Course outline

Introduction to biomolecular
NMR spectroscopy
Chris Waudby

•

Approx. 50:50 split:
1 hr lectures,
1 hr examples class

•

Exercises from Keeler,
Understanding NMR
Spectroscopy, 2nd ed

•

I will NOT be lecturing NMR
theory directly – expect selfstudy during the week

•

Excellent lectures from James
Keeler are already available
on YouTube:
http://goo.gl/PdbkUQ

c.waudby@ucl.ac.uk

Further reading
•

Online lectures for those who
want a deeper understanding
of quantum mechanics:
http://theoreticalminimum.com

Nuclear spin and the Zeeman effect
•

Nuclear spin S = 0, 1/2, 1, 3/2, … is a fundamental quantum
mechanical property of a nucleus

•

Zeeman effect: In the presence of a magnetic field, B, the system
splits into (2S – 1) energy levels

Magnetically-active nuclei
S = 1/2
NMR ‘friendly’
S > 1/2
quadrupolar moment
=> broad lines

Common nuclei for biomolecular NMR
Spin

Natural
abundance

γ / 107 s–1 T–1

Frequency /
MHz

1H

1/2

99.985%

26.7522

700

2H

1

0.015%

4.1066

107.5

13C

1/2

1.108%

6.7283

176

15N

1/2

0.37%

–2.7126

71

19F

1/2

100%

25.18148

659

31P

1/2

100%

10.8394

283.6

frequencies calculated for B0 ≈ 16.4 T

The chemical shift
•

Exact resonance frequencies are dependent on shielding by electrons at the
nucleus:

•

NMR absorption frequencies are dependent on the field strength B0. Normalise
using frequency of a reference compound to define the ‘chemical shift’,
comparable between different NMR spectrometers:

1H

chemical shifts

DSS
https://www.cpp.edu/~lsstarkey/courses/NMR/NMRshifts1H-general.pdf

13C

chemical shifts

http://chemwiki.ucdavis.edu/Physical_Chemistry/Spectroscopy/Magnetic_Resonance_Spectroscopies/
Nuclear_Magnetic_Resonance/NMR%3A_Experimental/NMR%3A_Interpretation

15N chemical shifts

http://chem.ch.huji.ac.il/nmr/techniques/1d/row2/n.html

Cutaway of an NMR spectrometer

Introduction to NMR spectrometers

http://u-of-o-nmr-facility.blogspot.co.uk

http://web.mit.edu/speclab/www/Facility/shim-probe-sample.html

Quenching

Sensitivity
•

NMR is not a sensitive technique – due mainly to the fact that the
difference between energy levels is very small.

•

The absolute sensitivity depends on many factors:

Cryoprobes

P. Styles et al. / JMR 213 (2011) 355–356
H. Kovacs et al. / Progress in Nuclear Magnetic Resonance Spectroscopy 46 (2005) 131–155

Cryoprobes

H. Kovacs et al. / Progress in Nuclear Magnetic Resonance Spectroscopy 46 (2005) 131–155

NMR tubes and sample volume
•

Regular NMR tube: 550 – 600 µL

•

Shigemi without plunger: 400 µL

•

Shigemi tube: 250 – 300 µL

•

3 mm tubes: 200 – 250 µL

Cryoprobes

H. Kovacs et al. / Progress in Nuclear Magnetic Resonance Spectroscopy 46 (2005) 131–155

NMR tubes and sample volume

Tuning and matching
•

Probe electronics act as a bandpass filter: for optimum sensitivity,
must tune and match to let your signals through!

Shimming
•

Process of optimising field homogeneity to ≤1 ppb (<1 Hz)

•

But protein resonances are broad anyway – why bother?

Locking
•

Modern NMR demands highly homogeneous fields that do not
vary over time

•

Lock system: ‘spectrometer within a spectrometer’

•

Constantly monitors 2H frequency in solvent (HDO resonance) and
adjusts electromagnet to compensate for any drift

Effect on lineshapes

Gradient shimming
•

Magnetic resonance imaging
(MRI) experiment to map the
water chemical shift across
sample

•

Shim coils then adjusted
using their known profiles to
obtain a homogenous field

Autoshim

Sample preparation
•

Solvent: H2O / D2O?

Sample preparation
•

Solvent: H2O / D2O?

•

Choice of buffer:
•

protonation / spectral overlap?

•

ionic strength

•

conductivity

Kelly, A. E., Ou, H. D., Withers, R. & Dötsch, V. JACS 124, 12013–12019 (2002)

Effect of buffers on sensitivity

Buffer chemical shifts as internal pH reference
Macromolecular NMR for the non-spectroscopist I

A. H. Kwan et al.

recorded on recombinant proteins that have been overproduced in a defined minimal medium containing
nutrients enriched in these isotopes [e.g. 13C-glucose 3.92
and 15NH4Cl]. Of course, a protein cannot always be 3.9
produced recombinantly in bacteria, and isotopic 3.88
labels are not as economically incorporated into other 3.86
expression systems, although there are exceptions [8]. 3.84
In this case, it is sometimes possible (but not often fea3.82
sible) to work at the ‘natural abundance’ that is provided by nature. The reduction in sensitivity that 3.8
results in this situation makes recording spectra 3.78
impractical for all but the most soluble proteins 3.76
(> 1 mm).
3.74

also worth noting that proteins in the solid state (e.g.
Tico/HEPES
pH titration
at 277 K
microcrystals) have
become
amenable
to detailed NMR
studies over recent years; examples ’data’
areu 1:2provided by
f(x)
Lesage [11], as well as in the accompanying review [1].
In principle, all buffers are compatible with NMR
work. Buffers with many protons will interfere with
1
H-NMR spectra, although they will not be a problem
when recording spectra (such as a 15N-HSQC) on isotopically labelled samples (because protons not
attached to the labelled heteronuclei are ‘filtered out’).
Minimizing buffer concentrations (approximately 10–
20 mm) can be helpful, and deuterated forms of many
common buffers are also available. NMR spectra can
be recorded at any pH value, with one major caveat.
3.72
6 Protons
6.5 that are
7 chemically
7.5
8
9
labile
(such8.5as backbone
What are the sample requirements?
pH
and sidechain amide protons)
can exchange with solIn general, the sample should be homogeneous (90%
vent protons and the rate of this exchange process
purity or greater is preferable). However, NMR work
increases logarithmically at above approximately pH
is also routinely carried out on complex mixtures of
2.6. Once the exchange becomes sufficiently fast, the
unknown composition (e.g. in the field of metabolosignal from a labile proton will merge with that of the
mics) [9]. Although solids can be tolerated in the samsolvent and cease to be observable. In practical terms,
ple because NMR wavelengths are much longer than
NMR spectroscopists tend to avoid pH values higher
typical particle sizes, it is good practice to remove parthan 7.5 because spectral quality is impaired at higher
ticulates, if only to prevent the nucleation of further
pH values (Fig. 2). A number of other factors, includaggregation. We note in passing that much biological
ing the presence of reducing agents, stabilizing agents
NMR work has been carried out on suspensions, such
(such as glycerol) and paramagnetic moieties, also need
as real-time studies of cellular metabolism [10].1It is 15
to be considered.
HEPES chemical shift (referenced to DSS) / ppm

e.g. HEPES:

Kelly, A. E., Ou, H. D., Withers, R. & Dötsch, V. JACS 124, 12013–12019 (2002)

Sample preparation
•

Solvent: H2O / D2O?

•

Choice of buffer

•

pH/temperature

Effect of pH on H, N HSQC spectra

A

C

B

D

Fig. 2. 15N-HSQC spectra of a 10 kDa polypeptide derived from the zinc-finger protein EKLF, recorded at pH values of (A) 6.0, (B) 7.0, (C)
8.0 and (D) 9.0. Note the decrease in the number of signals from backbone amide protons as the pH is increased.

Effect of temperature on 1H,15N HSQC spectra

Sample preparation

C

Fig. 4. The effects of various parameters on the appearance of 15N-HSQC spectra. (A) A fresh sample of the MyT1-DNA complex (left) and
after 7 days at 25 !C (right). Degradation products are indicated by an asterisk. (B) 15N-HSQC spectra of a 15 kDa protein–peptide complex
recorded at 400, 600 and 800 MHz, indicating the improvement in resolution gained from the higher field strength. (C) 15N-HSQC spectra of
Flix3 (22 kDa) [62], recorded at 25, 30 and 37 !C, indicating the improvement in spectral quality with increasing temperature. The latter two
instruments were equipped with cryoprobes.

12ºC

22ºC

of a protein–DNA complex over 1 week. The appearance of a number of new signals in the central part of
the spectrum (asterisks) is consistent with either degradation or unfolding of the protein, and suggests that a
more stringent purification strategy might be required
(i.e. the presence of even very small concentrations of
proteases can cause these effects over the long
data acquisition periods required for NMR structure
determination).
What other parameters affect the appearance of
NMR spectra?
The strength of the applied magnetic field has a significant impact on the quality of the recorded spectra.
Both sensitivity and resolution are generally improved

32ºC

at higher magnetic field strengths (Fig. 4B). Molecular
weight also has a significant influence on NMR linewidths because of the relationship between molecular
tumbling and size and, consequently, it is challenging
to acquire spectra of proteins bigger than approximately 50 kDa (although see the section ‘New
Developments’ below). For the same reason, macromolecules with extended shapes will also exhibit
broader lines than more globular molecules of the
same mass.
Changes in temperature can cause a number of
effects in spectral appearance. Because higher temperatures cause more rapid tumbling, linewidths can
become noticeably narrower, even with a temperature
increase of 10 !C. The downside is that many proteins
have limited stability at elevated temperatures, and the

FEBS Journal 278 (2011) 687–703 ª 2011 The Authors Journal compilation ª 2011 FEBS
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•

Solvent: H2O / D2O?

•

Choice of buffer

•

pH/temperature

•

DSS

•

Protease inhibitors

•

Filtration/centrifugation

