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Dietary manganese affects lipid and lipoprotein metabolism. In the Sprague-Dawley rat, manganese deficiency 

affects high-density lipoprotein composition and may alter lipoprotein structural stability. This study assessed the 

effects of manganese on high-density lipoprotein subclass structure, dynamics, and mobili& using fluorescence 

quenching and fluorescence polarization techniques. Male Sprague-Dawley rats were fed diets deficient or 

adequate in manganese. High-density lipoprotein, (HDL,, density 1.05 to 1.077 kilograms/liter) and high-density 

lipoprotein, (HDL,, density 1.077 to 1.21 kilograms/liter) were separated by density gradient ultracentrifugation. 

Iodide quenching of intrinsic (tryptophan)Juorescence showed that there were at least two types ofjluorophores 

in both lipoprotein subclasses. Differences in dynamics and accessibility were noted in HDL, (deficient, K,, = 

16.9 (moUL)-‘, f, = 20%; adequate, K,, = 9.8 (moWL)-‘, f, = 27%) and in HDL, (deficient, K,, = 0.89 

(moWL)-‘, f, = 100%; adequate, K,.,= 4.71 (moWL-t, f, = 36%). DifSerences in polarized fluorescence emission 

were seen in HDL, but not in HDL, (deficient, P = 0.193; adequate, P = 0.213). There were no differences in 

dynamics, accessibility, or polarized fluorescence in apolipoproteins from either subclass. The data suggest 

structural changes in HDL, and changes in the rotational motion of the proteins in HDL,. These changes may 

affect HDL metabolism in the rat. (J. Nutr. Biochem. 71392-396, 1996.) 
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Introduction 

Manganese deficiency in Sprague-Dawley rats affects high 
density lipoprotein (HDL) composition’-3 and may alter 
lipoprotein structural stability.3 Consequences of these ef- 
fects may include altered receptor recognition and catabo- 
lism of HDL, ultimately affecting cholesterol metabolism. 

HDLs are a heterogenous group of particles that may be 
separated into two or more discrete subclasses of character- 
istic size, density, and composition.4 Researchers using 
fluorescence spectroscopy to assess HDL structure and dy- 
namics in the past have focused on total HDL, i.e., those 
particles of density 1.05 to 1.21 kg/L.3,5-7 We isolated by 
density gradient ultracentrifugation two distinct subclasses 
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of HDL from Sprague-Dawley rats, HDL, (density 1.05 to 
1.077 kg/L) and HDL, (density 1.077 to 1.21 kg/L).8V9 

Our objective was to assess the effects of manganese on 
HDL subclass structure, dynamics and mobility, using fluo- 
rescence spectroscopy. For macromolecules such as pro- 
teins, fluorescence measurements can provide information 
about conformation, flexibility, and rotational diffusion.” 
Fluorescence quenching, a process where the fluorescence 
intensity of a protein is decreased through interaction with a 
quencher, provides information about the accessibility of 
the fluorophore to the quencher, the diffusion rate of the 
quencher, and the localization of the fluorophore(s) in the 
protein.” For the experiments described here, the intrinsic 
fluorescence (that due to fluorophores naturally a part of the 
proteins) of HDL,, HDL,, apoHDL,, and apoHDL, was 
quenched by iodide and acrylamide to determine the acces- 
sibility of their tryptophan residues. Fluorescence polariza- 
tion is determined by exciting a sample with polarized light 
and measuring the extent of depolarization of the fluores- 

Nutritional Biochemistry 7:392-396, 1996 
0 Elsevier Science Inc. 1996 
655 Avenue of the Americas, New York, NY 10010 

0955-2863/96/$15.00 
PII SO955-2863(96)00061-7 



Manganese deficiency and high density lipoproteins: Taylor et al. 

cence emission. The most important factors determining the 
extent of depolarization are the motion of the protein and 
energy transfers between like chromophores. Therefore, the 
utility of the technique lies in the ability to detect changes in 
the mobilit 

8 
of either the entire protein molecule or of some 

part of it.’ We used polarized fluorescence measurements 
during quenching by iodide and acrylamide to provide in- 
formation about the surface and interior mobility of the 
native proteins and the apolipoproteins. 

Methods and materials 

Animals and diets 

Weanling male Sprague-Dawley rats, average body weight 41 g 
(Charles River Laboratories, Wilmington, MA, USA), were ran- 
domly assigned to either a manganese-deficient (MnD, 0.48 mg/ 
kg) or a manganese-adequate (MnA, 90 mg/kg) diet. Both diets 
contained 691 g/kg dextrose, 200 g/kg egg white solids, and 4 g/kg 
D-L methionine (Tekland Test Diets, Madison, WI, USA), 60 g/kg 
corn oil (“Mazola,” Best Foods, Englewood Cliffs, NJ, USA), 10 
g/kg vitamin mix (A.O.A.C. Special Vitamin Mixture, U.S. Bio- 
chemical Corp., Cleveland, OH, USA), 2 mg/kg biotin (Harlan 
Sprague-Dawley, Madison, WI, USA), and a trace mineral mix 
(ICN Biochemicals, Cleveland, OH, USA) containing 121.5 g/kg 
glucose without manganese carbonate (MnD) or 115.5 g/kg glu- 
cose and 6.02 g/kg manganese carbonate (MnA). The animals 
were allowed free access to food and water for 15 weeks. The rats 
were housed in individual stainless steel mesh-bottomed cages in 
a temperature-controlled room (22°C) with a dark period from 
1800 hr to 0600 hr. The rats were weighed weekly. 

Blood and tissue sampling 

At the end of the 15-week feeding period, food was withheld 
overnight. All animals were anesthetized with diethyl ether and 
after laparotomy, blood was withdrawn by cardiac puncture into 
syringes containing Na,EDTA (1 g/L of blood). Plasma was sepa- 
rated by low speed centrifugation, preservatives were added and 
aliquots were frozen (-80°C) for later biochemical analyses. Liv- 
ers were removed and weighed, frozen (-8O”C), lyophilized, and 
pulverized. Liver manganese was determined by the Maine Forest 
and Agricultural Experiment Station Analytical Laboratory using 
atomic absorption spectroscopy. 

Lipoprotein isolation and delipidation 

Lipoproteins were separated by a single-step density gradient ul- 
tracentrifugation, using Sudan black in DMSO to stain the lipo- 
proteins.’ The dye does not interfere with fluorescence analysis 
except for slightly diminished fluorescence intensity.” The VLDL 
(<1.006 kg/L) and the LDL (1.006 to 1.05 kg/L) were aspirated 
and not used. The HDL, (1.05 to 1.077 kg/L) and HDL, (1.077 to 
1.21 kg/L) were recovered by tube slicing and aspiration, then 
dialyzed 48 hr against six volumes of cold (4°C) saline (150 
mmol/L NaCl, 0.05% Na,lEDTA, pH 7). Homogeneity of the sub- 
classes was assessed by agarose gel electrophoresis” using a com- 
mercial kit (Princeton Separations, Freehold, NJ, USA). Aliquots 
of the native particles were frozen (-80°C) for later analyses. 

Apolipoproteins were obtained by delipidating the native par- 
ticles with methanol and diethyl ether as described by Herbert et 
a1.r3 and modified by Osbome.r4 The recovered protein was re- 

a Unpublished data. 

solubilized in 10 mmol/L Tris, 100 mmol/L NaCl, 1 mmoVL 
NaN,, 1 mmol/L N%EDTA, 2 mol/L guanidium HCL, pH 7.4,r4 
then dialysed against a phosphate-buffered saline (PBS; 
KH,PO,:Na,HPO,, 1:4.08, pH 7.4). 

Fluorescence quenching 

Native lipoproteins were thawed to 22°C in a water bath, then 
dialysed against PBS. The HDL,, HDL,, and apoHDL, were di- 
luted with PBS to 20 mg/L, and the apoHDL, were diluted to 10 
mg/L, to reduce inner filtering effects (Aaae < 0.05).15 

Spectra were generated on a Perkin-Elmer MPF-4 spectrofluo- 
rimeter equipped with a Hamamatsu R928 photomultiplier tube 
detector and a 150-watt Xenon lamp, with data output to a Perkin- 
Elmer 56 chart recorder. The excitation and emission maxima were 
recorded for each class of sample. 

Two quenching solutions were used. One was a charged 
quencher, 1 mol/L KI in PBS (1 mmol/L K&O, was added to 
prevent I,- formation). Acrylamide (2 mol/L in PBS) was used as 
a neutral quencher. Buffers and quenchers were dispensed into test 
tubes, vortexed, and allowed to equilibrate for 12 hr. Potassium 
chloride (1 mol/L in PBS) was added as necessary to the iodide 
tubes, and PBS was added as necessary to the acrylamide tubes, to 
maintain ionic strength and to standardize the volume so that it was 
not necessary to correct for dilution. After equilibrating, samples 
were added to each tube, vortexed, and allowed to equilibrate for 
1 hour. The final protein concentrations were 10 mg/L (HDL,, 
HDL,, apoHDL,) and 5 mg/L (apoHDL,). Experiments were done 
at 22°C. 

The contents of each test tube were carefully transferred (to 
avoid quenching by oxygen) to a 1 cm pathlength quartz microcu- 
vet. The excitation wavelength was always 295 nm, whereas the 
emission intensity was monitored at 338 nm for HDL, and HDL, 
and 353 nm for apoHDL, and apoHDL,. Excitation and emission 
slit widths were equal, 4,4.5, or 5 nm to maximize the intensity of 
the individual samples. Dynode potential was 800 volts and the 
coarse sensitivity (signal amplification) was 3 units for full-scale 
standardization of the chart recorder with 1 pg/L quinine sulfate in 
0.05 mol/L H,SO,. The intensity of a buffer blank was subtracted 
from each measured intensity. Between each intensity measure- 
ment the excitation radiation was shuttered and the emission light- 
path was blocked. With acrylamide quenching, the data were cor- 
rectedr6 for the optical absorbance of acrylamide at 295 nm. 

Quenching constants for iodide and acrylamide for apoHDL, 
and apoHDL, were calculated using the Stem-Volmer” equation: 

FJF = 1 + b~e[Q] = 1 + K&Q] (1) 

where F, and F are the fluorescence intensities recorded in the 
absence and presence, respectively, of the quencher Q, k, is a 
bimolecular quenching constant, me is the lifetime of the fluoro- 
phore in the absence of Q, and K,, = kq~O is the Stem-Volmer 
quenching constant.” The data were plotted as F,/F versus [Q], 
and from these linear plots the Ksv were taken from the slopes of 
the best-fit lines to the plotted data. For native HDL, and HDL, 
particles the iodide Stem-Volmer plots were not linear, but curved 
downward. Therefore, iodide quenching constants were calculated 
from modified Stem-Volmer (reciprocal) plots, FJF, - F) versus 
l/[Q], to provide a linear fit. From the modified plot, K,, was 
calculated from the slope of the best-fit line, m = I/faKs,, where 
f, represents the accessible portion of two or more unequally ac- 
cessible classes of fluorophores, and may be calculated from the 
intercept of the best-fit line, b = I/f0.3*“.‘8 

Polarized jluorescence 

Samples were prepared as described above. The excitation and 
emission slit widths for all experiments were equal, 13.25 nm. The 

J. Nutr. Biochem., 1996, vol. 7, July 393 



Research Communications 

dynode potential for the photomultiplier/detector was 800 V and 
the coarse sensitivity was 10 units. A Perkin-Elmer polarizer ac- 
cessory was used in the MPF-4 spectrofluorimeter to hold Polaroid 
Polarcoat HN P’B filters in both the excitation and emission light- 
paths. Filter integrity was checked with 1 pmol/L rhodamine B in 
95% glycerol. The excitation radiation was shuttered and the emis- 
sion lightpath blocked between each intensity measurement. Po- 
larized fluorescence was assessed at iodide concentrations of 0, 
0.045, 0.09. 0.135, and 0.2 mohL, and at acrylamide concentra- 
tions of 0, 0.1, 0.2, 0.3, and 0.4 mol/L. Four intensities (two 
vertically polarized, V,, and V,,, and two horizontally polarized, 
H,, and H,,) were measured from the blank and from the sample 
containing protein only (no quencher). Two were used to compute 
a correction factor for the emission monochromator, G = Vex/ 
H .I9 
anedmthe 

Only H,, and V,, were measured for the remaining tubes, 
polarized fluorescence was computed using the following 

equation: 

p = cv,, - GfLWe, + GKJ 

Polarized fluorescence data collected during iodide quenching 
were interpreted as an indication of the surface mobility of the 
proteins, whereas polarized fluorescence data collected during 
acrylamide quenching were interpreted as an indication of the 
combined surface and internal mobility of the proteins. 

Statistical analysis 

Data are expressed as means + SEM. Student’s two-tailed r-test 
was used to assess differences between groups. The significance 
level was P s 0.05. 

Results 

Both groups of rats gained weight during the 15-week pe- 
riod. However, BW differences between the two groups 
(MnD, II = 21; MnA, 12 = 20) were significant (P G 0.05) 
by the third week and continued to the 15th week, when the 
mean final weights were 429 + 8 g for MnD rats and 500 + 
10 g for MnA rats (P = 0.0001). The liver weights of the 
MnD rats (11 f 0.3 g) were significantly different from (P 
= 0.0004) the MnA rats (13 f 0.3 g), but when expressed 
as a percentage of the final BW there was no difference 
(3%, both groups). The manganese deficiency status of 
MnD rats was confirmed by the liver manganese assays. 
Mean liver manganese was 2.13 + 0.078 mg/kg in MnD rats 
and 8.80 + 0.15 mg/kg in MnA rats (P = 0.0001). 

Conventional fluorescence scans showed emission 
maxima of 338-340 nm for the native HDL, and HDL, 
when excited at 280, 290, and 295 nm. The emission 
maxima of the apoHDL, and apoHDL, were 353-356 nm 
when excited at 280 or 290 nm, but shifted to 333 to 340 nm 
with a broad shoulder at 353 nm when excited at 295 nm. 
This phenomenon was attributed to emission from tyrosi- 
nate, which can form a complex with the phosphate in the 
buffer,’ i and confirmed that the proteins were completely 
unfolded by the delipidation process. 

Iodide quenching (Stem-Volmer) plots of intrinsic tryp- 
tophan fluorescence in native HDL, (Figure la) and native 
HDL, (not shown) curved toward the x-axis, indicating the 
presence of at least two classes of fluorophores of differing 
accessibility to the quencher. A modified Stem-Volmer plot 
(Figure Ib) showed that the tryptophan residues of the MnD 
and MnA HDL, differed in dynamics (MnD, KS, = 16.9 
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Figure 1 a) Stern-Volmer fluorescence quenching plots of HDL, in 
MnD, n = 6 (0) and MnA, n = 8 (0) rats and b) modified Stern- 
Volmer fluorescence quenching plots of HDL, in MnD (y = 0.292x + 
4.933, ? = 0.95, K,, = 16.9 (mol/L)-‘) and MnA (y= 0.379x + 3.695, 
? = 0.98, K,, = 9.8 (mol/L)-‘) rats. 

(mol/L)-‘; MnA, KS, = 9.8 (mol/L)-‘) as well as accessi- 
bility (MnD,f, = 20% and MnA,f, = 27%). The modified 
plot for the HDL, (not shown) also showed differences in 
dynamics and accessibility for those particles (MnD, KS, = 
0.89 (mol/L-‘,f, = 100%; MnA, KS, = 4.7 ((mol/L)-‘,f, 
= 36%). All of the tryptophan residues of MnD and MnA 
apoHDL, and apoHDL, were accessible to iodide, with 
equivalent dynamics (apoHDL,:MnD 2.40 and MnA 2.60 
(mol/L-‘; apoHDL,:MnD 3.06 and MnA 3.22 (mol/L)-‘). 
The acrylamide quenching parameters were equivalent for 
HDL, (MnD 2.11 and MnA 2.23 (mol/L)-‘), apoHDL, 
(MnD 4.94 and MnA 4.26 (mom)-‘), HDL, (MnD 2.14 
and MnA 2.14 (mol/L)-t) and apoHDL, (MnD 8.68 and 
MnA 8.20 (mol/L)-‘). 

Polarized fluorescence, P, was measured for each sample 
before the addition of the quencher and at each step in the 
subsequent titrations. The polarized fluorescence of MnD 
HDL, (P = 0.193 f 0.008) was different (P = 0.08) from 
that of MnA HDL, (P = 0.213 + 0.006) before either 
quencher was added. 

Polarized fluorescence values determined during iodide 
quenching revealed little difference (HDL,, P = 0.53 to 
0.83; apoHDL,, P = 0.54 to 0.79) in rotational motion 
between MnD and MnA native HDL, and apoHDL,, and 
P MnD ’ ‘&A. However, when MnD and MnA native HDL, 
and apoHDL, were compared, the MnD samples exhibited 
greater rotational motion in the presence of iodide, the dif- 
ferences were greater (HDL,, P = 0.08 to 0.35; apoHDL,, 
P = 0.08 to 0.51) and PMvmD < PMnA. 

Polarized fluorescence values determined during acryl- 
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amide quenching showed that the MnD native HDL, exhib- 
ited very pronounced differences in rotational motion when 
compared to the MnA HDL, (Figure 2). The native MnD 
and MnA HDL, were not different (P = 0.57 to 0.99) and 
the apoHDL, were not different (P = 0.69 to 0.95), and 
P MnD ’ PM~A. Likewise, the apoHDL, were not different (P 
= 0.23 to 0.92) and PMnD < PMnA. 

Discussion 

The manganese-deficient diet retarded the growth of the 
MnD rats. Boyer et al.*’ observed that feeding rats a man- 
ganese-deficient diet results in marked growth retardation. 
Studies where no significant effect of manganese deficiency 
on growth is seen are typically of short duration’.2,2’-23 or 
were done before the advent of modern analytical tech- 
niques and purified diets.23*24 One possible explanation is 
that in the rat, bone stores of manganese are mobilized in the 
early weeks of feeding a manganese-deficient diet, making 
it difficult to induce deficiency by diet within a short time 
period.‘5 The retarded-growth effect associated with man- 
ganese deficiency in murine models is not a function of 
reduced food intake, rather it is a result of reduced effi- 
ciency of food conversion in the manganese-deficient ani- 
ma1s.20.26,27 Neither free-feeding protocols nor pair-feeding 
protocols have shown any significant difference in the 
amount of food consumed by animals fed manganese- 
deficient, manganese-adequate or manganese-supplemented 
diets, ‘~~*~~*~~*~~*s regardless of experiment duration. Our 15- 
week feeding period was chosen to optimize the develop- 
ment of manganese deficiency symptoms. 

High density lipoproteins are defined as a major class of 
plasma lipoproteins comprised of two discrete subclasses, 
one larger, more buoyant and enriched in cholesterol esters, 
the other smaller, denser, and protein-enriched.4.29.30 The 
HDL as a class of particles undergo significant interconver- 
sions, particularly from small, dense particles to large, 
buoyant particles.29 These interconversions are strongly de- 
pendent on the functioning of the enzymes lipoprotein li- 
pase (LPL) and 1ecithin:cholesterol acyl transferase 
(LCAT). In turn, LPL requires apoC as a cofactor and 
LCAT is activated by apoA-I. 

0.30 

0.26 - 

P 

0.18 1 I I I 
0 0.1 0.2 0.3 0.4 0.5 
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Figure 2 Polarized fluorescence during acrylamide quenching of 
native HDL, from MnD, n = 6 (0) and MnA, n = 8 (0) rats. Linear 
regression parameters are MnD, y = 0.142x + 0.188, r2 = 0.88, and 
MnA, y = 0.189x + 0.213. r2 = 0.99. 

The effects of murine manganese deficiency on lipopro- 
teins depends on the strain and sex of the animal model and 
on the time allowed for the deficiency to develop and for 
clinical signs to manifest. Serum and HDL cholesterol are 
not significantly affected in Wistar and genetically hyper- 
cholesterolemic (RICO) rats fed diets containing 0.12 mgl 
kg manganese for 8 and 12 weeks, respectively.*’ Sprague- 
Dawley and Wistar rats fed diets containing 1 mg/kg man- 
ganese for 10 weeks have plasma cholesterol levels equal to 
or less than, respectively, their littermates receiving 45 mg/ 
kg manganese. However, there are significantly lower 
plasma apoE, HDL-protein and HDL-cholesterol levels and 
the HDL protein:cholesterol ratio is elevated in both man- 
ganese-deficient strains, while in the manganese-deficient 
Sprague-Dawley rats there are significantly higher plasma 
apoA-I and apoA-IV, and HDL-apoC levels, a significantly 
lower HDL-apoE level, and smaller HDL particles.* These 
changes suggest that HDL metabolism is altered with man- 
ganese deficiency and is especially evident in the Sprague- 
Dawley strain. Davis et al.’ and Klimis-Tavantzis et a1.3 
corroborate these findings in Sprague-Dawley rats, suggest- 

ing that these changes result from decreased cholesterol 
synthesis and/or secretion’ or from a change in the structure 
of the HDL particle.3 Klimis-Tavantzis et al.” conclude that 
structural alterations of the native lipoproteins or the apo- 
lipoproteins may adversely affect the metabolism of HDL 
and may ultimately affect the transport and metabolism of 
cholesterol. 

From the differences in dynamics and accessibility (rep- 
resented by K,v,. andf,) and from the polarized fluorescence 
(P) we can postulate that dietary manganese deficiency al- 
tered the structure of the native HDL, particles and altered 
the rotational motion of the HDL, proteins, respectively. In 
the native MnD HDL, fewer tryptophan residues were ex- 
posed to the anionic quencher iodide, and the iodide was 
much less efficient at quenching those residues. 

Manganese-deficient HDL have more apoA-I relative to 
the other major apolipoproteins when compared with MnA 
HDL,’ which could account for the differences we noted 
during iodide quenching of HDL,.b Therefore, we believe 
that the MnD HDL, particle had an altered protein configu- 
ration compared with MnA HDL,, which may affect its 
recognition and uptake by the apo B,E receptor in the liver 
and ultimately affect cholesterol transport. 

The native HDL, particles from MnD and MnA rats were 
markedly different in their response to quenching by iodide. 
All of the tryptophan residues of MnD HDL, were exposed 
to iodide, and the quenching constant was low compared 
with that for MnA HDL,, indicating greater efficiency of 
quenching. Without the evidence from the polarized fluo- 
rescence experiments, we might have attributed the differ- 
ences in dynamics and accessibility to a structural differ- 
ence in the MnD HDL, compared with the MnA HDL,. 
When the initial polarized fluorescence values were com- 
pared, however, a difference was noted that we believe re- 
flects the rotational motion of the constituent proteins of the 

b Kawano et al.’ report more apoA-I in MnD Sprague-Dawley rat HDL of 
density 1.0.50-l. 1963 kg/L, a range which includes HDL, and a portion of 
HDL,. 
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MnD and MnA HDL, particles. The difference remained 
throughout the titration of acrylamide and to a lesser extent 
throughout the titration of iodide. We suggest that greater 
rotational motion of the MnD HDL, proteins might allow a 
closer approach for the anion to the tryptophan residues. 
Because manganese “bridges” the anionic groups of gly- 
cosaminoglycans with amino acid residues and phospholip- 
ids on the surface of lipoproteins,31 we surmised that a lack 
of manganese bridges in the overall lipoprotein surface 
structure allowed greater rotational motion of the proteins in 
the MnD HDL, particle. 

All of the fluorescence quenching and polarized fluores- 
cence data collected for the MnD and MnA apolipoproteins 
from the two HDL subclasses indicated that there were no 
fundamental differences in the proteins that could be attrib- 
uted to the presence or absence of manganese. Rather, these 
data support the conclusion that the differences are in the 
native lipoproteins in the interrelationships between the 
lipid, protein, and phospholipid moieties. 

We conclude that manganese deficiency in the Sprague- 
Dawley rat alters the structure of HDL, and alters the ro- 
tational motion of the HDL, proteins. These changes may 
have a profound effect on the metabolism and transport of 
cholesterol in the rat. 
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