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NMR STRUCTURAL INVESTIGATION OF THE BIOTIN-AVIDIN 
COMPLEX: A 13C NMR PARAMAGNETIC RELAXATION STUDY 
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Universith di Siena, Pian dei Mantellini 44, 53100 Siena, Italy 

ABSTRACT: The paramagnetic contributions to the spin-lattice 
relaxation rates of biotin 13C nuclei, induced by the presence in 
the water/DMSO solution of the TEMPOL nitroxide, have been 
analysed in the interaction with avidin. The paramagnetic 
relaxation data, obtained at different temperatures, indicate 
that the average solvent/spin-label exposure of biotin carbons 
is  consistent with the conformational features previously 
observed for the complex in the crystal. The analysis of the 
paramagnetic perturbation profiles, derived from 13C spin 
la t t ice  re laxat ion measurements ,  seems t o  be  highly 
informative of the sterical aspects of interaction processes of 
large biopolymers with their ligands. 
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INTRODUCTION 

SCARSELLI ET AL. 

The spin-labelling of the solvent molecules with free 
radicals such as the nitroxides has been proposed as a general 
method for obtaining information on surface accessibility of 
proton nuclei of peptides by observing the perturbation 
induced by the paramagnetic species on the proton spin-lattice 
relaxation rates1.2. More recently, the analysis of cross-peak 
intensity dependence of 2D protein spectra obtained at  
different spin-label concentration has been used to extend this 
approach for structural investigations of biopolymers3-5. 

The  formation of intermolecular adducts  between 
biological ligands and macromolecules may cause strong 
changes in the solvent exposure of molecular sites whose 
nuclear spin-lattice relaxation behaviour can be monitored in a 
spin-labelled solution where the binding of small molecules 
with DNA6 and of peptides7 with their receptors occurs. The 
extension of this methodology to protein systems with the 
analysis of the spin-label induced effects on 13C spin-lattice 
paramagnetic relaxation is here presented. This 1D relaxation 
approach, or a multidimensional NMR analogue, should be used 
whenever the substrate complexity requires a resonance 
dispersion not offered by proton spectra. 

The biological relevance of biotin has been recognised 
when its coenzyme function was discoveredg. Furthermore, 
when avidin, a glycoprotein, which exhibits a very high 
affinity for this vitamin, was isolated, new methodological 
perspectives in biotechnology could be opened9. Biotin- 
depleted avidin is fairly thermostable, with a temperature of 
the folded/unfolded transition, t m ,  of 85"C, in the pH range 7 
to 9, almost irrespective of the buffer medium and/or of the 
ionic strength. Binding of biotin increases substantially the 
thermal stability of the complex ( tm = 132 "C) and the 
unfolding enthalpy 10. Moreover, the avidin-biotin complex is 
stable in 9 M urea, in the pH range 2 to 13, and is not 
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BIOTIN-AVIDIN COMPLEX 1203 

denatured in 7 M guanidinium hydrochloride1 1 .  Thus, the 
avididbiotin complex formation represents an interesting 
model system for testing new structural spectroscopical 
approaches for the delineation of the sterical aspects of 
intermolecular interactions in solution. 

In the present report, the use of nitroxide paramagnetic 
probes has been explored for obtaining information on the 
structural features of the formation of the biotin-avidin 
complex as a model system for other substrate-enzyme 
interactions. 

MATERIALS AND METHODS 

D-Biotin, 2,2,6,6-tetramethyl-4-hydroxy-piperidine-N-oxyl 
(TEMPOL) and avidin were obtained from Sigma Chemical 
Company and used without further purification. Solutions were 
prepared by dissolving 15 mg of biotin, 20 mg of avidin in 0.5 
ml DMSO-dfj/D20 in 75:25 ratio, to have a 120 and 0,6 mM 
concentrations respectively for the two species. Paramagnetic 
solutions were prepared by adding TEMPOL to the biotin and 
biotidavidin solutions to obtain a free radical concentration of 
46 mM. Carbon partially relaxed spectra, obtained by using the 
Inversion Recovery pulse sequence, as well as all the other 1H 
and 13C NMR spectra were recorded with a Bruker AC-200 
NMR spectrometer. Frequency assignments of proton and 
carbon resonances were reached from literature12 and 2D 
heteronuclear correlation data respectively. Relaxation rates 
were calculated by computer fitting of relaxation curves and 
the calculated experimental errors were always lower than 5%.  

RESULTS AND DISCUSSION 

Due to the strong affinity (Kd=10-15) of avidin with its 
substrate biotinl3, to favour fast exchange conditions all the 
NMR experiments were carried out at high temperature (50 
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1204 SCARSELLI ET AL. 

"C), with organic solvent additions and at high biotin:avidin 
concentration ratio (50:l for each of the four protein binding 
sites). 

Fig. 1 shows the molecular model of D-biotin, built on the 
basis of the crystallographic data14, and protonated carbon 
chemical shifts are given in Table I, according to the J 
connectivities found in the 13C- 1H hetero-correlated 2D 
spectrum. The spin-lattice paramagnetic relaxation rates, Rp, 
defined as  the difference between the relaxation rates 
measured in the presence and in the absence of TEMPOL, for 
the protonated carbons of biotin were calculated and reported 
in Fig. 2 as variances, vi : 

Rpi 

vi=l-Fw 

where R p i  is the difference between the relaxation rates 
respectively measured in the presence and in the absence of 
the paramagnetic probe and n is the number of the i nuclei 
whose spin lattice relaxation is followed. 

As shown in Fig. 2, among the carbons of the rigid 
molecular moiety C6'a exhibits the highest V i  , in agreement 
with its surface accessibility, not much disturbed by the 
distant side chain. The interplay of differential segmental 
motions and surface accessibility yields, for the side chains 
carbon nuclei, effects whose absolute interpretation is not 
s t ra ightforward.  However ,  the v i profile is entirely 
determined by the biotin structure and the dynamics of the 
interaction between the diamagnetic and the paramagnetic 
solutes. 

Upon addition of avidin in the 13C NMR spectra of biotin 
the following features can be observed : i) no chemical shift 
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BIOTIN-AVIDIN COMPLEX 1205 

Fig. 1: The biotin structure, including the atom numbering 
which has been used in the discussion of protonated 
carbon spin lattice relaxation rates. 

changes, ii) an increase of the diamagnetic relaxation rates 
induced by more hindered rotational motions, see Fig. 1, iii) a 
markedly changed paramagnetic relaxation profile, as shown 
in Fig. 2. The latter two aspects may be interpreted in terms of 
the occurrence of the interaction process of the substrate with 
the enzyme: in the fast exchange limit, the relaxation rates 
reflect, for each nucleus, averaged rotational motions and 
magnetic environments of free and bound biotin molecules. 
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1206 SCARSELLI ET AL. 

Table I: Protonated carbon chemical shift, from the DMSO-d6 
signal at 39.6 ppm, is reported, together with the 
respective diamagnetic spin lattice relaxation rates, 
Ri,  measured at 50 "C and the thermal factor of the 
X ray study of ref. 14. 

' I  + a  

- 8  I I I I I I I 

C6a C3'a C4' C5 C4 C3 C2 

Fig. 2: The profile of the paramagnetic relaxation 
variances, v i  , as defined in the text and measured 
at 50 OC, for selected 13C nuclei of biotin in the 
presence (a) and in the absence (b) of avidin. 
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BIOTIN-AVIDIN COMPLEX 1207 

From a comparison of the paramagnetic profiles shown in 
Fig. 2, two main differences are apparent: i) the paramagnetic 
perturbation on C2 is considerably reduced by the presence of 
avidin, ii) the paramagnetic effects exhibited by C3'a and C6'a 
show opposite trends in the presence and in the absence of 
avidin. The latter results suggest that C3'a and C6'a in the 
protein complex are located in positions with different surface 
accessibilities. 

In order to obtain a molecular model for the biotin- 
avidin complex to confirm the consistency of the above 
described findings and interpretations, the available 
crystallographic data of the complex were considered. 

In the crystal structure of the biotin-avidin complex, 
biotin turns out to be inserted differently in the two the avidin 
active sites, being the first a very deep hydrophobic pocket, 
while the second is in a relatively superficial moiety of the 
protein. In the first binding site a limited surface accessibility 
is observed especially for the biotin carbonylic group, the N 
atoms and C6'a of the ureidic ring, as the latter carbon is 
partially shielded by avidin W97 side chain. The other biotin C 
atoms, at similar extents, are solvent exposed, except the C2 
atom of the valeric acid side chain. 

The different accessibility of biotin atoms can be inferred 
by the thermal factors reported in the crystallographic study, 
see Table I. The dynamics of the molecular complex i n  the 
crystal is in agreement with the NMR derived information, as 
the thermal factor of C3'a is much larger than the one 
exhibited by C6'a. 

These features support the validity of the solvent spin 
labelling NMR methods for analysing the conformational 
features of any interaction process which modulates the 
solvent accessibility of molecular moieties involved in the 
complex formation. The possibility of using also the 13C nucleus 
for monitoring paramagnetic perturbation profiles extend the 
solvent spin labelling approach to large ligands and molecular 
complexes. 
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