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I Objective

You will be given a cyclic decapeptide [1], Gramacidin-S. Determine the amino acid sequence and structure
of the peptide/protein in solution via 1D and 2D NMR experiments.

II Introduction

The explosive growth in the field of nuclear magnetic resonance (NMR) spectroscopy, particularly of organic
and biological molecules, can be attributed to the development of pulsed Fourier transform and multi-
dimensional NMR techniques. NMR spectroscopy and X-ray crystallography are the two primary techniques
for determining the three-dimensional structures of macromolecules at atomic resolution. In addition, NMR
spectroscopy is a powerful technique for investigating time-dependent phenomena, including reaction kinetics
and intra-molecular dynamics.

II.1 NMR Basics

Nuclear magnetic resonance was discovered experimentally in 1946 by Bloch et al. [2] and Purcell et al.
[3]. Nuclear magnetism and NMR spectroscopy are manifestations of nuclear spin angular momentum.
The theory of NMR spectroscopy is largely the quantum mechanics of nuclear spin angular momentum, an
intrinsically quantum-mechanical property that does not have a classical analog. There are numerous books
on all areas of NMR spectroscopy, including theory [4, 5]. Hence, only a brief introduction will be given here
and students are encouraged read online references or books for further information about experimental and
theoretical concepts in magnetic resonance [6]. The spin angular momentum is characterized by the nuclear
spin quantum number, I.

The nuclear spin angular momentum, I, is a vector quantity with magnitude given by

|I2| = I · I = ~2[I(I + 1)] (1)

in which I is the angular momentum quantum number and ~ is Planck’s constant divided by 2π. Because
of the restrictions of quantum mechanics, only one of the three Cartesian components of I can be specified
simultaneously with I2. By convention, the value of the z component of I is specified by the equation

Iz = ~m (2)

in which the magnetic quantum number, m = (−I,−I+1, . . . . , I−1, I). Thus, Iz has 2I+1 possible values.
The orientation of the spin angular momentum vector in space is quantized, because the magnitude of the
vector is constant and the z component has a set of discrete values.

Nuclei that have non-zero spin angular momentum also possess nuclear magnetic moments. The nuclear
magnetic moment, µ, is collinear with the vector representing the nuclear spin angular momentum vector
and is defined by

µ ≡ γI and µz = γIz = γ~m (3)
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in which the gryomagnetic ratio, γ, is a characteristic constant for a given nucleus (see Table 1). Because
the angular momentum is a quantized property, so is the nuclear magnetic moment. In the presence of an
external magnetic field (Bo), the spin states of the nucleus have energies given by

E = −µ ·B (4)

where B is the magnetic field vector. Therefore, the minimum energy is obtained when the projection of µ
onto B is maximized. Since |I2| > I2z , µ cannot be collinear with B and the m spin states become quantized
with energies proportional to their projection onto B. In a high magnetic field directed along the z axis, we
can reduce the previous equation to

Em = −γIzBo = −~mγBo (5)

In the presence of a large Bo, the projections of the angular momentum of the nuclei onto the z axis of the
laboratory frame results in 2I + 1 equally spaced energy levels (known as the Zeeman levels).

At equilibrium, the different energy states are unequally populated because lower-energy orientations of
the magnetic dipole vector are more probable. The relative population of a state is given by the Boltzmann
distribution:
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where Nm is the number of nuclei in the mth state and N is the total number of spins, T is the absolute
temperature, and kB is the Boltzmann constant. At temperatures near 273 K, m~γBo/kBT � 1 and the
exponential functions can be expanded to first order using Taylor series.

Table 1: Nuclear spin properties of relevant nuclei. † magnetogyric ratio is the same as gyromagnetic ratio.

Isotope I Natural Gyromagnetic†

Abundance (%) ratio (T−1· s−1)

1H 1
2 99.985 2.6752 x 108

2H 1 0.015 4.1066 x 107

13C 1
2 1.108 6.7283 x 107

14N 1 99.63 1.9338 x 107

15N 1
2 0.37 -2.712 x 107

17O 5
2 0.038 -3.6279 x 107

By analogy with other spectroscopies, transitions between Zeeman levels can be stimulated by applied
electromagnetic radiation. The selection rule governing magnetic dipole transitions is ∆m = ±1. Thus, the
photon energy required to excite a transition between the m and m+ 1 Zeeman states is

∆E = ~γBo (7)

By Planck’s law, the frequency of the required electromagnetic radiation is given by
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Figure 1: Schematic representation of a π
2 rf pulse and the ensuing free induction decay (FID). Fourier

transformation of the time domain FID produces a frequency domain NMR spectrum.

ωo = γBo (8)

or

νo =
ωo
2π

=
γBo
2π

(9)

in units of radians per second (rad/s) or hertz (Hz), respectively.

II.2 Single and Multi-Dimensional NMR

Nuclei with spins of I = 1
2 , such as protons, are often likened to tiny bar magnets. But because of their small

size and because they spin, their behavior differs in some ways from the ordinary behavior of macroscopic
bar magnets. When placed in a magnetic field (Bo), the spinning nuclei do not all obediently flip over and
align their magnetic moments in the field direction. Instead, like gyroscopes in a gravitational field, their
spin axes undergo precession about the field direction. The frequency of the precession is designated as ωo in
radians per second or νo in Hertz (Hz) and is often called the Larmor frequency. The spins can be made to
rotate however, by applying a second magnetic field (B1) transverse to Bo. If B1 is designed to rotate exactly
at the precession frequency (on resonance), it will cause large oscillations in the angle between µ and Bo. In
modern NMR, this is typically done by pulsing B1 to rotate the magnetic moments away from equilibrium
(which is along Bo). It is common to employ a pulse that rotates the magnetic moment by π

2 radians or
90◦. Once the pulse is turned off, the magnetic moment returns to its equilibrium position along Bo. The
decay of the transverse magnetization is termed a free induction decay (FID), referring to the absence of
the rf field. It may also be called the time domain spectrum. A schematic of a FID following a single 90◦

pulse is shown in a schematic manner in figure 1. The FID is an interferogram with a simple exponential
decay envelope; the beat pattern corresponds to the difference between the pulse carrier frequency and the
precession frequency of the nuclei. So basically, the pulse is the “excitation” part of spectroscopy and we
“detect” the spins as they return to equilibrium.

COSY, or correlated spectroscopy, was the first 2D NMR experiment to be devised, and remains useful
for NMR studies of organic compounds and biomolecules. A second frequency dimension is added by intro-
ducing a second time dimension into the experiment. Therefore, in addition to the time dimension used to
collect the FID, we add a second incremental time dimension. This is illustrated in figure 2. Basically, we do
the 1D sequence twice!! We have two pulses and two time dimensions. The first time dimension (τ1) is an
incremental time delay between the two pulses. The second time dimension (τ2) is the standard collection
of the FID. In the schematic representation, the development of a two-dimensional or 2D spectrum is shown
for a chemical shift correlated or COSY spectrum. A COSY is sensitive to correlations of the J coupling
between spins [7, 8].
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Figure 2: Schematic representation of the formation of a 2D spectrum. The pulse sequence shown is actually
appropriate for the development of a COSY spectrum, however, the general representation is used to get all
2D FID’s converted to 2D frequency contour plots.
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In a COSY experiment, we rely on magnetization or coherence transfer via scalar couplings (J coupling
is scalar). Therefore, if you perform a 1H COSY on a peptide, for example, correlations would only be
between protons within the same amino acid residue. The sequential assignment process is completed using
the nuclear Overhauser effect spectroscopy (NOESY). The magnetization transfer in NOESY NMR occurs
via dipolar coupling. Therefore, NOESY’s are sensitive to “through space” couplings and would allow
correlations between protons among different residues as long as the protons are spatially close together.
So, a COSY will give through bond correlations between protons and a NOESY will give through space
correlations. Therefore, one can link up which protons are associated with a specific amino acid (COSY)
and the connection of adjacent amino acids (NOESY). Hence, you can determine the sequence and structure
of the peptide!!

III Experimental

• Prepare 5 mg/ml solutions of Phenylalanine (Phe), Proline (Pro), Leucine (Leu), Valine (Val), and
Ornithine (Orn). These are the five amino acids found in the decapeptide. Use 2H2O as the solvent
for the amino acid solutions. Be conservative, 2H2O cost ∼$5 per milliliter!!

• Pipette ∼ 0.7 ml of each amino acid solution into a 5mm NMR tube (∼ 50mm height of liquid in NMR
tube).

• Have the instructor teach you to acquire data on the 500 MHz Varian NMR. It is a 11.5 Tesla magnet
and will allow you to acquire 1H NMR spectra at a frequency of 500 MHz. Also, helpful guides for
acquiring 1D and 2D NMR spectra are available on the web at mrrc.asu.edu

• Acquire a 1D 1H NMR spectrum for each amino acid solution.

• Acquire a 2D 1H COSY NMR spectrum for each amino acid solution.

• Acquire a 1D 1H NMR spectrum for the unknown decapeptide.

• Acquire a 2D 1H COSY NMR spectrum for the unknown decapeptide.

• Setup an overnight 2D 1H NOESY experiment for the decapeptide (data will be acquired overnight
and transferred to your Unix account for data analysis the following week).

• This is a three class period laboratory. The second period of this laboratory is primarily spent analyzing
the NMR data collected during the first period. The third week will be used for molecular dynamics
calculations (computational chemistry).

IV Data Analysis

• Interpret the 1D and 2D NMR spectra to determine the decapeptide’s amino acid sequence and struc-
ture. Sketch a molecular picture of the decapeptide.

• Assign all peaks in the 1D and 2D NMR spectra.

• Discuss the rationale for peak assignments and the predicted decapeptide structure.

• Calculate the relative population difference between the Zeeman energy levels in your 1H NMR exper-
iments. Discuss calculated NMR spin population in the context of its comparison to other spectro-
scopies.

V Points to Ponder

a. Why do you use 2H2O as the solvent when normal water is much much cheaper?

b. Why is the decapeptide in DMSO and not water?
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VI Safety

Strong magnetic fields are harmful to anyone with a pacemaker. Also, you should not take any metals,
magnetic materials, watches, or cards with magnetic strips near the magnetic.
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VIII Appendix 1

The chemical shift is defined as the nuclear shielding divided by the applied field. The chemical shift is only
a function of the nucleus and its environment. It is typically measured from a suitable reference compound
(Tetramethylsilane is used for 1H NMR). The chemical shift is now defined as

δ =
Breference −Bsample

Breference
x 106 (ppm) (10)

where Breference is the magnetic field of the reference nuclei and Bsample is the field at the sample nuclei.
This can also be written as

δ =
νsample − νreference

Oscillator Frequency (Hz)
x 106 (11)

For example, in a 1H spectrum at 60 MHz, two peaks with a separation of 60 Hz are 1 ppm apart.
Consider the s-electrons in a molecule. These electrons are spherically symmetric and circulate or

precess in the applied magnetic field. A circulating electron is an electric current, and this current produces
a magnetic field at the nucleus which opposes the external field. Thus, in order to obtain the resonant
condition, it is necessary to increase the applied field over that for the isolated nucleus. If Bo is the applied
field and Bn the field at the nucleus, then the nuclear shielding (∆B) is given by

Bn = Bo −∆B (12)

This upfield shift of the nuclei is called a diamagnetic shift. The proton (1H) is a special case, as it only
has a diamagnetic (and no paramagnetic) term in the chemical shift tensor. This makes the proton chemical
shift a very nice indicator of local environment. For example, in substituted methanes CH3X, as X becomes
more electronegative, the electron density around the protons decreases and therefore they resonate at lower
fields, i.e., increasing δH values. More extensive tables are available in the literature, but table 2 provides a
list of a few common 1H chemical shifts of various compound functionality.

Table 2: 1H chemical shifts of common functional groups. X = halogen, -OR, -NHCOR, -OCOR where R =
alkyl group

Group PPM Range Group PPM Range
Cyclopropyl- -1 ⇔ 1 CH3-R 0 ⇔ 2
R-CH2-R 1 ⇔ 2 C=C-CH2R 2 ⇔ 3
CH3-NR2 2 ⇔ 3 C=C-CHR2 2 ⇔ 4
RCH2-NR2 2 ⇔ 3 CH3-X 2 ⇔ 5
R-CH2-X 3 ⇔ 5 R2CH-X 4 ⇔ 5
C=CH 4 ⇔ 8 C≡CH 1 ⇔ 3
Ar-H 7 ⇔ 9 H-COOR 8 ⇔ 9
RCHO 9 ⇔ 11 RCOOH 10 ⇔ 12
DMSO 2.50 D2O 4.80

Amino acids are the basic structural units of proteins and peptides. An amino acid consists of an amino
group, a carboxyl group, a hydrogen atom, and a distinctive R group bonded to a carbon atom (which is
called the α-carbon because it is adjacent to the carboxyl group). The five amino acids that you will be
using for this experiment are schematically shown in figure 3. The amino and carboxyl group are shown
with “open” bonds because this is where the next amino acid in a peptide or protein chain links too. If you
are just looking at a single amino acid in solution, this open bond can sometimes be replaced by a proton,
depending on the pH.

Amino acids in solution at neutral pH are predominantly dipolar ions (or zwitterions) rather than un-
ionized molecules. In the dipolar form of an amino acid, the amino group is protonated (-NH+

3 ) and the
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Figure 3: Stick models of the five amino acids found in your decapeptide.

carboxyl group is dissociated (-COO−). In proteins and peptides, the carboxyl group of one amino acid is
joined to the amino group of another amino acid by a peptide bond. The formation of a dipeptide from two
amino acids by loss of a water molecule is shown in figure 4.

Amino acid sequences form peptides and proteins, and these long chains (or polymers) of amino acids are
often found to have well-defined three-dimensional structures. One important finding was that the peptide
unit is rigid and planar. The hydrogen of the substituted amino group is nearly always trans to the oxygen of
the carbonyl group. There is no freedom of rotation about the bond between the carbonyl carbon atom and
the nitrogen atom of the peptide unit because this link has partial double-bond character. In contrast, the
link between the α-carbon atom and the carbonyl carbon atom is a pure single bond and the bond between
the α-carbon atom and the peptide nitrogen atom is also a pure single bond. Consequently, there is a large
degree of rotational freedom about these bonds on either side of the rigid peptide unit. This allows the
amino acid chain to “fold” into a distinct 3D structure.
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Figure 4: Formation of a peptide bond.
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Table 3: Random Coil 1H chemical shifts for the 20 Common Amino Acid Residues

Residue NH αH βH Others
Gly 8.39 3.97

Ala 8.25 4.35 1.39

Val 8.44 4.18 2.13 γCH3 ∼ 0.95

Ile 8.19 4.23 1.90 γCH2 ∼ 1.48 & 1.19 ; γCH3 ∼ 0.95 ; δCH3 ∼ 0.89

Leu 8.42 4.38 1.65 γH ∼ 1.64 ; δCH3 ∼ 0.90

Pro 4.44 2.28 & 2.02 γCH2 ∼ 2.03 ; δCH2 ∼ 3.68

Ser 8.38 4.50 3.88

Thr 8.24 4.35 4.22 γCH3 ∼ 1.23

Asp 8.41 4.76 2.84 & 2.75

Glu 8.37 4.29 2.09 & 1.97 γCH2 ∼ 2.31 & 2.28

Lys 8.41 4.36 1.85 & 1.76 γCH2 ∼ 1.45 ; δCH2 ∼ 1.70 ; εCH2 ∼ 3.02

Arg 8.27 4.38 1.89 & 1.79 γCH2 ∼ 1.70 ; δCH2 ∼ 3.32 ; NH ∼ 7.17 & 6.62

Asn 8.75 4.75 2.83 & 2.75 NH2 ∼ 7.59 & 6.91

Gln 8.41 4.37 2.13 & 2.01 γCH2 ∼ 2.38 ; NH2 ∼ 6.87 & 7.59

Met 8.42 4.52 2.15 & 2.01 γCH2 ∼ 2.64 ; εCH3 ∼ 3.12

Cys 8.31 4.69 3.28 & 2.95

Trp 8.09 4.70 3.32 & 3.19 ArH ∼ 7.8 to 7.2 ; NH ∼ 10.22

Phe 8.23 4.66 2.99 & 3.22 ArH ∼ 7.4 to 7.3

Tyr 8.18 4.60 3.13 & 2.92 ArH ∼ 6.8 to 7.2

His 8.41 4.63 3.23 & 3.20 ArH ∼ 7.1 to 8.2
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