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The effect of progressive succinylation upon the conformation of faba bean legumin has been studied
using chemical analysis, viscometry, analytical ultracentrifugation, UV and fluorescence spectros-
copy, and differential scanning calorimetry (DSC). The protein dissociates gradually into 3 S subunits
forming a 7 S intermediate. DSC measurements revealed a continuous loosening of the spacial
structure with increasing degree of succinylation. Viscometric and spectroscopic studies indicate
the presence of a particular conformational state at 60-80% succinylation, whereas a largely
expanded structure was shown to exist in exhaustively succinylated legumin due to a cumulative
effect of N- and O-succinylation.
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INTRODUCTION

Succinylation has been widely used to improve the
functional properties of plant proteins (Franzen and
Kinsella, 1976; Kabirulla and Wills, 1982; Paulson and
Tung, 1988; Gueguen et al., 1990). To elucidate struc-
tural reasons of the changed functionality of succinyl-
ated protein isolates, investigations of physicochemical
properties of their purified main protein components,
e.g., 11 S globulins, after succinylation have been
performed (Shetty and Rao, 1978; Rao and Rao, 1979;
Schwenke et al., 1985, 1990; Kim and Kinsella, 1986).
Though some data on physicochemical changes of suc-
cinylated faba bean protein isolate have been reported
(Rauschal et al., 1981), the knowledge about the mo-
lecular changes of their main protein component, legu-
min, after progressive succinylation is very scanty.
The present paper deals with the investigation of

structural changes in faba bean legumin after progres-
sive succinylation. This includes both the extent of
chemical modification of functional groups, conforma-
tional changes measured by hydrodynamic and spec-
troscopic methods, and stability studies using differen-
tial scanning microcalorimetry.

MATERIALS AND METHODS

Materials. 2,4,6-Trinitrobenzenesulfonic acid (TNBS),
N-acetyl tyrosine amide, DL-tyrosine methyl ester-
hydrochloride were purchased from Sigma, Deisenhofen;
1-anilino-8-naphthalenesulfonic acid (ANS) was from
Serva, Heidelberg, and buffer substances were from
Merck, Darmstadt.
Standard phosphate buffer (0.05 M phosphate, pH 8.0,

according to Sörensen brought to an ionic strength of

0.5 with sodium chloride) was used as solvent for the
protein in all measurements with the exception of
analytical ultracentrifugation and DSC measurements.
Methods. Protein Preparation. Legumin from faba

beans (Vicia faba L. Minor, var. Scirocco) was prepared
by a combined salt fractionation and isoelectric precipi-
tation according to the method of Popello et al. (1988)
as described previously (Schwenke et al., 1994). The
vicilin content amounted to 3-5% as determined with
SDS-polyacrylamide gel electrophoresis and analytical
ultracentrifugation. Protein concentration was deter-
mined by means of a microbiuret method (Itzhaki and
Gill, 1964). Native legumin was used for calibration,
the protein content of which was determined using the
Kjeldahl nitrogen content and the experimentally de-
termined nitrogen-protein conversion factor amounting
to 5.55 (Krause et al., 1996). The latter was modified
for the succinylated samples taking into account the
mass increase corresponding to the attached succinyl
residues. It increased with increasing degree of N- and
O-succinylation to 5.90 at complete blocking of all
groups (Schwenke et al., 1990).
Legumin Modification and Determination of N- and

O-Blocking. Succinylation was performed by stepwise
addition of dry succinic anhydride to a solution of
legumin in standard phosphate buffer as described
previously by Schwenke et al. (1990).
The degree of N-succinylation was estimated by

determination of the content of free amino groups using
the 2,4,6-trinitrobenzenesulfonic acid (TNBS) method
(Fields, 1972) in a modified version as previously
described (Krause et al., 1996).
The degree of O-succinylation (esterification of hy-

droxy amino acids) was estimated after splitting the
ester bond by hydroxylamine and the formation of a
hydroxamic acid/Fe3+ complex according to the method
of Habeeb and Atassi (1969) in a modified version as
follows:
To 28 µmol of legumin dissolved in 2 mL of 0.2 M boric

acid-sodium borate buffer, pH 9, was added 2 mL of 2
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Mhydroxylamine hydrochloride, pH 10, and the solution
was incubated at 40 °C for 2 h in a water bath. After
being rapidly cooled, the solution was brought to pH 1
with 0.8 mL of 6 N HCl followed by 0.8 mL of 5% FeCl3
solution in 0.1 N HCl. Protein precipitated and the
absorbance of the supernatant after centrifugation was
read at 540 nm. The number of ester groups was
obtained from a calibration curve using DL-tyrosine
methyl ester-hydrochloride as a standard.
The extent of O-tyrosinesuccinylation was estimated

spectrophotometrically by measuring the absorption at
278 nm during the incubation in standard phosphate
buffer taking into account the spontaneous hydrolysis
of O-succinyltyrosine bond at pH > 5 (Riordan and
Vallee, 1964). N-Acetyltyrosine amide was taken for
calibration. The error in the determination of the
degree of succinylation was 3%.
Surface Hydrophobicity. Surface hydrophobicity was

determined from fluorescence probe measurements us-
ing ANS according to the method of Kato and Nakai
(1980), modified as previously described in Schwenke
et al. (1993).
Viscometry. Viscosity measurements were performed

at 20 °C in an automatic viscometer type Viskotimer
(LAUDA, Königshofen, FRG) using a 1.5 mL microcap-
illary. The protein content of the starting solution was
about 1%. The viscosity was measured at four or five
concentrations. The reduced viscosity (ηsp/c) was plotted
against the protein concentration to obtain the intrinsic
viscosity. The error of determination was 3%.
Analytical Ultracentrifugation. Sedimentation veloc-

ity analysis was performed in an analytical ultracen-
trifuge type 3170/B, MOM, Budapest, at 20 °C and
50 000 rpm using 0.05 M phosphate buffer, pH 8.0, with
0.1 M NaCl, I ) 0.22. The protein concentration was
1%.
UV and Fluorescence Spectroscopy. UV spectroscopic

investigations of protein solutions (1.00 g/L in standard
phosphate buffer) were carried out with a Lambda 2
dual-beam spectrophotometer from Perkin-Elmer, Über-
lingen. The spectra were measured with a scanning
rate of 0.1 nm/s and slit of 2 nm. The difference-second-
derivative spectra (second derivation of the difference
succinylated legumin - native legumin) were calculated
over a distance of 4.9 nm.
Fluorescence emission spectra were obtained after

excitation of the protein solutions (0.10 g/L in standard
phosphate buffer) at 280 and 295 nm with an Aminco
Bowman series 2 spectrometer, Rochester in 0.2 nm
steps, and a scan rate of 0.2 nm/s. The band-pass was
4 nm in excitation and 2 nm in emission; the detector
high voltage was 900 V.
Differential Scanning Calorimetry. Thermograms

(about 0.5% protein in 0.05 M phosphate buffer, pH 8.0,
with 1 M NaCl) were recorded over the temperature
range 2-95 °C at a heating rate of 2 °C/min and excess
pressure of 2.5 atm, using a differential adiabatic
scanning microcalorimeter DASM 4 (Biopribor, Russia).
A temperature corresponding to the thermogram maxi-
mum was taken as the protein denaturation tempera-
ture. A baseline of the thermogram in the denaturation
range and a denaturation enthalpy were calculated by
spline interpolation and numerical integration methods,
respectively.

RESULTS

Succinylation of Functional Groups. Extensive
blocking of protein amino groups (95-98% N-succinyl-

ation) was obtained with a 40-50 molar excess of
succinic anhydride, while 65-70% of the amino groups
were succinylated with a 5-7-fold excess of reagent
(Figure 1a). Up to a degree of 80% N-succinylation, only
traces of succinylated hydroxyl groups could be deter-
mined. An effective O-succinylation occurred after 93-
95% of the amino groups were acylated (Figure 1b).
When the absorption of the protein at 278 nm was

measured just after finishing an exhaustive succinyla-
tion (>95%) and compared with the data of unmodified
legumin, a marked decrease was observed (Figure 2),
which corresponded to the succinylation of 36 tyrosine
residues/mol or 56% of the total tyrosine content (Sch-
wenke et al., 1995). During 2 h incubation of the protein
solution in standard buffer, the absorption approached
the value of the native protein to 94% corresponding to
34 desuccinylated tyrosine residues.
Surface Hydrophobicity. A rectilinear increase of

S0 value corresponding to growing hydrophobicity with
increasing degree of N-succinylation was observed up
to 90-93% modification (Figure 3). At extremely high
N-succinylation (>93%), where also a sudden increase
of O-succinylation occurred, the hydrophobicity dropped
down. This effect may be due to the dense distribution
of negatively charged succinyl residues attached to
amino and hydroxyl groups causing electrostatic repul-
sion, which inhibits the similarly charged ANS mol-

Figure 1. Succinylation of the amino groups in legumin as a
function of the amount of succinic anhydride (a) and succiny-
lation of hydroxyl groups in legumin at different steps of
N-succinylation (b).

Figure 2. Changes of UV absorption (278 nm) of freshly
prepared, exhaustively succinylated legumin due to the spon-
taneous desuccinylation of tyrosine residues during the incu-
bation in standard phosphate buffer.
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ecules from approaching and undergoing interactions
with exposed hydrophobic clusters of legumin.
Dissociation into Subunits. The dependence of the

dissociation of legumin on the degree of N-succinylation
is given in Figure 4. As other succinylated 11 S
globulins (Schwenke et al., 1992), legumin also under-
goes a dissociation into a 7 S component corresponding
to the trimeric half-molecule and a 3 S component
corresponding to the monomeric subunits. The latter
appeared already at very low degrees of modification
(about 10%). The 7 S component in the unmodified
protein (about 5%) represents the vicilin fraction. The
data given in Figure 4 indicate a simultaneaous dis-
sociation of legumin into 7 S and 3 S components. A
similar behavior has been reported also for the homolo-
gous protein from peanuts, arachin (Shetty and Rao,
1978), whereas a successive dissociation according to the
scheme 11 S f 7 S f 3 S has been found for other 11 S
globulins (Schwenke et al., 1992).
Intrinsic Viscosity. The intrinsic viscosity [η] of

legumin increased from 6.1 cm3/g at the unmodified
state to 11.7 cm3/g at 68% N-succinylation (Figure 5a).
The discontinuous course of [η] between 60 and 80%
succinylation coincides with the region where the 7 S
intermediate has a maximum. A steep increase of [η]
occurred at extremely high N-succinylation (93-98%),
reaching a value of 19.3 cm3/g. The reduced viscosity
did not show a marked concentration dependence up to
a modification of 75-80%, which became evident,

however, at extremely high succinylation (> 90%)
(Figure 5b).
UV and Fluorescence Spectroscopy. Figure 6

shows the fluorescence emission spectra of modified
legumin at different steps of succinylation after excita-
tion at 280 nm (Tyr + Trp excitation). The maximum
position at 316 nm for the native legumin points to the
dominating effect of tyrosine chromophores (Chen et al.,
1969). A small red shift of the maximum was observed
after succinylation amounting to 2-3 nm up to 50%
succinylation, about 1 nm at 68-80% succinylation, and
again 3 nm after exhaustive modification. The fluores-

Figure 3. Surface hydrophobicity of legumin as a function of
the degree of N-succinylation cprotein, 0.04 g/L; cANS, 0.05 g/L.

Figure 4. Percentage distribution of the different dissociated
components of legumin as a function of the degree of N-
succinylation from sedimentation velocity experiments.

Figure 5. Viscosity of native and succinylated legumin in
standard phosphate buffer: (a) intrinisic viscosity [η] as a
function of the extent of succinylation and (b) concentration
dependence of the reduced viscosity at different steps of
succinylation.

Figure 6. Fluorescence emission spectra of legumin at various
steps of succinylation with an excitation at 280 nm.
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cence intensity decreased after succinylation up to a
degree of 68%; it increased again at about 80% succi-
nylation and dropped down markedly at 95% succiny-
lation.
This behavior reflects the change of exposure of

aromatic chromophores after succinylation but points
also to a special conformational state of 70-80% suc-
cinylated legumin. Comparable changes have been
found in the fluorescence emission spectra after excita-
tion at 295 nm (principally Trp excitation). The changes
in the fluorescence emission spectra differ from those
of succinylated pea legumin at comparable degrees of
modification. The latter showed highest intensity at
about 60% succinylation and a drastic quenching at
higher degrees (e75%) of modification. Although both
proteins reveal a high degree of homology (Plietz et al.,
1987), they show differences in the primary structure
and in the exposure of aromatic chromophores, which
should result in a different response after succinylation.
The UV second-derivative spectra show a continuous

blue shift of the bands in the tyrosine region (275-290
nm) with increasing extent of modification (Figure 7a)
reflecting an increase in the unfolding processes of
legumin. The difference-second-derivative spectra (Fig-
ure 7b) show marked changes both in the tryptophan
region (>290 nm), tyrosine (275-290 nm), and phenyl-
alanine (<275 nm) bands, which underline the involve-
ment of all aromatic chromophores in the conforma-
tional changes after succinylation.
The ratio between two peak to peak distances in the

UV second-derivative spectra, i.e., the peak to peak
distance between the maximum at 287 nm and the
minimum at 285 nm and the peak to peak distance

between the maximum at 295 nm and the minimum at
290 nm, can be taken according to Ragone et al. (1984)
as a measure of the ratio of tyrosine:tryptophan expo-
sure. This ratio amounted to 1.51 for the native
legumin. It increased to 1.97 with progressive succi-
nylation up to 70%modification, decreased at about 80%
modification to 1.85, and increased again after exhaus-
tive succinylation to 2.02. Thus, both the fluorescence
and UV spectroscopic data point to particular confor-
mational changes of legumin after being succinylated
to 70-80%.
Differential ScanningMicrocalorimetry. Figure

8a gives the thermograms of native and varioulsy

Figure 7. UV second-derivative spectra (a) and difference-
second-derivative spectra (b) of variously succinylated legumin.

Figure 8. Differential scanning microcalorimetry (a) ther-
mograms of legumin and succinylated legumin in 0.05 M
phosphate buffer, pH 8 with 0.1 M NaCl, I ) 0.22; the excess
heat capacity is expressed per legumin hexamer; (b)denatur-
ation temperature of the different components of legumin
dissociation; (c)total specific enthalpy of denaturation as a
function of the extent of modification.
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succinylated legumin obtained in solutions of phosphate
buffer with I ) 0.22. The appearance of the different
peaks corresponding to the products of dissociation
coincides well with the results of ultracentrifugal analy-
sis (Figure 4). The denaturation temperature Td,max of
each component decreased linearly with increasing
degree of modification, where Td,max (11 S) > Td,max (7
S) > Td,max (3 S) (Figure 8b). Td,max of native legumin
was determined to 89.8 °C, whereas the lowest value of
Td,max obtained for the dissociated 3 S component in
exhaustively succinylated legumin was 53.6 °C. A
continuous decrease of the total specific enthalpy of
denaturation with increasing succinylation was also
observed (Figure 8c).

DISCUSSION

The succinylation of amino groups in faba bean
legumin can be realized practically completely (90-99%)
with a moderate excess of succinic anhydride. A high
reactivity of the amino groups against succinic anhy-
dride has been also observed for the homologous legu-
min from pea (Schwenke et al., 1990). In contrast to
that, the 11 S globulins from sunflower and rapeseed
required an extremely high excess of reagent to become
succinylated to more than 90% (Schwenke et al., 1986).
These differences have been discussed on the basis of
the availability of lysine residues in the constituent
polypeptide chains (Schwenke et al., 1992) assuming
that their exposed parts are the C-terminal regions of
R-chains and the buried ones are the hydrophobic
â-chains (Plietz et al., 1987). In faba bean legumin, the
presence of two subunit types (A and B) should be taken
into consideration. Both are homologous in the primary
structure, but reveal a sufficiently great sequence
difference and characteristic differences in the distribu-
tion of lysine residues over the polypeptide chains and
the distribution of ordered structural regions (Bäumlein
et al., 1986; Schlesier et al., 1990; Dudek et al., 1996).
However, a considerable percentage of lysine residues

are located in both subunit types in the R-chains (R-A,
52%, R-B, 61%), the C-terminal regions of which con-
tains 44% of the total lysines. Twenty-nine percent of
the lysine residues in the R-A-chains and 23% of those
in the R-B-chains are located in the flexible, unstruc-
tured C-terminus and ought to be exposed. Therefore,
about 26% of the ε-amino groups should be preferen-
tially succinylated, which coincides with the result of
N-succinylation at low excess of reagent (Figure 1). The
â-A- and â-B-chains show a distribution of lysine
residues over the total amino acid sequence. The
complete acylation of these residues ought to be possible
only after the unfolding of the globular structure. In
fact, the increase of the intrinsic viscosity at a degree
of succinylation higher than 50-60% (Figure 5) signals
a beginning molecular expansion.
In contrast to the large number of papers that

reported on plant protein succinylation on the basis of
N-acylation, there is very little information published
that shows the participation of functional groups other
than amino groups in the succinylation of plant storage
proteins. In a previous paper on pea legumin, it was
shown that, beside the N-succinylation, hydroxy amino
acids were also succinylated (Schwenke et al., 1990).
However, this O-succinylation (esterification) occurred
only after the majority of amino groups were already
acylated. This is consistent with findings on the O-
succinylation of other globular proteins such as bovine

serum albumin (Chang and Sun, 1978) and pepsinogen
(Gounaris and Perlman, 1967). In the case of faba bean
legumin, O-succinylation takes effect after more than
90% of the amino groups have been blocked (Figure 1b).
Since the serine and threonine residues are distributed
over the total primary structure of the R- and â-chains
(Bäumlein et al., 1986; Schlesier et al., 1990), their total
succinylation should result in an unusually high ac-
cumulation of negative charge, which leads to a com-
plete dissociation and a large expansion of the dissoci-
ated subunits. This is reflected by the decrease in the
total specific enthalpy of denaturation (Figure 8c) and
the change in the intrinsic viscosity (Figure 5a,b). The
increase in the intrinsic viscosity and the concentration
dependence of the reduced viscosity after a succinylation
of more then 90% of the amino groups (Figure 5a,b), i.e.,
in the region of excessive O-succinylation, give evidence
for electrostatic effects that were not shielded completely
at the ionic strength of 0.5 used in this study.
Since the succinylation of tyrosine residues does not

lead to stable O-succinyl bonds, its influence on the total
charge of the protein can be neglected. It is however
interesting that 56% of the tyrosine residues of legumin
were reversibly succinylated. This may point to a
special exposure of these residues. Moreover, the
limited tyrosyl succinylation of legumin might be due
to steric hindrance in the largely unfolded but already
densely succinylated polypeptide chains. The high
negative charge density in extensely N-,O-succinylated
legumin might also inhibit the approach of the nega-
tively charged ANS molecules and in this way decrease
the hydrophobicity coefficient S0. This seems to have a
marginal effect when only amino groups are succiny-
lated. In this case, the hydrophobicity increased con-
tinuously up to 90% N-succinylation, which could be
related to the progressive dissociation of legumin with
the formation of 7 S and 3 S components each having a
higher hydrophobicity.
The simultaneous formation of monomeric 3 S and

trimeric 7 S components during the succinylation-
induced dissociation of legumin raises the question
about the different behavior of the constituent A and B
subunits. It may be an arrangement of one of these
subunits in the native legumin as 7 S trimers that
remain existing during a rather large range of modifica-
tion steps. A different arrangement of both subunit
types should result in a quaternary structure with both
isologous and heterologous binding domains between
the subunit. A corresponding structural model has
already been discussed (Plietz et al., 1983).
Ultracentrifugal, viscometric, and spectroscopic stud-

ies point to a special conformational state of modified
legumin after being succinylated to 60-80%. To un-
derstand this fact, the possible charge influence on the
conformation has been estimated on the basis of the
amino acid composition of the legumin (Schwenke et al.,
1995), taking into account an average degree of amida-
tion of the acidic amino acids (Glu, Asp) of 50% (Bäum-
lein et al., 1986; Schlesier et al., 1990). Thus, an excess
of 216 negative charges results per mol of legumin for
a 80% N-succinylated protein. One might assume that
the conformation of a 60-80% succinylated legumin
corresponds to a structural state between that of the
compact native protein and the largely expanded ex-
tensively succinylated protein that may be described as
a molten globule-like structure (Ptitsyn, 1992). The
molten globule state has been described as a special
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conformation of acid-denatured proteins. Studying the
physical properties of bovine serum albumin modified
with succinic, maleic, or citraconic anhydrides, Jonas
and Weber (1970) found an expanded state for a 65%
modified sample, which is very similar in its physical
properties to the protein expanded by electrostatic
repulsion at pH 2.
Recently, the interfacial behavior and emulsifying

properties of faba bean legumin and its variously (34%,
65%, 95%) succinylated derivatives have been studied
(Krause et al., 1997). The results of surface tension
measurements and surface shear rheometry and the
properties of n-decane-water emulsions indicate an
increased interfacial activity by succinylation whereby
the 65% succinylated legumin was the most active
derivative. Thus, the critical association concentration,
i.e., the subphase concentration at which the equilibri-
um surface pressure was reached, and the occupied area
calculated from the Gibbs isotherms gave the lowest
values for the 65% succinylated sample. Spread and
adsorbed films of legumin exhibited purely viscous
behavior under shear stress whereby the viscosity
strongly increased after succinylation and reached
maximum values at 65% modification. This behavior
was related to the increase of the overall amount of
surface-active (sub)units and thus to the increase of the
package density at the interface. These factors seem
mainly to be responsible for the reduced surface tension
and increased film viscosity. The purely viscous behav-
ior of the interface layers supports the view that the
legumin and its succinylated derivatives maintain a
principle globular structure at the interface, i.e., no
remarkable surface denaturation seems to occur that
could lead to film elasticity by an entanglemant of
flexible chains (Seifert and Schwenke, 1995; Krause et
al., 1997). It is generally assumed that the surface
denaturation of globular proteins after interfacial ad-
sorption is limited by the orientation of the molecules
at the interface (Narsimhan and Uraizee, 1992). Thus,
the decrease in interfacial free energy is determined by
the packing density of the molecules at the interface.
Undoubtedly, the cohesive forces acting between the
molecules adsorbed at the interface are distinctly
strengthened by succinylation. Hydrophobic regions of
dissociated molecules could be exposed by molecular
rearrangement after adsorption and reinforcement of
molecular interactions. Enhanced electrostatic repul-
sion and unfolding of the excessively succinylated le-
gumin (95%) lead to a deterioration in surface function-
ality. It can be assumed that the high charge density
maintains the molecule in a highly unfolded state and
inhibits rearrangement processes at the surface by the
repulsive effect (Subirade et al., 1992). In fact, a molten
globule-like state has been shown to be the most
surface-active conformational state of proteins (Dickin-
son and Matsumura, 1994).
The present DSC studies reveal a continuous decrease

of the stability of legumin and its subunits with increas-
ing level of succinylation. The decreasing specific
enthalpy of denaturation reflects a continuous loosening
of the compact globular structure and does not give a
hint to a special behavior of “intermediary” (60-80%)
modified legumin. To obtain a better insight into the
corresponding structural state, further studies will be
carried out.
In conclusion, step-by-step succinylation of legumin

makes it possible to produce derivatives differing largely

in the nature and extent of functional groups modifica-
tion and consequently in their hydrophobicity and
conformational state. The understanding of these struc-
tural changes is helpful for interpreting the changed
surface functional properties of succinylated plant pro-
teins.
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