - the protein fingerprint

3.2.1.1 Description

Multidimensional heteronuclear NMR experiments are well established for protein
study [20,159,179,180]. One of the primary applications takes into account the fact that all
proteins contain repeated amide links at every residue of the amino acid chain. The
amide links are made ’accessible’ to NMR by 15N-isotope labelling of the protein con-
struct [106], which can be carried out competently and inexpensively in most biochem-
istry labs. Exploiting the single bond J-couplings between the 1H and 15N atoms,
as explained in section 2.3.7, a two dimensional 1H-15N HSQC/HMQC [20] spectrum
is recorded, where individual amide groups are dispersed onto separate 1H and 15N
chemical shift axes. The highlight of this experiment is such that it provides a single
resonance signal for each NH group of the protein backbone, with the exception of pro-
lines. Each NH resonance can be further correlated to other atoms within the protein
structure. Peak distribution on the 1H-15N plane gives immediate information about
the folding character of the sample and to a skilled experimenter provide clues for fur-
ther investigations. Apart from the backbone signals, individual resonances can also
be observed for the sidechain amide groups, as in Trp, Asn, Gln, Lys and Arg residues.
These resonances are dispersed into the characteristic regions of the spectrum and can
be easily distinguished from the backbone resonances. Due to the above, the 1H-15N
HSQC spectrum is often referred to as the protein ’fingerprint’ and provides the anchor
for the modern multidimensional characterisation of proteins by NMR.
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Figure 3.2 shows the full 1H-15N HSQC spectrum of the hFynSH3 construct, including
the assignments of individual amide signals. Well dispersed backbone peaks allow to
conclude that the protein remains in its native state in the experimental conditions,
while sidechain specific signals can be seen in the top right and bottom left corners
of the spectrum, for Asn and Gln or Trp residues, respectively. Similar spectra were
obtained at regular intervals between other NMR experiments on hFynSH3 to verify
sample stability.

Figure 3.2: 1H-15N-HSQC spectrum of the hFynSH3. Assigned are 63 backbone
amide peaks from the 80 - 145 AA sequence of hFynSH3. NH2 groups at Asn and Gln
sidechains can be recognised by two 1H peaks at the same 15N resonance (connected
with yellow lines), each. Trp indoles produce a single peak near the lower left edge of
the spectrum (circled). Sample conditions: 0.65 mM hFynSH3 in H2O analysis buffer
and 5% D2O (300 µl sample in SHIGEMI tube); spectrum recorded at 16.45 T with the

Prodigy TCI CryoProbe (Bruker, US) at room temperature.

3.2.1.2 Approach

The current strategy for the assignment of the 1H-15N HSQC spectra is based on
triple resonance experiments, namely the HNCACB [59] and CBCA(CO)NH [58]. These
two experiments correlate the resonances of the alpha-, Cα, and beta-carbons, Cβ, to the
backbone amide groups, where the resonance of the carbon nuclei is recorded, build-
ing a direct link to the amide resonances in the 1H-15N HSQC spectrum. The initial
magnetisation is generated on the 1Hα and 1Hβ protons and transferred through-bond
via INEPT to the Cα and Cβ carbons, respectively. Subsequent magnetisation transfer
is carried towards Cα before it reaches the amide proton for detection. For each back-
bone amide, where the resonance is detected, magnetisation from the same (i) and the
preceding (i-1) residue is collected, therefore four 13C signals are recorded at each NH
resonance, as displayed in fig. 3.3 B. The elegant feature of the HNCACB spectrum is
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that, due to one more magnetisation transfer step, Cβ signals are easily distinguishable
from Cα signals as they appear with opposite phase in the spectrum.

Figure 3.3: Diagram representation (A) of the magnetisation transfer carried out
during the CBCA(CO)NH (top) and HNCACB (bottom) experiments. The colouring
scheme differentiates the nuclei where chemical shift evolution is carried out (red)
from those involved only in magnetisation transfer (blue), therefore the resulting

spectra (B) provide resonances for 13Cα, 13Cβ carbons, and both the 15N and 1H of the
backbone amide groups but not 1Hα or 1Hβ. In the HNCACB (left) spectrum, two
pairs of Cα and Cβ signals, from the same (i) and neighbouring (i-1) residue, are
recorded at the same (i) NH resonance. Conversely, in the CBCA(CO)NH (right)

spectrum only the Cα and Cβ signals from the neighbouring (i-1) residue are
recorded at the equivalent NH resonance, therefore easing the assignment. Diagram

representations were reproduced from ’Protein NMR: A practical guide’
(https://www.protein-nmr.org.uk/) with permission from the author.

In order to correctly assign the observed Cα and Cβ resonances, the HNCACB is always
compared with the CBCA(CO)NH spectrum. In this experiment the magnetisation is
generated the same way as for HNCACB, however the final coherence transfer is car-
ried out from the sidechain Cα selectively via the carbonyl group, before detection at
each (i) amide resonance. In the resulting spectrum only two same-phase signals are
visible, representing the Cα and Cβ resonances of the preceding (i-1) residue. Simply
comparing the two spectra, as presented in fig. 3.3 B, allows to blindly assign neigh-
bouring AA residues and connect those to the corresponding NH signals in the 1H-15N
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HSQC spectrum. After individual AA pairs are identified, longer chains of potential as-
signment stretches are created. Specific residue identities are determined by comparing
the observed Cα and Cβ chemical shifts with the reference database (RefDB) available
via the BioMagRes Bank (http://www.bmrb.wisc.edu). Stretches of matched Cα and
Cβ pairs are screened against the known protein sequence in order to find full assign-
ment and relied back to the amide resonances in the 1H-15N HSQC spectrum. Figure 3.4
gives an example of the Cα, Cβ assignment stretch of the Thr97-Glu107 residues, iden-
tified on the hFynSH3 protein as result of the discussed strategy. Based on the above,
backbone amide resonances for AA residues 80-145 of hFynSH3 were assigned, exclud-
ing the non-detectable Pro134 and Pro140. This accounts for 81% of all AA residues in
the protein construct and 97% within the core hFynSH3 sequence. Difficulty to assign
the N-term residues is due to likely unstructured and flexible character of this region.
Likewise, Pro70 is expected to be undergoing cis − trans isomerisation which can cause
additional line-broadening of the neighbouring residue signals.

Figure 3.4: Superimposed HNCACB and CBCA(CO)NH spectra showing the
assignment link for Thr97-Glu107 (right to left) of hFynSH3. A stretch of neighbouring
residues is first identified based on the matching Cα and Cβ present in both spectra,
and subsequently mapped onto known protein sequence. This strategy was utilised

to identify the backbone signals in the 1H/15N-HSQC spectra of free hFynSH3.
Sample conditions: 0.65 mM hFynSH3 in H2O analysis buffer and 5% D2O (300 µl

sample in SHIGEMI tube); spectrum recorded at 16.45 T with the Prodigy TCI
CryoProbe (Bruker, US) at room temperature.

3.2.2 Sidechain and surface profile

The assignment strategy discussed so far was extended to identify atoms in the AA
sidechains, which further determine the protein’s chemical functionality. CC(CO)NH [60]

and H(CCO)NH [60,112] are triple resonance experiments that correlate the sidechain
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aliphatic carbons and protons, respectively, to the preceding (i-1) backbone amide group
assigned in the 1H-15N HSQC spectrum. Both experiments can be considered as adap-
tations of the CBCA(CO)NH experiment discussed earlier. The magnetisation transfer
pathway is very similar, however the initial magnetisation is generated on all aliphatic
protons, before it is transferred via the attached 13C nuclei and carbonyl carbon to-
wards the backbone amide for detection. Evolution of the chemical shift is carried out
either on the aliphatic protons, for the H(CCO)NH, or carbons, for the CC(CO)NH,
therefore those are resolved and linked back to the assigned NH signals in the 1H-15N
HSQC spectrum. CBCA(CO)NH and CC(CO)NH spectra can be directly overlaid to
confirm the position of the Cα and Cβ peaks for each AA residue, while higher order
carbon resonances, and protons resolved in the H(CCO)NH experiment, are identi-
fied by matching them to the chemical shifts from the reference database. Exemplary
H(CCO)NH and CC(CO)NH spectra, highlighting the chemical shifts of the sidechain
aliphatic protons and carbons of Val138 are presented in fig. 3.5 A and B, respectively.

Based on the above method, 96% of the aliphatic carbon and proton signals from the
identified Gly80 - Gln145 hFynSH3 sequence were assigned. The corresponding proton
and carbon chemical shifts were projected onto the two-dimensional 1H-13C HMQC
spectrum (fig. 3.5 C) analogous to the fingerprint 1H-15N HSQC discussed earlier. At
first sight this spectrum appears very crowded, however it offers significant advan-
tages over many triple-resonance experiments. Less complicated pulse sequence re-
sults in notable sensitivity gain and most signals originating from the CH, CH2, and
CH3 groups on the protein are well resolved and separated into characteristic regions.
Easy access to the methyl groups has become specifically useful in protein NMR. In
general, they provide strong signals and are universally distributed throughout the
protein structure, therefore become excellent probes for dynamic processes such as
protein-protein interactions. Furthermore, due to favourable relaxation properties they
also remain accessible even for large proteins and supra-molecular complexes [128,146,172].

Final steps towards the assignment of the sidechain signals for hFynSH3 were taken
by acquisition of spectra able to resolve the signals of the aromatic groups. An effec-
tive pulse sequence was developed by Yamazaki et al. [184], where the magnetisation
transfer is carried out exclusively via the sequential J-couplings between the Hβ/Cβ

and Hδ/Cδ or Hϵ/Cϵ [184]. Resulting 2D spectra resolve specifically the chemical shifts
of the Hδ and Hϵ protons on the aromatic sidechains, which report at the Cβ chemical
shift of the same residue therefore easing their assignment. Additional advantage of
this approach is the notable sensitivity gain as the initial magnetisation is generated on
two Hβ protons before transfer towards the aromatic sidechain. After the identification
of the individual Hδ and Hϵ resonances, the corresponding Cδ and Cϵ chemical shifts
are identified from the full 1H-13C HSQC/HMQC spectrum.
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Figure 3.5: Demonstration of the sidechain assignment carried out for hFynSH3.
Anchored to the NH resonance of Ala139, Val138 sidechain (A) proton and (B) carbon
peaks are identified in the CC(CO)NH and H(CCO)NH spectra, respectively. Such
assigned resonances are then projected (C) onto the full 1H-13C-HSQC spectrum
where corresponding cross-peaks can be identified. Sample conditions: 0.3 mM
hFynSH3 in H2O analysis buffer and 5% D2O (300 µl sample in SHIGEMI tube);

spectrum recorded at 16.45 T with the Prodigy TCI CryoProbe (Bruker, US) at room
temperature.

3.2.3 The hFynSH3 - p85αP91-T104 complex

Assignment of the protein signals was carried out for both the free-form hFynSH3
and the hFynSH3 - p85αP91-T104 complex, at over 20 times molar excess of the lig-
and. The strategy laid out in section 3.2, based on acquisition of the 1H-15N and
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1H-13C HSQC/HMQC, CBCA(CO)NH, HNCACB, CC(CO)NH, H(CCO)NH spectra
was followed for the hFynSH3 - p85αP91-T104 complex, allowing to identify the maxi-
mum change in the chemical shifts, ∆δmax, of individual signals induced by the ligand.
Those can be mapped onto the known protein structure, where immediately highly-
responsive atoms can be identified, as presented in fig. 3.6. Individual signals, that
perturb above the cut-off threshold (σc) are listed in tables A.2 and A.3 in the appendix.
Atomic resolution provided by this dataset is unique among other biophysical tech-
niques, yet the analysis is far from trivial. First, one needs to consider that the changes
in chemical environment can have diversified effect on the chemical shifts of different
nuclei. 1HN and 15N shifts are especially affected by hydrogen bonding and ring cur-
rents, while they remain relatively insensitive to hydrophobic interactions, Cα and Cβ

on the other hand are sensitive almost exclusively to conformation changes [145,155,173].
As a result, no one proven method is established when analysing individual shift con-
tributions towards a multidimensional data set, such as most widely used 1H-15N
HSQC. Commonly, a weighting factor, α, is applied to scale the contribution of the het-
eroatom, as discussed further, varying anywhere between 0.1 - 0.45 [2,24,62], while also
specific values can be designated to individual AA residues, e.g. glycines [165,174,176].
Further questions can be posed for the appropriate choice of the cut-off value. The most
elegant method was proposed by Schumann et al. [145], where first the standard devia-
tion, σ, for all ∆δmax values is calculated. Subsequently values above 3σ are rejected and
the standard deviation is reevaluated. This process is repeated until no further shifts
are excluded and the corrected standard deviation, σc, is accepted as the cut-off value.
The ∆δmax distribution highlighted in fig. 3.6 provides good initial guess towards the
structural characterisation of ligand binding. This information alone is not sufficient
to distinguish between direct contacts and secondary changes induced by the ligand,
however the common observation is that the largest changes occur in response to direct
ligand binding [173].

3.2.3.1 Ligand binding surface on hFynSH3

The determined structure of the hFynSH3 - p85αP91-T104 complex allowed to iden-
tify the ligand binding surface on hFynSH3. It is classically located between the n-
Src and the RT loops, including the conserved Asn136 and Tyr137 residues within the
310 helix [114,131]. Individually resolved CSPs confirm this observation. In the 1H-15N
HSQC spectrum, all of the pronounced signals are either located within the three struc-
tures, or in their direct vicinity. This picture is supported by the CSPs of the assigned
sidechain CH, CH2 and CH3 groups, however those are scattered more evenly across
the hFynSH3 structure, often close together within the protein core, indicating a com-
mon secondary response to ligand binding. Based on the assigned 1H-15N and 1H-13C
HSQC/HMQC spectra and the a priori knowledge of the binding site, a good choice of
signals can be made to best characterise the binding. Assignments extending towards
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Figure 3.6: Distribution of the ligand-induced CSPs across the structure of hFynSH3.
The histograms show the highest CSP values, ∆δmax, for individual the amide signals
(top) and sidechain methyl, methylene and methine groups (bottom). The horizontal
lines are the σc cut-off value above which significant CSPs are qualified. For clarity,

only the altering residues are labelled along the X axis.

the aromatic sidechains complete this picture. Out of the eleven aromatic residues in
the hFynSH3 construct, the highest ∆δmax were identified for Tyr91 Hδ/Cδ, Tyr93 Hδ/Cδ

and HϵCϵ, Phe103 Hϵ/Cϵ, and both tryptophan (119, 120) Hδ/Cδ resonances. Impor-
tance of Tyr91 and Tyr93 was elucidated previously and both are expected to accom-
modate a single proline residue from the PxxP motif of the ligand [43,131]. Likewise, the
sidechain of Trp119 extends towards the surface of hFynSH3 and is involved in recog-
nition of the critical arginine residue, Arg93, of the p85αP91-T104 peptide.

From all identified CSPs in the 1H-13C and 1H-15N HSQC spectra, the signals that indis-
putably report direct contacts with the ligand are the Trp119 Hϵ/Nϵ and Asp118 Hβ/Cβ,
spaced less than 2.6 Å away from Pro94 and Arg93 of the ligand. However, large num-
ber of CSPs distributed further away from the binding surface suggest that the mobility
of hFynSH3 in response to the ligand is not only limited to the surface. Specifically, lig-
and binding is expected to induce notable aromatic ring reorientation and stabilisation
to maximise the contacts with the ligand. Aromatic rings are associated with the delo-
calised π-electron clouds which are free to circulate parallel to the ring’s plane. Such
electron motions generate a magnetic field that has influence over the chemical shifts of
the nuclei within the aromatic ring as well as those in it’s vicinity [99]. For hFynSH3, this
effect is considered responsible for the CSPs observed for Tyr91, Tyr93, Trp119 directly,
and indirectly for Ala95 Hβ/Cβ, Thr97 Hγ/Cγ, Phe103 Hα/Cα and Hϵ/Cϵ. Curious
case is observed for the most pronounced methyl CSPs, namely on Ile111, Ile133 and
Val138, all of which remain buried closely together within the β-sheet core of hFynSH3.
Such perturbations may be explained by the rearrangement of the neighbouring Trp120,
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Figure 3.7: Orientation of the p85αP91-T104 ligand within the binding surface of
hFynSH3. Molecular structure of hFynSH3 is represented in light blue colouring,
including the half-transparent surface and backbone. The p85αP91-T104 ligand is
shown in ball and stick representation using standard atom colour coding. The

structure is shown twice, with 90◦ rotation with respect to the ligand. Expansions of
the binding surface indicated by the dashed ovals are shown above the structures.

Relevant residues that exhibit significant changes at their chemical shifts upon
binding are highlighted in the blow outs. Figure generated using UCSF Chimera,

based on the previously resolved structure [131]; PDB entry: 1AZG.

itself not involved in ligand binding but influenced by the mobility of the n-Src loop.
The relevance of the Trp119 and Trp120 residues is critical, both displaying major mobil-
ity decrease when complexed with the ligand [131]. Based on all available information, a
hypothesis is proposed that upon binding the system rigidifies in order to maximise the
hydrophobic contacts between hFynSH3 and p85αP91-T104. Earlier studies have proven
that the p85αP91-T104 peptide itself is natively unstructured and only assumes the PPII
helix upon binding [131]. Distribution of the CSPs on hFynSH3 around the naturally flex-
ible loop regions suggests those structures display a considerable motion in response
to the ligand. All of these changes impose a notable entropic penalty on the system
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which, in order to accommodate the observed binding, needs to be compensated by
favourable enthalipc effects. Formation of hydrogen bonds and/or salt bridges, e.g.
as the one proposed between Asp100 on hFynSH3 and Arg93 of p85αP91-T104

[187], would
add significant enthalpic contributions, yet neither were experimentally confirmed [131].
The current understanding is that the stability of the hFynSH3 - p85αP91-T104 complex
is determined mainly by hydrophobic contacts, which is reflected by a relatively low
affinity [114,131].

Figure 3.7 demonstrates the orientation of the p85αP91-T104 peptide within the bind-
ing surface of hFynSH3. Identified are the residues on hFynSH3 that define the bind-
ing pocket. Tyr91 and Tyr93 each accommodate a proline residue from the PxxP motif
on the ligand. Tyr137 is also involved in recognition of the second proline residue [43],
and along with Hβ/Cβ of Asn136 it provides sizeable hydrophobic contacts to Leu95 of
p85αP91-T104. Asp118 and Trp119 are the only two residues whose CSPs in the 1H-13C and
1H-15N HSQC/HMQC spectra report direct contacts to the ligand.

3.2.3.2 Secondary structure

The distribution of ligand-induced CSPs highlighted in fig. 3.6 includes multiple
backbone amide as well as Cα and Cβ signals, and could suggest a conformation change
is taking place within the hFynSH3 structure upon binding of p85αP91-T104. Such dy-
namics are common for many proteins, however conformation changes were not previ-
ously reported for this system. Fortunately, the wealth of information available within
the heteronuclear NMR spectra is such that evaluation of conformation changes can
be made based on the chemical shift information. So-called secondary shifts, ∆δs,
show a direct correlation to the protein secondary structure and can be easily cal-
culated as the difference between the observed (δobs) and random coil (δr.c.) chemical
shifts [13,78,147,175,176]:

∆δs = δobs − δr.c. (3.1)

Specifically, Cα atoms tend to demonstrate positive ∆δs in α-helices, and negative in
β-strands. The Cα secondary shifts distribution for hFynSH3 is presented in fig. 3.8,
in blue the ∆δs values for the free-form hFynSH3 are presented, paired with the cor-
responding secondary shifts of the hFynSH3 - p85αP91-T104 complex, in red. On top,
the expected secondary structures are aligned with the protein AA sequence. Only
minor differences can be observed between individual Cα secondary shifts, therefore
a conclusion is drawn that no major-scale changes of the protein secondary structure
are induced by the ligand binding. As such, these findings are well aligned with prior
reports from Morton et al. [114] and Renzoni et al. [131].
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Figure 3.8: Secondary Cα shifts calculated for the free hFynSH3 (blue) and the
hFynSH3 - p85αP91-T104 complex (red) structures based on the reported chemical
shifts. On top, the position and identity of the recognised secondary structures is

shown, β strands are represented in black while the single 310 helix is shown in white.

3.3 hFynSH3 - p85αP91-T104 binding analysis

3.3.1 Approach

Having assigned the resonances of both the free-form hFynSH3 and the hFynSH3 -
p85αP91-T104 complex, the interaction profile for this molecular system was completed
by observation of the transient states between the free and fully saturated hFynSH3
protein. In a conventional NMR approach two 550µl samples were prepared, both
containing 0.1 mM concentration of hFynSH3, and one with 2.1 mM p85αP91-T104, as
detailed in table 6.1. By repeated exchange of volumes between the two samples a
ligand-to-protein molar ratio (L/P) between 0.0 - 27.0 was generated. At each point
1H-13C and 1H-15N HSQC spectra were recorded. The overlay of all spectra is shown
in fig. 3.9, where the full 1H-15N HSQC spectrum is presented in fig. 3.9 A and the
methyl section of the 1H-13C HMQC is presented in fig. 3.9 B. Individual chemical shift
perturbations of the protein peaks can be observed in both sets of spectra. The linear
profile of all CSPs suggests that only two states of the protein are available, i.e. the
free and saturated hFynSH3, in line with the previously defined interaction profile for
the hFynSH3 - p85αP91-T104 pair [114,131]. Within the experimental conditions the binding
equilibrium is in fast exchange, hence only one population-averaged peak is observed
for each resonance at a given L/P, as explained in section 2.1.5. The system approaches
saturation at L/P ∼ 5.0, where no more changes to the chemical shifts of individual
signals can be observed.
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Figure 3.9: Superposition of the (A) 1H-15N-HSQC and (B) the methyl region of
1H-13C-HMQC spectra recorded for each point during the hFynSH3 - p85αP91-T104

titration. Sample conditions: 0.1 mM hFynSH3, 0 - 2.1 mM p85αP91-T104 in H2O
analysis buffer and 5% D2O (550 µl); spectra recorded at 16.45 T with the Prodigy TCI

CryoProbe (Bruker, US) at room temperature.
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3.3.2 KD, thermodynamics and kinetic profile

As visible in fig. 3.9, the basis for the hFynSH3 - p85α91-104 binding characterisation
are the chemical shift perturbations of individual protein signals, induced by the con-
centration of the ligand. Individual CSPs, ∆δ, are calculated as following:

∆δN/H/C = δi − δ0, (3.2)

where δi is the chemical shift position of an individual signal on the δ 1H, δ 15N or δ 13C
axis at a given concentration of p85α91-104, while δ0 is the equivalent position of the
same signal for the free-form hFynSH3. Reducing the two-dimensional representation
of individual signals, the isotope-weighed CSPs, ∆δcomb, are calculated as weighted
Euclidean distance [173]:

∆δcomb =

√︄
δH

2 + (α δX
2)

2
, (3.3)

where X corresponds to the identity of the hetroatom (13C or 15N) and α is the isotope
scaling factor. In this work the suggestion of Williamson [173] was followed and α = 0.14
was applied universally.

The characterisation of the hFynSH3 - p85αP91-T104 binding is carried out based on the
time-dependent nature of molecular interactions where the protein, P, and ligand, L,
associate to form a protein - ligand complex, PL. The process is represented by:

P + L
kon−⇀↽−
koff

PL (3.4)

where kon and koff are the kinetic rate constants relating to the association and disso-
ciation of the two species. In equilibrium, the process is defined by the dissociation
constant, KD, expressed in mol/dm3 units, which relates to the ligand concentration at
which half of all protein molecules are populated with the ligand:

KD =
koff

kon
=

[P][L]
[PL]

(3.5)

The KD is a universal measure of affinity, however in practical terms the stability of the
protein - ligand complex is defined by Gibbs free energy, ∆G:

∆G = −RT ln KD = ∆H − T∆S (3.6)

where R is the universal gas constant (8.314 J K−1 mol−1), T is temperature measured
in Kelvin, ∆H and ∆S are the enthalpic and entropic contributions, respectively. For
the purpose of the CSP analysis eq. (3.5) can be rewritten as (details in section 6.5.2):

∆δcomb

∆δmax
=

(KD + [L] + [P])−
√︁
(KD + [L] + [P])2 + 4[L][P]
2[P]

(3.7)
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where ∆δmax is the isotope-weighted CSP observed for a fully saturated hFynSH3 sig-
nals, [L] and [P] represent the total ligand and protein concentrations at a given ligand-
to-protein ratio. Next, experimentally derived CSPs are plotted against the L/P and
the data are fitted to the model, described by eq. (3.7), where KD is treated as a free pa-
rameter. Exemplary binding curves, calculated for the Trp119 indole Hϵ/Nϵ and Asp118

Hβ/Cβ signals identified to have direct contact with the ligand, are shown in fig. 3.10.
Fitted KD values are 16.13 ± 0.57 µM and 15.64 ± 1.83 µM, respectively. Individual KD

values were determined for all CSPs above the σc significance threshold. Specific exam-
ples are presented in table 3.1, while the complete list is included in tables A.2 and A.3
in the appendix. All values are in good agreement, converging to a common mean
of 17.8 µM and 3.9 µM standard deviation. Similar values were obtained when taking
into account the errors associated with the preparation of the samples, explained in sec-
tion 6.5.1. Moreover, all KD values replicate closely the isothermal titration calorimetry
(ITC) measurements reported previously by Renzoni et al. [131]. The following results
prove NMR as a reliable method for characterisation of ligand binding. Furthermore,
the atomic-scale resolution unattainable by most methods allows to clarify that all sig-
nals sufficiently perturbed by the binding event report the same KD, regardless of their
position within, in the proximity of the binding site or further away.

Figure 3.10: Exemplary binding isotherms for the sidechain indole NH of Trp119 (left)
and Asp118 Hβ/Cβ (right) signals reporting direct contacts to the p85αP91-T104

peptide. Scattered are the experimental data, while the solid line represents the best
fit model to eq. (3.7).

Following from eqs. (3.5) and (3.6) further claims can be made regarding the thermo-
dynamic and kinetic profile of this interaction. The Gibbs free energy, ∆G, is the ulti-
mate measure of stability of the protein - ligand complex and represents the free en-
ergy change in the system transitioning between the available thermodynamic states.
For the hFynSH3 - p85α91-104 binding the overall calculated ∆G is 27.1 kJ mol−1, while
individually calculated values are also listed in table 3.1. ∆G is a global measure of the
system, governed by its enthalipc and entropic contributions. As explained earlier, the
favourable, i.e. negative, ∆G in this case is attributed mainly to the enthalpic effects as-
sociated with formation of hydrophobic interactions, while a notable entropic penalty
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is exerted on the system upon binding as the p85αP91-T104 peptide assumes the PPII he-
lix and the hFynSH3 structure rigidifies in response to aromatic ring reorientation and
stabilisation of the n-Src and RT loops. This is likely to affect the binding kinetics de-
fined by the kon and koff kinetic rate constants. For most protein - small ligand binding
events, the kon can be assumed to be diffusion limited, i.e. in the order of ∼ 107 s−1 M−1,
therefore allowing for straightforward estimation of koff, based on eq. (3.5). Assuming
the above, the resulting koff is approximately 170 s−1, however the reorientation of the
ligand into the PPII helix is likely to result in lower kon. In such case, for the binding to
be represented the same KD, the koff would need to be equivalently reduced.

Resonance KD / µM Error /µM ∆G /kJ
mol−1

Ala95 (Hγ/Cγ) 18.44 2.77 27.0

Tyr132 (Hα/Cα) 14.94 3.40 27.5

Asp100 (NH) 19.17 7.08 26.9

Tyr137 (NH) 16.38 1.20 27.3

Table 3.1: Exemplary KD values calculated according to the sidechain and backbone
detected CSPs. All individual KD values ale listed in tables A.2 and A.3 in the

appendix.

3.4 Conclusions

This chapter has described the strategies and efforts undertaken to best characterise
the structural aspects of the hFynSH3 - p85αP91-T104 binding, based on heteronuclear
NMR data. In the analysis, over 95 % of the backbone amide and aliphatic side chain
signals of hFynSH3 were assigned, while the assignments were also extended onto the
protein aromatic groups. Individual signals responsive to the binding were identified
on hFynSH3, those were located mainly within the binding surface. No change to the
protein secondary structure was observed upon binding. Perturbations of the protein
chemical shifts were recorded in response to the increasing concentration of the ligand,
based on which the evaluation of the equilibrium dissociation constant, KD was pos-
sible. The resulting KD was 18 ± 4 µM, which is fully supported by the previously
published data. The breadth of the information provided by NMR demonstrates the
unique capacity of this method to provide atomic-scale information about biomolecules
and their interactions in solution.
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Chapter 4

System design, operation and
validation of the automated
LoC-µNMR device

The following is an extension of the ”Microfluidic platform for serial mixing experi-
ments with in operando nuclear magnetic resonance spectroscopy” article by M. Plata,
W. Hale, M. Sharma, J. M. Werner and M. Utz published in February 2021 in the Royal
Society of Chemistry’s Lab on a Chip. The chapter describes the design and function of
the microfluidic device developed in the course of the ’Protein NMR on a Chip’ project
and provides it’s performance characteristics for implementation of serial mixing ex-
periments.

4.1 Background

Lab-on-a-Chip devices allow efficient experimentation with sub-µL sample volumes,
and quite complex experimental protocols can be implemented using pneumatically ac-
tuated valves [164], digital microfluidics [140], and ultrasound separation [119]. Commonly,
data readout in LoC systems is based on fluorescence spectroscopy [65,109], mass spec-
trometry [17], UV-vis spectroscopy [91], plasmonics [185] or electrochemistry [46].

In contrast, NMR has largely remained outside of the focus of microfluidics, despite its
wide range of applications. The versatile, specific and non-invasive character of NMR
allows to examine, in parallel, different characteristics of the same sample. For ex-
ample, detailed reaction monitoring [97] may be coupled with chemical analysis [33] and
molecular structure determination [100]. Conventional liquid-state NMR uses relatively
large samples, of the order of ∼ 500 µL, and reaches concentration limits of detection
around 10 µM

√
s. Miniaturised receiver coils offer significantly improved mass limits
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of detection [10,121,178]. A number of low-volume detectors [108,132,134] and capillary flow
NMR systems [33,63,69,77] have been described on this basis. In some cases, systems with
simple planar microfluidic devices that can be inserted and removed from the micro-
NMR probe have been proposed [47,138,150,153]. However, it is challenging to integrate
non-trivial microfluidic functionality such as valving and pumping into such µNMR
platforms [188]. Complexity on the chip tends to lead to a loss in spectral resolution due
to differences in magnetic susceptibility of the components [137]. Moreover, ancillary
hardware such as solenoid valves are not compatible with high magnetic fields, and
the space inside the NMR bore is very constrained. A common approach has been to
carry out most of the flow manipulation away from the spectrometer [26,63,77,89,97] and
deliver the final sample to the NMR detector by a several meters long capillary.

An exception is the work by Swyer et al. [157] who have successfully integrated electri-
cally actuated digital microfluidics (DMF) with NMR. Based on electrowetting phe-
nomena, DMF allows flexible manipulation of liquid droplets in contact with a di-
electric surface. The current chapter demonstrates that NMR can also be successfully
combined with conventional, pressure-driven microfluidics and pneumatically actu-
ated valves. While DMF is very versatile, pressure-driven microfluidics has advan-
tages in certain circumstances. It is insensitive to the type of fluid being used, whereas
DMF requires ionic solutions, or at least a solvent with high dielectric constant. DMF
devices also require lithographic processes to define the electrodes, along with careful
control of surface properties, while pressure-driven fluidic devices are simple and can
be produced cost-effectively. This work demonstrates that with rapid prototyping tech-
niques such as laser cutting, heat binding and 3D printing conventional pneumatically
actuated on-chip valving [11,56,164] and pumping can be implemented on a microfluidic
device capable of in situ operation inside the NMR spectrometer.

In the following, a device is described which implements serial mixing experiments, ex-
ecuted autonomously, coupled to and in operando detection by high-resolution µNMR
spectroscopy. Serial mixing experiments, where two solutions are mixed in systemati-
cally varying proportion, are widely used in chemistry and life sciences. They are fun-
damental for the determination of binding constants [66], to acquire kinetic data [66,115],
and for toxicity studies, [52] to name but a few examples. Microfluidic implementa-
tion of such experiments offers automation of what is otherwise a very repetitive task,
with advantages in cost and reliability. Also, miniaturisation is an advantage if one of
the reactants involved is costly and/or only available in small quantities. Mixing of
the liquids however, is a common bottleneck for microfluidics systems. One effective
solution is offered by circular micromixers [31,163], often with pneumatically actuated
microvalves and pumps [56,164], which rely on deformation of elastomer membranes,
usually PDMS. Elastomer structures are problematic in the context of NMR as they
cause broad background signals that are difficult to suppress. It is therefore necessary
to keep the elastomer away from the NMR detection area [186].
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4.2 System design

Figure 4.1: Macroscale to microscale representation of the microfluidic device and its
fit inside the NMR spectrometer. From the left the position of the device and the
probe inside the spectrometer is shown, the following is a blow out of the probe
detector with the microfluidic chip inserted, in the middle a drawing of the chip
design is presented with schematic connections to the control devices, which are

located outside of the spectrometer. Those are drawn in a simplified form and
labelled.

The LoC-µNMR system builds on the double-resonance transmission line probe de-
veloped in the Utz lab [47,150,186]. This probe was designed to accommodate generic mi-
crofluidic devices inside a standard NMR spectrometer, and record NMR signal from
a 2.5 µl chamber on the microfluidic device. The probe and microfluidic device are
of a corresponding geometry, such that, when placed inside the magnet, the detection
chamber is exposed to maximum static and RF magnetic fields [47]. Apart from the fixed
size and position of the detection chamber the LoC-µNMR system does not constrain
the fluidic design, allowing for a wide range of functionalities can be implemented. In
the present case, the microfluidic chip accommodates a number of microvalves, which
are actuated pneumatically using solenoid valves located outside of the NMR mag-
net. A micro-syringe pump, also kept externally, is used to inject precisely measured
aliquots into the chip.

Figure 4.2 A shows the chip design developed to address the demands of the ’Protein
NMR on a Chip’ project. Those are: minimised volume of operation, ability to repeat-
edly and adequately mix two solutions and operate autonomously inside the NMR
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spectrometer. The critical element of this design is a set of six microvalves [11] (num-
bered 1 - 6 in fig. 4.2 A) actuated pneumatically and positioned away from the detection
area, which dictate the behaviour of the sample liquid. The larger microfluidic circuit
on the chip consists of the detection chamber, connected to the chip inlet and outlet
through a pair of cut-off valves (1 and 2 in fig. 4.2 A). A bridge pathway, equipped with
valves 3–6, allows peristaltic circulation (mixing) of the liquid contained on the chip.
During injection and filling, cutoff valves are kept open, whereas the bridge pathway
is closed using valve 4. During mixing, the chip is isolated from the supply by closing
the cutoff valves, and valves 3–5 are actuated periodically with a phase shift to create
a peristaltic motion of the liquid [164]. The total volume subject to circular peristaltic
mixing (Vs), consisting of the detector chamber, valves 3–6, and connecting channels
amounts to ∼ 10 µL. This is highlighted in fig. 4.2 C as the mixing circuit.

Figure 4.2: Model of the microfluidic chip designed for the serial mixing experiment
(A) and graphic representation of the experimental procedure including injection

(B→C), mixing (D), and acquisition (E). For visualisation purposes, solution mixture
normally present only inside the reservoir capillary and microfluidic chip, here is

demonstrated to fill the syringe volume.

The full-scale microfluidic device is built from two fundamental elements: a) the mi-
crofluidic chip, where the sample is maintained, and b) the chip holder matrix that
facilitates dynamic manipulation of the sample (see fig. 4.3). Device assembled from
both elements is small enough to fit inside the confined space of the NMR spectrometer
bore. To function, the chip holder is interfaced with 1/16” capillary tubing for liquids
and 3 mm tubing for pneumatics that extend to the micro-syringe pump and solenoid
valves, located outside of the spectrometer. Actuation of the chip microvalves relies
on the deformation of two elastomer membranes, i.e. PDMS and nitrile rubber (NBR)
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placed between the chip and the holder, in response to ∼ 5 bar of pressurised air regu-
lated by opening and closing of the solenoid valves. Two PDMS membranes are placed
between the chip and chip holder to act as an o-ring and provide sealing for the liquid.
NBR is utilised as gas barrier, to prevent the pressurised air to seep into the sample
liquid. This membrane is placed between the chip holder and the PDMS membrane
covering the valves on the microfluidic chip.

Figure 4.3: A 3D render demonstrating the assembly of the microfluidic device from
all components.

The operator maintains full control over the device and can choose to actuate indi-
vidual valves or execute the pre-defined mixing routine by choosing the duration and
frequency of valve actuation. The flow of the sample into the device is dictated by
the connected micro-syringe, where the operator specifies desired volume and flow
rate. Supplementary to the manual operation of individual components, an automated
script was written in LabVIEW with assistance from Dr Manvendra Sharma, which
executes the pre-defined experimental schedule according to the operator’s choice of
parameters. The details on the device operation are laid out in the following section.
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4.3 Experimental protocol

The experimental procedure is controlled by the operator via the LabVIEW script,
which transmits individual commands to the three separate hardware units: the micro-
syringe pump responsible for the injection of the sample into the device, Arduino con-
troller that governs the actuation of the solenoid valves, and the spectrometer for data
acquisition. The script implements a state machine model with two modes of opera-
tion. The general scheme is shown in fig. 4.4 while the detailed pattern is described in
fig. B.1 in the appendix. The (A) manual state is designed for the operator to assemble
and fill the device with the sample before placing it inside of the spectrometer, while
(B) the automated state only requires the operator to specify a set of parameters that
govern the execution of the pre-defined experimental schedule, i.e. the serial mixing
experiment. In the preparation stage (detailed in section 6.1.2), the reservoir capillary
is filled with two solutions, 15 - 20 µL each, as demonstrated in fig. 4.2 B. During (A)
the reservoir capillary is connected to the device inlet, while the outlet is connected to
1.5 - 3 bar of pressurised air. Approximately 12 - 15 µL push by the micro-syringe is
needed to fill the mixing circuit of the device with only the ’test’ solution, while the
’exchange’ solution remains outside of the circuit. Filling is carried out in two steps.
First, the majority of the mixing circuit, including the detection chamber, is filled by
∼ 9 µL push of the micro-syringe supplemented by the closing of valve 4, as presented
in fig. 4.2 C. Secondly, the bridge pathway is purged of the remaining air, as ∼ 3 µL is
pushed through the chip’s fluidic circuit with valve 6 closed. The filled device is placed
inside the spectrometer for calibration, allowing to record the initial spectra. Next, the
operator needs to define the following parameters: the number, rate and volume of
injection steps, mixing time, and delay times corresponding to the acquisition of indi-
vidual spectra, before (B) is executed. The acquisition schedule is specified separately
in TopSpin® (Bruker, US) as a list of queued experiments. Experiments to be carried
out after each injection and mixing contain a conditional statement which awaits a 5 V
pulse, before the acquisition is carried out. The 5 V ’trigger’ pulses are sent to the spec-
trometer from the Arduino controller, following the execution of each injection and
mixing. The steps carried out during (B) are broadly similar to those of the filling rou-
tine. Once (B) is initiated, the specified volume increment (Vi) of the exchange solution
is pushed by micro-syringe action towards the detection chamber as valve 4 is closed,
displacing an equivalent volume of the test solution out of the mixing circuit (fig. 4.2 C).
Once the micro-syringe has stopped, a trigger pulse is sent to the spectrometer to ac-
quire the first injection spectrum. The state machine then awaits for the acquisition to
be complete, according to the scan delay parameter specified by the operator. Follow-
ing this period, valves 1 & 2 seal the Vs (fig. 4.2 D), and with sequential triggering of
the valves 3, 4, 5 a peristaltic flow is induced in order to mix the two volumes. Once
the specified mixing period has passed, the second trigger pulse is dispatched to the
spectrometer while the state machine again remains idle during the designated scan
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delay. Next, the loop counter evaluates the number of remaining injection steps before
the new Vi increment is pushed. The experiment is completed once all injection steps
have been implemented. Alternatively, the operator also has the ability to terminate
the experiment at any time.

Figure 4.4: LoC-µNMR operation algorithm for a two-solution serial mixing. Two
periods can be distinguished: manual (A), when the operator prepares the

experiment, and automated (B), associated with the experimental run according to
the pre-specified schedule.

4.4 Functional characterisation

4.4.1 Microvalve function

The performance of the microvalves is critical to the overall function of the LoC de-
vice. During the serial mixing experiments they serve two distinct functions: a) closing
of specific valves determines the flow path of the sample liquid, and b) sequential valve
triggering pattern creates the peristaltic flow needed for sample mixing. Valve closing
is achieved when the applied pressure to the valves exceeds the pressure generated by
the flow of the liquid, and is sufficient to push the elastomer membranes against the
valve floor (see fig. 4.5 D). Required pressure was determined experimentally for each
of the valves. A water filled capillary was connected to the device inlet and the flow
was generated with application of 4 bar air pressure at the capillary end. The flow
was observed by naked eye at the device outlet. For all tested chips, 5 bar air pressure
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applied to each of the valves was effective to stop the flow of the liquid through the
device. Function of the microvalves was unaffected by the long (∼ 4 m) pneumatic
tubing.

Figure 4.5: Detail view (A) and micrograph (B) of the chip microvalves. Cross section
of a single microvalve (C) and its actuation principle (D).

It is clear from the device design (fig. 4.2 A) that the 2.5 µl detection chamber only
represents a fraction of the mixing circuit (Vs) of the microfluidic chip. During the
serial mixing experiment, each injection alters the mixture composition inside the Vs.
Taking into account the dimensions of only the detection chamber and the standard
rate of diffusion it can be expected that in a low Re system, such as this one, it would
take well over one hour for the mixture to become homogenous if no active mixing
mechanism is involved. This signifies the importance of the peristaltic flow induced
with the microvalve action.

Due to the asymmetrical circuit design it is possible to distinguish two opposite di-
rections of the flow inside the Vs. Here, those are referred to as clockwise and anti-
clockwise. While the flow is created by sequential actuation of valves 3, 4, 5 (fig. 4.2A),
valve 6 remains open during this routine and contributes to the fluidic capacitance of
the circuit. In the clockwise direction valve 6 is positioned downstream from valves 3,
4, 5, and upstream in the anticlockwise direction. This asymmetry is reflected in the
liquid flow observed inside the Vs. In a series of serial mixing experiments, injection
of Bromophenol Blue (BpB) dye to the Vs was carried out in order to visualise the flow,
and the time needed to reach sample homogeneity was measured. Such results are
shown in fig. 4.6. At t = 0, 1.5 µL of the BpB solution was injected into the detection
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chamber. The injection flow is downward, as indicated by an arrow in the figure. The
boundary between the BpB and test solution (H2O) is clearly visible in the detection
chamber. The peristaltic flow in the clockwise direction was initiated, leading to an
upward movement of the liquid in the image (arrow). After 40 s, the blue boundary
between the fluids reaches the detection chamber from below. The liquid continues to
flow around the mixing circuit, gradually getting mixed in the process. After 60 s, the
colour gradient is still visible, while it can no longer be distinguished by eye after 120 s
of mixing.

Figure 4.6: Visualisation of the flow inside the detection chamber of the microfluidic
chip. Images were taken at specified time points after initial injection of the BpB dye.

Arrows indicate the direction of the flow at each step.

Similar observations were made to evaluate the flow rates produced by the peristaltic
action. A 1 - 3 µL volume of a perfluorinated oil (FluoinertTM FC-43; Sigma-Aldrich,
UK) was injected into the aqueous solution present in the mixing circuit before the
peristaltic action was initiated. As the two solutions were essentially non-mixing, the
circulating oil droplet could be observed within Vs. From the known volume of the
detection chamber and the time needed for the droplet to cover that volume, the flow
rates reached by the peristaltic action were estimated. The average values are 5 ± 2.5
µl/min clockwise, and 1.5 ± 0.7 µl/min anticlockwise. The variability in the flow rate is
attributed to the fabrication tolerances of the microfluidic chips. Further experiments
were carried out inside the spectrometer, where a solution of sodium trimethylsilyl-
propanesulfonate (DSS) dissolved in fumaric acid was injected into the fumaric acid
only solution at the same concentration. Mixing efficiency was evaluated by observing
the intensity change of the appropriate NMR signals, 0 ppm for the methyl protons
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Figure 4.7: In-spectrometer evaluation of the mixing efficiency for the microfluidic
device. The scattered data show the intensity values for the 0 ppm and 6.52 ppm
peaks originating from the methyl protons on DSS and methine protons on the
fumaric acid, respectively. Signal intensities are normalised with respect to the

number of contributing protons. Data were acquired after initial injection of DSS and
Fumaric Acid solution into the Fumaric Acid only solution (time point 0), and

following specified mixing intervals.

on DSS and 6.52 ppm for the methine protons on the fumaric acid, after a given mix-
ing period. In fig. 4.7 the intensities of the NMR signals, normalised by the number
of contributing protons, are plotted against the cumulative mixing time. It is clearly
visible that after injection (time point 0), the intensity of the DSS signal is very strong,
signifying high concentration in the detection chamber. After 4 minutes of mixing, the
DSS signal has decreased by about two thirds, while the signal for the fumaric acid has
not changed. This signifies that after mixing, the concentration of DSS is distributed
more evenly within the mixing circuit, at concentration lower than that of the injected
solution. Gradual decrease of the DSS signal is observed further until 8 - 12 minutes of
mixing. Based on these observations the mixing time for all following experiments was
set to 12 minutes.

4.4.2 NMR detected serial mixing

The evaluation of the in situ serial mixing procedure was carried out inside the spec-
trometer, where the intensities of the fumaric acid and DSS NMR signals were followed
between consecutive injection and mixing steps. The two compounds, together with
sodium acetate used as internal concentration standard, were chosen because they do
not react and have well separated 1H chemical shifts. The main resonances appear at
0 ppm, 1.92 ppm, and 6.52 ppm for the nine equivalent methyl protons on DSS, three
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methyl protons on sodium acetate, and two equivalent methine protons on fumaric
acid, respectively. Secondary signals due to methylene protons on DSS at 0.62 ppm,
1.77 ppm, and 2.92 ppm can be observed above ∼ 5 mM.

The experiment was prepared with 20 µL each of the fumarate (exchange) and DSS
(test) solutions in the reservoir capillary. The initial spectrum (V = 0 in fig. 4.8) was
acquired after filling the device with 18 ± 1 µL of the test solution, according to the
protocol outlined in section 4.3. The acetate and DSS signals are clearly visible in the
spectrum, while the 6.52 ppm fumaric acid peak is barely above the noise level. Af-
terwards, eleven injection steps were carried out, with Vi = 2 ± 0.25 µL, followed
by 240 s of peristaltic mixing before acquisition. The gradual reduction in intensity for
DSS, and increase for fumaric acid can clearly be observed in all subsequent spectra
shown in fig. 4.8. Concentrations of DSS and fumaric acid were computed from the
spectra based on the known concentration of acetate according to:

[X] =
IX

IAc

nAc

nX
[Ac], (4.1)

where [X] denotes the concentration of X in the detection volume, IX is the integral
of the corresponding NMR peak, and nX is the number of protons per molecule con-
tributing to that peak. [Ac], IAc and nAc are the corresponding identities of sodium
acetate. Figure 4.9 shows the resulting concentrations of DSS and fumaric acid as a
function of injected volume (solid diamonds). Vertical error bars are derived from the
integration error due to spectral noise and estimated pipetting errors in preparation
of the acetate stock solution (details in section 6.1.2). Horizontal error bars reflect the
± 0.25 µL repeating accuracy of the syringe pump. The solid lines in fig. 4.9 represent
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Figure 4.8: Series of 1H spectra obtained during the serial mixing experiment
between 35 mM DSS and 40 mM fumaric acid solutions in 50 mM sodium acetate at
pH 13. Spectra are referenced to 0 ppm using the main DSS resonance and the traces

are stacked according to the combined injection volume.
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Figure 4.9: Concentration changes observed during serial mixing of DSS (blue) and
fumaric acid solutions (gray). All values are normalised with respect to the signal
intensity of the internal standard (sodium acetate). Scattered points represent the

experimental data while the line-plots demonstrate the best fit model as specified by
eq. (4.3). Concentration errors for the series shown are result of the propagation of

errors associated wit the preparation of the samples and were calculated according to
eq. (6.3). Volume uncertainties reflect the metering accuracy of the micro-syringe

pump.

a least-squares fit of eq. (4.3) to the data, where Vs has been treated as the fitting param-
eter. While the microfluidic chips were designed for a nominal value of Vs = 10 µL,
fabrication tolerances invariably lead to small differences. The accuracy of Vi is limited
by the metering accuracy of the micro-syringe. The supplier offers a range of syringe
sizes, each with specified metering accuracy. Here, a single 80 µL syringe (SG-080-C360;
LabSmith, US) was used to reach the desired level of volume control. More precise op-
eration can be carried out with parallel use of syringes of various sizes (e.g. 8 and 80
µL) via a Y junction, each designated for fine and bulk control.

4.4.3 Titration model

The concentration of a compound A in the detection volume after the k-th injection
and mixing cycle is expected to be:

[A]k = (1 − Vi

Vs
)[A]k−1 +

Vi

Vs
[A]e, (4.2)

where [A]e is the concentration of A in the exchange solution. The initial concentration
[A]0 is that of the test solution [A]t. The composition after n steps is therefore:

[A]n = (1 − Vi

Vs
)n[A]t + [1 − (1 − Vi

Vs
)n][A]e. (4.3)
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The above model allows to predict the concentration changes of the compounds in the
analysed solution with respect to the repeated displacement of the volume of the mix-
ing circuit by the specified Vi of the exchange solution. In the case where individual
compounds are present only in the test and exchange solutions, a gradual and pro-
portional increase and decrease can be observed, as exemplified by fumaric acid and
DSS in fig. 4.9. Following from eq. (4.3) and the known concentrations of fumaric acid
and DSS in the prepared solutions, the modelled changes are included as line-plots in
fig. 4.9. Taking into account the estimated errors the model provides an adequate ex-
planation of the data. However, there are few features in the data that suggest a more
suitable model could be proposed. It can be noted that the initial concentration of fu-
maric acid in the analysed solution (at 0 µL in fig. 4.9) is higher than expected and
is not explained by the associated errors. Furthermore, the fumaric acid signal is ob-
served after filling the device with only ∼ 18 µL of the test solution, while 20 µL was
loaded into the reservoir capillary. Similar observations were made on several occa-
sions, where the initial NMR signal of the exchange solution was consistently detected
2 - 3 µL ”sooner” than expected. Some of this effect can be contributed to the metering
accuracy of the micro-syringe pump, however consistency of these observations sug-
gest that some pre-mixing occurs between the two solutions before the initial injection
of the exchange solution. This is not unexpected as the solutions remain in contact in
the reservoir capillary. In a static system the contact surface is defined by the inner
diameter of the capillary, i.e. 80 µm. A factor that is unaccounted for relates to the pres-
sure driven flow, employed for loading of the solutions into the capillary and filling the
microfluidic device. A model which takes into account the the extent of pre-mixing is
yet to be defined. In its absence the approach is to use ∼ 5 µL excess of the test solution
to fill the device, to ensure it is the only solution present in the mixing circuit at the
start of the experiment.

4.5 Conclusions

The above summarises the design and operation of the microfluidic device capable
of carrying serial mixing experiments while placed in situ inside the high-field NMR
spectrometer. The highlight of this system is the automation and high-precision oper-
ation at microlitre volumes of tasks that are tedious and error prone when carried out
manually. Results presented prove the device offers control over the concentrations
of compounds inside the detection chamber as a function of the volume injected into
the chip circuit. The current shortcomings are associated with the analytical model,
which does not take into account the pre-mixing that occurs between the two solutions
in the reservoir capillary. Another issue relates to the dead volumes of the microfluidic
device, which approximately equal those of the detection chamber and microvalves
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combined. The latter problem is mainly associated with the fabrication methods avail-
able in the Utz lab, however microfluidic techniques exist with the capacity to produce
devices at higher precision. Therefore devices with significantly lower dead volumes
could be fabricated based on the same design, further limiting sample use. More rigor-
ous modelling, taking into account the pre-mixing, could offer the operating precision
for applications where the sample’s response to initial changes is highly pronounced.
This would constitute an additional level of control and expand the platform’s appli-
cations perspectives towards systems that depend on highly accurate reporting on the
dose-response.
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Chapter 5

Automated LoC-µNMR experiments
for characterisation of
hFynSH3-p85αP91-T104 binding by
heteronuclear protein NMR

This chapter extends on the ”Fully automated characterization of protein-peptide bind-
ing by microfluidic 2D NMR” article by M. Plata, M. Sharma, M. Utz and J. M. Werner,
published in January 2023 in the Journal o f the American Chemical Society. The work
presented provides the proof-of-principle validation of the ’Protein NMR on a Chip’
platform. Two fully automated experiments are described, where a series of 1H-13C
and 1H-15N HSQC spectra of hFynSH3 was recorded with a gradually increasing con-
centration of the p85αP91-T104 peptide, implemented via the automated serial mixing
protocol described in chapter 4. The acquired data are used to characterise the hFynSH3
- p85αP91-T104 binding, both in the structural and thermodynamic context. Finally, these
results are qualitatively and quantitatively compared to equivalent data obtained with
the commercially available state-of-the-art NMR hardware.

5.1 Background

Microfluidic Lab-On-A-Chip devices are finding increasing use in the life sciences as
they provide unique, convenient and reproducible platforms for the interrogation of
complex biological systems in highly controlled conditions and for quantifying their
responses to defined stimuli using a variety of readout methods [19,35]. Limited sample
use and integration of complex functionalities in LoC devices are intrinsically suited to
the miniaturization and parallelization of biomedical workflows [92]. Biological systems
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at all scales, ranging from whole organisms down to subcellular organelles and molec-
ular assemblies have been studied in this way [39,83,95,135,182]. LoC devices have also been
used for the study of protein-ligand interactions. However, these studies have so far
relied on readout methods which require ligand modifications and lack detailed atomic
information [7].

NMR is uniquely placed in characterizing macromolecular systems including protein-
ligand interactions. It has the ability to determine the number and location of inter-
action sites, allosteric effects, the atomic structures and dynamics of ligands as well as
protein, and a full thermodynamic evaluation of an interaction. NMR offers unique
tools for structural and molecular biologists as well as medicinal chemists, because it
does not rely on any protein or ligand modification for detection as well as offering
substantial freedom in the choice and variation of buffer conditions. In addition, NMR
is capable of probing a broad range of affinities (nM - mM) [50].

Typically large sample requirements in NMR, in the order of ∼ 500 µL and milligrams
of protein, have been addressed by the development of detectors that require only
microlitre sample volumes [10,121,188], and their applicability towards protein-detected
high-resolution NMR has already been verified [125,134]. The contents of this chapter
demonstrate how this mode of detection can be integrated with microfluidic sample
manipulation to yield a modular LoC analytical experimental platform. Significantly,
the experimental procedure is fully automated and integrated with commercially avail-
able NMR spectrometers and operating software. This reduces the efforts of the exper-
imenter to the loading of the initial samples, specification of the titration schedule and
the NMR acquisition parameters, in contrast to the continual manual sample manipu-
lation for a conventional NMR titration, discussed in section 3.3.1.

5.2 Approach

The following demonstrates the NMR detection coupled with a microfluidic sys-
tem that automatically controls serial mixing experiments, as described in chapter 4,
for the characterization of protein-ligand interactions by high-resolution heteronuclear
protein-detected NMR. In this modality, a series of 2D heteronuclear spectra of a uni-
formly labelled protein (either 15N or 13C) are acquired with increasing ligand-to-protein
molar ratios. The fraction bound of protein is observed as CSPs of individual pro-
tein atoms. While conventional implementation of such experiments require repeated
manipulation of ∼ 500 µL samples, therefore using a significant amount of labelled
protein, the automated system presented here uses less than 40 µL for the entire titra-
tion experiment. This provides both atomic-scale identification of the binding site and
quantification of the dissociation constant for the ligand, KD

[173]. Analysis of CSPs of
the backbone amides using 1H-15N HSQC experiments takes advantage of the fact that
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amides provide a single probe at every backbone position of a protein, with exception
of prolines, but are typically limited to proteins below ∼ 50-100 kDa [51,124,141]. Focus-
ing on protein methyl groups allows to study structure and interactions of much larger
proteins or molecular assemblies even to MDa protein complexes [128,146,172] due to the
favourable relaxation properties.

Figure 5.1: Schematic representation of the microfluidic device setup at the start of
the titration experiment. After filling, the microfluidic chip contains ∼10 µL of the
protein-only solution while 15-20 µL of the protein-ligand solution is present in the

connecting reservoir capillary. By the action of the micro-syringe pump, connected at
the end of the reservoir capillary, specified volume of the protein-ligand solution is
injected into the chip circuit. Subsequently, the chip microvalves are employed to

created a peristaltic flow inside the closed circuit on the chip and the two solutions are
mixed until equilibration, before the multidimensional HSQC spectrum is recorded.

As explained in section 4.2, the experimental procedure is carried out using two solu-
tions, one containing only the protein of interest, hFynSH3, the other containing the
protein and excess of ligand, p85αP91-T104, sufficient for the saturation of the protein.
Only 20 µL of each solution is necessary to carry out the entire experiment. The device
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is assembled and filled, so that only the protein sample is present within the chip mix-
ing circuit at the start of the experiment, when the device is placed inside the spectrom-
eter, as pictured in fig. 5.1. Initial acquisition is carried out to define the baseline, i.e.
chemical shifts of the free protein, before the serial mixing procedure is implemented.
In between of successive heteronuclear spectra, a single 1H spectrum is acquired after
each injection and mixing step to follow the intensity of the 0 ppm TSP signal, present in
known excess in the protein-ligand solution. Therefore, the intensity of the TSP signal
maintains linear correlation to the concentration of p85αP91-T104 and provides reliable
readout of the fraction bound of hFynSH3 in the analysed mixture at each step of the
experiment. The fully automated process delivers a series of 2D HSQC spectra, from
which the CSPs of individual signals are calculated. These data are then fitted using
an appropriate binding model in order to determine the dissociation constant, KD

[173].
Having previously assigned the majority of the signals in the 1H-13C and 1H-15N HSQC
spectra, as presented in chapter 3, the binding surface can also be identified from the
same set of spectra.

5.3 Binding characterisation based on the µNMR data

Validation of the ’Protein NMR on a Chip’ platform is based on two automated titra-
tion experiments with acquisition of full 1H-15N HSQC spectra and 1H-13C HSQC spec-
tra focused on the hFynSH3 methyl groups. Figures 5.2 and 5.3 show an overlay of the
selected spectra, at increasing p85αP91-T104 concentration, acquired throughout the au-
tomated procedure. For clarity, only seven of each 1H-13C and 1H-15N HSQC spectra
are shown, with the molar ratios of ligand-to-protein for each spectrum detailed on the
right-hand side panel of the figure. Each spectrum was recorded with approximately 43
or 61 µg of 13C- or 15N-labelled hFynSH3 in the 2.5 µL volume of the detection chamber,
respectively. Using a standard HSQC sequence [15] the entire titration series of 11 exper-
iments in each case was completed in approximately 24 hours. The quality of acquired
spectra allow to unambiguously assign 89 % and 65 % of the observable amide and
methyl signals of hFynSH3, respectively, and to distinguish chemical shift differences
above 31 Hz / 51 ppb or 20 Hz / 34 ppb, which relates to 8 - 21 % and 26 - 54 % of the
maximum CSPs for the individual signals in the 1H-15N and 1H-13C HSQC spectra. The
binding equilibrium for hFynSH3 and p85αP91-T104 is in fast exchange and approaches
saturation at a ligand-to-protein molar ratio of about two, as can be seen from from
the minimal change in the chemical shifts at the molar ratios above ∼ 1.6 in figs. 5.2
to 5.4. Similarly to the results shown in section 3.3.1 all observed CPSs follow a straight
line between free and bound form of hFynSH3, validating the choice of the two-state
interaction model for the analysis.

Acquisition of the 1H-15N HSQC spectra allows to map the individual CSPs onto the
backbone of the known structure of hFynSH3, as presented in fig. 5.6. From a total
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Figure 5.2: Overlay of the selected 1H-15N HSQC spectra of hFynSH3, obtained
during the LoC-µNMR titration experiment with p85αP91-T104. Colouring scheme is

organised according to the increasing concentration of p85αP91-T104 and explained on
the right-hand side panel. Starred Trp∗ labels refer to signals originating from the

sidechain indole amides rather than the backbone. Sample conditions: 2.8 mM
hFynSH3, 0 - 5.0 mM p85αP91-T104 in H2O analysis buffer (2.5 µL); spectra recorded at

14.1 T with the homebuilt transmission line probe at room temperature.

of 73 resolved NH signals in the µNMR 1H-15N HSQC spectra, 14 have shown per-
turbations grater than σc,NH = 0.23 ppm, that was deemed significant [145]. Out of
this group, 10 signals originate from the backbone amides, which map onto three sep-
arate patches between Arg96-Asp100, Gly117-Trp120 and Tyr132-Tyr137 on the hFynSH3
backbone, which coincides with the previously published data [114] and those presented
in chapter 3. Two more CSPs in the 1H-15N HSQC spectra originate from the Hϵ/Nϵ of
the Trp119 and Trp120 sidechain indoles, while the other two remain unassigned, how-
ever are known to originate from Hϵ/Nϵ of the same Asn or Gln residue. Based on the
resolved hFynSH3 structure, Asn136 is considered a very likely candidate. Likewise,
CSPs were also identified for the 1H-13C HSQC spectra covering the methyl region of
hFynSH3, as visible in fig. 5.3. Those over σc,CH3 = 53 ppb were deemed significant
and were identified on Ala95, Thr97, Ile111 and Ile133, which covers 5 out of the total of
31 methyl groups on hFynSH3 and agrees with the titration data recorded using the
conventional NMR setup, presented in chapter 3.

Isotope weighted 1H/13C and 1H/15N fractional shifts, θ = ∆δcomb/∆δmax, were fitted
collectively and individually for each dataset to a two-state binding model to determine
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Figure 5.3: Overlay of selected 1H-13C HSQC spectra of hFynSH3, obtained during
the LoC-µNMR titration experiment with p85αP91-T104. Colouring scheme from light

blue to navy corresponds to increasing concentration of the p85αP91-T104 ligand,
molar ratios are indicated on the right-hand side. Selection of the assigned methyl
signals are shown. The insert in the top left corner represents the expansion that is

boxed in the centre of the spectrum. Sample conditions: 2.1 mM hFynSH3, 0 - 6.0 mM
p85αP91-T104 in D2O analysis buffer (2.5 µL); spectra recorded at 14.1 T with the

homebuilt transmission line probe at room temperature.

the KD for the hFynSH3 - p85αP91-T104 binding equilibrium. Collectively, as presented
in fig. 5.4, all heteronuclear NMR data has returned the KD of 80 ± 12 µM, which is in
good agreement with the 50 µM value [114] published previously. Individually fitted KD

values for the 1H-13C and 1H-15N HSQC datasets were 144 ± 29 µM and 30 ± 10 µM,
respectively, however this representation fails the F-statistic (details in section 6.5.3)
when compared to the collective fit. It is the conviction of the author that the discrep-
ancy between the individually fitted KD values is dictated by resolution, where consid-
erably lower chemical shift span, ∆δmax, in the 1H-13C HSQC spectra determines that
the σc,CH3 for the CSPs is less than twice the resolution threshold, therefore limiting the
precision of measurement. For the 1H-15N HSQC, the corresponding σc,NH is over four
times the resolution threshold and the data return the KD closely resembling the pre-
viously published values [114,131]. Importantly, all previous NMR-based KD evaluations
were derived from the CSPs of the hFynSH3 amide resonances, while the character-
isation of p85αP91-T104 ligand binding based on protein methyl groups have not been
carried out for hFynSH3 before.
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Figure 5.4: Binding isotherm for all significant CSPs detected in the µNMR titration.
Data from both 1H-13C and 1H-15N HSQC spectra were fitted collectively returning a

common KD of ∼ 80 µM.

5.4 Relevance of the µNMR titration results

Apparent discrepancies in the KD measurements for the hFynSH3 - p85αP91-T104 model
system presented above need to be considered with respect to the physical behaviour
of biomolecules in solution. As result of this work it became clear that hFynSH3,
while maintaining good solubility, at concentrations above ∼ 0.2 mM is affected by
self-aggregation. This phenomenon was not previously reported and is very likely to
have an effect on the binding to the p85αP91-T104 ligand.

Similar to the ligand induced CSPs, changes to the chemical shifts of individual signals
were observed in the 1H-15N HSQC spectrum of hFynSH3 when recorded at increasing
protein concentration. Figure 5.5 displays an overlay of a selected region of the 1H-
15N HSQC spectrum of hFynSH3 at concentrations between 0.17 - 2.66 mM. In fig. 5.5,
a clear CSP is observed for the Arg96 backbone NH peak and similar behaviour was
observed for another 17 signals assigned in the 1H-15N HSQC spectrum of hFynSH3.
The distribution of the aggregation-induced CSPs in the hFynSH3 structure is shown
in fig. 5.6, while those above the cut-off threshold, σc,Agg, are listed in table A.6 in the
appendix. In an analogous fashion to the ligand binding analysis, a potential aggre-
gation surface and the aggregation dissociation constant, KDa, was evaluated. Signifi-
cant aggregation-induced CSPs were identified for Gly80, Thr85 - Phe87, Arg96 - Leu101,
Asn113 - Trp119, including the Trp119 sidechain indole Hϵ/Nϵ signal. The two extended
patches, Arg96 - Leu101 and Asn113 - Trp119, are located on the n-Src and RT loops in-
volved in ligand binding. Therefore, interference of aggregation of hFynSH3 with the
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Figure 5.5: Overlay of a selected fragment of four 1H-1515 HSQC spectra of hFynSH3
at varying protein concentration. The arrow is pointing out the direction of the

chemical shift change for the NH signal of Arg96 as a consequence of an increasing
concentration of hFynSH3 from 0.18 to 2.8 mM. Sample conditions: 0.18 - 2.8 mM
hFynSH3 in H2O analysis buffer and 5% D2O (15 µL); spectra recorded at 16.45 T

with 1.7 mm TCI MicroCryoProbeTM (Bruker, US) at room temperature.

binding to p85αP91-T104 is highly likely. Furthermore, this provides reasoning as to why
different KD values were obtained based on the 1H-15N HSQC spectra at two different
concentrations, 18 µM at 0.1 mM hFynSH3 for the conventional NMR titration, and
30 µM at 2.8 mM hFynSH3 for the automated µNMR. Likewise, Morton et al. [114] have
reported the 50 µM KD based on 1H-15N HSQC spectra recorded between 2 - 3 mM
hFynSH3 [114], while circular dichroism measurements at similar concentration have re-
turned the KD of 31 µM [131]. Given the characteristics of the system, it can be envisaged
how minor changes to the buffer conditions, temperature or choice of significant CSPs
could render a varying KD value.

Based on the 1H-15N HSQC spectra recorded at 0.17 - 2.66 mM hFynSH3, and as-
suming the simplest aggregation (dimerisation) process, the KDa was evaluated to be
6.4 ± 0.3 mM, therefore much weaker than the affinity towards p85αP91-T104. A model
considering potential aggregation and ligand binding states at the conditions of the au-
tomated µNMR titration experiments is proposed in fig. 5.7. Four distinct populations
are considered: the monomeric hFynSH3, aggregate hFynSH3, and the monomeric and
aggregate forms of the hFynSH3 - p85αP91-T104 complex. In such a multiequilibrium
system at least six possible interchange pathways can be contemplated (numbered in
fig. 5.7), therefore a single dissociation constant is unlikely to provide a comprehensive
representation of the system. In fact, abundance of competing equilibria can account
for vastly differing KD measurements, as observed for individual signals in the two
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sets of µNMR experiments. Those are listed in tables A.4 and A.5 in the appendix.
In summary, the author wishes to clarify this is a purely speculative model, nonethe-
less helpful to illustrate the elevated complexity of the system under investigation, and
highlighting limitations of the available data to clarify it.

Figure 5.6: CSP distribution within the hFynSH3 backbone based on the µNMR
1H-15N HSQC data. Plotted are the ∆δmax values for each individual amide signal
observed in response to titration with p85αP91-T104 (top) and increasing hFynSH3

concentration between 0.17 - 2.66 mM (bottom). The horizontal lines represent the
cut-off thresholds above which significant CSPs are qualified. For clarity, only

altering residues are labelled on the x axis.

Using all recorded 1H-15N HSQC spectra of hFynSH3 an attempt was made to evalu-
ate the effect of aggregation on the binding to the p85αP91-T104 ligand. Figure 5.8 lists
all the ∆δmax values obtained from the titration experiments carried out at 0.1 mM and
2.8 mM hFynSH3. On the top, the histogram displays the individual ∆δmax values with
respect to the hFynSH3 sequence. The distribution of CSPs for the two conditions is
maintained, however changes in the magnitude of corresponding signals can be ob-
served, and are most pronounced between Arg96 and Ser102. In the bottom panel in
fig. 5.8 the ∆δmax values are plotted horizontally for 0.1 mM hFynSH3 and vertically
for 2.8 mM hFynSH3. Colour coded are the NH signals whose ∆δmax is above (positive
response, blue) or below (negative response, yellow) the cut-off threshold, σc,Agg, for
the aggregation-induced CSPs. Following this selection mode, the KD for each group
was re-evaluated from the µNMR 1H-15N HSQC data. The resulting values were 22 µM
and 109 µM, respectively. Oddly, this could suggest that aggregation-affected signals
show an increased affinity towards the ligand. However, the more likely explanation
is the fact that the majority (7 out of 12) of the assigned ligand-responsive signals, as
well as those with largest ∆δmax, are also present in the aggregation positive response
group, hence the KD is much tighter for this group. This is not surprising knowing that
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Figure 5.7: Diagram representing the possible states of the hFynSH3 - p85αP91-T104
system at high hFynSH3 concentration. With four states available, six equilibrium

constants (numbered) need to be taken into account.

the aggregation-affected peaks, as well as those involved in ligand binding, are mostly
located on the n-Src and RT loops of hFynSH3.

5.5 Comparing the conventional and µNMR titration data

The binding of p85αP91-T104 to hFynSH3, as reviewed in chapter 3, occurs in a 1:1
ratio, however the system analysed in the automated µNMR titration is notably more
complex as result of the higher protein concentration. It is considered that the KD value
of 18 µM, obtained from the conventional NMR experiments at 0.1 mM hFynSH3, gives
an accurate representation of the binding affinity towards the p85αP91-T104 ligand in an
unperturbed system. KD values fitted for individual signals, as listed in tables A.2
and A.3, show minimal scatter around the mean with a standard deviation of 3.9 µM,
indicating a single binding event. This is true for both the 1H-15N and 1H-13C HSQC
datasets. Likewise, the ITC measurements carried out previously by Renzoni et al. [131]

at the same hFynSH3 concentration has returned the KD value of 16 µM, fully support-
ing our observation. For the system investigated at high hFynSH3 concentrations, the
reported KD is likely to include contributions from other equilibrium processes, such as
those in fig. 5.7. It is possible that an accurate hFynSH3 - p85αP91-T104 dissociation con-
stant could be calculated based on the available data, however the appropriate model
is yet to be formulated.

The aggregation-induced CSPs map onto the n-Src and RT loops of hFynSH3, how-
ever the only interference with a known element of the ligand binding pocket occurs at
the indole amide of Trp119. Furthermore, the correlation analysis presented in fig. 5.8
has failed to conclusively tie the aggregation affected signals to a specific outcome in
terms of the dissociation constant. It is therefore proposed that the aggregation face
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Figure 5.8: The ligand-induced ∆δmax values for the hFynSH3 amide signals, as
reported at 0.1 mM and 2.8 mM protein concentration, in the conventional 500 µL

sample and µNMR 2.5 µL, respectively. The histogram (top) gives the distribution of
individual values with respect to the hFynSH3 sequence plotted on the x axis. The

legend in the top left corner explains the histogram’s colouring scheme. In the
correlation plot (bottom) individual ∆δmax values at 0.1 mM hFynSH3 are plotted on
the horizontal axis, against the same signals observed at 2.8 mM hFynSH3, plotted

vertically. On the diagonal is plotted a theoretical line of maximum correlation
between the data. Signals are labelled individually and colour coded according to

their response to protein aggregation. Signals whose chemical shift changes
significantly (∆δmax ⩾ σc,Agg) between 0.1 mM and 2.8 mM hFynSH3 are termed

positive (blue) and the remaining signals are negative (yellow).
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Figure 5.9: Postulated aggregation state for hFynSH3 at concentrations above
0.2 mM. Two hFynSH3 molecules are represented in green and purple with

half-transparent surface. The p85αP91-T104 ligand is shown in its binding orientation,
in ball and stick representation using standard atom colouring. Structures are shown

twice, with 90◦ rotation around the indicated (dashed line) axis. Figure generated
using UCSF Chimera, based on the previously resolved hFynSH3 structure [131]; PDB

entry: 1AZG.

on hFynSH3 is positioned perpendicular to the ligand binding surface and in the ag-
gregated form the binding site for p85αP91-T104 is not obscured, as presented in fig. 5.9.
In such an arrangement the aggregated hFynSH3 forms a dimer, where the two units
have a potential to rotate around the axis perpendicular to the aggregation surface. As
the binding site is expected to remain accessible to the ligand, and the affinity towards
p85αP91-T104 is higher than that between two hFynSH3 molecules, it is possible for the
ligand binding to be maintained in the dimeric form. Another possibility, even though
the excess of hFynSH3 molecules are not expected to be in direct competition with
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p85αP91-T104, is that in the dimeric form hFynSH3 offers a limited access to the ligand,
therefore lowering the on rate, kon, which is inversely proportional to KD. Considering
the above, there is a potential for cooperative binding of two p85αP91-T104 molecules to
the same hFynSH3 dimer. In such case, one would need to consider what is the relative
stability of the hFynSH3 - p85αP91-T104 dimer complex in comparison to its monomeric
counterpart and what are the possible dissociation pathways. Again, all of these con-
siderations are purely speculative, however demonstrate the level of complexity that
needs to be resolved in order to fully represent the system.

5.6 Sample use

For the automated µNMR titration experiments in each case only 40 uL of the pro-
tein sample was used at 2.1 or 2.8 mM concentration. This accounts for 43 or 61 µg
of isotope-labelled hFynSH3 in the 2.5 µL detection volume at each step of the exper-
iment and 0.69 or 1.17 mg of protein in total. This is compared to 0.47 mg needed to
prepare a single ∼ 500 µL sample at 0.1 mM protein for the conventional NMR ap-
proach, of which two were used to complete the titration. This gives the overall protein
requirement of 0.95 mg for analogous experiments using the state-of-the-art Prodigy
TCI CryoProbe (Bruker, US). Looking at the characteristics of the microfluidic device
it is obvious that the gross volume of the sample fills the mixing circuit, rather than
the 2.5 µL volume of the detection chamber. Contemporary microfluidic fabrication
methods have the capacity to produce devices with much higher precision than what is
available at the Utz lab, therefore devices with significantly lower dead volumes could
be fabricated based on the same design, further limiting the sample use. It is the abso-
lute conviction of the author that an optimised system would be able to execute the full
titration experiment with a total sample volume equal to only twice the volume of the
mixing circuit (Vs), i.e. no more than 20 µL overall.

5.7 Data quality

The heteronuclear HSQC spectra obtained for the automated µNMR titrations were
qualitatively compared to equivalent experiments acquired using the state-of-the-art
miniaturised detector 1.7 mm TCI MicroCryoProbeTM (Bruker, US). Of the upmost con-
cern were the critical aspects of sensitivity and resolution discussed in section 2.2, dic-
tated by signal-to-noise ratio, SNR, and peak linewidth, ∆ω1/2. The SNR was eval-
uated from the 1H projection of the first t1 transient in the HSQC spectrum, while the
linewidth was measured for the equivalent 2D peaks in the full HSQC spectrum accord-
ing to eq. (3.3). Between different data the acquisition time and processing parameters
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were kept equal. The evaluated characteristics are listed in tables 5.1 and 5.2. As an-
ticipated, the performance of the TCI probe is noticeably higher, especially in terms of
signal-to-noise, however the nLODm

f measure (explained in section 2.2) confirms the
excellent mass sensitivity profile of the TLP. Sensitivity is related to spectral resolu-
tion according to eq. (2.27), where again the TCI probe has a better performance. For
the TLP, the improved linewidth for the 1H-13C HSQC experiments is associated with
favourable relaxation properties of the methyl groups. This comparison is not intended
to downplay the performance of the system at hand, rather illustrate the benefits to
be achieved by joining the current-state NMR hardware with microfluidic operation,
demonstrated by this work.

TLP TCI

SNR 2.6 27.7

nLODm
f /nmol Hz1/2 18.9 10.1

Table 5.1: Critical sensitivity parameters for the homebuilt transmission line probe
(TLP) and state-of-the-art miniaturised detector 1.7 mm TCI MicroCryoProbeTM

(Bruker, US).

TLP TCI

Spectra 1H-15N HSQC 1H-13C HSQC 1H-15N HSQC

Linewidth 49.7 Hz / 83 ppb 32.8 Hz / 55 ppb 14.7 Hz / 2 ppb

Resolution
(ε)

30.8 Hz / 51 ppb 20.3 Hz / 34 ppb 2.8 Hz / 4 ppb

Table 5.2: Critical resolution parameters for heteronuclear experiments on hFynSH3
achieved for the transmission line probe (TLP), in comparison with the

state-of-the-art miniaturised detector 1.7 mm TCI MicroCryoProbeTM (Bruker, US).
Data were acquired at 14.1 T (600 MHz) and 16.4 T (700 MHz) for the TLP and TCI,

respectively.

5.8 Conclusions

This chapter summarises the main achievements of the ’Protein NMR on a Chip’
project. The work described validates a system linking three unique functionalities
in application to protein - ligand binding analysis. Those are: automated operation,
minimised sample use and atomic-scale resolution. Two sets of titration experiments
were carried out with acquisition of protein-detected heteronuclear NMR spectra. Both
datasets allow to identify chemical shift changes of individual hFynSH3 protein signals
in response to the binding of the p85αP91-T104 peptide. To record individual spectra,
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only 43 - 61 µg of isotope-labelled protein was needed and the entire experiment, in-
cluding repeated injection, mixing and acquisition steps was carried out autonomously
within ∼ 24 hours. This is the first demonstration of such experiments that the author
is aware of and provides basis for improving the throughput of NMR for biomolecular
characterisation.

Notable limitations need to be discussed, those are related to the platform’s applicabil-
ity towards biomolecular systems. Trying to minimise the volumetric sample use, the
mass sensitivity requirements have dictated that sample concentration needed to be
significantly increased. As it turns out, even the most robust proteins, such as hFynSH3,
at 2 - 3 mM concentrations experience vastly different conditions than those at the phys-
iological state. This is reflected by the differing KD values obtained in the conventional
and µNMR titration experiments, 18 ± 4 µM and 80 ± 12 µM, respectively. For-
tunately, the design flexibility of the µNMR platform is such that practical solutions
are readily available, and likely to overcome the experienced setbacks. Maintaining
the mass sensitivity requirements, same quality spectra would be acquired with only
∼ 0.3 mM protein if the detection volume was to be increased to ∼ 25 µL. Thanks to the
flexible design of the microfluidic chip, such adjustments can be easily implemented.

Further applications can be envisaged for studying multi-ligand equilibria, fragment
screening or evaluation of protein dynamics, e.g. in response to changing buffer condi-
tions. In line with miniaturisation efforts available for molecular biology, elements such
as cell-free protein expression and selective labelling could be connected with µNMR
to common pipeline workflows. Here, it is worth to mention the inherent non-invasive
nature of NMR, making it perfectly suitable to work in conjunction with other analyt-
ical tools. Current advancements within the field, e.g. hyperpolarisation efforts, offer
significant sensitivity improvements. Implementation of those in a µNMR setup would
bring even more unique capabilities to the molecular biology toolkit.
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Chapter 6

Materials & methods

6.1 The LoC device

6.1.1 Device design, fabrication and assembly

The production of all microfluidic chips was carried out on-site in the Utz lab. Each
chip consists of a central 500 µm thick PMMA layer that is sandwiched between two
outer 200 µm thick layers. The design features of the PMMA layers are specified in a
AutoCAD (Autodesk, US) file and cut from commercially available PMMA sheets us-
ing CO2 laser cutter (HPC Laser Ltd., UK). Adjusting the power and speed of the laser
provides control over the depth and width of the cut. Microfluidic channels in the chip
are produced to an approximate width and depth of 150 µm, while the detection cham-
ber and valve elements are fully cut-through. Such prepared layers are washed with
isopropanol, when dry treated with O2 plasma (Diener, CH), and bonded with plasti-
ciser (2.5 % v/v dibutyl phalate in isopropyl alcohol) under heat and pressure, accord-
ing to a previously established protocol [186]. The device assembly is completed with
three elastomer membranes, two 200 µm thick PDMS, and a single 100 µm thick nitrile
rubber (NBR), and two holder blocks that cover the the upper part of the microfluidic
chip. Like PMMA layers, the elastomer membranes are cut from the respective sheets
with the CO2 laser. The chip holder is custom designed in SolidWorks (3DS, FR) and
produced from Accura® XtremeTM 200 Plastic by SL 3D-printing (Protolabs, UK). The
specific chip designed for this project contains five microvalves (see fig. 4.5) consistent
with the plunger architecture fist demonstrated by Baek et al [11]. The holder contains
the necessary liquid and gas channels and microports, to connect the device to exter-
nal pressure and liquid supply systems. Assembled device is held together by four
M3 screws. Figure 4.2 A shows the chip design, while fig. 4.3 demonstrates how the
microfluidic device is assembled from all components. A picture of the non-standard
hardware and the microfluidic device is included in fig. 6.1.
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Figure 6.1: Photograph of the developed LoC-µNMR system. Numbered are solenoid
valves (1), micro-syringe pump (2), Arduino Mega 2560 board (3) and the assembled
device (4), including the microfluidic chip, chip holders and the connecting pressure

and liquid leads.

6.1.2 Sample loading

A 80 µm ID Polyethylene ether ketone (PEEK) capillary connects the microfluidic
device to the SPS01 micro-syringe stepper-motor pump (LabSmith, US). To start with,
the volume of the syringe and connecting capillary is filled with perfluorinated oil
(FluoinertTM FC-43; Sigma-Aldrich, UK). Sample is loaded into the capillary from a
length-modified pressure resistant NMR tube (Wilmad-LabGlass, US) serving as the
initial reservoir. The loading end of the capillary is immersed in the sample liquid and
∼ 3 bar of pressure is supplied to the NMR tube. Action of the micro-syringe at the
other end of the capillary controls the volume drawn into the capillary loading end.
The same procedure is repeated to load the second sample solution. Subsequently, the
loading end of the capillary is connected to the assembled microfluidic device and 1.5 -
3 bar air pressure is applied to the device outlet. The microfluidic chip is filled with the
sample liquid by the micro-syringe action.
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6.1.3 Microvalve control

The microvalves on the chip are actuated via approximately 4 m leads operating at 5
bar air pressure. Using a common manifold, a single pressure input is separated into
six leads that extend to the individual microvalves. The manifold holds six solenoid
valves (Festo, DE), controlled by the Arduino Mega 2560 (Arduino, US) board. The
board regulates the transmission of pressurised air from the manifold to the individual
leads and microvalves.

6.1.4 Software

Firmware controlling the solenoid valves was written in Arduino IDE (Arduino, US)
and allows for individual and sequential actuation of the valves with varying patterns
and frequency. Micro-syringe is controlled with manufacturer supplied uProcessTM

software (LabSmith, US). Operation of both systems was interfaced into a common
LabVIEW script which also triggers the NMR spectrometer for spectra acquisition, as
detailed in fig. B.1.

6.2 Improved Transmission Line Probe

Initial feasibility for multidimensional NMR was proved using an existing modular
TLP probe, described in detail by Sharma and Utz [150]. This probe uses a circuit in
which the two detector planes are connected at the far end through a pair of capacitors.
This design leads to a relatively low inductance of the detector assembly at low fre-
quencies, which makes it difficult to tune and match the system to the 15N frequency.
As a result, the probe initially available was only tunable to 13C. In a joint effort with
Dr Manvendra Sharma a new variant of the probe, designed for efficient acquisition of
1H-15N HSQC spectra with optimal sensitivity, was constructed.

Efficient coupling to the low Larmor frequency of 15N at 14.7 T is facilitated by a high in-
ductance of the detector coil. The two conductor planes that make up the transmission
line detector were therefore directly connected at the top by replacing the capacitive
connection with conducting blocks of copper, as shown in fig. 6.2. In addition, the tank
circuit band reject filter of the original TLP design that insulates the 15N channel from
the 1H frequency was replaced by a shorted λ/4 line, as shown in the figure. This probe
was found to perform very well, with a RF efficiency of 26 and 82 µT/

√
W for the 1H

and 15N channels, yielding 90◦ pulse lengths of 3.2 µs and 10 µs, respectively.
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Figure 6.2: Schematics of the transmission line detector. Shown are the original
transmission line resonator as described by Sharma and Utz [150] with capacitive

coupling of the detector planes (A), improved detector with increased inductance due
to direct coupling of the detector planes at the top (B) and circuit diagram of the

improved 1H-15N double resonance probe (C).

6.3 Sample preparation

6.3.1 hFynSH3 protein expression and purification

All hFynSH3 protein samples were produced on site, through well-established E. coli
recombinant protein expression system and further purification. The BL21-CodonPlus
(DE3)-RIPL competent E. coli cells (Agilent, US) were heat-shock transformed with
pGEX-2T-hFynSH3 plasmid containing the following DNA expression construct:

GSPHMTGTLRTRGGTGVTLFVALYDYEARTEDDLSFHKGEKFQILNSSEGD
WWEARSLTTGETGYIPSNYVAPVDSIQ.

The underlined sequence holds 100 % identity to human and murine Fyn-kinase SH3
domain. The full sequence shows 13 AA difference in comparison to the construct
used to determine the hFynSH3 structure by NMR [114]. This includes a 16 AA insert at
the N-term and 3 AA deletion at the C-term, neither of which alter the core hFynSH3
sequence (underlined).

As a construct of the pGEX-2T plasmid (GE Healthcare, US), the hFynSH3 was ex-
pressed in the E. coli host cells as a fusion protein with Glutathione S-transferase (GST).
Expression was carried out in the Luria-Bertani broth (LB) for the unlabelled protein,
and M9 minimal media with incorporation of 13C glucose and/or (15NH4)2SO4, de-
pending on the labelling requirements for heteronuclear NMR experiments. All growth
media were made to contain 100 µg/mL Ampicillin and 34 µg/mL Chloramphenicol
to select for only the transformed E. coli, which acquired antibiotic resistance. E. coli
cultures were first grown at 37◦ C in 100 mL starter cultures. Optical density at 600 nm
(OD600) of each culture was checked regularly. At OD600 ∼ 0.7 cultures were transferred
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into overall 500 mL and allowed to grow again until OD600 ∼ 0.7, before induction with
0.25 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG). After induction cultures were
grown at 30◦C for 18 hrs, then harvested by centrifugation (5400 g, 20 min, 4◦C) and
stored at -20◦C.

In the purification process cell paste was thawed and resuspended in lysis buffer: 75
mM Tris-HCl pH 8, 200 mM NaCl, 5 mM β-mercaptoethanol, 0.1 % v/v Triton X-100, 2
mM Ethylenediaminetetraacetic Acid (EDTA), cOmpleteTM mini (Roche, CH) protease
inhibitor. Suspension was sonicated (6 * 20 s) at 0◦ C for cell lysis. Subsequently, cell
debris was collected by centrifugation (17000 g, 50 min, 4◦C) and discarded. Super-
natant was passed through a column of Glutathione-Sepharose 4B beads (GE Health-
care, US) in resin buffer (20 mM Tris-HCl pH 8, 150 mM NaCl, 2.5 β-mercaptoethanol)
to retain the GST-hFynSH3 fusion protein. Column was extensively washed with resin
buffer and Phosphate Buffered Saline (PBS) pH 7.4 before incubation at room temper-
ature with Thrombin protease (1 U per 100 µg of target protein) to cleave off the target
hFynSH3 protein from the GST tag. After 16 - 18 hrs the protease activity was ar-
rested by introduction of 1 mM Phenylmethylsulfonyl Fluoride (PMSF). The column
flow-through was collected and the column was washed extensively with PBS and 10
mM Glutathione (GSH) in PBS to remove the bound GST. Fractions containing the
hFynSH3 protein were concentrated using the 3 MWCO Vivaspin 20 (Sartorius, DE)
centrifugal concentrators and applied to the HiLoad 16/600 Superdex 75 column (GE
Healthcare, US) under PBS for size exclusion chromatography. Eluted hFynSH3 frac-
tions were pooled and concentrated with buffer exchange for the analysis buffer (20
mM KH2PO4/K2HPO4 pH 6 containing 0.02% NaN3 in H2O or D2O).

6.3.2 The p85αP91-T104 peptide

Synthetic peptide was obtained as > 70 % purity lyophilised powder from the sup-
plier (ChinaPeptides, CN). Samples for analysis by NMR were prepared by dissolving
the powder in 1 mL of H2O and twice dialysing in a 1/1000 volume ratio using the 0.5
MWCO Float-A-LyzerTM G2 device (Repligen, US). Following dialysis, the 1 mL sam-
ple was lyophilised for storage and dissolved in a designated volume of the analysis
buffer in preparation for the NMR experiments.

6.3.3 Titration samples

For the accurate evaluation of the KD values, concentrations of the involved species,
namely hFynSH3 and p85αP91-T104 needed to be measured precisely. Following the ex-
pression and purification protocols, described in section 6.3.1, hFynSH3 concentrations
were evaluated based on the light absorbance measurements at 280 nm, A280, from a
1-2 µL sample, acquired using the NanoDrop 2000/2000c instrument (ThermoFisher,
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Figure 6.3: SDS-PAGE of samples from the purification process for hFynSH3. Lanes
are protein marker (MW), cell lysate (1), centrifugation supernatant (2), flow-through

after binding with GSH-Sepharose (3), resin buffer wash (4), PBS wash (5),
flow-through after thrombin cleavage (6), PBS wash (7-8) and GSH elution (9).

Arrows indicate the GST-hFynSH3 fusion protein (A), free hFynSH3 (B) and free GST
(C). Protein marker weights (kDa) listed on the left, marker: Precision Plus ProteinTM

Standards (Bio-Rad, US).

US). Absorbance measurements were converted into concentration values based on the
Beer-Lamber law:

A280 = ϵ l c, (6.1)

where ϵ, l, c relate to the molar extinction coefficient, optical path length and concen-
tration values, respectively. The ϵ is an intrinsic property of given species, in the case of
protein A280 it is almost exclusively dependent on the number of aromatic residues, es-
pecially Trp, within the protein structure. For hFynSH3, the ϵ value was calculated
using the PROTPARAM tool, available at the Swiss Bioinformatics Resource Portal
(www.expasy.org), according to the known AA sequence. Due to the lack of optically
active residues within the p85αP91-T104 sequence, ligand concentrations were evaluated
based on 1H NMR spectra in a solution of known concentration of TSP. Having as-
signed the methyl region of the 1H spectrum for p85αP91-T104, the composite 0.93 ppm
peak, with contributions from four methyl groups on Val and Leu residues, was com-
pared with the 0 ppm signal for TSP. Concentration calculations were carried out ac-
cording to:

f (Ix, Ia, nx, na, [A]) =
Ix

Ia

na

nx
[A], (6.2)

where Ix and Ia are the peak integral values for the analysed (p85αP91-T104) and refer-
ence (TSP) species, respectively. Likewise, na and nx refer to the number of protons
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contributing to each signal and [A] is the known concentration of the reference com-
pound. Individual titration samples were prepared by combining known volumes of
the hFynSH3 solution with the p85αP91-T104 + TSP stock. Accurate description of each
sample, taking into account the measurement and pipetting errors, is presented in ta-
ble 6.1. Evaluation of the errors involved in sample preparation is explained in sec-
tion 6.5.1.

Conventional µNMR (15NH) µNMR (13CH3)

Buffer, pH 20 mM K2HPO4/KH2PO4 in H2O, pH 6 20mM
K2HPO4/KH2PO4
in D2O, pH 6

protein-only
sample

100 µL *
0.53 ± 0.03 mM
hFynSH3 + 450 µL
buffer

95 µL *
4.43 ± 0.29 mM
hFynSH3 + 55 µL
buffer

70 µL *
2.44 ± 0.16 mM
hFynSH3 + 20 µL
buffer

protein-
ligand sample

100 µL *
0.53 ± 0.03 mM
hFynSH3 + 236 µL
* 4.97 ± 0.4 mM
p85αP91-T104 +
204 µL buffer

95 µL *
4.43 ± 0.29 mM
hFynSH3 + 55 µL
* 13.5 ± 1.6 mM
p85a

70 µL *
2.44 ± 0.16 mM
hFynSH3 + 20 µL
* 27.2 ± 2.7 mM
p85αP91-T104

[TSP] in the
protein-only
sample

10 ± 1 µM 200 ± 18 mM 165 ± 15 mM

hFynSH3
labelling

13C/15N 15N 13C

[hFynSH3] 97 ± 11 µM 2.8 ± 0.18 mM 2.1 ± 0.14 mM

[p85αP91-T104]
/mM

2.13 ± 0.16 4.98 ± 0.4 6.0 ± 0.6

[L]/[P] range 0 - 26.6 0 - 2.0 0 - 3.4

Table 6.1: Individual composition of the samples prepared for the NMR titration
experiments

6.3.4 Other chemicals

The solutions used for the calibration of the LoC-µNMR system, described in sec-
tion 4.4.2, namely fumaric acid, 3-trimethylsilyl-1-propanesulfonate (DSS) and sodium
acetate were prepared as following: 43.9 mg of DSS and 23.5 mg fumaric acid were
dissolved in 4 mL of previously prepared 50 mM sodium acetate stock, each. In both
samples the pH was adjusted to 13 ± 0.5 using the 50 mM sodium acetate + 1.5 M
NaOH solution.
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6.4 NMR data acquisition and processing

6.4.1 Assignment experiments

Protein samples were prepared as outlined above. The analysed sample was made to
0.65 mM 13C/15N-labelled hFynSH3 with 5% D2O in 300 µL SHIGEMI tube. All mea-
surements were performed at room temperature using the Prodigy TCI CryoProbe at
16.45 T Ascend 700 NB magnet with AVANCE NEO console (all Bruker, US). Experi-
ments for protein signal assignment discussed in chapter 3 were carried out as imple-
mented in the Bruker TopSpin® software.

6.4.2 hFynSH3 - p85αP91-T104 titration

6.4.2.1 Conventional NMR experiments

Two primary 550 µL titration samples were prepared to contain 0.1 mM 13C/15N-
labelled hFynSH3, one with excess (2.1 mM) of the p85αP91-T104 peptide, as detailed
in table 6.1. Titration was carried out by repeated pipetting of known volumes be-
tween the two samples. As consequence the following ligand-to-protein ratios were
generated: 0.0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 2.5, 4.6, 11.3 and 22.0. All measurements were
performed at room temperature using the nitrogen-cooled Prodigy TCI CryoProbe at
16.45 T Ascend 700 NB magnet with AVANCE NEO console (all Bruker, US). Following
experiments were carried out: 1H/15N- [113] and 1H/13C-HSQC [166] with application of
PFGs for coherence selection as implemented in the Bruker TopSpin® software. The
FIDs were processed with zero-filling and sine-bell apodization using the NMRPipe
Spectral Processing Software [28].

6.4.2.2 LoC-µNMR

Two separate experiments were carried out with 13C- and 15N-labelled hFynSH3 pro-
tein. The sample preparation details are listed in table 6.1. In each experiment two sam-
ples were prepared containing only the hFynSH3 protein, and hFynSH3 with saturating
concentration of the p85αP91-T104 peptide. Experiments were carried out according to
the protocol outlined in section 4.3, while additional spectra were also acquired for the
prepared solutions, separately. All measurements were performed at room tempera-
ture using the TLP at 14 T Bruker AS 600 WB magnet with a Bruker AVANCE NEO
console. 1H-13C and 1H-15N HSQC [15] experiments were carried in double resonance
mode limited by the TLP, with 32 step phase cycle needed for coherence selection. The
FIDs were processed with zero-filling and sine-bell apodization using the NMRPipe
Spectral Processing Software [28].
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6.4.3 Calibration of the LoC-µNMR serial mixing modality

All NMR measurements were performed at 11.7 T Bruker Active Shield II WB magnet
equipped with a Bruker AVANCE III console. Spectra, consisting of 8 transients each,
were recorded with repetition delay of 8 s and 2 s acquisition time. Water signals were
suppressed by 3 s of presaturation with a nutation frequency of 100 Hz. The FIDs were
processed with 0.5 Hz of Lorentzian line broadening and automatic baseline correc-
tion. All processing was implemented using the NMR.jl (https://github.com/marcel-
utz/NMR.jl) package for the Julia [14] programming language.

6.4.4 Aggregation of hFynSH3

Measurements were carried out on 15 µL aliquot samples obtained by serial dilution,
starting from 2.8 mM 15N-labelled hFynSH3, using the 1.7 mm TCI MicroCryoProbeTM

at 16.45 T Ascend 700 NB magnet with AVANCE III console (all Bruker, US). Special
thanks go to Dr Christopher Williams (School of Cellular and Molecular Medicine) and
Prof. Matthew Crump (School of Chemistry) at the university of Bristol for facilitating
the acquisition of this data. The FIDs were processed with zero-filling and sine-bell
apodization using the NMRPipe Spectral Processing Software [28].

6.5 NMR data analysis

6.5.1 Concentration calculations and propagation of errors

Based on eq. (6.2), the calculated concentration of p85αP91-T104 can be treated as a
function of several variables, each with individually associated measurement error.
The errors of each of the inputs are considered independent of the others, therefore
covariance can be ignored. The integrated error to of estimated value, in this case
[p85αP91-T104], can be calculated according to:

∆ f =

√︄(︃
∂ f

∂ [A]

)︃2

(∆[A])2 +

(︃
∂ f
∂ Ix

)︃2

(∆Ix)2 +

(︃
∂ f
∂ Ia

)︃2

(∆Ia)2 (6.3)

After solving the individual partial derivatives, and assuming ∆Ix and ∆Ia are equal
and defined by the inherent noise of individual spectra, eq. (6.3) is rewritten as:

∆ f =
na

nx

√︃
Ix

2 (∆[A])2 + [A]2
(︂

∆Ix
2 + Ix

2/Ia
2
)︂

Ia
(6.4)

In the case of the p85αP91-T104 stock solution prepared for the conventional titration ex-
periments na = 9, nx = 12, [A] = 10 uM, ∆[A] = 1.6 uM, ∆I is the RMSD of the noise,
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therefore ∆[p85αP91-T104]=0.4 mM. Equivalent calculations were performed for all pre-
pared samples as listed in table 6.1.

6.5.2 KD calculations

KD fitting was made in relation to eq. (3.5), which can be rewritten as:

[LP]2 − [LP]([P] + [L] + KD) + [P][L] = 0 (6.5)

and therefore has a following solution:

[LP] =
[P] + [L] + KD ±

√︁
([P] + [L] + KD)2 − 4[P][L]

2
(6.6)

As the fractional shifts of individual protein signals give a measure of the fraction
bound of protein, eq. (6.6) can be adapted accordingly:

θ =
∆δcomb.

∆δmax
=

[LP]
[P]

=
[P] + [L] + KD −

√︁
([P] + [L] + KD)2 − 4[P][L]

2[P]
(6.7)

or as:
θ = 1/2 + α + βD −

√︂
α2 + 2αβD + βD

2 + 1/4 + βD − α (6.8)

where:

α =
[L]

2[P]

βD =
KD

2[P]

In the course of this project four models were used for KD fitting based on the CSP data.
In model 1, calculated θ and the concentration values of hFynSH3 and p85α91-104 were
the input variables to eq. (6.7), while KD was the only free parameter. This model was
employed for the conventional NMR dataset. For the µNMR results, the input variable
was the measured intensity of the 0 ppm TSP peak, TSPi, linearly related to α:

α = m TSPi + c (6.9)

Measured concentration values for TSP, hFynSH3 and p85αP91-T104, as listed in table 6.1,
were used to evaluate the initial guess values for m and c in relation to α:

α =

(︃
TSPi − TSPmin

TSPmax − TSPmin
[L]max

)︃
/2[P] (6.10)

where TSPi corresponds to TSP peak integral value at each point of the titration exper-
iment, [L]max is the concentration of p85αP91-T104 in the protein-ligand solution, TSPmin
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and TSPmax are the integral values obtained for the protein-only and protein-ligand
solutions, respectively. In model 2, calculated ∆δcomb, concentration of hFynSH3 and
α evaluated from TSPi according to eq. (6.10) were the input variables while KD and
∆δmax were the fitting parameters. Models 3 and 4 both used eq. (6.8), where the input
variables were the calculated θ, TSPi and measured concentration of hFynSH3, while
m, c and KD were the fitting parameters. Difference between models 3 and 4 relates to
the treatment of KD with respect to the heteronuclear µNMR datasets. In model 4 all
data from the 1H-13C and 1H-15N HSQC spectra were collectively treated to fit a com-
mon KD, while in model 3 individual KD values were fitted to the corresponding 1H-13C
and 1H-15N HSQC datasets. In all cases fitting was carried out using the Levenberg-
Marquardt method, as implemented by the LsqFit package for the Julia programming
language [14]. Detailed list of the fitting parameters is provided in table A.1.

6.5.3 The F statistic

To justify the choice of the best fit model to the CSP data calculations of the F statis-
tic were made, comparing the variances between the alternative models. Individual
variances, σn

2, are determined by:

σn
2 =

1
d f

N

∑
i=1

(yi − ŷ)2 (6.11)

where yi are the individual input data, ŷ are the modelled values and d f defines the
degrees of freedom for each model, calculated as the difference between the number of
data points, N, and fit variables. The F statistic is subsequently calculated as:

F =
σ1p

2

σ3p2
n − 3

2
, (6.12)

where σ1p
2 and σ3p

2 are the square residuals of the 1-parameter and the 3-parameter fits,
respectively, and n is the number of fitted data points. This must be compared to the
critical value F0.05

n−3,n−1 for n data points and the rejection probability of 0.05. Results of
the F statistic larger than the F critical were accepted as statistically significant grounds
for choice of the best fit model. Individual σn

2 and F-values for the considered models
are listed in table A.1.
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Chapter 7

Conclusions

In this thesis efforts to combine microfluidic sample manipulation with NMR-based
characterisation of protein-ligand interactions are described. The main advantages of
this approach relate to the miniaturisation and automation offered by microfluidics,
and label-free, non-invasive analysis by NMR at atomic resolution. The accomplish-
ments of the ’Protein NMR on a Chip’ project were achieved with pressure-driven mi-
crofluidic solutions and integrated operation of multiple hardware units. Three sep-
arate results sections are provided, relating to the study of the molecular model sys-
tem by conventional state-of-the-art NMR, detailed description of the NMR-integrated
microfluidics, and operation of the developed LoC-µNMR device in the context of
protein-ligand interactions.

In chapter 3 the analytical power of NMR characterisation of protein-ligand interac-
tions is presented, describing the model molecular system for this work: the hFynSH3
protein interacting with a short peptide fragment of the p85α subunit of the PI3-kinase,
p85αP91-T104. Characterisation is based on heteronuclear NMR spectra, allowing to
identify and assign signals originating from individual 1H, 13C and 15N atoms within
the hFynSH3 structure. Spectra recorded for the free-form hFynSH3 and hFynSH3 sat-
urated with the p85αP91-T104 peptide are analysed to identify the structural changes
induced by the ligand on the hFynSH3 protein, including the binding pocket. Separate
round of experiments, where a set of two-dimensional HSQC spectra are recorded at
an increasing molar ratio of ligand-to-protein are presented, based on which the ligand
dissociation constant is obtained.

Chapter 4 describes the overall design of the microfluidic NMR system and its func-
tionality in executing the automated serial mixing experiments coupled with in operando
detection by NMR. The design involves multiple elements, including those necessary
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for the fabrication and assembly of the device, ancillary hardware and software for re-
mote and automated control over the experiment. The fundamental functionality of
the device, i.e. the repeated mixing of two solutions within the common volume of
the microfluidic chip was achieved by pneumatically actuated on-chip valves. Mixing
capacity, the usual bottleneck in microfluidic systems is characterised qualitatively and
quantitatively. Operation of this device in situ inside the NMR spectrometer is pre-
sented, where two solutions are gradually mixed in, demonstrating fine control over
the concentrations of analysed solutions as a function of manipulated volume. This
is the first implementation of such functionality at high magnetic field coupled with
continual acquisition of NMR spectra that the author is aware of.

Finally, the applicability of the LoC-µNMR platform for protein study is demon-
strated for the hFynSH3 - p85αP91-T104 molecular model system. Two sets of fully au-
tomated titration experiments are documented, where an increasing ligand-to-protein
molar ratio is generated and integrated with acquisition of heteronuclear NMR spectra.
In each case, much limited sample volume was used in comparison to the conventional
NMR approach. The resulting data are analysed in the structural and thermodynamic
context, by identification of the ligand-responsive atoms and evaluation of the dissoci-
ation constant of the protein-ligand complex. Acquired spectra are compared in terms
of sensitivity and resolution to those recorded using the commercially available state-
of-the-art miniaturised detector probe.

These results demonstrate that implementation of microfluidic operation to protein
analysis by NMR can be successfully achieved and the function of either part need
not be detrimental to the other. Likewise, based on the design flexibility and rapid
prototyping capabilities further applications for this device can be considered, such
as fragment screening, protein-protein interactions or studying multi-ligand equilibria.
Despite the great advances demonstrated in this work, certain constraints were also
reached. Those relate mainly to the hardware limitations of the transmission line probe.
The current design allows only for double resonance, i.e. either 1H/13C or 1H/15N. As
such, implementation of triple resonance experiments needed for assignment of pro-
tein spectra is outside of the scope of this probe. However, the modular probe design
was specifically chosen to accommodate further hardware improvements. Such could
include additional tunable channel or a gradient coil, allowing for noticeable reduction
of experimental time with coherence selection by PFGs or implementation of SOFAST
HMQC experiments. Combined with the miniaturisation and automation offered by
microfluidics this could open the avenue for high-throughput experimentation, which
so far was beyond of the capabilities of NMR.
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Supplementary results
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A.1 Details of KD fitting
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A.2 Individual KD values

Residue KD / µM Error / µM

Tyr93 19.86 2.11

Arg96 20.65 4.94

Thr97 18.48 0.65

Glu98 17.85 1.66

Asp99 16.52 2.72

Asp100 19.17 7.08

Leu101 17.36 1.26

Ser102 18.47 1.80

Leu112 12.77 0.86

Ser114 24.24 2.60

Ser115 19.09 1.63

Glu116 15.51 1.29

Gly117 16.62 1.45

Asp118 12.38 1.15

Trp119 16.20 2.49

Trp∗119 16.13 0.57

Trp120 15.79 1.66

Trp∗120 18.50 1.68

Ser135 17.30 3.35

Tyr137 16.38 1.20

Asn/Gln!aa! 18.16 1.91

Asn/Gln!ab! 16.10 1.57

Asn/Gln!ba! 16.25 3.42

Asn/Gln!bb! 16.69 2.13

Table A.2: Calculated KD values for individual signals from the 1H-15N HSQC
spectra acquired by the conventional NMR approach, at 0.1 mM hFynSH3. Starred

Trp∗ inputs refer to the signals originating from the indole amide signals rather than
the backbone. Likewise, the Asn/Gln!...! inputs are associated with sidechain amide

signals of Asn or Gln, which remain unassigned.
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Residue Atoms KD / µM Error / µM

Leu90 Hγ/Cγ 6.72 2.60

Ala95 Hβ/Cβ 18.44 2.77

Glu98 Hα/Cα 17.11 2.14

Phe103 Hα/Cα 28.4 5.81

Phe103 Hβ/Cβ 24.16 6.48

Ile111 Hδ/Cδ 26.10 4.96

Ile111 Hγ/Cγ 15.83 2.32

Ser115 Hβ/Cβ 24.21 3.18

Asp118 Hβ/Cβ 15.64 1.83

Trp120 Hα/Cα 16.83 3.72

Ser124 Hα/Cα 18.88 2.98

Tyr132 Hα/Cα 14.94 3.40

Ile133 Hδ/Cδ 19.62 2.52

Asn136 Hα/Cα 12.37 4.00

Val138 Hγ/Cγ 16.98 2.36

Table A.3: Calculated KD values for individual signals from the 1H-15C HSQC
spectra acquired by the conventional NMR approach, at 0.1 mM hFynSH3.
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Residue KD / µM Error / µM

Arg96 1.54 3.43

Thr97 63.58 49.06

Asp100 848.78 310.01

Gly117 222.18 38.48

Asp118 10.50 25.13

Trp119 22.04 5.93

Trp∗119 54.01 44.20

Trp∗119 60.39 15.49

Tyr132 21.83 62.03

Ser135 48.63 12.41

Tyr137 158.96 36.52

Table A.4: Calculated KD values for individual signals from the 1H-15N HSQC
spectra acquired during the automated µNMR titration, at 2.8 mM hFynSH3.

Residue Atoms KD / µM Error / µM

Ala95 Hβ/Cβ 301.75 84.49

Thr97 Hγ/Cγ 121.91 83.93

Ile111 Hγ/Cγ 154.50 61.12

Ile111 Hδ/Cδ 212.27 83.74

Ile133 Hδ/Cδ 201.17 45.58

Table A.5: Calculated KD values for individual signals from the 1H-15C HSQC
spectra acquired during the automated µNMR titration, at 2.1 mM hFynSH3.
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A.3 Individual KDa values

Residue KD / mM Error / mM

Gly80 9.52 5.55

Thr85 4.93 2.57

Leu85 5.60 0.44

Phe87 4.94 0.52

Arg96 8.91 2.79

Thr97 5.97 4.04

Glu98 2.81 1.18

Asp99 6.00 2.38

Asp100 8.33 2.54

Leu101 4.99 0.73

Asn113 5.79 1.45

Ser114 6.18 1.97

Ser115 8.75 2.50

Glu116 10.16 3.14

Glu117 7.09 1.94

Asp118 8.57 4.24

Trp119 10.53 5.35

Trp∗119 5.98 2.61

Asn/Gln! 4.68 3.11

Table A.6: Calculated KDa values for all individual amide signals in the 1H-15N
HSQC spectra showing significant CSPs in response to the concentration of hFynSH3.
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B.1 LoC-µNMR automation flowchart
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B.2 List of µNMR sensors

Detector
type

Sample
vol. /µl

Resolution
/ppb

nLOD at
600MHz
/nmol s1/2

Reference

a Solenoid 0.005 2 0.13 Olson et al. [121]

b Planar 0.03 300 20.9
Massin et al. [102]

c Planar 0.47 300 262

d Solenoid 4x10−8 1700 0.36 Ciobanu et al. [22]

e Planar 0.393 12.4 13.8 Trumbull et al. [162]

f Planar 0.57 100 163 Wensink et al. [170]

g Stripline 0.012 80 18.3 family=Bentum et al. [38]

and Kentgens et al. [75]

h Planar 0.005 27 2.61 Ehrmann et al. [32]

i Planar 0.00088 32 8.66 Stocker et al. [154]

j Solenoid 6.4x10−5 1700 16.5 Badilita et al. [9]

k Phased ar-
ray

0.77 11 7730 Gruschke et al. [57]

l Planar 330 400 92 000 Renaud et al. [130]

m Planar
needle

0.5 50 12.3 Syms et al. [158]

n Planar
Helmholtz

10 20 125.6 Goloshevsky et al. [54]

o Solenoid 0.03 2.33 141.1 Rogers et al. [133]

p Solenoid 50 1000 30 Yamauchi et al. [183]

q Planar 1.2 7.5 22 Ryan et al. [138]

r Microslot 0.025 1.8 7 Maguire et al. [96]

s Solenoid 0.0001 2600 0.1 Seeber et al. [148]

t Microslot 0.0106 7.2 0.39 Krojanski et al. [80]

u Planar
Helmholtz

0.177 3.58 15.41 Spengler et al. [153]

Table B.1: Summary of µNMR detectors.





109

References

[1] A. Abragam. The Principles of Nuclear Magnetism. Clarendon Press. ISBN 978-0-
19-852014-6.

[2] F.-T. Allain, Y.-M. Yen, J. Masse, P. Schultze, T. Dieckmann, R. Johnson, and
J. Feigon. Solution structure of the HMG protein NHP6A and its interaction with
DNA reveals the structural determinants for non-sequence-specific binding. 18
(9):2563–2579. ISSN 0261-4189. .

[3] I. D. Alves, S. M. Cowell, Z. Salamon, S. Devanathan, G. Tollin, and V. J. Hruby.
Different Structural States of the Proteolipid Membrane Are Produced by Lig-
and Binding to the Human δ-Opioid Receptor as Shown by Plasmon-Waveguide
Resonance Spectroscopy. 65(5):1248–1257. ISSN 0026-895X, 1521-0111. . URL
http://molpharm.aspetjournals.org/content/65/5/1248.

[4] J. C. Andle and J. F. Vetelino. Acoustic wave biosensors. 44(3):167–176. ISSN
0924-4247. . URL https://www.sciencedirect.com/science/article/pii/

0924424794008019.

[5] M. Arai, J. C. Ferreon, and P. E. Wright. Quantitative Analysis of Multisite Pro-
tein–Ligand Interactions by NMR: Binding of Intrinsically Disordered p53 Trans-
activation Subdomains with the TAZ2 Domain of CBP. 134(8):3792–3803. ISSN
0002-7863. . URL https://doi.org/10.1021/ja209936u.

[6] J. H. Ardenkjæ r Larsen, B. Fridlund, A. Gram, G. Hansson, L. Hansson, M. H.
Lerche, R. Servin, M. Thaning, and K. Golman. Increase in signal-to-noise ratio of
> 10,000 times in liquid-state NMR. 100(18):10158–10163. . URL https://www.

pnas.org/doi/10.1073/pnas.1733835100.

[7] W. E. Arter, A. Levin, G. Krainer, and T. P. J. Knowles. Microfluidic approaches for
the analysis of protein–protein interactions in solution. 12(2):575–585. ISSN 1867-
2450. . URL https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7242286/.

[8] W. P. Aue, E. Bartholdi, and R. R. Ernst. Two-dimensional spectroscopy. Appli-
cation to nuclear magnetic resonance. 64(5):2229–2246. ISSN 0021-9606. . URL
https://aip.scitation.org/doi/10.1063/1.432450.

http://molpharm.aspetjournals.org/content/65/5/1248
https://www.sciencedirect.com/science/article/pii/0924424794008019
https://www.sciencedirect.com/science/article/pii/0924424794008019
https://doi.org/10.1021/ja209936u
https://www.pnas.org/doi/10.1073/pnas.1733835100
https://www.pnas.org/doi/10.1073/pnas.1733835100
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7242286/
https://aip.scitation.org/doi/10.1063/1.432450


REFERENCES 110

[9] V. Badilita, K. Kratt, N. Baxan, M. Mohmmadzadeh, T. Burger, H. Weber, p. u.
family=Elverfeldt, given=Dominik, J. Hennig, J. G. Korvink, and U. Wallrabe.
On-chip three dimensional microcoils for MRI at the microscale. 10(11):
1387–1390, . ISSN 1473-0189. . URL https://pubs.rsc.org/en/content/

articlelanding/2010/lc/c000840k.

[10] V. Badilita, R. C. Meier, N. Spengler, U. Wallrabe, M. Utz, and J. G. Korvink.
Microscale nuclear magnetic resonance: A tool for soft matter research. 8(41):
10583–10597, . ISSN 1744-6848. . URL https://pubs.rsc.org/en/content/

articlelanding/2012/sm/c2sm26065d.

[11] J. Y. Baek, J. Y. Park, J. I. Ju, T. S. Lee, and S. H. Lee. A pneumatically controllable
flexible and polymeric microfluidic valve fabricated viain situdevelopment. 15
(5):1015–1020. ISSN 0960-1317. . URL https://doi.org/10.1088%2F0960-1317%

2F15%2F5%2F017.

[12] A. Bax and S. Grzesiek. Methodological advances in protein NMR. 26(4):131–138.
ISSN 0001-4842. . URL https://doi.org/10.1021/ar00028a001.

[13] M. V. Berjanskii and D. S. Wishart. The RCI server: Rapid and accurate calculation
of protein flexibility using chemical shifts. 35:W531–W537. ISSN 0305-1048. . URL
https://doi.org/10.1093/nar/gkm328.

[14] J. Bezanson, A. Edelman, S. Karpinski, and V. B. Shah. Julia: A Fresh Approach
to Numerical Computing. 59(1):65–98. ISSN 0036-1445, 1095-7200. . URL https:

//epubs.siam.org/doi/10.1137/141000671.

[15] G. Bodenhausen and D. J. Ruben. Natural abundance nitrogen-15 NMR by en-
hanced heteronuclear spectroscopy. 69(1):185–189. ISSN 0009-2614. . URL
http://www.sciencedirect.com/science/article/pii/0009261480800418.

[16] W. W. Brey, A. S. Edison, R. E. Nast, J. R. Rocca, S. Saha, and R. S. Withers. De-
sign, construction, and validation of a 1-mm triple-resonance high-temperature-
superconducting probe for NMR. 179(2):290–293. ISSN 1090-7807. . URL
https://www.sciencedirect.com/science/article/pii/S1090780705004210.

[17] M. C. Mitchell, V. Spikmans, and A. J. de Mello. Microchip-based synthesis and
analysis: Control of multicomponent reaction products and intermediates. 126
(1):24–27. . URL https://pubs.rsc.org/en/content/articlelanding/2001/

an/b007397k.

[18] G. Cai, L. Xue, H. Zhang, and J. Lin. A Review on Micromixers. 8(9):274. . URL
https://www.mdpi.com/2072-666X/8/9/274.

https://pubs.rsc.org/en/content/articlelanding/2010/lc/c000840k
https://pubs.rsc.org/en/content/articlelanding/2010/lc/c000840k
https://pubs.rsc.org/en/content/articlelanding/2012/sm/c2sm26065d
https://pubs.rsc.org/en/content/articlelanding/2012/sm/c2sm26065d
https://doi.org/10.1088%2F0960-1317%2F15%2F5%2F017
https://doi.org/10.1088%2F0960-1317%2F15%2F5%2F017
https://doi.org/10.1021/ar00028a001
https://doi.org/10.1093/nar/gkm328
https://epubs.siam.org/doi/10.1137/141000671
https://epubs.siam.org/doi/10.1137/141000671
http://www.sciencedirect.com/science/article/pii/0009261480800418
https://www.sciencedirect.com/science/article/pii/S1090780705004210
https://pubs.rsc.org/en/content/articlelanding/2001/an/b007397k
https://pubs.rsc.org/en/content/articlelanding/2001/an/b007397k
https://www.mdpi.com/2072-666X/8/9/274


REFERENCES 111

[19] G. Caruso, N. Musso, M. Grasso, A. Costantino, G. Lazzarino, F. Tascedda,
M. Gulisano, S. M. Lunte, and F. Caraci. Microfluidics as a Novel Tool for Biolog-
ical and Toxicological Assays in Drug Discovery Processes: Focus on Microchip
Electrophoresis. 11(6):593. . URL https://www.mdpi.com/2072-666X/11/6/593.

[20] J. Cavanagh, N. J. Skelton, W. J. Fairbrother, M. Rance, and A. G. P. III. Protein
NMR Spectroscopy: Principles and Practice. Elsevier. ISBN 978-0-08-047103-7.

[21] J. Chen, Z. Zhang, J. L. Stebbins, X. Zhang, R. Hoffman, A. Moore, and M. Pel-
lecchia. A Fragment-Based Approach for the Discovery of Isoform-Specific p38α

Inhibitors. 2(5):329–336. ISSN 1554-8929. . URL https://doi.org/10.1021/

cb700025j.

[22] L. Ciobanu, D. A. Seeber, and C. H. Pennington. 3D MR microscopy with res-
olution 3.7µm by 3.3µm by 3.3µm. 158(1):178–182. ISSN 1090-7807. . URL
http://www.sciencedirect.com/science/article/pii/S109078070200071X.

[23] T. D. W. Claridge. High-Resolution NMR Techniques in Organic Chemistry. Elsevier.
ISBN 978-0-08-099993-7.

[24] B. Coggins, X. Li, A. McClerren, O. Hindsgaul, C. Raetz, and P. Zhou. Structure
of the LpxC deacetylase with a bound substrate-analog inhibitor. 10(8):645–651.
ISSN 1072-8368. .

[25] P. R. Costa, J. D. Gross, M. Hong, and R. G. Griffin. Solid-state NMR measure-
ment of Ψ in peptides: A NCCN 2Q-heteronuclear local field experiment. 280
(1):95–103. ISSN 0009-2614. . URL https://www.sciencedirect.com/science/

article/pii/S000926149701107X.

[26] F. Dalitz, M. Cudaj, M. Maiwald, and G. Guthausen. Process and reaction mon-
itoring by low-field NMR spectroscopy. 60:52–70. ISSN 0079-6565. . URL
http://www.sciencedirect.com/science/article/pii/S0079656511000860.
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and P. Ertl. A Decade of Organs-on-a-Chip Emulating Human Physiology at

https://www.pnas.org/content/73/1/128
https://www.pnas.org/content/73/1/128
https://www.sciencedirect.com/science/article/pii/S0079656520300133
https://www.sciencedirect.com/science/article/pii/S0079656520300133
https://www.mdpi.com/1420-3049/26/21/6442
https://www.mdpi.com/1420-3049/26/21/6442
http://www.sciencedirect.com/science/article/pii/S0924424701009141
http://www.sciencedirect.com/science/article/pii/S0924424701009141
https://doi.org/10.1021/bi9620969
http://www.sciencedirect.com/science/article/pii/S1570023208002286
http://www.sciencedirect.com/science/article/pii/S1570023208002286
http://aip.scitation.org/doi/10.1063/1.118857
http://aip.scitation.org/doi/10.1063/1.118857
https://doi.org/10.1007/s10858-009-9386-z


REFERENCES 123

the Microscale: A Critical Status Report on Progress in Toxicology and Pharma-
cology. 12(5):470. ISSN 2072-666X. . URL https://www.ncbi.nlm.nih.gov/pmc/

articles/PMC8143089/.

[136] C. E. Rudd, O. Janssen, Y.-C. Cai, p. u. family=Silva, given=Antonio J., M. Raab,
and K. V. S. Prasad. Two-step TCRζ/CD3-CD4 and CD28 signaling in T cells:
SH2/SH3 domains, protein-tyrosine and lipid kinases. 15(5):225–234. ISSN
0167-5699. . URL https://www.sciencedirect.com/science/article/pii/

0167569994902488.

[137] H. Ryan, A. Smith, and M. Utz. Structural shimming for high-resolution nuclear
magnetic resonance spectroscopy in lab-on-a-chip devices. 14(10):1678–1685, .
ISSN 1473-0189. . URL https://pubs.rsc.org/en/content/articlelanding/

2014/lc/c3lc51431e.

[138] H. Ryan, S.-H. Song, A. Zaß, J. Korvink, and M. Utz. Contactless NMR Spec-
troscopy on a Chip. 84(8):3696–3702, . ISSN 0003-2700. . URL https://doi.org/

10.1021/ac300204z.

[139] J. Saliba, A. Daou, S. Damiati, J. Saliba, M. El-Sabban, and R. Mhanna. De-
velopment of Microplatforms to Mimic the In Vivo Architecture of CNS and
PNS Physiology and Their Diseases. 9(6):285. ISSN 2073-4425. . URL https:

//www.mdpi.com/2073-4425/9/6/285.

[140] E. Samiei, M. Tabrizian, and M. Hoorfar. A review of digital microfluidics as
portable platforms for lab-on a-chip applications. 16(13):2376–2396. . URL https:

//pubs.rsc.org/en/content/articlelanding/2016/lc/c6lc00387g.

[141] M. Sattler and S. W. Fesik. Use of deuterium labeling in NMR: Overcoming
a sizeable problem. 4(11):1245–1249. ISSN 0969-2126. . URL https://www.

sciencedirect.com/science/article/pii/S0969212696001335.

[142] P. Schanda and B. Brutscher. Very Fast Two-Dimensional NMR Spectroscopy
for Real-Time Investigation of Dynamic Events in Proteins on the Time Scale of
Seconds. 127(22):8014–8015. ISSN 0002-7863. . URL https://doi.org/10.1021/

ja051306e.

[143] P. Schanda, E. Kupce, and B. Brutscher. SOFAST-HMQC experiments for record-
ing two-dimensional heteronuclear correlation spectra of proteins within a few
seconds. 33(4):199–211. ISSN 0925-2738. .

[144] G. Schlotterbeck, A. Ross, R. Hochstrasser, H. Senn, T. Kühn, D. Marek, and
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