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Raman Spectroscopic Study of Casein Structure
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ABSTRACT

The secondary structure of caseins
was investigated with resolution-enhanced
laser Raman spectroscopy. Raman spectra
in the 1580 to 1720 cm~"' region were
obtained from the following lyophilized
proteins: 1) ag; -casein,. 2) B-casein, 3) a
natural mixture of bovine whole casein,
and 4) micelles of the natural mixture in
the presence of Ca?®* ions. In addition,
B-casein was also investigated in D,0O
solution. The spectra obtained were
Fourier deconvolved and curve fitted
with Gaussian components. The results
suggest that both ag; and B-casein have
around 10% helical structure, around 20%
B-structure, and from 20 to 35% turns.
The turns are clearly distinguishable from
the moiety usually called undefined,
random, or structureless. Freeze-dried
micelles in the presence of Ca’* ions
and submicelles in the presence of K*
ions appear to contain an increased
amount of turns and of B-structure as
compared with the ag,- and B-caseins.
The increase in turns is at the expense of
the amount of undefined structure.
All conformational designations here are
based on spectroscopic assignments de-
rived from crystallized proteins with well
characterized structures. These designa-
tions thus have a more qualitative,
descriptive meaning for caseins than for
other milk proteins, such as a-lactalbumin
or f-lactoglobulin.

INTRODUCTION

Caseins constitute about 80% of the proteins
of bovine milk. The two major components are
ag; - and B-casein, which have different primary
structures (5) and, therefore, are expected to
have different secondary structures (conforma-
tions). In the absence of Ca’* ions, casein
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monomers tend to self-associate and form
aggregates with Stokes radii of up to 9.4 nm;
these particles are referred to as submicelles
(11). It has been hypothesized that the sub-
micelles in the presence of Ca’* ions aggregate
to form the spherical colloidal complexes of
skim milk termed the casein micelles (6, 14).
These casein micelles are unique transport
colloids that carry the majority of the Ca’*
ions and the phosphate of milk.

The conformations of casein molecules
under any condition are poorly understood.
Creamer et al. (4) have compared data obtained
by circular dichroism and optical rotatory
dispersion with estimates based on sequence
studies. The results for B-casein at pH 6.8 range
from O to 13% fB-structure and 1 to 20% helix.
Corresponding numbers for ag;-casein are 8 to
17% B-structure and 13 to 22% helix. Infrared
spectroscopy (2, 15) indicates a large amount
of unspecified structure and probably some
“turns” in the case of ag;-casein in D,0
solution, but the results are too ill-defined to-
specify any amount of f-structure or helix.

Virtually no reliable information is available
on whole caseins with or without Ca®* ions.
Raman spectroscopy is a relatively new tool for
protein conformation studies (1, 3, 7, 9, 16, 17,
19). A new Raman technique,. resolution
enhancement of the amide I (the C=0.stretch-
ing) band via Fourier deconvolution, has
already produced a considerable amount of
information concerning the conformation of
various milk proteins (16). We present here
results obtained on dissolved and lyophilized
B-casein, lyophilized ag,-casein, and on whole
casein lyophilized from solution under micellar
(15 mM CaCl,) and submicellar conditions.

MATERIALS AND METHODS

Preparation of Samples

Two liters of warm milk were obtained from
the whole milk of an individual Jersey cow. The
animal was in midlactation, in good health, and
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was part of a commercial herd. Phenylmethyl-
sulfonyl fluoride (.1 g/L), a serine protease
inhibitor, was added immediately to retard
proteolysis. The milk was transported to the
laboratory and skimmed twice by centrifuga-
tion at 4000 x g for 10 min at room tem-
perature. Five-hundred milliliters of skim milk
were diluted with an equal volume of distilled
water and warmed to 37°C. Casein was pre-
cipitated by careful addition of 1 N HCl to pH
4.6. The precipitate was homogenized with a
polytron ST-10 at low speed and dissolved by
addition of NaOH to yield a solution of pH 7.0.
Casein ‘was reprecipitated, washed, and then
resuspended. The sodium caseinate was cooled
to 4°C and centrifuged at 10,000 x g for 30
min to.remove residual fat and then freeze-
dried. Alkaline urea gel electrophoresis with
standard caseins of known structure showed the
following genotype of the animal: og,-BB,
B-AA, and k-BB (18).

For Raman experiments, the whole sodium
caseinate prepared as described was dissolved in
H,0 at 20 g/L and pH adjusted to 6.80 with
NaOH. To one-half the sample a stock CaCl,
solution dissolved in H,O was added to give
a final concentration of 15 mM; to the second
half a stock KCl solution was added to yield a
final concentration of 45 mM (comparable
ionic strength to CaCl,). Both solutions were
lyophilized; the freeze-dried samples were resus-
pended gently in 10 ml H, O and relyophilized.

Purified caseins were prepared from whole
milk by urea fractionation and chromatography
on DEAE-Cellulose as previously described
(18). The ag;-casein is the B genetic variant
while the B-casein is the A? genetic variant.
These samples were lyophilized and used
directly or dissolved in D, 0.

Spectroscopic Measurements

The general theory of resolution enhance-
ment of amide I bands via Fourier deconvolu-
tion has been described in some detail in
connection with infrared studies of protein
structure (2, 15). Application of these pro-
cedures to Raman spectroscopy is quite similar,

T Mention of commercial names does not imply
any endorsement by the US Department of Agri-
culture of one product over any others.

but several specific aspects have to be kept in
mind. 1) In contrast to infrared spectra, Raman
spectra are most conveniently obtained in the
solid state. 2) The signal-to-noise ratio usually
obtained is not as good for Raman spectra as it
is for Fourier transform infrared spectra. Very
careful experimental procedures and mathe-
matical smoothing of the empirical curves are
therefore necessary. 3) The overall empirical
bandshape of amide I Raman bands is almost
100% Gaussian (16). Computational procedures
and algorithms that take the proper band shape
into account must therefore be used. 4) Finally,
the assignments of Raman band components
for solid proteins in the amide I region are not
the same as for infrared spectra in D, O solution
because of effects caused by hydration and
deuteration.

With these points in mind, the spectra were
obtained by standard Raman techniques and
mathematically treated essentially as previously
described for infrared spectra in D, O solution
(2, 15). Raman spectra of samples sealed in
melting point capillaries were recorded from
1450 to 1750 cm™' on a Spex 1401 spec-
trometer (Spex Industries, Edison, NJ) with the
514.4 nm line of a Spectra-Physics' Model
165-3 argon-ion laser (Spectra Physics, Mountain
View, CA) used for excitation. The laser power
at the sample was abour 250 to 350 mW. The
spectroscopic slit width was 4 em™!. The
instrument is equipped with a stepping motor
and a Spex Datamate microcomputer. One data
point was recorded every 1.0 cm™'. Depending
on the noise level, 10 to 16 scans were signal
averaged and then smoothed by a 9-point
Savitzky-Golay smoothing procedure (13).

The spectra were deconvolved with a slightly
modified version of program number LI of the
National Research Council of Canada (10). A
value of 0% Lorentzian (i.e., 100% Gaussian)
character was used in the deconvolution equa-
tion (10). The band widths (full width at half
height, FWHH) were taken as 13 em™— !, in
accordance with previous infrared work on
proteins in this laboratory and elsewhere. The
resolution factor, K, was varied between 2 and
2.5. For most samples a value of K = 2.3 gave
the best results, with minimum distortion and
no overdeconvolution. The deconvolved spectra
were fitted with Gaussian components with the
help of the program ABACUS [written at
Eastern Regional Research Center by William C.
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Damert (personal communication)]. The agree-
ment between the sum of the calculated com-
ponents and the deconvolved experimental
spectra in the amide I region was exceedingly
good in most instances (root mean square errors
smaller than 1% of maximum value). The
spectra of solid samples and solutions were
handled in the same manner, although it took a
much longer to obtain acceptable solution
spectra, because the Raman scattering intensity
increases almost linearly with sample con-
centration, i.e., solid materials are very much
stronger scatterers than dilute solutions.

RESULTS

Figure 1A shows the Raman spectrum of
lyophilized -casein in the amide I spectral
region. It is easily shown that the overall
contour can be fitted with a few Gaussian

components, as for most amide I Raman bands
of proteins (16). The two weak bands close to
1604 and 1616 cm™! are caused by aromatic
side chains. The strong band centering close to
1665 cm™! is the unresolved composite amide
I band. It consists of a number of different
components associated with backbone C=0
stretching  vibrations of different substruc-
tures such as f-segments, helices, and turns
(16). Figure 1B depicts the same spectrum after
deconvolution using the parameters FWHH =
13 cm™! , K = 2.4, percent Lorentzian character
= 0, and smoothing function number 8 (10).
The deconvolved spectrum shown in Figure 1B
is fitted with Gaussian components, as de-
scribed  (see  Spectroscopic Measurements).
Figure 1C shows the deconvolved and band-
fitted amide I band of Iyophilized Qg -casein;
Figure 1D shows the corresponding band of
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Figure 1. Amide I Raman bands of caseins. Relative intensity (INT) versus Raman shift (¢cm™?), A) Original

spectrum of lyophilized 8-casein. B) Deconvolved spectrum of B-casein with added Gaussian

curve fitting. C)

Deconvolved spectrum of lyophilized g, -casein with Gaussian curve fitting. D) Deconvolved spectrum of whole
bovine casein mixture, in the form of lyophilized submicelles in the presence of K+, with Gaussian curve fitting,
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lyophilized submicellar casein mixture in the
presence of K+ ions.

Figure 2 shows the deconvolved spectrum of
the amide I band of freeze-dried casein micelles
in the presence of Ca®* ions. It is easily seen
that all band maxima are clearly identified and
no artifacts appear to be present. Figure 3

shows the original (undeconvolved) and the .

deconvolved amide 1 Raman band of f-casein in
D,0 solution. Deuterium oxide is used as a
solvent because H, O displays an H-O-H bending
mode, which overlaps with the amide I band.
Although Raman spectra of proteins are some-
times reported in H,O solution, in our judg-
ment, detailed analysis of the amide I band is
much more difficult under these conditions
because the strong H-O-H bending mode is also
observed in this spectral region. In general,
deuteration of a protein shifts the amide I
frequency by less than 5 cm™! (2, 3, 15), butit
is obvious from a comparison of Figures 1B and
3B that in this study much greater changes have
taken place. These changes are associated not so
much with the deuteration of the protein as
with spectral changes caused by protein-
solvent interaction through hydrogen bonding
(2, 15, 16).

DISCUSSION AND CONCLUSIONS

Table 1 summarizes the observed charac-
teristic frequencies of the amide I component
bands of globular proteins. The assignments
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Figure 2. Deconvolved spectrum of lyophilized
whole casein micelles in the presence of Ca** ions.
Relative intensity (INT) versus. Raman shift, (cm™?!).
Gaussian curve fitting as in Figure 1.

indicated in the table are based on a thorough
study carried out in this center of Raman (16)
and infrared (2, 15) spectra of a considerable
number of proteins. The listed frequencies
represent the centers of the deconvolved
components. These agree in most cases with the
observed maxima of the composite deconvolved
amide 1 bands, but this is not necessarily so. A
summation of Gaussian components can, in
principle, result in a curve with different
maxima than the ones of the original subbands
(see Figure 3). Table 2 gives the estimated
conformational values calculated from the
curves given in Figures 1 to 3. The computa-
tions are entirely analogous to the ones re-
ported previously for infrared studies (2, 15).
The basic assumption is retained that the
fractional area intensities of specific com-
ponents (relative to the total amide I band area)
reflect the fraction of respective secondary
structure values. Because of the high noise level

.800["

.

730 1700 1680 1660 1 640 1 630 1 €00

-0

- -

T

"

1 700

1 730 1660 1660 1640 1620 1

cm-?

Figure 3. Original spectrum (A) and deconvolved
spectrum (B) of p-casein in D,0 solution. Relative
intensity (INT) versus. Raman shift (cm™!). Curve
fitting was carried out on the basis of characteristic
frequencies transferred from infrared spectroscopy
(2, 15).
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TABLE 1. Assignment of characteristic frequencies (cm—") for the amide I band components of globular pro-

teins.!

s

Wavenumber range

Assignment

Solids

1602 — 1606
1615 — 1618
1631 — 1633
1641 — 1646
1653 — 1658
1660 — 1663
1668 — 1675
1680 — 1699
1621 — 1639
1640 — 1646
1651 — 1657
1660 — 1665
1670 — 1680
1685 — 1695

Deuterium oxide solution

Aromatic sidechains

Aromatic sidechains

g-Structure, low frequency component (weak)
H-O-H bending of bound water

Helical segments

Unspecified

B-Structure, high frequency component (strong)
Turns

B-Structure, low frequency component (strong)
Unspecified

Helical segments

Turns

B-Structure, high frequency component (weak)
Turns

'Solid state Raman values from H. Susi and D. M. Byler (16). The D, O solution infrared values from H.

Susi and D. M. Byler (2, 15).

of the original spectra the curve fitting pro-
cedure does not necessarily lead to unique
solutions. Therefore, ranges of percentages are
given for the various conformations. These

percentages represent the maximum .and
minimum values found when the data were
curve-fit using a range of different initial
parameters for each trial. Therefore, the ranges

TABLE 2. Estimated secondary structure characteristics of casein samples.

Nature of sample % Turns % Unspecified % Helix % B-Structure
B-Casein, lyophilized
Range 20 - 26 40 - 60 3-11 18 - 24
Best value! - 23 S1 7 19
B-Casein, D, O solution
Range 31— 36 30 - 36 6—14 20-23
Best value 35 30 13 22
ag, -Casein, lyophilized
Range 29 - 35 33-40 8-13 18 - 20
Best value 34 13 20
Submicelles, native composition
lyophilized, presence of K+
Range 36 — 39 16 —23 8-18 24 - 30
Best value 39 18 27
Micelles, native composition
lyophilized, presence of Ca**
Range 36 — 41 18 — 24 10 - 14 26 — 31
Best value 41 14 27

! The curve-fit with the smallest root mean square error. See text.
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given roughly indicate the reliability of the
measurements. The single “best” values (which
add up to 100% in each case) give the results of
the “best-fit” experiment (smallest root-
mean-square error, usually well below 1% of the
maximum absorbance value); they do not
represent an average of the observed data. It
must be kept firmly in mind that the given
results represent estimates.

Casein, to the best of our knowledge, cannot
be crystallized. Concepts such as “percentage
helix” or “percent f-structure,” therefore,
cannot be verified to have the same significance
for this protein as for proteins where spec-
troscopic data are directly compared with x-ray
analyses (2, 15). The band assignments given
here are corroborated by other studies (16) and
probably yield the best possible estimates of
casein structure. Indeed, the values obtained
could simply represent some local order in a
generally ill-defined overall conformation.
Nevertheless, the observed changes in the
spectra do represent real structural differences
between the various caseins and casein mix-
tures. o

Figure 3 merits special attention for several
reasons. The frequencies and the assignments
obtained in D, O solution are different from the
ones reported for lyophilized B-casein (Table 1),
although the calculated conformation is quite
similar, as shown in Table 2. The assignments
are different because in D, O solution the bulk
of amide N-H (actually N-D) groups are hy-
drogen bonded to the solvent, not to other
peptide groups, as in solid samples: The com-
ponent frequencies in D,O solution are trans-
ferred from 'corresponding infrared studies (2,
15). Because casein is not expected to have any
symmetry, the component frequencies in D,O
solution should be the same in infrared spectra
and in the Raman effect, although the in-
tensities. could, and indeed do, differ. In fact,
agreement is good between conformational
data obtained for f-casein in the solid state and
in D,0 solution (Table 2), although the num-
ber of turns seems to increase in solution.
Figure 3B also furnishes a nice example where

. component frequencies do not agree with the
maxima of the overall deconvolved spectrum.

One of the most interesting facts that
emerges from these studies is the observation
that there are two clearly distinguishable
conformations in caseins, in addition to the

short helical sections and fB-strands. Segments
previously designated as “undefined” are now
seen to be composed of two different kinds of
substructure. For lyophilized samples, one
exhibits bands in the 1680 to 1699 cm™!
range, the other in the 1660-1663 cm ™" range.
Both bands could well represent turns, if
infrared spectra obtained in D,O solution (2,
15) are of any use as a guide. In solid state
Raman spectra of undeuterated proteins, the
1660 cm™! region band has usually been
assigned to an ‘“unspecified” or ‘“random”
conformation (1). We retain this nomenclature
although it is quite conceivable that this band,
in part, also results from turns, but of a dif-
ferent kind from those associated with the
higher frequency component. Such an as-
sumption would help account for the dis-
crepancy seen in the percentage of turns and
percentage undefined calculated for the ly-
ophilized protein versus that found for B-casein
in D,0 solution (Table 2). Be that as it may,
the sections heretofore called “random’ (in
casein, anyway) are obviously actually com-
posed of two quite different substructures. We
choose to call then “‘turns” (bands ca. 1685
em—') and “unspecified” (bands ca. 1660
cm™!) in order to make a clear distinction.

It is also noteworthy that the f-content of
all samples appears to be somewhat higher
than usually assumed (4). There is a plausible
explanation. Extended “B-sheets” rarely exist in
actual proteins. Instead, we have more or less
regular “strands”, sometimes parallel, some-

“times antiparallel, sometimes “mixed”, and

sometimes with no neighboring extended chains

“at all. All these conformations tend to exhibit

similar infrared and Raman bands (2, 15, 16).
The same would apply to some disordered
extended chains, which are frequently classified
as “random”. The B-values obtained by infrared
or Raman spectroscopy are therefore some-
times a little higher than values derived from,
say, x-ray data. Similar qualitative reasoning
applies to “turns”. “Turns” in the. ili-defined
casein structure appear to exhibit bands similar
to well-defined turns in crystallizable proteins,
such as a-lactalbumin -or B-lactoglobulin, but
they may not be structurally as well-defined.

In contrast to most other proteins, caseins
appear to give better resolved spectra in the
solid state than in solution, as seen by com-
parison of Figures 1B and 3B. There is, how-
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ever, no indication that the change of state
results in a substantial change in the overall
conformation, as seen in Table 2.

Finally, it is interesting to note that caseins
in the presence of K* or Ca?* appear to have
different spectra than either pure ag,- or
B-casein (Figures 1 to 3, Table 2). There are
three possible explanations. 1) The whole
caseins, both submicelles and micelles include
k-casein (ca. 10% by weight). The latter protein
has a different primary structure and therefore
possibly a different secondary structure than
the species studied here, although computer-
generated structural estimates (12) do not
predict this to be so. 2) Micelle and submicelle
formation influences the secondary structure of
all constituents through protein-protein in-
teractions. 3) Another possibility not to be
overlooked- is that the traditional procedures

required to purify the individual caseins have

caused alterations in:their secondary structures.
Because of the extensive self-association ex-
hibited by casein components, successful
purifications have been achieved only in the
presence of 4 M urea. By contrast, the native
mixtures (in K* or Ca?*) were never exposed
to these conditions. Thus, the differences could
be due to either cooperative interactions among
the caseins or to structural components sensi-
tive to denaturants and lost during purification.
In similar ORD studies, Herskovits did not see
pronounced differences between the native
mixtures and isolated proteins (8), but the
Raman method is probably a more sensitive
probe of these structures, particularly turns.

The true explanation probably involves all
three of these factors. The difference observed
between the structures of the individual pro-
teins and the micelles and submicelles of the
native mixture appears to manifest itself in a
somewhat higher number of turns and a slightly
higher amount of B-structure. As is evident
from Table 2, this increase is at the expense of
a decrease in the “undefined” substructure.
This study thus strongly suggests that the
structure of the whole caseins is different than
the sum of the structures of the individual
components.
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