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Learning	Goals

• Have	a	better	understanding	of	NMR	data	in	
publications

• Determine	how/	if	NMR	can	be	useful	in	your	
project



Write	down	the	advantages	of	studying	proteins	by	NMR.

Atomic	resolution	of	structure	and	dynamics	in	solution
• Only	way	to	determine	3D	atomic	resolution	structure	in	solution
• Study	protein-protein	or	protein-ligand	interactions,	including	very	weak	
interactions.

• Measure	timescale	specific	backbone	and	side	chain	flexibility
• Detect	lowly	populated	conformations

Why	Protein	NMR?



Write	down	the	disadvantages	of	studying	proteins	by	NMR.

• The protein must be in a well-defined oligomeric state
• 0.5 - 1 mM is the optimum protein concentration for structural and 

dynamical studies
• The NMR sample should be stable over periods of time required to 

collect the NMR data (days-weeks-months)
• pH < 7 is preferred, as it minimizes the loss of 1H sensitivity due to 

exchange with water protons.
• Overwhelming majority of the proteins studied by NMR are over-

expressed in and purified from E. Coli
• M9 (minimal media) with 13C-enriched glucose and 15N-enriched ammonium chloride 

as sole carbon and nitrogen sources is used for 13C/15N labeling
• E. Coli growth in D2O is used to introduce deuterium into non-exchangeable protein 

sites.  Partial deuteration is required for NMR studies of proteins > 25 kDa

Why	Not	Protein	NMR?



Typical	NMR	spectrometer	setup

“The	Magnet	is	always	ON”

Magnetic	field	strength	11.74	Tesla	(500	MHz	for	proton)
other	common	field	strengths	600	or	800	MHz



Nuclear	Magnetic	Resonance	spectroscopy

• Nucleus	has	a	spin,	when	you	have	a	spinning	charge	there	is	an	induced	
magnetic	dipole

• Not	all	nuclei	have	spin

Spin	Quantum	MechanicsThe	very	basics	of	NMR

Nuclei	with	
magnetic	dipole



Nuclei Unpaired 
Protons 

Unpaired 
Neutrons Net Spin, I % Natural 

Abundance γ (MHz/T) 

1H 1	 0	 1/2	 99.9985 42.58	
2H 1	 1	 1	 0.0115 6.54	
12C 0	 0 0 98.93
13C 0	 1	 1/2	 1.109 10.71	
14N 1	 1	 1	 99.636 3.08	
15N 0	 1	 1/2	 0.364 -4.36
19F	 1	 0	 1/2	 100 40.08	
31P 1	 0	 1/2	 100 17.235	

Even	number	of	both	protons	and	neutrons,	I = 0
Sum	of	protons	and	neutrons	is	odd,	I = 1/2, 3/2, 5/2, …
Odd number of both protons and neutrons, I = 1, 2, 3, …

Need	to	enrich	
samples	with	13C	
and	15N	since	low	
natural	abundance	
(more	on	this	later)

Determining	the	spin	of	nuclei	

Most	interested	in	nuclei	of	spin	I =	½	(magnetic	dipole)



• I =	1/2	has	two	possible	energy	states,	m	=	± 1/2			

• In	the	presence	of	an	external	magnetic	field,	each	nuclei	can	align	with	(‘spin	up’,	low	
energy)	or	against	(‘spin	down’,	high	energy)	the	external	field	(B0)

The	very	basics	of	NMR

ΔE=hν,	ν falls	in	radio	frequency	region	of	
electromagnetic	spectrum;	
γ = gyromagnetic ratio (see previous table)
ν = γB0 is	the	Larmor frequency	(denoted	ω)

Population	of	states	according	to	Boltzman
distribution:

Increase	spin	excess	by	lowering	T	or	
increasing	external	field	strength	B0

!"#$"%	
!'()%

= 𝑒,
-./ħ
1.2

Nuclei	with	
magnetic	
dipole
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• Larmor precession:	because	nuclei	rotate,	nuclear	
magnetic	field	will	‘precess’	around	the	axis	of	the	
external	field	vector	(this	is	an	angular	momentum	thing,	
look	up	videos	on	spinning	bike	wheels	if	you	want	to	
vaguely	relate	it	to	something	physical)

• We	can	detect	signals	in	the	X-Y	plane
Application	of	RF	pulse	(at	the	Larmor frequency)	
perpendicular	to	external	field	pushes	the	magnetization	
into	the	X-Y	plane

The	very	basics	of	NMR
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Our	signal	appears	at	some	frequency,	dependent	on	the	magnetic	field	strength

To	make	life	easier,	we	work	with	‘chemical	shift’	instead	of	frequency	(mostly)
d =	(n - nREF)	x106 /	nREF in	units	of	ppm	(parts	per	million;	field	independent)

Spin	Quantum	MechanicsChemical	Shift
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Our	‘peak’

width	depends	on	T2	
relaxation	– larger	
proteins	have	broader	
peaks	(	>	30ish	kDa and	
tricks	become	necessary)



Application	of	RF	pulses	of	specified	lengths	and	frequencies	can	make	certain	
nuclei	detectable	

We	can	selectively	excite	nuclei	of	interest.	

1D	NMR	spectra

Signals	from	all	1H	of	some	folded	protein

H-N H-C

Water



Application	of	RF	pulses	of	specified	lengths	and	frequencies	can	make	certain	
nuclei	detectable	

We	can	selectively	excite	nuclei	of	interest.	

1D	NMR	spectra

Signals	from	all	1H	of	an	unfolded	protein

Significantly	less	dispersion	in	amide	region
loss	of	unique	chemical/structural	environments

H-N H-C

Water



Chemical	shift	is	exquisitely	dependent	on	nuclei’s	chemical/electronic	
environments
Nuclei	are	sensitive	to	nearby	nuclei
Scalar	coupling	(J)	is	a	through-bond	effect:	spin	of	one	nucleus	perturbs	spins	of	
intervening	electrons	…..	Causes	splitting	of	the	NMR	signal;	contain	oodles	of	info

Chemical	shift	and	scalar	couplings



3J	couplings	contain	torsion	angle	information	(e.g.,	HN-Hα for	backbone,	C’-Cγ or	
N-Cγ for	side	chains,	many	other	combinations	possible	&	measurable)

Structural	Information	from	J-couplings

3JCγN

3JCγCO

Predicted 3J values

χ1 = 180o χ1 = +60oχ1 = -60o

Measured by NMR Karplus curves



Multidimensional	NMR

1D	NMR	gives	signals	of	just	one	nuclei	(e.g.	1H,	13C,	or	15N)
Much	more	information	when	we	add	dimensions.	
We	use	the	through-bond	J	couplings	to	pass	around	the	magnetization

Most	frequently	used	2D	NMR	spectra	is	the	HSQC
(heteronuclear	single	quantum	coherence)
Magnetization	is	transferred	from	the	H	to	the	
attached	15N	nuclei	via	the	J-coupling

Stacked	Plot

1H

15
N

in
te
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ity

2D	Spectra

Contour	Plot



NMR	or	Not	NMR

• To	see	if	your	unlabeled	protein	is	folded
• To	determine	the	structure	of	an	8	kDa protein	with	
flexible	loops

• To	determine	the	structure	of	a	30	kDa well	folded	
protein

• To	study	intrinsically	disordered	proteins
• To	determine	where	a	ligand	binds	to	a	protein
• To	study	large	protein	complexes
• To	study	membrane	binding	proteins
• To	study	multiple	conformations	sampled	by	a	protein



References

Good	old	school,	short	intro	video	on	nuclear	spin	(other	episodes	are	good,	too)	
https://www.youtube.com/watch?v=jUKdVBpCLHM

UC	Davis	NMR	wiki	(source	of	spin	graphics)	
http://chemwiki.ucdavis.edu/Physical_Chemistry/Spectroscopy/Magnetic_Resonance_Spectroscopi
es/Nuclear_Magnetic_Resonance/Nuclear_Magnetic_Resonance_II

Duke	intro	to	NMR
http://www.cs.duke.edu/brd/Teaching/Bio/asmb/current/2papers/Intro-reviews/flemming.pdf

Excellent	practical	guide	for	NMR	experiments	(pulse	programs	&	how	they	work)
http://www.protein-nmr.org.uk/



NMR	Assignments	– A	simple	example	assigning	a	small	Intrinsically	Disordered	Peptide

Backbone	amides

Asn/Gln	side	chain	NH2
Trp	side	chain	NH
(folded	in	15N)

15N-HSQC



1) Protein sample preparation
• Overwhelming majority of the proteins studied by NMR 

are over-expressed in and purified from E. Coli

• M9 (minimal media) with 13C-enriched glucose and 15N-
enriched ammonium chloride as sole carbon and nitrogen 
sources is used for 13C/15N labeling

• E. Coli growth in D2O is used to introduce deuterium into 
non-exchangeable protein sites.  Partial deuteration is 
useful for NMR studies of proteins > 25 kDa

• Insect cell medium and in-vitro translation systems 
enriched with stable isotopes are available; but still 
prohibitively expensive



2) Optimization of sample conditions

• Buffers with non-negligible temperature dependence of 
pH (e.g. Tris) should be avoided.

• pH < 7 is preferred, as it minimizes the loss of 1H 
sensitivity due to exchange with water protons.

• The protein must be in a well-defined oligomeric state
• 0.5 - 1 mM is the optimum protein concentration for 

structural and dynamical studies
• The NMR sample should be stable over periods of time 

required to collect the NMR data
• days > binding studies
• weeks > assignments or dynamics
• months > all atom assignments / full dynamics characterization



Characteristic amino acid proton and carbon chemical shifts



Backbone	amides

Asn/Gln	side	chain	NH2
Trp	side	chain	NH
(folded	in	15N)

15N-HSQC

NMR	Assignments	– A	simple	example	assigning	a	small	Intrinsically	Disordered	Peptide



Backbone	triple	resonance	experiments	(need	1H,	13C,	15N	sample)

i and	i-1 peaks i-1 peaks



13C
(Cα,	Cβ,	C’)

3D	spectra	for	backbone	assignments

15N	Plane
‘2D	strip’



Backbone	Assignments	– Step	1:		Pick	the	peaks



HN(CO)CA HNCA

Backbone	Assignments	– Usually	look	at	2D	strips	taken	from	3D	experiment

Cαi

Cαi-1

pk	#1 pk	#2 pk	#3

13C



Backbone	Assignments

HN(CO)CA HNCA (probably)	C-term
D134pk	#4 pk	#5

13C



Backbone	Assignments

HN(CO)CA HNCA (probably)	C-term
D134

Look	for	strip	with	Cαi peak	at	this	shift

Have	to	start	somewhere	...	

pk	#4 pk	#5

13C



Backbone	Assignments

HN(CO)CA HNCA

Close	but	i-1	not	i peak

pk	#6 pk	#7 pk	#8

13C



Backbone	Assignments

HN(CO)CA HNCA

Winner

D133pk	#1 pk	#2 pk	#3

13C



Backbone	Assignments

pk	#6pk	#1 D134

D133?

Can	confirm	with	HNCACB

Cαi

Cαi-1

Cβi-1

Cβi
13C



Backbone	Assignments

D134D133T132T131V130

Pro
X

Chain	stops	here



Backbone	Assignments

Alanine
118	or	125?

Look	for	i-1	peaks

Look	for	i	peaks

Alanines have	distinctive	Cβ shifts

Peak	is	A125
if	the	next	
strip	looks	
like	a	Thr

Peak	is	A118
if	the	previous	
strip	looks	like	
a	Ser

So	do	Thr	&	Ser



Threonine

Backbone	Assignments

Alanine
118	or	125?125 T126F124

Keep	finding	the	connections

Repeat	for	remaining	sections	...



Backbone	Assignments:	HN,	N,	Ca,	Cb,	C’

Backbone	amides	all	assigned
Also	know:	Ca	&	Cb	shifts

Trivial	to	add	the	C’	shifts:
HNCO

13C

170	

175	

102 103 104 105 107 108 109 110



Side	chain	assignments

13C-HSQC

Cα

Cβ (Ser & Thr)

CH3

β/γ CH2

Ca	&	Cb	are	known
Don’t	know	Ha,	Hb,	...



Side	chain	assignments
15N-TOCSY	(flattened)

Amides	on	diagonal

Side	chain
protons

Hα

Hβ/γ

Methyls

1H

HN

15N



HNCACB 15N-TOCSY

13C-CHSQC

T102

Ca

Ha

Side	chain	assignments



HNCACB 15N-TOCSY
T102

Cb

Hb

Side	chain	assignments

13C-CHSQC



Side	chain	assignments

13C-CHSQC	methyl	region Hg

**Don’t	explicitly	have	Cg	
but	Hg	shift	is	enough	to	
assign	for	this	peptide

T102



Side	chain	assignments

13C-CHSQC	methyl	region
A118 A125

**Cβ’s	would	be	
sufficient	to	assign	the	
alanines	for	this	
peptide



Side	chain	assignments:	Ha,	Ca,	Hb,	Cb,	Hg,	Hd	...	Cg,	Cd	inferred

For	this	peptide:
Can	unambiguously	assign	pretty	
much	everything	except	some	
CH2γ groups	&	the	aromatics	
(not	shown)

More	Experiments	required	for	larger	systems:

13C-NOESY
HCCH-TOCSY	&	HCCH-COSY
CmCgCbCaHN	....	And	other	tricks	as	necessary


