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Principles of NMR
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Molecular and magnetic interactions
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NMR sample outside magnet
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NMR sample inside magnet
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Relaxation via coupling with molecular rotation

j
k

B
0

flow of

electrons

nuclear

spin

induced

field

reproduced from M. H. Levitt: Spin Dynamics
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Polarization
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Excitation
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Excitation
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Coherent evolution
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Signal detection
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Non-equilibrium distribution of magnetic moments
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Lukáš Žı́dek F9070 13/65



Relaxation
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Signal decay
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Fourier transformation
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Signal processing
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Signal processing
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Chemical shift: influence of electrons
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More advanced NMR experiments

Solvent (water) suppression
Simplification of spectra
Resolution improvement
Obtaining chemical/biological information
structure, dynamics, interactions
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2D spectroscopy: NOESY
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2D NOESY spectrum
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Correlated multidimensional NMR experiments
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Correlated multidimensional NMR experiments
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Correlated multidimensional NMR experiments
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3D NOESY-HSQC spectrum
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3D NOESY-HSQC spectrum
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Biomolecular applications
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Pros and cons of NMR

No special sample requirements
Low energy
non-destructive × low sensitivity
high concentration, high magnetic field, isotope labeling
long measurement time
Atomic resolution
Many atoms described by single measurement
high information content × complexity of data
correlated spectroscopy, selective labeling
Assignment of spectra is demanding

Lukáš Žı́dek F9070 29/65



Assignment of spectra
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Assignment of spectra
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Assignment of spectra
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Chemical/biological information in NMR spectrum
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Structure from chemical shift
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Structure from nuclear Overhauser effect

j
k

reproduced from M. H. Levitt: Spin Dynamics
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Structure from nuclear Overhauser effect
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Structure from nuclear Overhauser effect
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Structure from nuclear Overhauser effect
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Calibration:

Reference protons distance

geminal in methylene H–C–H 0.17 nm
vicinal in an aromatic ring H–C=C–H 0.25 nm
meta in an aromatic ring H–C=CH–C–H 0.42 nm
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NMR structure calculation
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NMR structure calculation
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NMR structure calculation
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Relaxation rates from special experiments
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Peak area and relative concentration
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Biomolecular interactions

Does it bind?

How many molecules?
Stoichiometry
In how many steps?
Mechanism

Where?
Structure
How strongly?
Affinity
How fast?
Kinetics

Free Bound
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Binding coordinate
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Protein or ligand?

Observe:
Ligand
saturation transfer difference (STD), transferred NOE
features of bound-ligand reflected in free-ligand spectra
not limited by the size of the protein
Protein
usually more structural details
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Saturation transfer difference

991 dx.doi.org/10.1021/ed101169t |J. Chem. Educ. 2011, 88, 990–994

Journal of Chemical Education LABORATORY EXPERIMENT

to characterize molecular interactions in a biological context. The
STD-NMR experiment and data analysis are currently part of the
NMR practice in structural analysis and structural biochemistry
courses for organic chemistry and biochemistry master degree
students, respectively.

The experiments were adapted from Wang and co-workers.3

As reported in the literature, 6-CH3-Trp is used as an example of
weak ligand (KD = 37 μM) and 7-CH3-Trp is used as an example
of a nonbinding compound.3�5 Using this system as a model, we
will demonstrate the application of STD-NMR to
• A ligand-based NMR screening experiment to determine in
a qualitative manner which compound binds to the protein
in the context of drug discovery.2,6,7

• Ligand mapping: a more advanced example of the use of
NMR for a direct characterization of protein�ligand inter-
actions at the molecular level through the identification of
important ligand moieties.2,8,9

• The determination of the dissociation constant (KD) be-
tween the protein and the ligand.

One of the many advantages of this experiment is that it does
not require the use of high-field spectrometers (400 MHz was
used in this work) and therefore should be possible to implement
in most colleges and universities with access to a NMR facility.

The explanation of the STD-NMR experiment was kept very
simple to be accessible to different student levels. More details
about the outcome and limitations of the STD-NMR experiment
can be found in the Supporting Information, section 2.2.

’EXPERIMENTAL PROCEDURE

Preparation of the Samples
HSA was purchased from Fluka; 6-methyl-D,L-tryptophan and

7-methyl-D,L-tryptophan were purchased from Sigma. A 50 μM
HSA stock solution was prepared in a phosphate buffer in D2O
(75 mM potassium phosphate, 150 mM sodium chloride at pH
7.5). For both ligands, 5 mM stock solutions in DMSO-d6 were
prepared. Samples for NMR analysis were prepared from the
stock solutions as described in the Supporting Information,
section 3.1

NMR Experimental Details and General Setup of the STD-
NMR Experiment

NMR spectra were acquired in a Bruker Avance III spectrometer
operating at a proton frequency of 400 MHz with a conventional

inverse 5 mm probehead with z-gradients at 25 �C using standard
Bruker pulse programs. Spectral acquisition andprocessing parameters
are included in the Supporting Information, sections 3.2 and 3.3.

The STD-NMR Ligand Based-Screening Experiment
The general setup of the STD-NMR experiment was followed

using sample B (HSAþ 20-fold excess of 6-CH3-Trp and 7-CH3-
Trp). Details are in the Supporting Information, section 3.3.2

The STD Build-Up Experiment and Ligand Mapping
The general setup of the STD-NMR experiment was followed

and a set of 10 STD-NMR experiments were performed using
sample C (200 μL of 6-CH3-D,L-tryptophan was added to 200 μL
of HSA stock solution and 100 μL of buffer solution). The
saturation times were 0.50, 0.75, 1.00, 1.25, 1.50, 2.00, 2.50, 3.00,
4.00, and 5.00 s. Details are in the Supporting Information,
section 3.3.3

Determination of KD
The protein was titrated with 6-CH3-Trp and the general

setup for the STD-NMR experiment was followed with samples
D1 to D7 (10�200 μL of 6-CH3-D,L-tryptophan was added to
200�400 μL HSA and 290�0 μL buffer solution), corresponding
to a ligand excess from 5- to 100-fold. Details are in the Supporting
Information, section 3.3.4

’HAZARDS

There are no significant hazards in running this laboratory.
Local safety rules in the NMR lab should be followed.

’RESULTS AND DISCUSSION

The STD-NMR Ligand Based-Screening Experiment
The STD-NMR spectrum obtained for the mixture of HSA,

6-CH3-Trp, and 7-CH3-Trp and the reference spectrum for the
mixture under study are shown in Figure 2. The interpretation of
this experiment is straightforward; in the STD-NMR spectrum,
strong STD signals from 6-CH3-Trp are readily observable,
which indicate that this is an active ligand, whereas the absence
of STD signals from 7-CH3-Trp is in accordance with the fact
that this compound does not interact with the protein. This
example shows how easily the detection of low-affinity com-
pounds can be achieved with STD-NMR in a screening context,
analogous to the one used to screen compound libraries for
ligands in the drug-discovery process.

Figure 1. Scheme of the STD-NMR experiment. The exchange between free and bound ligand allows intermolecular transfer of magnetization from the
receptor to the bound small molecule.
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Titration

koff = 0.2 s
-1

Kd = koff/kon = 0.01 cP 

∆ω(ligand) = 200 rad s
-1

∆ω(protein) = 200 rad s
-1

R2(free ligand) = 2 s
-1

R2(bound ligand) = 10 s
-1

R2(free protein) = 10 s
-1

R2(bound protein) = 10 s
-1

free ligand

Titration with ligand aliquots of cL = 0.5 cP:

0.0

0.5
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2.0
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3.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0

[X
]/

c
P

cL/cP

[L]/cP
[PL]/cP

[P]/cP

free protein
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Rate of dissociation

Ω/2π

-3 kHz 0 +3 kHz

k = 0.5 × 10  s 
-13

k = 1.0 × 10  s 
-13

k = 2.5 × 10  s 
-13

k = 3.5 × 10  s 
-13

k = 6.3 × 10  s 
-13

reproduced from M. H. Levitt: Spin Dynamics

Ω/2π

-3 kHz 0 +3 kHz

k = 6.3 × 10  s 
-13

k = 10 × 10  s 
-13

k = 20 × 10  s 
-13

k = 30 × 10  s 
-13

k = 50 × 10  s 
-13
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Kitetics from relaxation dispersion experiments
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Example 1: fast exchange

Interacting molecules:
Receiver domain of plant sensory histidine kinase CKI1
(from Arabidopsis thaliana)
Mg2+ ions

ARR1,2,10−14,18−21

AHK1

ERS1

CKI1AHK5AHK4AHK3AHK2

ARR3−9,15−17

AHP1−6

osmotic stress cytokinin

ethyleneethylene

cytokinin

target proteins

?

target proteins

cytokinin

endoplasmic reticulum

nucleus

cytoplasm

ETR1

Pekarova et al., Plant J. 67 (2011) 827
Otrusinova et al., J. Biol. Chem. 292 (2018) 17525
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Does it bind?
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How fast? How strongly?

Free + Mg2+ 
 Bound

0.0

0.1

0.2

0.3

0.4

 0  10  20  30

(δ
N

2 +
25

δ H
2 )1/

2  / 
pp

m

cMg2+ / mM

Kd = 0.43± 0.06mM (data for Q92)
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Where? From chemical shifts

3MM4.pdb
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Example 2: slow exchange

Interacting molecules:
Mouse major urinary protein I
male pheromone 2-sec-butyl-4,5-dihydrothiazole
(estrus synchrony and puberty acceleration in females)

NMR Mapping of the Recombinant Mouse Major Urinary Protein I Binding Site
Occupied by the Pheromone 2-sec-Butyl-4,5-dihydrothiazole†

Lukáš Žı́dek, Martin J. Stone,* Susan M. Lato, Mark D. Pagel, Zhongshan Miao, Andrew D. Ellington, and
Milos V. Novotny*

Department of Chemistry, Indiana UniVersity, Bloomington, Indiana 47405

ReceiVed March 2, 1999; ReVised Manuscript ReceiVed June 1, 1999

ABSTRACT: The interactions between the mouse major urinary protein isoform MUP-I and the pheromone
2-sec-butyl-4,5-dihydrothiazole have been characterized in solution.15N-labeled and15N,13C-doubly-labeled
recombinant MUP-I were produced in a bacterial expression system and purified to homogeneity. Racemic
2-sec-butyl-4,5-dihydrothiazole was produced synthetically. An equilibrium diffusion assay and NMR
titration revealed that both enantiomers of the pheromone bind to the recombinant protein with a
stoichiometry of 1 equiv of protein to 1 equiv of racemic pheromone. A micromolar dissociation constant
and slow-exchange regime dissociation kinetics were determined for the pheromone-protein complex.
1H, 15N, and13C chemical shifts of MUP-I were assigned using triple resonance and15N-correlated 3D
NMR experiments. Changes in protein1HN and15NH chemical shifts upon addition of pheromone were
used to identify the ligand binding site. Several amide signals, corresponding to residues on one side of
the binding site, were split into two peaks in the saturated protein-ligand complex. Similarly, two
overlapping ligand spin systems were present in isotope-filtered NMR spectra of labeled protein bound
to unlabeled pheromone. The two sets of peaks were attributed to the two possible chiralities of the
pheromone. Intermolecular NOEs indicated that the orientation of the pheromone in the MUP-I binding
cavity is opposite to that modeled in a previous X-ray structure.

The urine of male mice contains unusually high concentra-
tions of protein (1). Most urinary proteins belong to a group
of closely related polypeptides, collectively referred to as
the major urinary protein (MUP).1 MUP genetics have been
studied extensively, and several dozen MUP genes have been
identified and classified (2-6). On the basis of nucleic acid
sequence, the MUP genes have been classified into groups
(2). Most MUPs are products of group 1 genes (2). They
are expressed in the liver under multiple hormone control
(6, 7) and excreted into the urine. Other tissues, including
mammary, parotid, sublingual, submaxillary, and lachrymal
glands, produce highly homologous proteins which are often
designated as MUP isoforms (8, 9). The expression of MUPs
is strongly sex-specific. Although most of the proteins are
produced by males, some MUPs are expressed by females

(8, 10). Dependence of the expression patterns on the strain
has been monitored mass-spectrometrically (11). Common
inbred strains seem to belong to one of two expression classes
(12), while the wild mouse populations exhibit higher
heterogeneity (13).

Although the exact biological function of MUPs is not
well understood at present, they are believed to play a role
in pheromonal communication in the mouse (14, 15).
Numerous mouse pheromones have been isolated from the
urine and other sources and prepared synthetically (16). The
laboratory-made substances promote inter-male aggression
(17), estrus synchronization (18), and puberty inhibition in
females (19). Two of these pheromones, 2-sec-butyl-4,5-
dihydrothiazole (structure 1) and 3,4-dehydro-exo-brevi-

comin, were found to coelute with the MUP fraction during
size-exclusion chromatography of the male mouse urine (20).
Dissociation constants measured for complexes of these
pheromones with MUPs were approximately 10µM (21). It
has been postulated that MUPs may act as slow releasers of
the pheromones which would otherwise disappear quickly
from the environment due to their volatility (15).

The 2.4 Å resolution crystal structure of a MUP isolated
from mouse urine (14) revealed that MUPs can be classified
as lipocalins, i.e., small, extracellular proteins able to bind
hydrophobic ligands. MUP polypeptide chain (molecular

† This work was supported by Grants DC 02418 (to M.V.N.) and
GM 55055 (to M.J.S.) from the National Institutes of Health, and by
Grant MCB-9600968 (to M.J.S.) from the National Science Foundation.

* Address correspondence to these authors. M.V.N.: Phone: 812-
855-4532. Fax: 812-855-8300. Email: novotny@indiana.edu. M.J.S.:
Phone: 812-855-6779. Fax: 812-855-8300. Email: mastone@indiana.edu.

1 Abbreviations: MUP, major urinary protein; rMUP-I, recombinant
MUP-I; DNA, deoxyribonucleic acid; SDS, sodium dodecyl sulfate;
DSS, 3-(trimethylsilyl)-1-propanesulfonic acid, sodium salt; Tris, tris-
(hydroxymethyl)aminomethane; PAGE, polyacrylamide gel electro-
phoresis; MALDI-TOF-MS, matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry; NMR, nuclear magnetic resonance;
HSQC, heteronuclear single-quantum coherence; NOE, nuclear Over-
hauser effect; NOESY, nuclear Overhauser effect spectroscopy; TOC-
SY, total correlation spectroscopy. The acronyms of NMR experiments
not listed above are based on symbols of nuclei. The order of nuclei
symbols indicates magnetization transfer, and parentheses indicate
nuclei not subjected to chemical shift evolution in three-dimensional
experiments.

9850 Biochemistry1999,38, 9850-9861

10.1021/bi990497t CCC: $18.00 © 1999 American Chemical Society
Published on Web 07/16/1999

Zidek et al., Biochemistry 38 (1999) 9850
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Does it bind? How fast?

NMR Mapping of the Recombinant Mouse Major Urinary Protein I Binding Site
Occupied by the Pheromone 2-sec-Butyl-4,5-dihydrothiazole†

Lukáš Žı́dek, Martin J. Stone,* Susan M. Lato, Mark D. Pagel, Zhongshan Miao, Andrew D. Ellington, and
Milos V. Novotny*

Department of Chemistry, Indiana UniVersity, Bloomington, Indiana 47405

ReceiVed March 2, 1999; ReVised Manuscript ReceiVed June 1, 1999

ABSTRACT: The interactions between the mouse major urinary protein isoform MUP-I and the pheromone
2-sec-butyl-4,5-dihydrothiazole have been characterized in solution.15N-labeled and15N,13C-doubly-labeled
recombinant MUP-I were produced in a bacterial expression system and purified to homogeneity. Racemic
2-sec-butyl-4,5-dihydrothiazole was produced synthetically. An equilibrium diffusion assay and NMR
titration revealed that both enantiomers of the pheromone bind to the recombinant protein with a
stoichiometry of 1 equiv of protein to 1 equiv of racemic pheromone. A micromolar dissociation constant
and slow-exchange regime dissociation kinetics were determined for the pheromone-protein complex.
1H, 15N, and13C chemical shifts of MUP-I were assigned using triple resonance and15N-correlated 3D
NMR experiments. Changes in protein1HN and15NH chemical shifts upon addition of pheromone were
used to identify the ligand binding site. Several amide signals, corresponding to residues on one side of
the binding site, were split into two peaks in the saturated protein-ligand complex. Similarly, two
overlapping ligand spin systems were present in isotope-filtered NMR spectra of labeled protein bound
to unlabeled pheromone. The two sets of peaks were attributed to the two possible chiralities of the
pheromone. Intermolecular NOEs indicated that the orientation of the pheromone in the MUP-I binding
cavity is opposite to that modeled in a previous X-ray structure.

The urine of male mice contains unusually high concentra-
tions of protein (1). Most urinary proteins belong to a group
of closely related polypeptides, collectively referred to as
the major urinary protein (MUP).1 MUP genetics have been
studied extensively, and several dozen MUP genes have been
identified and classified (2-6). On the basis of nucleic acid
sequence, the MUP genes have been classified into groups
(2). Most MUPs are products of group 1 genes (2). They
are expressed in the liver under multiple hormone control
(6, 7) and excreted into the urine. Other tissues, including
mammary, parotid, sublingual, submaxillary, and lachrymal
glands, produce highly homologous proteins which are often
designated as MUP isoforms (8, 9). The expression of MUPs
is strongly sex-specific. Although most of the proteins are
produced by males, some MUPs are expressed by females

(8, 10). Dependence of the expression patterns on the strain
has been monitored mass-spectrometrically (11). Common
inbred strains seem to belong to one of two expression classes
(12), while the wild mouse populations exhibit higher
heterogeneity (13).

Although the exact biological function of MUPs is not
well understood at present, they are believed to play a role
in pheromonal communication in the mouse (14, 15).
Numerous mouse pheromones have been isolated from the
urine and other sources and prepared synthetically (16). The
laboratory-made substances promote inter-male aggression
(17), estrus synchronization (18), and puberty inhibition in
females (19). Two of these pheromones, 2-sec-butyl-4,5-
dihydrothiazole (structure 1) and 3,4-dehydro-exo-brevi-

comin, were found to coelute with the MUP fraction during
size-exclusion chromatography of the male mouse urine (20).
Dissociation constants measured for complexes of these
pheromones with MUPs were approximately 10µM (21). It
has been postulated that MUPs may act as slow releasers of
the pheromones which would otherwise disappear quickly
from the environment due to their volatility (15).

The 2.4 Å resolution crystal structure of a MUP isolated
from mouse urine (14) revealed that MUPs can be classified
as lipocalins, i.e., small, extracellular proteins able to bind
hydrophobic ligands. MUP polypeptide chain (molecular

† This work was supported by Grants DC 02418 (to M.V.N.) and
GM 55055 (to M.J.S.) from the National Institutes of Health, and by
Grant MCB-9600968 (to M.J.S.) from the National Science Foundation.

* Address correspondence to these authors. M.V.N.: Phone: 812-
855-4532. Fax: 812-855-8300. Email: novotny@indiana.edu. M.J.S.:
Phone: 812-855-6779. Fax: 812-855-8300. Email: mastone@indiana.edu.

1 Abbreviations: MUP, major urinary protein; rMUP-I, recombinant
MUP-I; DNA, deoxyribonucleic acid; SDS, sodium dodecyl sulfate;
DSS, 3-(trimethylsilyl)-1-propanesulfonic acid, sodium salt; Tris, tris-
(hydroxymethyl)aminomethane; PAGE, polyacrylamide gel electro-
phoresis; MALDI-TOF-MS, matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry; NMR, nuclear magnetic resonance;
HSQC, heteronuclear single-quantum coherence; NOE, nuclear Over-
hauser effect; NOESY, nuclear Overhauser effect spectroscopy; TOC-
SY, total correlation spectroscopy. The acronyms of NMR experiments
not listed above are based on symbols of nuclei. The order of nuclei
symbols indicates magnetization transfer, and parentheses indicate
nuclei not subjected to chemical shift evolution in three-dimensional
experiments.

9850 Biochemistry1999,38, 9850-9861
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structure of MUP determined in the crystal (14). The solution
data support the existence of the eightâ-strands, a long
R-helix (residues 128-139), and a short 310-helix (residues
12-15) that exist in the crystal structure. InterstranddNN

NOEs confirmed folding of theâ-sheets into the lipocalin
barrel. In particular, NOEs between strands A and H
indicated that the barrel was closed. Several expected

interstranddRN NOE transfers were also observed, but their
assignment was often equivocal due to resonance overlap
(data not shown). An additional turn of helix present in the
crystal structure (residues 29-32) may also be present in
solution but cannot be unequivocally identified based on the
current data. The expected tertiary structure was further
supported by the existence of a disulfide bond between Cys-

FIGURE 2: Details of1H-15N HSQC spectra of rMUP-I with (A) 0, (B) 0.5, and (C) 2.0 molar equiv of 2-sec-butyl-4,5-dihydrothiazole.
Panel D shows a spectrum corresponding to (C) but obtained with the nonchiral analogue 2-isobutyl-4,5-dihydrothiazole as the ligand.
Examples of well-resolved peaks corresponding to free protein (circles) and to protein-pheromone complex (boxes) are marked in panels
A-C. Peaks split into pairs in the saturated protein-pheromone complex are indicated with arrows and labeled with the corresponding
residue numbers. Labeled arrows in panel D indicate that the corresponding peaks are not split when the ligand is nonchiral.

FIGURE 3: Strips taken from the CBCA(CO)NH (left from the residue label) and HNCACB (right from the residue label) spectra at the
amide1H and15N chemical shifts of residues 80-90. Horizontal lines indicate sequential connectivities, and asterisks mark the overlapping
peaks (in1H and15N dimensions). Positive peaks are shown as solid contours, and negative peaks are shown as dotted contours.

9854 Biochemistry, Vol. 38, No. 31, 1999 Žı́dek et al.
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How much? How strongly?

Dissociation Constant, Stoichiometry, and Exchange Rate
of the Pheromone/MUP-I Complex.The dissociation constant
of the 2-sec-butyl-4,5-dihydrothiazole/rMUP-I complex was
determined by a diffusion method with gas chromatographic
detection. Nonlinear curve fitting of the binding data (Figure
1A) gave a dissociation constant of 1.3( 0.1 µM. Binding
stoichiometry, determined at a high pheromone concentration
(data not shown), was 1.0( 0.1 racemic pheromone
molecule per protein molecule. The results of the binding
studies indicate that the overexpressed protein is properly
folded and exhibits characteristics of the native pheromone
binding urinary protein.

The stoichiometry of 2-sec-butyl-4,5-dihydrothiazole bind-
ing to rMUP-I was also determined by 2D NMR spectros-
copy. As the pheromone concentration increased, new peaks
appeared in the1H-15N HSQC spectrum. In several cases,
well-separated pairs of original, free protein signals and new
signals of protein-pheromone complex allowed the bound-
to-free protein ratio to be monitored (Figure 2). Intensities
of free protein peaks disappeared and bound protein peaks
reached maximum intensity at a racemic pheromone:protein
ratio of 1:1, in good agreement with the stoichiometry

measured gas chromatographically (Figure 1B). At higher
pheromone concentration, sharp peaks of free 2-sec-butyl-
4,5-dihydrothiazole became visible in 1D1H spectra with
an area proportional to the excess of the pheromone (Figure
1B). The increase in the free pheromone signal was linear
up to a 6-fold excess (data not shown). Similar results were
obtained at 15, 30, and 45°C.

The well-resolved pairs of signals in the1H-15N HSQC
spectrum of rMUP with 0.5 equiv of the pheromone (see
example in Figure 2B) indicate that the free protein is in
slow exchange with the pheromone-protein complex. The
fact that the individual peaks are well-resolved for pairs
separated by 50 Hz showed that the off-rate constant was
much lower than 50 s-1. This conclusion is supported by
the free pheromone signal in 1D proton spectra, where no
line broadening or chemical shift change was observed down
to approximately 20% molar excess of the pheromone; the
line width of the observed signal was 2 Hz.

Interestingly, some amide signals of the saturated phero-
mone-protein complex (Figure 2C) are not present as single
peaks, but instead appear as two peaks of identical intensity
separated by 5-35 Hz (i.e., 0.01-0.07 ppm in the1H
dimension or 0.1-0.7 ppm in the15N dimension). These pairs
of peaks were seen only in the spectra of the protein
complexed with the racemic pheromone, but not in the
spectra obtained using an achiral isobutyl analogue (Figure
2D), which binds to rMUP-I with a dissociation constant of
0.6 ( 0.2 µM (unpublished results). Interpretation of this
phenomenon is discussed below.

Identification of the Pheromone Binding Site.1H-15N
HSQC spectra with well-separated signals of the free protein
and the pheromone-protein complex offered an opportunity
to identify the protein residues in the pheromone binding
site. Assignment of the1H-15N HSQC peaks was ac-
complished using a sample of13C,15N-doubly-labeled rMUP-I
in complex with a 2-fold molar excess of 2-sec-butyl-4,5-
dihydrothiazole. The backbone assignments were based
mainly on the triple-resonance experiments listed under
Materials and Methods. Representative regions of the
HNCACB and CBCA(CO)NH spectra, demonstrating the
sequential connectivities, are shown in Figure 3. Despite the
low intensities of some signals (mostly those affected by the
pheromone binding), all1H-15N HSQC peaks could be
assigned (Figure 4). Two complete and several partial
overlaps in the1H-15N HSQC spectrum were clearly
separated in the carbon dimension (data not shown).15N
TOCSY-HSQC and NOESY-HSQC spectra provided sup-
porting information for the backbone assignments in ambigu-
ous cases. More than 90% ofdRN(i,i+1) NOE transfers were
observed and used to confirm the backbone connectivities.
1H-15N HSQC signals of the free protein were assigned by
comparison with the HSQC spectrum of the complex and
confirmed using a15N TOCSY-HSQC experiment.

For reliable interpretation of the current results, it is
important to establish that the structure of MUP-I does not
change significantly between the crystal and solution states.
Figure 5 summarizes hydrogen exchange rates,3J (HNHR)
coupling constants, sequential and medium-range NOEs, and
secondary chemical shifts (44, 45) in the MUP-I-pheromone
complex and compares the secondary structure of MUP-I
derived from these solution parameters with the secondary

FIGURE 1: (A) Binding curve for racemic 2-sec-butyl-4,5-dihydro-
thiazole binding to rMUP-I. Data points are the averages, and error
bars are the standard deviations of 3 or 4 independent measure-
ments. (B) NMR titration at 30°C of rMUP-I with 2-sec-butyl-
4,5-dihydrothiazole (circles, free pheromone; squares, free protein;
and triangles, protein-pheromone complex). Areas of the methyl
9 proton peak of the free pheromone in 1D1H spectra and volumes
of Tyr 84 amide peaks in1H-15N HSQC spectra were used as
measures of concentration and normalized to the total protein
concentration. Dashed lines indicate the theoretical curves expected
for 1:1 stoichiometry of racemic pheromone to protein.

Mouse Pheromone Binding to the Major Urinary Protein Biochemistry, Vol. 38, No. 31, 19999853

stoichiometry = 1.0± 0.1µM
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How strongly?

Too strong for NMR
Determined by equilibrium diffusion/gas chromatography

Dissociation Constant, Stoichiometry, and Exchange Rate
of the Pheromone/MUP-I Complex.The dissociation constant
of the 2-sec-butyl-4,5-dihydrothiazole/rMUP-I complex was
determined by a diffusion method with gas chromatographic
detection. Nonlinear curve fitting of the binding data (Figure
1A) gave a dissociation constant of 1.3( 0.1 µM. Binding
stoichiometry, determined at a high pheromone concentration
(data not shown), was 1.0( 0.1 racemic pheromone
molecule per protein molecule. The results of the binding
studies indicate that the overexpressed protein is properly
folded and exhibits characteristics of the native pheromone
binding urinary protein.

The stoichiometry of 2-sec-butyl-4,5-dihydrothiazole bind-
ing to rMUP-I was also determined by 2D NMR spectros-
copy. As the pheromone concentration increased, new peaks
appeared in the1H-15N HSQC spectrum. In several cases,
well-separated pairs of original, free protein signals and new
signals of protein-pheromone complex allowed the bound-
to-free protein ratio to be monitored (Figure 2). Intensities
of free protein peaks disappeared and bound protein peaks
reached maximum intensity at a racemic pheromone:protein
ratio of 1:1, in good agreement with the stoichiometry

measured gas chromatographically (Figure 1B). At higher
pheromone concentration, sharp peaks of free 2-sec-butyl-
4,5-dihydrothiazole became visible in 1D1H spectra with
an area proportional to the excess of the pheromone (Figure
1B). The increase in the free pheromone signal was linear
up to a 6-fold excess (data not shown). Similar results were
obtained at 15, 30, and 45°C.

The well-resolved pairs of signals in the1H-15N HSQC
spectrum of rMUP with 0.5 equiv of the pheromone (see
example in Figure 2B) indicate that the free protein is in
slow exchange with the pheromone-protein complex. The
fact that the individual peaks are well-resolved for pairs
separated by 50 Hz showed that the off-rate constant was
much lower than 50 s-1. This conclusion is supported by
the free pheromone signal in 1D proton spectra, where no
line broadening or chemical shift change was observed down
to approximately 20% molar excess of the pheromone; the
line width of the observed signal was 2 Hz.

Interestingly, some amide signals of the saturated phero-
mone-protein complex (Figure 2C) are not present as single
peaks, but instead appear as two peaks of identical intensity
separated by 5-35 Hz (i.e., 0.01-0.07 ppm in the1H
dimension or 0.1-0.7 ppm in the15N dimension). These pairs
of peaks were seen only in the spectra of the protein
complexed with the racemic pheromone, but not in the
spectra obtained using an achiral isobutyl analogue (Figure
2D), which binds to rMUP-I with a dissociation constant of
0.6 ( 0.2 µM (unpublished results). Interpretation of this
phenomenon is discussed below.

Identification of the Pheromone Binding Site.1H-15N
HSQC spectra with well-separated signals of the free protein
and the pheromone-protein complex offered an opportunity
to identify the protein residues in the pheromone binding
site. Assignment of the1H-15N HSQC peaks was ac-
complished using a sample of13C,15N-doubly-labeled rMUP-I
in complex with a 2-fold molar excess of 2-sec-butyl-4,5-
dihydrothiazole. The backbone assignments were based
mainly on the triple-resonance experiments listed under
Materials and Methods. Representative regions of the
HNCACB and CBCA(CO)NH spectra, demonstrating the
sequential connectivities, are shown in Figure 3. Despite the
low intensities of some signals (mostly those affected by the
pheromone binding), all1H-15N HSQC peaks could be
assigned (Figure 4). Two complete and several partial
overlaps in the1H-15N HSQC spectrum were clearly
separated in the carbon dimension (data not shown).15N
TOCSY-HSQC and NOESY-HSQC spectra provided sup-
porting information for the backbone assignments in ambigu-
ous cases. More than 90% ofdRN(i,i+1) NOE transfers were
observed and used to confirm the backbone connectivities.
1H-15N HSQC signals of the free protein were assigned by
comparison with the HSQC spectrum of the complex and
confirmed using a15N TOCSY-HSQC experiment.

For reliable interpretation of the current results, it is
important to establish that the structure of MUP-I does not
change significantly between the crystal and solution states.
Figure 5 summarizes hydrogen exchange rates,3J (HNHR)
coupling constants, sequential and medium-range NOEs, and
secondary chemical shifts (44, 45) in the MUP-I-pheromone
complex and compares the secondary structure of MUP-I
derived from these solution parameters with the secondary

FIGURE 1: (A) Binding curve for racemic 2-sec-butyl-4,5-dihydro-
thiazole binding to rMUP-I. Data points are the averages, and error
bars are the standard deviations of 3 or 4 independent measure-
ments. (B) NMR titration at 30°C of rMUP-I with 2-sec-butyl-
4,5-dihydrothiazole (circles, free pheromone; squares, free protein;
and triangles, protein-pheromone complex). Areas of the methyl
9 proton peak of the free pheromone in 1D1H spectra and volumes
of Tyr 84 amide peaks in1H-15N HSQC spectra were used as
measures of concentration and normalized to the total protein
concentration. Dashed lines indicate the theoretical curves expected
for 1:1 stoichiometry of racemic pheromone to protein.

Mouse Pheromone Binding to the Major Urinary Protein Biochemistry, Vol. 38, No. 31, 19999853

Kd = 1.3± 0.1µM
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Where? From chemical shifts
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Where? From isotope-filtered NOE

12C-1H←→1H-12C

NMR Mapping of the Recombinant Mouse Major Urinary Protein I Binding Site
Occupied by the Pheromone 2-sec-Butyl-4,5-dihydrothiazole†

Lukáš Žı́dek, Martin J. Stone,* Susan M. Lato, Mark D. Pagel, Zhongshan Miao, Andrew D. Ellington, and
Milos V. Novotny*

Department of Chemistry, Indiana UniVersity, Bloomington, Indiana 47405

ReceiVed March 2, 1999; ReVised Manuscript ReceiVed June 1, 1999

ABSTRACT: The interactions between the mouse major urinary protein isoform MUP-I and the pheromone
2-sec-butyl-4,5-dihydrothiazole have been characterized in solution.15N-labeled and15N,13C-doubly-labeled
recombinant MUP-I were produced in a bacterial expression system and purified to homogeneity. Racemic
2-sec-butyl-4,5-dihydrothiazole was produced synthetically. An equilibrium diffusion assay and NMR
titration revealed that both enantiomers of the pheromone bind to the recombinant protein with a
stoichiometry of 1 equiv of protein to 1 equiv of racemic pheromone. A micromolar dissociation constant
and slow-exchange regime dissociation kinetics were determined for the pheromone-protein complex.
1H, 15N, and13C chemical shifts of MUP-I were assigned using triple resonance and15N-correlated 3D
NMR experiments. Changes in protein1HN and15NH chemical shifts upon addition of pheromone were
used to identify the ligand binding site. Several amide signals, corresponding to residues on one side of
the binding site, were split into two peaks in the saturated protein-ligand complex. Similarly, two
overlapping ligand spin systems were present in isotope-filtered NMR spectra of labeled protein bound
to unlabeled pheromone. The two sets of peaks were attributed to the two possible chiralities of the
pheromone. Intermolecular NOEs indicated that the orientation of the pheromone in the MUP-I binding
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(2). Most MUPs are products of group 1 genes (2). They
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is strongly sex-specific. Although most of the proteins are
produced by males, some MUPs are expressed by females
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(12), while the wild mouse populations exhibit higher
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Although the exact biological function of MUPs is not
well understood at present, they are believed to play a role
in pheromonal communication in the mouse (14, 15).
Numerous mouse pheromones have been isolated from the
urine and other sources and prepared synthetically (16). The
laboratory-made substances promote inter-male aggression
(17), estrus synchronization (18), and puberty inhibition in
females (19). Two of these pheromones, 2-sec-butyl-4,5-
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comin, were found to coelute with the MUP fraction during
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portion of the spectrum. The NOEs observed in the aromatic
region were weaker, but significantly less affected by the
background. Protein protons with NOEs to the pheromone
were identified in the 3D spectrum by their chemical shifts
and the chemical shifts of the attached carbon atoms. All
NOEs were verified by comparison to a control spectrum
recorded in the absence of the ligand. However, possible
changes of the background due to ligand binding require
some peaks close to the regions of high background to be
interpreted with caution, as indicated in Table 3. Four
representative strips of the13C F1-filtered, F3-edited NOESY-
HSQC spectrum and corresponding strips from the control
spectrum are shown in Figure 7.

A list of observed intermolecular NOEs is presented in
Table 3. The observed NOEs were separated into two groups,
reflecting proximity either to the dihydrothiazole ring or to
thesec-butyl chain. The NOEs showed that residues 42, 54,
90, 103, and 120 were close to thesec-butyl group, residues
40, 69, 82, 84, and 105 were close to the dihydrothiazole
ring, and residue 56 exhibited NOEs to both parts of the
ligand molecule. These data allowed the approximate ori-
entation of the pheromone in the binding pocket to be readily
determined.

DISCUSSION

The previously reported X-ray structure of a MUP crystal-
lized from a fractionated mouse urine sample (14) provided

the first structural details about the urinary pheromone
binding proteins. The electron density localized in the
proposed binding pocket indicated the presence of a natural
ligand, but its shape could not be identified unequivocally.
Although Böcskei et al. (14) interpreted the bound molecule
as 2-sec-butyl-4,5-dihydrothiazole with the structure fitting
the binding site reasonably well, the ligand was not included
in either the refinement or the map calculation. The precise
orientation of the ligand and its attribution to 2-sec-butyl-
4,5-dihydrothiazole thus remained ambiguous given the
resolution of that structure and the ability of other low-
molecular-weight urinary components to bind to MUP (20).
The ambiguity was further magnified by the heterogeneity
of the MUP fraction. There are several MUPs that could
possibly contaminate the MUP crystal (12). In the present
study, the natural material was replaced by a well-defined
complex of the recombinant protein with synthetic phero-
mone. The protein, rMUP-I, was prepared in a bacterial
expression system, and its identity with the native protein
was verified by several methods. The established dissociation

Table 1: MUP-I Backbone Amide Resonances Shifted upon
Pheromone Binding

chemical shift difference (ppm)a

residue 1H 15N

Phe 41b 0.12 1.2
0.16 1.0

Val 59 0.12 0.3
Met 69 0.03 1.0
Val 70 0.01 1.0
Asn 88 0.14 0.1
Thr 89 0.00 1.1
Phe 90 0.01 2.2
Thr 91 0.10 2.2
His 104 0.03 1.0
Leu 116 0.17 0.2

a Listed for each NH group is the chemical shift change (absolute
value) observed upon pheromone binding.b Two NH resonances were
observed for Phe 41 in the pheromone- MUP-I complex (see Table
2).

Table 2: MUP-I Backbone Amide Groups Appearing as Pairs of
Peaks in the1H-15N Spectrum

chemical shift separation (ppm)a

residue 1H 15N

His 20 0.04 0.1
Arg 39 0.03 0.3
Phe 41 0.03 0.2
Leu 42 0.07 0.0
Glu 43 0.00 0.1
Gly 118 0.03 0.0
Cys 157 0.02 0.1
Leu 158 0.04 0.2

a Values listed are separations between pairs of equally intense peaks
observed for each residue in the spectrum of the pheromone-MUP-I
complex.

FIGURE 6: 13C-filtered TOCSY spectra of (A) 5.7 mM free 2-sec-
butyl-4,5-dihydrothiazole and (B) 1 mM 2-sec-butyl-4,5-dihydro-
thiazole/rMUP-I complex (B). In panel B, cross-peaks of thesec-
butyl groups of the two different ligand forms are distinguished by
connecting lines (a, solid; and b, dashed). Cross-peaks marked with
asterisks are attributed to minor impurities that do not bind to MUP-I
and therefore give sharp peaks relative to the protein-bound
pheromone. The symbols a and b in the proton labels refer to
individual sec-butyl spin systems, and diastereotopic protons are
distinguished with a prime.
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Where? From isotope-filtered NOE

13C-1H←→1H-12C

constant determined here was 8 times lower than the 10(
3 µM value published by Bacchini et al. (21) for the MUP
complex isolated from urine. The slightly higher apparent
dissociation constant of the urinary complex may reflect the
presence of MUP species of lower binding affinity in the
natural sample. It is noteworthy that the concentrations of
MUP and pheromone in urine are∼100 µM and∼10 µM,
respectively (21), suggesting that most of the pheromone in
the urine is bound to MUP. The recombinant protein
provided an opportunity to study 2-sec-butyl-4,5-dihydrothi-
azole binding under well-defined conditions.

The effects of the pheromone binding on the well-resolved
amide signals were observed in1H-15N correlation spectra.
Titration of the protein with the ligand, monitored by NMR
spectroscopy, showed that the pheromone-ligand complex

and the free protein are in slow exchange on the NMR
chemical shift time scale. The relatively low off-rate constant
is typical for protein-ligand complexes with micromolar
dissociation constants (47). Slow dissociation may be
important for the proposed pheromone-releasing function of
MUPs (15).

The shape of the titration curves in Figure 1 is somewhat
unexpected. Although a racemic mixture of 2-sec-butyl-4,5-
dihydrothiazole was used, the titration curve does not exhibit
any discrimination between the enantiomers. The absence
of the free pheromone signal up to 1:1 ligand:protein ratio
is consistent with a 1:1 binding stoichiometry of racemic
pheromone to protein, as observed in the diffusion binding
assay. If a single enantiomer were bound, the free pheromone
signal would be expected to increase with a slope of 0.5
until reaching a 2:1 ligand:protein ratio; then, the signal
would continue to increase with a slope of unity. Deuterium
exchange data (24) showed that 2-sec-butyl-4,5-dihydrothi-
azole can racemize easily and that pure enantiomers are
practically inaccessible. However, this racemization is too
slow (exchange rate much lower than 1 h-1) to explain the
absence of a nonbinding species. The ability of rMUP-I to
bind either enatiomer seems to be a more probable inter-
pretation. MUPs and related proteins exhibit a relatively low
ligand specificity (15, 21). It should be noted that 2-sec-
butyl-4,5-dihydrothiazole has been isolated from the natural
protein as a racemic mixture (24) which makes the use of a
racemic pheromone biologically relevant.

Further analysis of the NMR spectra confirmed the
presence of two equally populated states of the protein-
pheromone complex. Several1H-15N HSQC peaks were split
into pairs separated by 0.01-0.07 ppm in the1H dimension
or 0.1-0.7 ppm in the15N dimension after the pheromone
binding (Figure 2C and Table 2). Significantly, all of the
NH groups whose signals are split in this way are located
on one side of the hydrophobic binding cavity (Figure 8).
They include Arg 39, Phe 41, Leu 42, and Glu 43 at the
beginning of strand B and His 20 and Gly 118 in adjacent
strands A and H, respectively (see Figure 5 for strand
labeling).

The presence of two equally populated forms of the bound
ligand was also evident from the13C-filtered TOCSY
spectrum (Figure 6) showing two spin systems for thesec-
butyl side chain. The largest differences in chemical shift
were observed for protons attached to C-6 (the chiral carbon
atom) and C-7. On the other hand, a single cross-peak set
was identified for protons attached to the dihydrothiazole
ring. Taken together, the titration results and the splitting of
both protein and ligand resonances into equally populated
pairs are most readily interpreted by proposing that both
enantiomers of the pheromone bind to MUP-I with ap-
proximately equal affinity and slow exchange binding
kinetics. More complex possibilities, invoking separate
binding and conformational rearrangement steps, can be put
forward, but the proposal that the peak splitting results from
the binding of both enantiomers is the simplest explanation
of the current data. If this hypothesis is correct, one would
expect a nonchiral pheromone analogue to cause similar
changes in protein chemical shifts upon binding (compared
with 2-sec-butyl-4,5-dihydrothiazole) but not to result in
splitting of resonances in the saturated complex. Indeed, the
achiral analogue 2-isobutyl-4,5-dihydrothiazole, which binds

Table 3: Intermolecular NOEs between
2-sec-Butyl-4,5-dihydrothiazole and MUP-Ia

ligand

sec-butyl chain protonsb
dihydrothiazole
ring protonsb

protein 9a/b 8a 8b 7a 7b 7a′/7b′ 5 5′ 4 4′
Leu 42δ1 wc x x m x md

Leu 42δ2 m s m
Ala 103â vsd sd wc wc x x
Leu 54δ1 x wc sd x mc m
Leu 54δ2 x wc sd x x x
Tyr 120ε2 m m
Phe 90δ2 m wc

Phe 90ε2 m
Phe 56ε2 w md m
Phe 56ú m wc m md md

Leu 105δ1 x x x x w m m w
Leu 40δ1 x x m m s s
Val 82γ1 x x x x x x m m
Met 69ε x x x x x x s w w m
Tyr 84δ2 m wc

a Strength of the NOEs is expressed in a semiquantitative manner
(vs, very strong; s, strong; m, medium; w, weak; and x, obscured by
background).b The symbols a and b in the proton labels refer to
individual sec-butyl spin systems and diastereotopic protons are
distinguished with a prime as indicated in Figure 6B.c Possible weak
signal obscured by a close intense NOE peak.d Medium or intense
peaks close to an area of high background.

FIGURE 7: Representative strips from13C F1-filtered, F3-edited
NOESY-HSQC spectra of free (right strips) and 2-sec-butyl-4,5-
dihydrothiazole-complexed (left strips) rMUP-I. The strips were
taken from the 3D spectra at chemical shift values corresponding
to (A) Leu 40δ1, (B) Leu 105δ1, (C) Tyr 120ε2, and (D) Tyr 84δ2.
The NOE cross-peaks are labeled with the corresponding ligand
proton numbers.
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constant determined here was 8 times lower than the 10(
3 µM value published by Bacchini et al. (21) for the MUP
complex isolated from urine. The slightly higher apparent
dissociation constant of the urinary complex may reflect the
presence of MUP species of lower binding affinity in the
natural sample. It is noteworthy that the concentrations of
MUP and pheromone in urine are∼100 µM and∼10 µM,
respectively (21), suggesting that most of the pheromone in
the urine is bound to MUP. The recombinant protein
provided an opportunity to study 2-sec-butyl-4,5-dihydrothi-
azole binding under well-defined conditions.

The effects of the pheromone binding on the well-resolved
amide signals were observed in1H-15N correlation spectra.
Titration of the protein with the ligand, monitored by NMR
spectroscopy, showed that the pheromone-ligand complex

and the free protein are in slow exchange on the NMR
chemical shift time scale. The relatively low off-rate constant
is typical for protein-ligand complexes with micromolar
dissociation constants (47). Slow dissociation may be
important for the proposed pheromone-releasing function of
MUPs (15).

The shape of the titration curves in Figure 1 is somewhat
unexpected. Although a racemic mixture of 2-sec-butyl-4,5-
dihydrothiazole was used, the titration curve does not exhibit
any discrimination between the enantiomers. The absence
of the free pheromone signal up to 1:1 ligand:protein ratio
is consistent with a 1:1 binding stoichiometry of racemic
pheromone to protein, as observed in the diffusion binding
assay. If a single enantiomer were bound, the free pheromone
signal would be expected to increase with a slope of 0.5
until reaching a 2:1 ligand:protein ratio; then, the signal
would continue to increase with a slope of unity. Deuterium
exchange data (24) showed that 2-sec-butyl-4,5-dihydrothi-
azole can racemize easily and that pure enantiomers are
practically inaccessible. However, this racemization is too
slow (exchange rate much lower than 1 h-1) to explain the
absence of a nonbinding species. The ability of rMUP-I to
bind either enatiomer seems to be a more probable inter-
pretation. MUPs and related proteins exhibit a relatively low
ligand specificity (15, 21). It should be noted that 2-sec-
butyl-4,5-dihydrothiazole has been isolated from the natural
protein as a racemic mixture (24) which makes the use of a
racemic pheromone biologically relevant.

Further analysis of the NMR spectra confirmed the
presence of two equally populated states of the protein-
pheromone complex. Several1H-15N HSQC peaks were split
into pairs separated by 0.01-0.07 ppm in the1H dimension
or 0.1-0.7 ppm in the15N dimension after the pheromone
binding (Figure 2C and Table 2). Significantly, all of the
NH groups whose signals are split in this way are located
on one side of the hydrophobic binding cavity (Figure 8).
They include Arg 39, Phe 41, Leu 42, and Glu 43 at the
beginning of strand B and His 20 and Gly 118 in adjacent
strands A and H, respectively (see Figure 5 for strand
labeling).

The presence of two equally populated forms of the bound
ligand was also evident from the13C-filtered TOCSY
spectrum (Figure 6) showing two spin systems for thesec-
butyl side chain. The largest differences in chemical shift
were observed for protons attached to C-6 (the chiral carbon
atom) and C-7. On the other hand, a single cross-peak set
was identified for protons attached to the dihydrothiazole
ring. Taken together, the titration results and the splitting of
both protein and ligand resonances into equally populated
pairs are most readily interpreted by proposing that both
enantiomers of the pheromone bind to MUP-I with ap-
proximately equal affinity and slow exchange binding
kinetics. More complex possibilities, invoking separate
binding and conformational rearrangement steps, can be put
forward, but the proposal that the peak splitting results from
the binding of both enantiomers is the simplest explanation
of the current data. If this hypothesis is correct, one would
expect a nonchiral pheromone analogue to cause similar
changes in protein chemical shifts upon binding (compared
with 2-sec-butyl-4,5-dihydrothiazole) but not to result in
splitting of resonances in the saturated complex. Indeed, the
achiral analogue 2-isobutyl-4,5-dihydrothiazole, which binds
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Tyr 84

Leu 40

Met 69
Leu 105

Val 82
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Leu 54
Ala 103
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Tyr 120
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Ala 103
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