Practice Exam Fundamentals of NMR

1. Aromatics (13p)
You study an aromatic compound at a 14.11 T NMR spectrometer. The
spectrum shows two singlet signals at 1H chemical shifts: δA = 7.601 ppm ; δB
= 7.828 ppm.
a) What are the resonance frequencies of the signals in Hz, with respect to
the center of the spectrum at 4.724 ppm (0 Hz)? (2p)
b) The spectrum belongs to one of three compounds below. How many
signals do you expect for each? Which compound is in the tube? (2p)

You do the NMR experiment of Figuur 1. Starting from equilibrium a 90o pulse
along x-axis is applied, and after period Δ another 90ox pulse, after which the
FID is detected (acquisition, acq.).

Figuur 1. Puls-sequence

c) Analyse the effect of this puls-sequence on the spectrum. Importantly, the
frequency of the rotating frame equals the resonance-frequency of the signal
with δA (i.e. this signal is now in center of the spectrum). Assume that Δ

equals 1/(4Δν), where Δν is the frequency difference between the two signals.
Draw in the following four vectordiagrams the orientation of the magnetization
vectors for both signals for the points 1-4. What do you see in the spectrum?
(4p)
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2. Relaxation & mixtures (11p)
Suppose you’re studying the structure and dynamics of a protein of 300
residues. You’re doing a relaxation study using the following NMR
experiment:

Figure 2: Puls-sequence
a) Briefly explain how this sequence can be used to determine T2 relaxation
time. (2p)
You perform an experiment in which τ equals 10.00 ms and determine the
signal intensities compared to an experiment with

τ = 0 ms. After some

analysis you discover that there are two sets of signals: one that have a
relative intensity of 51.3%, and one with relative intensity of 90.5%.
b) Calculate the T2 for both groups. (3p)
Further investigation reveals that your protein has fallen apart in two pieces,
one of 280 residues and one of 20 residues.
c) Which set of signals belongs to which piece? Explain briefly. (3p)
d) Explain how you can use this experiment to filter out one of the groups of
signals (“T2-filtering”). Which piece is filtered out? (3p)

3. Isotope-filtration (9p)
Consider the pulse-sequence element below.

a. Using the product operator formalism, examine the sequence for 13C
labeled molecules, assuming Δ equals 1/(4JHC). Starting from equilibrium
proton magnetization, what resulting term(s) are produced after the final 90°
pulse on carbon? Do(es) this/these term(s) reflect observable magnetization
(3p)?
b. Do the same for unlabeled molecules (3p).
c. Now propose a pulse-sequence for a NOESY experiment that can
exclusively measure NOEs from a unlabeled molecule to an unlabeled
molecule, even when they are bound to 13C-labeled molecules, as for
instance in a ligand bound to isotope-labeled protein. Sketch the pulse
sequence diagram and briefly explain (3p).

4. Hot or cold? (6p)
In a study of a small molecule at very low concentrations, you need to acquire
many scans. What should you do to reduce the delay between each scan:
acquire at higher or lower temperatures? Explain briefly. (Hint: use in your
answer T1, spectral density).

5. Ligand binding (6p)
Protein P can bind ligand L in a dynamic equilibrium:
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When protein P is observed in an HSQC spectrum, its signals are affected by
the chemical exchange between free P and the complex PL. In a titration
experiment, the following line shape is obtained for one of the protein’s amide
resonances.

Figure: Peak shape at the titration midpoint.

a. Explain the line shape: broad along the 1H dimension and sharp along the
15N dimension (3p)
It turns out that for this peak the amide resonance is displaced 0.2ppm for
both 15N and 1H. The spectrum is recorded at 500 MHz 1H Larmor
frequency.
b. Estimate the exchange rate at the titration midpoint (3p).
c. BONUS: Using your estimate for the exchange rate, estimate the life-time
of the complex. Use kex=kex s-1 if you don’t have an answer (just show how
you would calculate it). Explain briefly (3p).

Answers:
1a.

•

Formula: 2πυ0 = γB ;

υ0 =

γB
2π = 600.76 MHz

à 1 ppm = 600.76 Hz (1p)
•

Difference to the center: δA = +2.877 ppm, δB = +3.104 ppm (1/4p +
1/4p).

•

So: δA = 1728(.4) Hz, δB = 1864(.8) Hz (1/4p + 1/4p).

•

A: two signals, both doublets. (1/2p)

1b.

B: four signals, two doublets and two doublets of doublets. (1/2p)
C: two singlets. (1/2p)
•

Compound C is in the tube (1/2p)

•

1. b: +z

a: +z (1/2p)

•

2. b: –y

a: –y (1/2p)

•

3. b: +x

a: –y (1p)

1c.

(when Δ is 1/(4 Δν ) then B signal will rotate a quarter of a turn with
respect to signal of A) (1p)
•

4. b: +x

a: –z

(1p)

•

So only the signal of proton B will be visible and not that of proton A.

•

there is an echo at point 5 since the 180 refocusses chemical shift

2a.

evolution and B0 field inhomogeneities (1p).
•

by varying tau, the time the magnetization spends in the transverse
plane is changed and thus the T2 relaxation time can be determined
(1p) (total 2p)

2b.
•

tau = 10 ms, so the total T2-relaxation delay is 2*10=20ms (1p)

•

the intensity varies according to Mx,y(t) = Mx,y(0) exp(-t/T2) (1p)

•

so for the set with I/I0 51.3%: -0.02/T2 =ln(0.513), so T2 = 0.02996 s =
30.0 ms (1p )

•

signals with I/I0 = 90.5%: -0.02/T2 =ln(0.905): so T2 is = 0.200 s 200ms (1p)

2c.
•

T2 decreases with increasing molecular mass, since it depends on J(0)
which is proportional to τc (2p)

•

so 30ms is the fragment of 280AA (0.5p)

•

and 200ms is 20 AA (0.5p)

•

making tau long (1p) (ca. 4*T2=120ms)

•

then the signal with T2 30ms is much much reduced (1p)

•

so the big piece is filtered out (1)

2d.

3a.
Hz -> Hx -> 2HyCz->-2HyCy
(J-coupling is active for 2 Δ so πJ2Δ =π/2 and cos(π/2)=0 and sin(π/2)=1 so
evolution to full antiphase (1); Larmor precession of H is refocussed by the
180, so no need to consider (1)).
Double-quantum so not observable (1).
3b.
Hz -> Hx -> Hx
no J-coupling (1), no Larmor, so remains Hx(1), observable(1)
3c.

After the filter element, t1 evolution (works only on the unlabeled molecule,
0.5), then 90y to flip along z (1), NOE mixing period (0.5), 90x/y to bring into
plane again with filer element before dectection (1).

4.
The recycle delay between scans is meant to allow the magnetization to relax
back to equilibrium (1), restoring the Boltzmann distribution over the a/b spinstates, this is T1 relaxation (1).
T1 relaxation is determined by the transitions at the Larmor frequency, so by
the spectral density J(ωL) (1)
For small molecules, the rotational correlation time τc is very small and thus
J(ωL) is very small (1), and thus the T1s are very long, resulting in long recycle
delays (1)
To decrease the recycle delay, the T1s have to be decreased, so the J(ωL)
has to be increased, so the τc has to be increased, so the temperature has be
lowered (1).

5a.
A sharp single peak means that exchange is fast on the NMR time scale (0.5)
so dw < kex (0.5)
A single broad peak means that exchange is intermediate (0.5), do dw ~ kex.
(0.5)
There si a single kex but two independent dw’s, one for 1H and one for 15N.
So apparently, dwH~kex while dwN< kex (1).
b.
0.2 ppm = 100 Hz 1H and 10 Hz 15N (1)
so dw = 628 s-1 for 1H (1) and 62.8 s-1 for 15N

thus kex~600 s-1. (1)
c.
At the titration midpoint, [P]=[PL] (1)
thus forward and backward rates are equal and kex=2*koff (1)
, thus koff ~300 s-1, the life-time of the complex is 1/koff = ~3ms. (1)
Your score: (sum of points+5)/50

