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Abstract
Coronary disease risk increases inversely with high-density lipoprotein (HDL) level. The
measurement of the biodistribution and clearance of HDL in vivo, however, has posed a technical
challenge. This study presents an approach to the development of a lipoprotein MRI agent by
linking gadolinium methanethiosulfonate (Gd[MTS-ADO3A]) to a selective cysteine mutation in
position 55 of apo AI, the major protein of HDL. The contrast agent targets both liver and kidney,
the sites of HDL catabolism, whereas the standard MRI contrast agent, gadolinium-
diethylenetriaminepentaacetic acid-bismethylamide (GdDTPA-BMA, gadodiamide), enhances
only the kidney image. Using a modified apolipoprotein AI to create an HDL contrast agent
provides a new approach to investigate HDL biodistribution, metabolism and regulation in vivo.
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INTRODUCTION
Coronary artery disease (CAD), a leading cause of morbidity, develops as lipoproteins
accumulate in the vessel wall to form atherosclerotic plaques. These plaques impede blood
flow and create the ischemia that can lead subsequently to angina, myocardial infarction and
stroke (1-4). Epidemiologic studies indicate that the risk of development of CAD and
atherosclerosis increases inversely with high-density lipoprotein (HDL) level (1). The HDL
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particles confer cardioprotection through their role in reverse cholesterol transport, where
removal of cholesterol at the vascular wall decreases atherosclerotic plaque formation (2-4).
As a consequence, HDL mimetic agents have presented pharmaceutical targets for the
development of therapeutic interventions for CAD (5,6).

However, HDL can scavenge cholesterol only in the presence of its major constituent,
apolipoprotein AI (apo AI), a 243-aminoacid residue (28 kDa) protein. Specifically, apo AI
binds tightly to HDL, promotes cholesterol efflux from the cells and activates
lecithin:cholesterol acyltransferase (LCAT) (2,7). In the interaction with LCAT, apo AI
facilitates the maturation of HDL. A mouse model that overexpresses apo AI exhibits
increased cholesterol clearance (8). A mutation (R173C) in apo AI Milano can improve the
anti-atherogenic properties markedly (5,6,9). Yet, despite the critical role of apo AI and
HDL, their biosynthesis, biodistribution, catabolism, clearance and interaction with
atherosclerotic plaque formation in vivo remain open questions (10,11).

Recent studies have presented imaging strategies to monitor circulating lipoproteins. These
include the assembly of reconstituted HDL (rHDL) from apo AI and phospholipids that
contain Gd3+-labeled phospholipid (gadolinium 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine diethylenetriaminepentaacetic acid, GdDTPA-DMPE), which can
serve as an MRI contrast agent to target macrophages in atheroma (12,13). Indeed, an rHDL
image contrast agent with GdDTPA-DMPE-conjugated phospholipids has also been
generated with an apo AI mimetic peptide representing only 37 amino acids of the protein
(14). Image contrast agents have also been targeted to low-density lipoproteins (LDL) via
conjugation to exposed lysine residues on apoB-100. Because apoB-100 recognizes LDL
receptors, which are overexpressed by some tumors, the modified LDL particles can
recognize and deliver therapeutic agent to the tumor site (15).

Apo AI proteins can exchange lipids with other lipoprotein species. As the HDL contrast
agents based on Gd-modified lipids monitor only the biodistribution and metabolism of the
modified lipids, linking gadolinium methanethiosulfonate (Gd[MTS-ADO3A]) to a single
cysteine (Cys) mutation variant of apo AI provides a means to follow the metabolism of apo
AI. As shown in previous reports, Gd[MTS-ADO3A] forms a stable disulfide bond with Cys
in bovine serum albumin in vivo (16). Electron paramagnetic resonance studies have defined
the spatial relationship and solvent exposure at multiple sites within lipid-bound apo AI,
which provides a model for the protein arrangement on rHDL (17,18). The molecular model
guides the selection of certain apo AI amino acids facing the aqueous environment for
selective Cys mutations. Using this information, we have attached the thio-selective
Gd[MTS-ADO3A] to sites in apo AI targeted by site-directed Cys substitution.

These apo AI modifications transform the labeled apo AI into an imaging agent which, on
binding to HDL, forms an MRI nanoparticle. Indeed, on infusion with Gd[MTS-ADO3A]
linked specifically to apo AI containing a serine-55 (Ser55) to Cys mutation (apoAI-S55C),
both the mouse liver and kidney images show an intensity enhancement. In
contradistinction, the introduction of the standard contrast agent gadolinium
diethylenetriaminepentaacetic acid-bismethylamide (GdDTPA-BMA, gadodiamide) only
enhances the kidney image.

This article describes an alternative imaging approach to detect vulnerable atherosclerotic
plaques, to identify patients with HDL receptor deficiency and to monitor the efficacy of
gene and cellular therapeutics that will restore normal HDL activity and biodistribution in
vivo (19-21). Because the HDL nanoparticle can also serve as a vehicle to carry drug
molecules, the creation of an image-visible HDL with modified apo AI also presents an
opportunity to develop image-guided drug delivery systems, which, in turn, could have an
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impact on the treatment strategy for many clinical states, such as cancer, cardiovascular
disease, diabetes, chronic kidney diseases, obesity and neurodegenerative diseases (22,23).

MATERIALS AND METHODS
Preparation of modified apo AI

A bacterial expression system consisting of pNFXex plasmid in Escherichia coli BL21
(DE3) pLysS cells was used in the preparation of the single-Cys apo AI (17,24). Cys
mutations of residues 55 and 76 in the apo AI cDNA (apo AI-S55C and apo AI-Q76C) were
created by oligonucleotide-directed polymerase chain reaction mutagenesis. The mutations
were confirmed by dideoxy automated fluorescent sequencing. The pNFXex plasmid was
transferred into E. coli strain BL21 (DE3) pLysS cells (Invitrogen, Carlsbad, CA, USA) and
cultivated in Luria–Bertani medium (Miller, Fisher, Fair Lawn, NJ, USA) with 50 μg/mL of
ampicillin. Mutant human apo AI proteins were extracted and purified by immobilized metal
affinity chromatography using phosphate-buffered saline (20 mM phosphate, 500 mM NaCl),
pH 7.4, and increasing concentrations of imidazole, as reported previously (17,24). The
purified apo AI proteins were concentrated to approximately 5 mg/mL with 20-kDa
molecular weight cut-off Vivaspin 2 CTA centrifugal filter devices (Vivascience AG,
Hannover, Germany). Protein purity was confirmed by sodium dodecylsulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) with Coomassie blue staining, and
concentrations were determined using the MicroBCA assay kit (Pierce, Rockford, IL, USA)
employing bovine serum albumin as a standard.

Gd[MTS-ADO3A] was synthesized as reported previously and conjugated to apo AI to form
the labeled proteins Gd[MTS-ADO3A]apo AI-S55C and Gd[MTS-ADO3A]apo AI-Q76C
(16). For labeling, 1 mM of Gd[MTS-ADO3A] was incubated with purified apo AI-S55C or
AI-Q76C for 30 min at room temperature, followed by running the sample through a Bio-
spin 6Tris Column (Bio-Rad, Hercules, CA, USA) equilibrated in phosphate-buffered saline,
pH 7.4, to remove any unreacted label. The protein was further concentrated using the
Vivaspin centrifugal device to a final concentration of 45 mg/mL (or 1.5 mM). The yield was
10 mg of apo AI per liter of cell culture. To generate the final lipidated apo AI contrast
agent, the labeled apo AI was combined 1 : 100 (mole protein : mole lipid) with small
unilamellar liposomes of dimyristoyl phosphatidylcholine (DMPC) (Avanti, Alabaster, AL,
USA) prepared by extrusion through 100-nm filters according to the manufacturer’s
instructions (Avestin, Inc., Ottawa, ON, Canada).

The functional lipidation properties of both Gd[MTS-ADO3A]apo AI species were
evaluated by a lipid clearance assay as described previously (25). Briefly, unilamellar
DMPC vesicles were prepared as described above and placed in a cuvette, where lipid-free
apo AI proteins were added at a 2 : 1 lipid to protein ratio (w/w). The spectral changes (at
600 nm) were monitored over time as phospholipid molecules were used in the formation of
smaller protein–lipid complexes, with a consequent clearance of larger DPMC vesicles.
Although the lipid binding of apolipoproteins is known to be a complex process involving
several intermediate steps, this assay is accepted in the field as an approximate measure of
the lipid-binding capability of an apolipoprotein (26). Clearance of unilamellar DMPC
liposomes by protein labeled with Gd[MTS-ADO3A] exhibited lipidation times to half-
completion (t1/2) at rates comparable with those of wild-type apo AI (Supporting
information Fig. S1).

Tissue extracts
Western blotting and inductively coupled plasma mass spectrometry (ICPMS) were used to
analyze the liver and kidney extracts from mice injected with Gd[MTS-ADO3A]apo AI-
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S55C or gadodiamide. The extracts were obtained from excised liver and kidney. The tissues
were homogenized twice for 20 s at 4°C with a tissue tearor (Biospec Inc., Bruker, Billerica,
MA, USA) in five volumes of phosphate-buffered saline. Centrifugation was then used to
separate the solution from the solid material.

Western blotting
For Western blotting, the supernatant was mixed with sample buffer and separated by SDS-
PAGE using a 12.5% gel (27,28). The proteins were transferred to a nitrocellulose
membrane using an electroblotter (E&K, model 6000, Saratoga, CA, USA). Immunological
detection of apo AI protein was carried out with apo AI mouse monoclonal IgG and
horseradish peroxida-se-conjugated anti-mouse Ig antibody (Abcam, Cambridge, MA, USA)
according to the manufacturer’s protocol. After 2 min of incubation with chemiluminescent
substrates (Thermo Scientific, Waltham, MA, USA), the blot was exposed to film for 10 s.

Gd3+ determination by ICPMS
For measurement of Gd3+ by ICPMS, the apo AI protein bands from liver and kidney
extracts were isolated by SDS-PAGE using 4–20% Criterion Tris-HCl gels (Bio-Rad).
Samples were applied to multiple lanes of the gel to allow for protein staining and protein
extraction. After SDS-PAGE, one part of the gel (samples, purified apo AI standard and
molecular weight standard) was stained with Coomassie blue to visualize the proteins. On
the remainder of the gel, the sample bands containing the apo AI protein (~ 25 kDa) were
cut out with a razor blade, and each gel fragment was transferred to a polypropylene
microtube. The gel fragment was crushed with a pipette tip and extracted with 50 μL of
nitric acid by vortexing for 4 h at room temperature. After centrifugation, 20 μL of the
supernatant was added to 1.88 mL of 3% nitric acid. The sample was filtered through a 0.22-
μm syringe filter and analyzed by ICPMS.

The prepared samples were analyzed using an Agilent 7500CE ICP-MS (Agilent
Technologies, Palo Alto, CA, USA) by the Interdisciplinary Center for Plasma Mass
Spectrometry (University of California at Davis, CA, USA). The samples were introduced
using a MicroMist Nebulizer (Glass Expansion, Pocasset, MA, USA) into a temperature-
controlled spray chamber. Instrument standards diluted from Certiprep ME 1 (SPEX
CertiPrep, Metuchen, NJ, USA) encompassed the range 0, 0.05, 0.25, 0.5, 1, 10, 50, 100 and
200 parts per billion (ppb) in 3% trace element grade HNO3 (Fisher Scientific, Fair Lawn,
NJ, USA) in 18.2-MΩ water. A separate 10-ppb Certiprep ME 1 standard was analyzed as
every 10th sample as a quality control. Sc, Y and Bi Certiprep standards (SPEX CertiPrep)
were diluted to 100 ppb in 3% HNO3 and introduced by peripump as an internal standard.
Based on the results from the analysis of the standards, the instrument determined a
detection limit of 7.2 × 10−4 ppb.

Animal preparation
Two groups of male 18-24 B6 mice (n = 3) (Jackson Laboratories, Bar Harbor, ME, USA),
weighing 18–24 g, were used, one set for control and the other for the Gd[MTS-
ADO3A]apo AI-S55C infusion. The mice were anesthetized with 1.5% isoflurane in
oxygen, and the right jugular vein was catheterized with a cannula that had an additional
side injection portion and a dead volume of 6–8 μL. For the NMR experiments, the animal
was then placed in a Lucite holder. Control group animals received 150 μL of 2 mM

gadodiamide (Omniscan, Nycomed, Princeton, NJ, USA), whereas the other group received
150 μL of 2 mM Gd[MTS-ADO3A]apo AI-S55C. Given the approximately 2-mL dilution by
the mouse blood volume, the infusion amount achieved a final concentration of about 0.2 mM

(29). Both contrast agents were infused into the jugular catheter and chased with 20 μL of
physiological saline solution. The imaging session lasted about 30 min. All animal
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preparation and handling followed the research protocol approved by the University of
California at Davis Animal Welfare Committee.

NMR
A 400-MHz Bruker (Billerica, MA, USA) Avance spectrometer with a 5-mm probe was
used to measure T1 of water in the presence and absence of gadodiamide and the Gd[MTS-
ADO3A]apo AI derivatives. The probe was detuned by 5 MHz to reduce the interference
from radiation damping. The 1H 90° pulse was calibrated against the H2O signal from a 0.15
M NaCl solution. A typical spectrum required eight scans and used the following signal
acquisition parameters: spectral width, 8012 Hz; 16,384 data points; acquisition time, 1 s.
The free induction decay was zero-filled with an exponential window function to improve
the spectra, and the H2O line served as the spectral reference: 4.75 ppm at 25°C relative to
sodium 3-(trimethylsilyl) propionate-2,2,3,3-d4 at 0 ppm. A three-parameter exponential fit
mapped the T1 values of the samples.

Imaging experiments used a 25-mm birdcage resonator and a set of microimaging gradients
that could output a maximum gradient of 95 G/cm. T1-weighted multi-slice spin-echo
methods first measured the images in all three orthogonal directions. After obtaining the
control image, the contrast agent was infused into the mouse. The pulse sequence employed
a 2-ms three-lobed sinc pulse to select 1-mm slices, each separated by 1 mm. TR = 200 ms
and TE = 6 ms produced the optimal image contrast between the liver and kidney from the
rest of the tissue. The field of view focused on a 6 × 6-cm2 area. Signal acquisition utilized a
128 × 128 data point matrix. Each set of multi-slice scans required 100 s. T1-weighted
multi-slice images followed in real time the gadodiamide and Gd[MTS-ADO3A]apo AI
derivative biodistribution for 30 min.

A home-built MATLAB routine was used to analyze the image intensity of corresponding
22-mm3 voxels before and after contrast agent infusion. The selected regions of interest in
the raw images were displayed initially with the intensity mapped to a gray scale. Over the
kidney and liver, a red–green–blue colormap was applied only to the region of interest. The
color code limit was set in the red–green–blue colorspace by linearly interpolating the red,
green and blue intensity values within a total of 256 steps, as implemented in MATLAB.

Relaxivity
The image intensity induced by the contrast agent in an inversion recovery T1 pulse
sequence follows the equation:

[1]

where τ is the inversion time, a is an empirically determined constant reflecting the
magnetization after the inversion pulse and I0 is the image intensity in the absence of any
contrast agent. The experimental condition assumes a repetition time much greater than the

observed longitudinal relaxation time .  depends on the relaxivity (r) induced by the
presence of a relaxation agent, such as Gd3+:

[2]

where  is the H2O relaxation rate without contrast agent. Because , the
signal in the presence of a contrast agent will recover faster than in the absence of a contrast
agent following a T1 pulse sequence. The relaxivity was determined from the water
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relaxation at a specific concentration of contrast agent, and then normalized to the relaxivity
at a concentration of 1 mM.

Statistical analysis
Statistical analysis used the Sigma Plot/Sigma Stat program (Systat Software, Inc., Point
Richmond, CA, USA) and expressed the data as the mean value ± standard error (SE).
Statistical significance was determined by two-tailed Student’s t-test: p < 0.05.

RESULTS
Figure 1 shows the chemical structure of Gd[MTS-ADO3A] with the methanethiosulfonate
group, which binds covalently to Cys of the single mutation variant of apo AI-S55C or apo
AI-Q76C (16). At 8.9 T, water relaxes with a T1 rate of 0.4 s−1 at 25°C. With the
gadolinium chelate Gd[MTS-ADO3A], the water relaxivity increases to 7.7 mM

−1 s−1. With
Gd[MTS-ADO3A] covalently linked to apo AI S55C to form Gd[MTS-ADO3A]apo AI-
S55C, and in the absence of any lipid, water has a relaxivity of only 2.0 mM

−1 s−1. After
lipidation, Gd[MTS-ADO3A]apo AI-S55C forms Gd[MTS-ADO3A]apo AI-S55C-rHDL,
which increases the water relaxivity to 11.7 mM

−1 s−1. Attaching the Gd[MTS-ADO3A] to a
glutamine (Gln) to Cys mutation in position 76 forms Gd[MTS-ADO3A]apo AI-Q76C,
which exhibits a water relaxivity of 4.2 mM

−1 s−1. However, lipidating Gd[MTS-
ADO3A]apo AI-Q76C to form Gd[MTS-ADO3A]apo AI-Q76C-rHDL only increases the
water relaxivity modestly to 5.1 mM

−1 s−1. Table 1 summarizes these water relaxivity values.

With the infusion of gadodiamide, the MR mouse images show a pronounced enhancement
in the kidney, consistent with a previous literature report (30). With the infusion of
Gd[MTS-ADO3A]apo AI-S55C, however, the image intensity increases in both the liver
and kidney. Figure 2A shows the control image (image prior to the injection of contrast
agent); Fig. 2B shows the image 5 min after infusion with gadodiamide; Fig. 2C, D displays
the corresponding control image and the image 5 min after infusion with Gd[MTS-
ADO3A]apo AI-S55C, respectively.

Figure 3 displays histograms of the image intensity change in the kidney during the control
period and 5, 10 and 30 min after infusion with gadodiamide and Gd[MTS-ADO3A]apo AI-
S55C. Relative to the control image intensity as 100%, gadodiamide enhances the image by
231 ± 19% in the kidney within 5 min of infusion (p < 0.05). The image intensity remains
significantly above the control value even after 30 min.

However, gadodiamide produces no significant image enhancement in the liver (Fig. 4). In
contrast, Gd[MTS-ADO3A]apo AI-S55C enhances the image intensity in both the liver and
kidney. In the kidney, the image intensity increases to 159 ± 22% (p < 0.05) (Fig. 3). After
30 min, the image intensity increases to 206 ± 6%. In the liver, the image intensity increases
to 127 ± 2% within the first 5 min and to 151 ± 22% after 30 min of infusion. Table 2
summarizes the observed image enhancements.

Figure 5 shows the Western blot of liver and kidney extracts after infusion with
gadodiamide (lanes 03L and 03K, respectively) and Gd[MTS-ADO3A]apo AI-S55C (lanes
A5L and A5K, respectively). The reaction of the samples withmouse monoclonal IgG
directed against human apo AI reveals strong bands at 25 and 75 kDa in lanes A5L and
A5K. These bands correspond to apo AI monomers and trimers, respectively (31). As
expected with an antibody directed against human apo AI, no detectable band appears in
liver and kidney extracts of mice infused only with the gadodiamide compound (lanes 03L
and 03K, respectively).
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ICPMS analysis of the 25-kDa bands from the SDS-PAGE gel of lanes 03L and 03K
showed that these samples contained 3.4 × 10−3 and 3.7 × 10−3 ppb of Gd3+. In contrast, the
25-kDa bands from lanes A5L and A5K contained two to three times higher Gd3+

concentrations: 7.1 × 10−3 and 9.0 × 10−3 ppb, respectively. The liver and kidney extracts
from animals receiving Gd[MTS-ADO3A]apo AI-S55C contained Gd3+ over 10 times
above the detection threshold of 7.2 × 10−4 ppb. No Gd3+ was found in the samples taken
from the running front of the SDS-PAGE gel, where low-molecular-weight compounds
would appear.

DISCUSSION
Selective apo AI mutation

Several models for the association of apo AI with phospholipids in discoidal HDL have been
suggested and evaluated (32,33). The picket fence model envisions two antiparallel and
adjacent apo AI molecules fencing the lipid disk without any significant intermolecular
interaction. In contrast, the belt model posits two antiparallel apo AI molecules paired at the
C-termini and wrapped around the phospholipid-like belt. Significant intermolecular
interaction stabilizes the belt configuration. Both models, however, propose that the apo AI
N-terminal helix 44–65 and the C-terminal helix 210–241 initiate lipid association, that the
central domain, helix 100–121 and, to a lesser extent, helix 122–143 play a role in lipid
binding and HDL maturation, and that helix 144–165 activates LCAT (33). Unfortunately,
the apo AI region affecting cholesterol efflux remains undetermined (33,34).

Electron paramagnetic resonance studies of site-directed nitroxide spin labels have been
used previously to refine the apo AI HDL structure (17,18,25,35). These findings have
secured distance constraints, as well as side-chain mobility and solvent accessibility, which
have helped to model the apo AI structure that defines properties such as residues with
surface or lipid exposure. Such accessibility information facilitates the design of Gd[MTS-
ADO3A]-labeled apo AI, which will optimize MRI contrast enhancement. From a collection
of sites that have been identified with exposure to the aqueous environment (17,35), two
residues (Ser55 and Glu76), distant from the termini, appear to be promising sites for
selective Cys mutation. These sites do not play any key role in HDL metabolism. Thus,
Ser55 and Glu76 were mutated to Cys, expressed and purified, and reacted with Gd[MTS-
ADO3A] to generate candidate MRI contrast agents. Although, in both cases, the probe is
predicted to have aqueous exposure, the specific interactions differ. Attachment of Gd[MTS-
ADO3A] at position 55 would place the probe at the apex of the hydrophilic surface,
whereas attachment at position 76 would position the probe near the water–headgroup
interface.

The specific (S55C and Q76C) mutations do not alter significantly any observed apo AI
structure, function and stability. Apo AI appears to tolerate these mutations, and about 200
other single-Cys mutations, without any deleterious impairment of protein structure,
function or stability. Indeed, apoAI S55C lipidates with t1/2 similar to that of wild-type apo
AI (Supporting information Fig. S1) (25).

Relaxivity of Gd[MTS-ADO3A]apo AI
Free Gd[MTS-ADO3A], Gd[MTS-ADO3A]apo AI and Gd[MTS-ADO3A]apo AI in rHDL
(Gd[MTS-ADO3A]apo AI-rHDL) induce different water relaxivity properties. Although the
model shows a similar protein environment and solvent accessibility for positions 55 and 76,
Gd[MTS-ADO3A] attached to the mutated Cys in position 55 vs 76 produces distinct
relaxivity characteristics. Free Gd[MTS-ADO3A] also induces a higher relaxivity than
gadodiamide (7.7 vs 3.3 mM

−1 s−1).
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The Gd[MTS-ADO3A]-induced water relaxivity of 7.7 mM
−1 s−1 at 8.9 T in this study

exceeds by 20–40% the values of 5.5–6.5 mM
−1 s−1 observed at 0.5 T in a previous report

(16). Based on the Solomon–Bloomberg–Morgan theory, no apparent field-dependent term
would raise the relaxivity of a small molecule from 0.5 to 8.9 T (16). It appears that the
higher relaxivity observed in the present study arises most probably from radiation damping,
because the high-resolution probe used in the 8.9-T experiments has a better Q and filling
factor for the inversion recovery experiments than the coil used in the 0.5-T experiments
(36).

Attached to apo AI, Gd[MTS-ADO3A] induces a water relaxivity of 2 vs 4 mM
−1 s−1 for apo

AI S55C and Q76C, respectively. The Q76C mutation appears to have a slightly higher
solvent exposure than S55C. However, on binding to reconstituted HDL, Gd[MTS-ADO3A]
attached to position 55 induces a much higher water relaxivity (11.7 vs 5.1 mM

−1 s−1). The
observation suggests that Gd[MTS-ADO3A] linked to Cys at position 55 has a greater
solvent exposure than Cys at 76 in the apoAI–rHDL complex.

The mechanism underlying the shifting relaxivity values on Gd[MTS-ADO3A]apo AI
binding to rHDL remains presently unclear. Although the rotational correlation time
increases on binding to rHDL and will increase the relaxivity concomitantly, the standard
NMR dispersion profile shows relaxivity peaking at a field of less than 1 T (37,38). These
initial observations require further NMR dispersion, 17O, 1/T2P and electron paramagnetic
resonance experiments to clarify the mechanism underlying the relaxivity of Gd[MTS-
ADO3A]apo AI-S55C-rHDL.

Basis for apo AI imaging in vivo
The relaxivity of Gd[MTS-ADO3A]apo AI-S55C-rHDL leads to an estimate of the protein
concentration required to detect an observable image enhancement in vivo (39). Given the
infusion protocol, a final Gd-apo AI-rHDL concentration of 0.2 mM in blood should yield
about a 20–30% image contrast enhancement relative to normal liver tissue with a T1 value
of about 1 s. Any free Gd[MTS-ADO3A]apo AI-S55C would contribute less to image
enhancement, because the lipidated Gd[MTS-ADO3A]apo AI-S55C induces a five-fold
higher water relaxivity than unlipidated Gd[MTS-ADO3A]apo AI-S55C. Because the
literature contains many imaging studies using gadodiamide, in contrast with the novel
Gd[MTS-ADO3A], the imaging experiments used Gd[DPTA-BMA] as the reference image
contrast agent. Both free Gd[MTS-ADO3A] and Gd[DPTA-BMA] should act as nonspecific
image contrast agents with very short half-life in blood and unrestricted intraperitoneal
penetration. They should enhance only the kidney image, as observed.

A comparative analysis of Gd[DO3A] functionalized to conjugate with the polymer N-(2-
hydroxypropyl)methacrylamide (HPMA) with Gd[MTS-ADO3A]apo AI-S55C supports a
specific interaction of the modified apo AI with liver. Although the 28-kDa fraction of
Gd[DO3A]HPMA has a similar molecular weight to Gd[MTS-ADO3A]apo AI-S55C and, at
3 T, induces a water relaxivity of 11.7 mM

−1 s−1, Gd[DO3A]HPMA clears rapidly from the
liver within the first 30 min after infusion, consistent with a nonspecific washout of the
contrast agent (40). In contrast, the liver image intensity after infusion of Gd[MTS-
ADO3A]apo AI-S55C continues to increase. Given the biodistribution characteristics of
Gd[DO3A] HPMA, the Gd[MTS-ADO3A]apo AI-S55C-rHDL disk size and the continuing
increase in the image intensity after the injection of Gd[MTS-ADO3A]apo AI-S55C, the
enhanced liver image suggests a specific interaction or uptake of Gd[MTS- ADO3A]apo AI-
S55C in vivo.
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Localization of Gd3+ in vivo
Once injected into the animal, Gd[MTS-ADO3A]apo AI produces an image enhancement in
liver and kidney, the two major organs in which apo AI catabolism occurs. ICPMS analysis
confirms that Gd3+ remains bound to apo AI and provides a major source of image
enhancement.

In Western blotting, the apo AI antibody highlights two distinct bands at approximately 25
and 75 kDa in the liver and kidney from animals infused with Gd[MTS-ADO3A]apo AI.
The 25-kDa band corresponds to apo AI, which has a molecular weight of 28 kDa, whereas
the 75-kDa band corresponds to an apo AI oligomer resistant to the detergent action of SDS.
Previous studies have reported the presence of SDS-resistant apo AI oligomers from tissue
extracts (31). Western blotting on the same samples using a monoclonal antibody directed
against the poly-His tag on the recombinant apo AI detected primarily the dimer and
tetramer species of apo AI (data not shown) (17). Thus, the preponderance of apo AI
monomers and trimers on the Western blot indicates the greater accessibility of the epitope
in these species, rather than a greater distribution in the SDS gel.

The antibody does not detect any endogenous apo AI in tissues receiving gadodiamide,
because mouse monoclonal antibody directed against human apo AI exhibits minimal cross-
reactivity with mouse apo AI. In contrast, gadodiamide infusion yields only a detectable
trace of Gd3+. For gadodiamide, nonspecific interaction most probably gives rise to the
presence of Gd3+ in the 25-kDa band, as the Western blot detects no apo AI. Moreover,
gadodiamide must bind nonspecifically to other proteins, as the kidney image enhances
significantly, more than the detected trace amount of Gd3+ would suggest.

ICPMS analysis
ICPMS analysis of the 25-kDa bands from the SDS-PAGE gel indicates the presence of
Gd3+ in the liver and kidney of animals infused with Gd[MTS-ADO3A]apo AI, and shows a
Gd3+ level 10 times above the ICPMS detection threshold. Liver samples show a slightly
higher concentration. No Gd3+ is found in the running front of the SDS-PAGE gel, where
low-molecular-weight compounds, such as free Gd3+ or Gd[MTS-ADO3A], would appear.
These observations support the view that Gd[MTS- ADO3A] remains covalently linked to
apo AI and that the Gd[MTS-ADO3A]apo AI complex gives rise to the image enhancement.

ICPMS analysis of the 25-kDa bands from the SDS-PAGE gel shows that the liver and
kidney in the animals receiving Gd[MTS-ADO3A]apo AI-S55C (A5L and A5K) still retain
intact Gd[MTS-ADO3A]apo AI-S55C. In animals receiving only gadodia-mide, ICPMS
detects, in the 25-kDa gel bands from liver and kidney extracts (03L and 03K), 3.4 × 10−3

and 3.7 × 10−3 ppb Gd3+, respectively. ICPMS analysis of the similar bands (A5L and A5K)
from the liver and kidney extracts of animals receiving Gd[MTS-ADO3A]apo AI-S55C
reveals two to three times higher [Gd3+] of 7.1 × 10−3 and 9.0 × 10−3 ppb Gd3+,
respectively.

Implication of using Gd[MTS-ADO3A]apo AI as an MRI contrast agent
Many studies have used rHDL to develop rHDL imaging particles that can detect vulnerable
atherosclerotic plaques (14,41,42). These rHDL particles, reconstituted with either apo AI or
apo AI-mimicking peptide, contain GdDTPA-conjugated phospholipids, which serve as the
relaxation agents. Glickson et al. (43,44) have presented a comprehensive summary of the
incorporation of contrast agents in HDL and LDL molecules by surface loading (nonspecific
incubation of gadolinium chelates), protein loading (apolipoprotein modification to alter the
metabolic pathway of LDL) and core loading of contrast agents that serve as excellent tools
for diagnostics, as well as drug delivery.
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The method used in this work employs specific surface loading of contrast agent to the
lipoprotein on HDL, which combines the advantages of both protein loading and surface
loading, with minimal or no change to the protein function. Using modified apo AI as the
molecular framework to create the contrast agent by conjugating Gd[MTS-ADO3A]
presents an alternative approach that can potentially yield an improved rHDL contrast agent.
In contrast with GdDTPA-conjugated phospholipids in the lipid core of rHDL, parts of apo
AI face the solvent and exchange readily with the surrounding water molecules. Moreover,
the modified apo AI presents potentially multiple Cys mutation sites for Gd[MTS-ADO3A]
conjugation. Conjugated Gd3+ at multiple sites could improve markedly the relaxivity of the
rHDL image contrast agent.

CONCLUSIONS
This report demonstrates that selective Cys mutation of apo AI can present a linkage site for
the paramagnetic molecule Gd[MTS-ADO3A] to form an MRI contrast nanoparticle, which
can follow the dynamic process of HDL formation and catabolism in vivo (45-48). Such
modified apo AI rHDL contrast agents will yield insight into the biodistribution and
metabolism of HDL, and will aid in the development of rHDL nanodisks for application in
drug delivery, gene therapy and clinical diagnosis (22,23).
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

apo AI apolipoprotein AI

apo AI-Q76C glutamine to cysteine mutation in position 76 of apo AI

apo AI-S55C serine to cysteine mutation in residue 55 of apo AI

CAD coronary artery disease

Cys cysteine

DMPC dimyristoyl phosphatidylcholine

GdDTPA-BMA gadolinium diethyle-netriaminepentaacetic acid-bismethylamide
(gadodiamide)

GdDTPA-DMPE gadolinium 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine
diethylene-triaminepentaacetic acid

Gd[MTS-ADO3A] gadolinium methanethiosulfonate

Gln glutamine

HDL high-density lipoprotein

HPMA N-(2-hydroxypropyl)methacrylamide

ICPMS inductively coupled plasma mass spectrometry

LCAT, lecithin cholesterol acyltransferase

LDL low-density lipoprotein

rHDL reconstituted HDL

SDS-PAGE sodium dodecylsulfate-polyacrylamide gel electrophoresis
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Figure 1.
Molecular structure of gadolinium methanethiosulfonate (Gd[MTS-ADO3A]) and variants
of apolipoprotein AI (apo AI). The structure of Gd[MTS-ADO3A] is shown on the left with
the thioester linker. On the right is the ribbon diagram of the protein apo AI with cysteine
(Cys) replacing serine at position 55 or glutamine at position 76.
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Figure 2.
Sagittal views of mouse liver and kidney: (A) during control period (prior to the injection of
contrast agent); (B) 5 min after infusion of gadodiamide; (C) during control period; (D) 5
min after infusion of Gd[MTS-ADO3A]apo AI-S55C.
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Figure 3.
Bar graphs of image intensity in kidney medulla in the control period (prior to the injection
of contrast agent) (□) and 5 min (▦), 10 min (▨) and 30 min (▥) after the infusion of
gadodiamide and Gd[MTS-ADO3A]apo AI-S55C.
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Figure 4.
Bar graphs of image intensity in liver in the control period (prior to the injection of contrast
agent) (□) and 5 min (▦), 10 min (▨) and 30 min (▥) after the infusion of gadodiamide and
Gd[MTS-ADO3A]apo AI-S55C.
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Figure 5.
Western blot of extracts from the control period (prior to the injection of contrast agent) and
from liver and kidney infused with gadodiamide (lanes 03L and 03K, respectively) and
Gd[MTS-ADO3A]apo AI-S55C (lanes A5L and A5K, respectively). The 25- and 75-kDa
bands in lanes A5L and A5K correspond to monomeric and oligomeric apolipoprotein AI.
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Table 1

Water relaxivity at a field of 9.4 T and at 25°C

Contrast agent Relaxivity (mM−1 s−1)

Gadodiamide (GdDTPA-BMA) (Omniscan) 3.3

Gd[MTS-ADO3A] 7.7

Gd[MTS-ADO3A]apo AI-S55C 2.0

Gd[MTS-ADO3A]apo AI-Q76C 4.2

Gd[MTS-ADO3A]apo AI-S55C-rHDL 11.7

Gd[MTS-ADO3A]apo AI-Q76C-rHDL 5.1

Water T1 relaxation rate is 0.4 s−1 See abbreviations for contrast agent definitions.
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