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ABSTRACT: The ability of human serum albumin (HSA) to

. . . . . 16.0 Drug Site Il
bind fatty acids (FA) in multiple sites has been revealed by many rug Site 11 0
studies. Here we detect and characterize nine individual binding
sites by two-dimensional (2D) nuclear magnetic resonance o8 ,@Drug

Site |

(NMR) spectroscopy of 18-['3C]-oleic acid (OA) complexed
with HSA. We characterize site-specific FA binding by addition of

g 1o @ FA Site 6
(i) different FA molar ratios (from 1:1 to 4:1 OA:HSA) to

observe the order of filling and occupancy of binding sites; (ii) 175 [}
methyl-f-cyclodextrin, as a FA acceptor, to observe the
dissociation of FA; and (iii) drugs (with known binding sites in 180 ®

the crystal structure) to reveal the correspondence of three NMR
peaks with sites in the crystal structure. At 1:1 and 2:1 OA:HSA e o oo
ratios, three sites were shown to fill sequentially. These high- H

affinity sites were well resolved from additional sites (one

medium-affinity and five low-affinity) observed at 3:1 and 4:1 OA:HSA ratios. Methyl-f-cyclodextrin extracted OA from
individual sites in the reverse order of filling. FA bound in three low-affinity sites were displaced by drugs shown to bind in
crystalline HSA to FA sites 7 and 3 (Sudlow’s drug sites I and II, respectively) and FA site 6. With this strategy, 2D NMR spectral
analysis permits site-specific characterization of the binding of drugs and FA and provides a sensitive probe of the mutual effects
of FA and ligand binding.

I Iuman serum albumin (HSA) is the most abundant plasma binding of a drug might affect the volume of

protein circulating in plasma, as well as a major distribution, rate of clearance, and plasma half-life of
component of most extracellular fluids, including interstitial drugs.”™® Changes in drug—protein binding occur in a variety
fluid and lymph. In addition to its role in transporting of disease states, including renal disease, hepatic cirrhosis,
nonesterified fatty acids (FA), its diverse functions include hypoalbuminemia, and epilepsy.” In hyperbilirubinemia, bili-
maintenance of colloid osmotic pressure and sequestration of rubin binding to albumin becomes saturated in neonates. The
toxins and oxidants." The FA binding sites on HSA also resulting unsequestered bilirubin may cause kernicterus, an
accommodate a broad spectrum of endogenous anionic and irreversible and debilitating neurological condition.'®™? There-
neutral compounds such as bilirubin, hemin, bile acids, fore, it is vital also to study combinations of ligands under
eicosanoids, cationic metals such as copper(II) and nickel(II), various physiological conditions, especially with the ubiquitous
and a variety of hydrophobic electronegative drugs.' Prior to FA ligand present.
the elucidation of the crystal structure of HSA,> two distinct The remarkable design of HSA for binding FA has been
primary drug binding sites, Sudlow’s drug sites I and II, were revealed by many studies. A continuing goal is to illuminate
identified and characterized for their ability to reversibly bind details of the individual binding sites in the physiologically
anionic drugs such as warfarin and phenylbutazone.”> Multiple relevant solution state. FA are tYPi‘iagY present at ratios of 0.5—
FA hydrophobic binding sites and their asymmetric distribution 2 mol bound per mole of albumin, "~ and up to 6:11 ir; sltgtes of
have been most clearly revealed by crystal structures of Curry et extreme fasting, diabetes, or cardiovascular disease.” >~ " With
al? X-rays have also revealed sites for other endogenous and the use of "C enrichment of specific carbons of the FA
several exogenous ligands. Crystal structures with compounds molecule (primarily the carboxyl carbon), we have previously

characterized the interactions of albumin with the FA carboxyl

bound in drug sites I and II, such as warfarin, phenylbutazone, Y
groups for FA with chain lengths from 8 to 26 carbons.

diazepam, and propofol,® are particularly useful for our current
studies because FA are also known to bind to these sites.

The crystal structure of HSA also provides a basis for gaining Received: October 25, 2012
a detailed description of existing drug binding, for the Revised:  January 28, 2013
development of new drugs, and for predicting how altered Published: January 29, 2013
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Oleic acid (OA) is the most abundant FA in the plasma, and
the binding properties are very similar to those of palmitic
acid.""®'¥*"?® The location in binding sites of different FA in
the X-ray structure is also similar.”®** A more detailed
description of binding was obtained for myristic acid (MA)
(C14:0) with C enrichment at three different carbons.
Multiple distinct binding environments of the FA and high
molecular mobility were seen at all three carbons.”® More
recently, our work combined unique information obtained from
NMR spectroscopy with the HSA crystal structure by
identifying binding sites with the use of site—sgeciﬁc HSA
mutations and drug competition of bound FA.>”?

This study exploits the enhanced resolution of a sensitivity-
enhanced "H—"3C HSQC pulse sequence®’ by using [*C]-
methyl-labeled OA, overcoming the incomplete resolution of
FA binding sites in one-dimensional (1D) NMR spectra.”> We
probed the relative affinities of FA in a site-specific manner by
three approaches: (i) sequential addition of FA to observe the
order of filling and occupancy of binding sites, (ii) addition of
cyclodextrin to observe dissociation of FA from HSA, and (iii)
addition of drugs that are known to bind to specific low-affinity
sites to displace FA molecules and perturb individual chemical

shifts.

B EXPERIMENTAL PROCEDURES

Materials. Wild-type HSA purified from serum (96% FA-
free), diazepam, diflunisal, ibuprofen, phenylbutazone, warfarin,
and methyl-f-cyclodextrin were purchased from Sigma Aldrich
Co. (St. Louis, MO). Deuterium oxide (*H,0, 99.9%),
dimethyl sulfoxide-d; (D, 99.9%), 18-[*C]-oleic acid (99%),
and 1-[C]-palmitic acid (99%) were from Cambridge
Isotopes (Andover, MA).

['3Cl-Labeled FA Stock Solutions. ['*C]FA stock
solutions (K* salt) of both 18-['*C]-oleic acid and 1-['*C]-
palmitic acid were prepared as previously described.””

HSA Solutions. Wild-type HSA (lyophilized powder) was
dissolved in NMR buffer [SO0 mM KH,PO, and 50 mM NaCl
(pH 7.4, adjusted with NaOH)] and stored at 4 °C for up to 1
week. The potassium salt is used for the buffer to complement
the use of KOH in the preparation of the ['*C]-labeled FA. The
concentration of HSA was determined by optical density (OD),
where &5, = 30810 M~! cm™1.%

HSA-OA and HSA—OA-Drug Complexes. All drugs
were dissolved in DMSO-dg to make a 100 mM stock and
stored at 4 °C for up to 1 week. Complexes were prepared as
described previously.”'®*” For HSA—OA complexes (final
volume of 550 uL), the appropriate quantity of K* salt ['*C]OA
was added to a known volume of hydrated HSA (final
concentration of 0.5 mM) with 10% (v/v) D,O as an internal
reference for the NMR lock signal. To study drug interactions,
the appropriate quantity of drug was added to the prepared
HSA—OA complex to yield a final volume of 550 uL (pH 7.4).

HSA-OA-MpCD Complexes. A 200 mM methyl-§-
cyclodextrin (MfCD) stock solution was prepared in ddH,O.
For HSA—OA—MfCD complexes, the appropriate quantity of
MpCD was added to the prepared HSA—OA complex to yield
a final volume of 550 uL (pH 7.4).

NMR Data Collection and Data Processing. NMR
measurements were taken on a Bruker DMX 500 MHz 5 mm
inverse triple-resonance probe at 298 K. For 1D experiments,
the chemical shifts of the FA peaks were calibrated using the
internal reference of the &-Lys/f-Leu carbon signal at 39.47
ppm.>* For two-dimensional (2D) experiments, 'H chemical
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shifts were calibrated by using sodium 2,2-dimethyl-2-
silapentane-5-sulfonate as an external reference, and B3¢
chemical shifts were indirectly calibrated by calculating the
spectral reference (SR) value of *C from the SR value of 'H
(3C:'H ratio of 0.251449519).%°

A standard Bruker pulse sequence, a sensitivity-enhanced
"H-"C heteronuclear single-quantum coherence (HSQC)
gradient pulse sequence, “invietgpsi”, was applied to all
complexes with OA.*' This pulse sequence is a 2D 1H/X
correlation via double inept transfer with sensitivity improve-
ment, Echo/Antiecho-TPPI gradient selection, and is 13C.
decoupled during acquisition. The C—H coupling is set to 130
Hz. The heteronuclear gradient echo allows for efficient water
suppression without the need for water presaturation.>" The 'H
dimension was collected with a spectral width of 10.0 ppm
centered at 15.0 ppm using 2048 data points for each of the
total 96 scans per experiment, with four scans per increment at
298 K. A relaxation delay of 1.3 s was used. The *C dimension
was collected with a spectral width of 5 ppm centered at 4.7
ppm using 96 data points. A standard C “zgdc” decoupled
pulse sequence was applied to all complexes with either PA or
OA.

NMR data were processed and interpreted with XWin-NMR
version 2.6 and XWin-Plot. The intensity of the peak at its apex
was determined with XWin-NMR version 2.6 after baseline and
intensity scaling factor corrections had been performed.

B RESULTS

Nine Distinct FA Binding Sites on HSA Are Revealed
in 2D NMR Spectra. Previous studies established the
correspondence of binding sites represented by the carboxyl
resonances of 1D NMR spectra with sites in the HSA crystal
structure (Figure 1A). Via titration of ["*C]carboxyl-enriched
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Figure 1. Comparison of the 1D spectra of ['*C]palmitic acid and 2D
spectra of ['*C]Joleic acid complexed with HSA. (A) Crystal structure
of HSA with seven MA molecules bound, labeled 1—7, domain I (red),
domain II (green), domain III (blue), subdomain A (darker shade),
and subdomain B (lighter shade) (PDB entry 1E7G). (B) *C 1D
NMR spectrum of 4 molar equiv of [1-*C]PA to 1 molar equiv of
HSA, showing only the carbonyl region. (C) 'H—"*C HSQC spectrum
of 4 molar equiv of [18-CJOA to 1 molar equiv of HSA. The
lettering scheme for identifying the peaks is shown. Spectra were
recorded at 500 MHz, 25 °C, and pH 7.4 in a 50 mM phosphate, 50
mM NaCl buffer.

palmitic acid (PA) to HSA at a 4:1 molar ratio (Figure 1B),
NMR peaks for three high-affinity and several low-affinity FA
binding sites were assigned to crystallographic FA binding
2728 . .

sites. However, spectral overlap in this 1D spectrum
presented a limitation for assignments, showing four peaks
when FA are known to be distributed in several other binding

dx.doi.org/10.1021/bi301458b | Biochemistry 2013, 52, 1559—1567
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sites.”® With the use of 2D NMR, our 2D spectra resolved nine
individual FA binding sites (Figure 1C). The binding sites are
labeled in their order of association with the protein, A—I (see
the following section).

Individual binding sites are detected in NMR spectra because
the local environments of each binding site are structurally
distinct,*® and the binding site exchange rates are slow on the
NMR time scale.”’® The lifetimes of the FA must be >66 ms, a
property of FA with chain lengths of >10 carbons. In marked
contrast, the more water-soluble medium chain FA (8 and 10
carbons) show fast exchange at >20 °C, with a single time-
averaged peak.’® In our 2D spectra of [*C]methyl-enriched
OA, the line widths of the two most prominent peaks were 30
+ 5 Hz between 1:1 and 4:1 OA:HSA molar ratios, and the
magnitude of the third prominent peak increased from 25 to 35
Hz. This indicates the exchange rate is slow and not affected by
mole ratios in this range.

Association of FA with Individual Binding Sites on
HSA. With increasing OA:HSA ratios, we employed 2D NMR
to establish the relative affinity of OA binding from the filling
order, analogous to our previous protocol for 1D NMR
studies.””*® Starting with a 1:1 molar ratio and 0.5 mM HSA,
we found two resonances, peaks A and B (Figure 2A). The
greater intensity of peak A indicates that this is the highest-
affinity FA site (Figure 2E, plot of absolute intensities). At a 2:1
molar ratio, three peaks were exceptionally well resolved, peaks
A—C (Figure 2B). The most intense peak was peak A, and
peaks B and C were of similar lower intensities, suggesting
slightly lower affinities. Together, these peaks represent the
three highest-affinity FA binding sites on HSA. At a 3:1
OA:HSA molar ratio, five additional resonances were evident
(peaks D—H). The most prominent peak, D (Figure 2C), has
an intensity similar to those of the three highest-aflinity sites
(Figure 2E). At a 4:1 molar ratio, nine well-resolved peaks are
observed (Figure 2D), with the one additional peak designated
as L. The last resonances to emerge are identified as low-affinity
FA sites, consistent with both their low occupancy and their
order of filling. Above a 4:1 molar ratio, no additional sites were
detected and the spectra exhibited an overall deterioration of
resolution. Counterproductive overlap in the spectral region
with the most intense peaks (peaks A—E and I) was observed
(Figure S1 of the Supporting Information). This degree of line
broadening could be caused by intermediate exchange and/or
protein conformation changes. We have previously observed
spectral overlap at high mole ratios with the carboxyl-labeled
OA and PA."®"

Dissociation of FA from HSA Binding Sites. To further
establish relative affinities of HSA binding sites for OA, we
studied the site-specific dissociation of FA from HSA upon
addition of a FA acceptor. Pilot studies performed in our
laboratory with a high concentration of small unilamellar
phospholipid vesicles showed minimal transfer of FA from an
OA—HSA complex under conditions feasible for monitoring by
NMR (data not shown). Because of its higher affinity for FA
than for phospholipids,®® the acceptor methyl-B-cyclodextrin
(MBCD) was chosen.

First, we determined that there were no detectable
resonances originating from the natural *C abundance of
MpBCD (10 mM) in the region of interest (data not shown). As
expected, resonances from 0.5:10 and 1:10 OA:MSCD molar
ratios (10 mM MpCD) were seen (Figure 3A,B). The primary
resonance at 0.87 ("H) and 162 ppm (*C) represents the
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Figure 2. Comparison of increasing molar ratios of OA complexed
with HSA. 'H-"*C HSQC spectra of HSA with increasing ratios of
[18-BCJoleic acid: (A) 1:1, (B) 2:1, (C) 3:1, and (D) 4:1 OA:HSA
molar ratios. Spectra were recorded at 500 MHz, 25 °C, and pH 7.4 in
a S0 mM phosphate, SO mM NaCl buffer. (E) Bar graph of the
absolute intensity of the individual peaks at varying mole ratios: 1:1
(blue), 2:1 (red), 3:1 (green), and 4:1 (purple) OA:HSA.

majority of the ['*C]JOA bound to MSCD with minor flanking
peaks.

With the addition of MBACD to OA—HSA complexes, our
strategy was to look for decreases in the intensity of the OA
resonances (site-specific changes). MSCD is typically used at a
concentration of 10 mM for the complete extraction of
cholesterol from cells.*”?* In a complex of this final
concentration with a 4:1 OA:HSA ratio, there was a complete
loss of peak F and decreased intensities of peaks D, E, G, and H
(Figure 3C). These data indicated that the FA dissociated from
the low-affinity FA site represented by peak F. There was also a
decrease in FA occupancy of the sites represented by peaks E,
G, and H, which were identified as low-affinity sites from their
filling order, and peak D, a medium-affinity site. With an
increase to a 50:1 MPCD:HSA ratio, with a final MSCD

dx.doi.org/10.1021/bi301458b | Biochemistry 2013, 52, 1559—1567
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Figure 3. Dissociation of individual FA binding sites from an OA—
HSA complex. '"H—'*C HSQC spectrum of (A) 0.5 mM OA and 10
mM MACD and (B) 1.0 mM OA and 10 mM MpBCD. 'H-"3C HSQC
spectra of the OA—HSA complex with increasing molar ratios of
MJCD: (C) 20, (D) 50, (E) 100, and (F) 200 molar equiv. The FA
peaks labeled in blue indicate association with HSA and in green
dissociation from HSA. The OA-MpCD peak is labeled in red.
Spectra were recorded at 500 MHz, 25 °C, and pH 7.4 in a 50 mM
phosphate, 50 mM NaCl buffer.

concentration of 25 mM (Figure 3D), the spectrum resembled
that recorded for the association of a 3:1 OA—HSA complex
(Figure 2C). Specifically, we found a complete loss of peaks E,
G, and H, a slight decrease in the intensity of peak C, and a
marked decrease in the intensity of peaks D and I. The FA
bound in these sites either have completely dissociated from
HSA or have remained sparsely occupied. The peak
representing the OA bound to MPCD has increased intensity,
as expected from the increased quantity of MSCD and
partitioning of OA from HSA.

At a 100:1 MpPCD:HSA ratio, with a final MpSCD
concentration of SO mM (Figure 3E), the dissociation spectrum
was similar to the association spectrum of the 2:1 OA—HSA
complex (Figure 2B). Only peaks A—C representing the three
high-affinity FA binding sites were seen. The intensity of each
was decreased compared to that seen in the spectrum with 50
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molar equiv of MBCD. As expected, there was an increase in
the FA occupancy of MBCD. Finally, with the addition of 200
molar equiv of MBCD (100 mM final concentration) to HSA
(Figure 3F), only weak intensities were seen for peaks A and B.
Therefore, at this very high ratio, FA was removed from high-
affinity sites. Note that as the level of MBCD was increased in
these experiments, the methyl peak for bound OA became
spread over a broad 'H frequency range. This likely reflects
altered binding within MCD molecules that can form larger
stacks to solubilize FA. In addition, there could be a
heterogeneous mixture of complexes with varying OA:MBCD
ratios, as suggested by panels A and B of Figure 3 showing
spectra of varying OA:MfCD ratios.

Strategy for Determining the Correspondence of FA
Sites and Primary Drug Binding Sites. To establish the
correspondence of specific chemical shifts of peaks representing
FA binding sites to crystallographic sites on HSA, we employed
our previous strategy of site-specific drug displacement.”® Here,
we focused on FA sites that are primary drug binding sites.
After experiments with different OA:HSA ratios had been
performed, a 4:1 ratio was chosen for systematic studies
because it showed nine distinct resonances representing unique
FA binding sites on the protein. Although sites with an identical
environment in the vicinity of the FA carboxyl could yield an
overlapping resonance with the peaks identified, the nine sites
likely represent the maximal number of binding sites. With the
addition of a non-["3C]-enriched drug or endogenous
compound, our strategy was to look for alterations in the
intensity of OA peaks. A decrease would indicate partial
competition of the drug for the OA site represented by that
resonance, while a complete loss of a peak would indicate a
near complete displacement of OA by the drug. An increase in
the intensity of the peaks could be seen if those sites
accommodate the OA displaced by the drug.

Identification of Drug Site | or FA Site 7. To identify
Sudlow’s drug site I, warfarin, a common anticoagulant, and
phenylbutazone, a nonsteroidal anti-inflammatory drug
(NSAID) used only for veterinary purposes, were selected.
Both have been shown to bind to drug site I in crystal
structures, primarily displacing the FA bound at that site, FA
site 7 (FA7) (Figure 4A).%*° After addition of 1 molar equiv of
warfarin (red), the 2D NMR spectrum exhibited a complete
loss of intensity of peak D when compared to the spectrum
without any drug (black) (Figure 4B). Addition of 1 molar
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Figure 4. Identification of drug site 1. (A) Overlay of binding of
warfarin (purple) and phenylbutazone (red) to defatted HSA crystal
(PDB entries 2BXD and 2BXP, respectively). 'H—">C HSQC spectra
of the 4:1 OA—HSA complex (black) and the 4:1 OA—HSA complex
upon addition of (B) 1 molar equiv of warfarin (red) and (C) 1 molar
equiv of phenylbutazone (red). Spectra were recorded at S00 MHz, 25
°C, and pH 7.4 in a 50 mM phosphate, 50 mM NaCl buffer.
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equiv of phenylbutazone to an OA—HSA complex resulted in a
similar loss of intensity of peak D and small shifts of peaks A
and C (Figure 4C). These experiments indicate conclusively
that peak D is the resonance associated with the FA bound at
drug site I or FA7.

Identification of Drug Site Il or FA Site 3. To investigate
the correspondence of NMR peaks with drug site II, diazepam,
a benzodiazepine used for treating anxiety, and propofol, a
general anesthetic, were chosen because both have been
crystallized with HSA and bind at drug site II or FA3 (Figure
5A).° The addition of 2 molar equiv of diazepam to an OA—
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Figure S. Identification of drug site IL. (A) Overlay of binding of
diazepam (green) and propofol (purple) in defatted HSA crystal (PDB
entries 2BXF and 1E7A, respectively). "H—"3C HSQC spectra of the
4:1 OA—HSA complex (black) and the 4:1 OA—HSA complex (red)
upon addition of (B) 2 molar equiv of diazepam and (C) 1 molar
equiv of propofol. Spectra were recorded at 500 MHz, 25 °C, and pH
7.4 in a S0 mM phosphate, 50 mM NaCl bufter.

HSA complex showed a complete loss of resonance at peak F,
suggesting that diazepam binds primarily to the FA site
represented by this peak (Figure SB). Although the intensity of
peak F was low, implying a low occupancy by FA, both peaks A
and I increased in intensity, which suggests that displaced FA
was bound to these sites. Peak D was also altered. While this
may indicate a partial displacement of drug site I, the change in
peak D may also be attributed to a direct allosteric perturbation
of the protein region around this binding site and a shift of
intensity of the bound FA.>***~** Propofol produced similar
changes at even lower mole ratios. Notably, there was a
complete loss of peak F after the addition of 0.5 molar equiv
(Figure SC). These results indicate that both diazepam and
propofol compete with the same FA for binding at their
primary site, which was elucidated from the crystal structures as
drug site II. Therefore, this study is able to identify peak F as
the resonance associated with drug site IT or FA3.
Identification of a Third Drug Binding Site or FA Site
6. To identify FA site 6 (FA6) in our 2D spectra, we first used
the NSAID ibuprofen, which binds drug site II and FAG6 in the
crystal structure (Figure 6A).° Addition of 1.0 molar equiv of
ibuprofen resulted in the complete loss of low-affinity FA sites,
peak F or drug site II, peak G, and peak E (Figure 6B). As an
additional probe, we next used diflunisal, another NSAID that
binds mainly to drug site II, but also to drug site I and FA6 in
the crystal structure of HSA (Figure 6A).° With a small amount
of diflunisal, the loss of FA bound in drug site II or peak F was
evident (Figure 6C). Addition of 2 molar equiv of diflunisal
resulted in a decreased FA occupancy of drug site I or peak D
and peak E (Figure 6D), while 3 molar equiv caused a complete
loss of intensity of these two peaks. Additionally, there was a
downfield shift, but no significant loss of intensity of peak G,
thus indicating that this peak does not represent the secondary
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Figure 6. Identification of a third drug binding site. (A) Overlay of
binding of ibuprofen (purple) and diflunisal (red) in a defatted HSA
crystal (PDB entries 2BXG and 2BXE, respectively). 'H—"*C HSQC
spectra of the 4:1 OA—HSA complex (black) and the 4:1 OA—HSA
complex (red) upon addition of (B) 1 molar equiv of ibuprofen, (C) 1
molar equiv of diflunisal, (D) 2 molar equiv of diflunisal, and (E) 3
molar equiv of diflunisal. Spectra were recorded at 500 MHz, 25 °C,
and pH 7.4 in a 50 mM phosphate, 50 mM NaCl buffer.

drug binding site FA6. Peaks A, I, and C increased in intensity,
suggesting that these sites are binding the displaced FA (Figure
6E). When peaks that have already been defined were excluded,
competition experiments with diflunisal saw the complete loss
of only peak E. Similarly, experiments with ibuprofen saw the
complete loss of peaks E and G. Therefore, it can be concluded
that peak E, the common unidentified peak displaced by these
two drugs, represents FAG6.

Rosiglitazone Binding Sites on HSA. Mapping of the
primary drug binding sites, drug sites I and II, and FAS,
provides a powerful basis for investigating drugs with unknown
binding sites on HSA. As an example, we investigated
rosiglitazone, a thiazolidinedione widely used for treating
patients with type II diabetes. With the addition of 1 molar
equiv of rosiglitazone to a 4:1 OA—HSA complex, there was a
complete loss of the peak representing drug site II (peak F) and
perturbations in the spectral regions of peaks A, D, and I
(Figure 7). Compared to the other drugs studied, rosiglitazone
had unusually marked effects on other peaks, implying a more
heterogeneous environment of FA binding (Figure 7). Our
results indicate that rosiglitazone primarily binds to drug site II
and its binding has an impact on other sites, including the high-
affinity FA site represented by peak A.
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Figure 7. Identification of the rosiglitazone binding site on HSA.
"H-!3C HSQC spectra of the 4:1 OA—HSA complex (black) and the
4:1 OA—HSA complex upon addition of 1 molar equiv of rosiglitazone
(red). The spectrum was collected at S00 MHz, 25 °C, and pH 7.4 in a
50 mM phosphate, 50 mM NaCl buffer. The structure of rosiglitazone
is shown.

B DISCUSSION

High Resolution of Individual FA Binding Sites on
HSA. After decades of studies of FA—HSA binding with mostly
indirect evidence of multiple FA binding sites, the strategies
used in this study with 2D NMR spectroscopy have identified
nine structurally distinct sites in the solution state and
elucidated the order of filling of the sites, which approximates
their relative affinities. Individual binding sites are detected in
NMR spectra for two reasons. (i) The local environments of
the ["*C]-enriched carbon in each binding site are structurally
distinct,”® and (ii) the rates of exchange between binding sites
are slow on the NMR time scale.** The line widths in our
spectra were not sufficiently variable to suggest an impact on
peak intensity.

The 2D method is powerful for probing FA in a site-specific,
individual basis. The observed well-resolved FA resonances
(Figure 1) likely correspond to the sites in the crystal
structure.”” However, the solution state with OA has two
more sites than were identified in the crystal structure of HSA
with long chain FA.>**? This is not due to binding differences
between the FA. Previous reports have shown that FA binding
sites are common for both medium and long chain FA.**° Our
previous NMR studies estimated the capacity of 7—9 mol of
long chain FA per mole of albumin based on the total
integrated intensity of FA peaks."” Because our NMR studies
were conducted within physiological concentrations of both
protein (0.5 mM) and ligand (0.5—2.0 mM),""? the additional
sites observed in our NMR experiments could originate because
of ligand saturating conditions used in crystallographic studies
or because of the flexibility of the protein in solution that allows
it to adopt different conformations.****

Site-Specific Association and Dissociation of Individ-
ual OA with HSA. This detailed and accurate analysis of the
binding of FA to specific sites at differing FA:HSA molar ratios
was made possible by the excellent resolution of the methyl
peaks of OA in the 2D NMR spectra. In 1D NMR spectra,'®**
the low resolution and signal-to-noise ratios did not permit
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definitive assessments of whether there were two or three high-
affinity sites. In contrast, these results clearly show that only
two sites are significantly occupied with OA at the 1:1 ratio and
three sites are occupied with OA at the 2:1 ratio (Figure 2).
The 2D NMR spectrum at the 3:1 ratio revealed a new peak
(D) with an intensity similar to those of the three highest-
affinity sites. Thus, we have identified this peak as a medium-
affinity peak. At the 4:1 ratio, peak D had a greater intensity
than peak B, signifying a higher occupancy of FA in peak D at
this molar ratio. The low intensity and emergence of peaks F—I
at the higher molar ratios indicate that these are lower-affinity
sites.

The different affinities of FA binding sites, as reflected in
their filling order, are especially relevant to the vital
physiological role of HSA in the delivery of FA to membranes
and tissues. While it can be assumed that FA will dissociate first
from the lowest-affinity sites, to the best of our knowledge the
site-specific dissociation of FA has not been studied. The
acceptor used in these studies, MCD, is widely used in the
pharmaceutical industry as an emulsifier and in research for
extracting cholesterol from cell membranes.**® At lower
concentrations, MFCD has been shown to extract FA from
both model and cell membranes.*® In our studies, MBCD
effectively removed OA from albumin. Manipulation of the
MpPBCD:HSA ratio permitted clear visualization of the
progressive loss of OA from lower- to higher-affinity sites, in
the general reverse order of filling (Figure 3). This result
further supports our conclusion about relative affinities based
on the order of filling and illustrates the elegant structural
design of albumin that allows control and fine-tuning of the
delivery of FA to cells.

Correspondence of Primary Drug Binding Sites and
Low-Affinity FA Binding Sites. Several drugs used in this
study (warfarin, c?henylbutazone, and ibuprofen) bind to HSA
at multiple sites.” The precise location of drugs bound to HSA
and their detailed molecular interactions were not revealed
prior to crystallographic studies. Sudlow’s drug site I is a large
apolar pocket comprised of the six helices of subdomain IIA
and a loop—helix structure from subdomain IB.** Sudlow’s
drug site II has generally been identified as both FA sites 3
(FA3) and 4 (FA4) in subdomain ITIA of the crystal structure
and is a smaller hydrophobic pocket than drug site 1>° FA4 is a
long narrow hydrophobic channel.*** Crystallographic studies
of HSA with both FA and drugs bound to dru§ site II revealed
the displacement of FA in FA3, but not FA4.”

Crystal structures revealed that a wide range of drugs bind to
not only one primary binding site but also secondary binding
sites distributed throughout HSA and in the cleft of the protein.
In crystallography, these sites are defined on the basis of the
electron density of the drug in the binding pocket. The higher
the electron density, the more likely that site represents primary
binding. Conversely, the lower the electron density, the more
likely that site represents a secondary binding site. In the crystal
structure, all of these secondary sites overlap with endogenous
sites for FA®* and permitted us to design drug—FA
competition experiments to make assignments of the major
low-affinity FA resonances by 2D NMR. Through FA titration
experiments, NMR can show the emergence of the secondary
and even tertiary sites with increasing quantities of the drug.
Multidimensional NMR provides a high resolution in
comparison to the 1D NMR results in which these low-affinity
FA resonances were obscured (Figure 1). Here, our
competition studies with two known drug site I binding
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Figure 8. Summary of OA—HSA competition experiments. (A) Crystal of HSA bound to seven labeled MA molecules. Drugs and endogenous
compound primary and secondary binding sites are listed (PDB entry 1E7G). (B) "H—"C HSQC spectrum of the 4:1 OA—HSA complex. FA2, -4,
and -S (blue) are primary sites for FA (Figure 2) and are generally not impacted by competition binding. The low-affinity sites, FA3, -6, and -7 (red),
were identified through drug competition experiments. The locations of the competition of the drugs and endogenous compounds for their primary
and secondary binding are listed. The spectrum was recorded at 500 MHz, 25 °C, and pH 7.4 in a 50 mM phosphate, 50 mM NaCl buffer.

compounds, warfarin and phenylbutazone, identified drug site I
or FA7 as peak D (Figures 4 and 8). Drug site II or FA3 was
identified as peak F by the competition of diazepam and
propofol (Figures S and 8).

In addition to sites I and II, the third primary site for drug
binding hypothesized from Sudlow’s studies with fluorescent
probes” likely corresponds to FA6. This site is located at the
interface between subdomains IIA and IIB at the base of the
protein between drug site I (domain ITA) and drug site II
(domain TIIA).***° This third site corresponds to a secondary
binding site for diflunisal and ibuprofen in the crystal structure.®
The loss of peak E was seen with the addition of both 3 molar
equiv of diflunisal to a 4:1 OA—HSA complex and 1 molar
equiv of ibuprofen to a 4:1 OA—HSA complex (Figures 6 and
8). Therefore, peak E represents a third primary site for drugs
and corresponds to FA6 on HSA. With the crystal data as a
reference, our drug competition experiments have defined the
three most important FA binding sites for the study of binding
of drugs to HSA: drug site I, drug site II, and FAG6.

Significance of the Binding of Drugs to HSA.
Knowledge of drug—HSA binding, especially the pharmacoki-
netic properties that affect the volume of distribution,
bioavailability, and elimination half-life of a new drug entity,
are important for the development of new molecular
entities.” ” In this study, a rigorous correspondence of the
primary drug binding sites in the crystal structure to NMR
resonances (peaks D—F) in the solution state was achieved by
drug—FA competition experiments (Figure 8). Our study
provides the basis for determining the primary binding site for
drugs that compete for binding of FA to HSA.

The assignment of these sites in the 2D NMR spectra of
OA—HSA complexes provides a basis for identifying binding
site(s) for existing drugs, newly discovered drugs, and lead
compounds with unknown binding sites. For example, we
studied rosiglitazone, a potent antihyperglycemic agent.
Pharmacokinetic studies have shown that rosiglitazone is
99.8% bound to HSA, and because of this, the drug is slowly
excreted from the systemic circulation in the time course of
more than a week.” Our novel approach found that
rosiglitazone binds to drug site II (Figure 7).
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The concentrations of all the drugs in this in vitro study
ranged from 0.25 to 2 mM. While the majority of these drugs
were used in a concentration range 25—550-fold higher than
therapeutic doses,” the peak plasma concentrations of diflunisal
and ibuprofen in the circulation following therapeutic doses
were approximately 0.5 and 0.6 mM, respectively.”*® At these
pharmacologically relevant concentrations, both of these drugs
were competitive with FA at levels that could be detected by
2D NMR. Diflunisal and ibuprofen competition both showed
binding at drug site II. The study of FA—HSA binding can be
particularly useful for studying the effects and/or binding sites
of endogenous HSA binding compounds that have higher
circulating concentrations, such as bilirubin.

B LIMITATIONS AND FUTURE DIRECTIONS

Our 2D NMR spectroscopic approach is a method for probing
site-specific perturbations of binding of FA to solution state
HSA at a high resolution. Studies are in progress to determine
the correspondence of high-affinity sites in the 2D NMR
spectrum to sites in the crystal structure. Because our study was
limited to OA, future 2D NMR studies with other ['*C]-
enriched FA could illuminate interesting differences between
FA. The resolution of nine individual FA binding sites and
identification of the three most important drug binding sites,
drug sites I and II and FAG, provide a strong foundation for
further studies of the binding of drugs and endogenous
compounds to HSA. This technique and these strategies may
also provide novel molecular information about pathological
conditions with increased FA levels, such as diabetes.

B ASSOCIATED CONTENT

© Supporting Information

A figure showing the S:1, 6:1, and 7:1 OA:HSA molar ratios.
This material is available free of charge via the Internet at
http://pubs.acs.org.

dx.doi.org/10.1021/bi301458b | Biochemistry 2013, 52, 1559—1567


http://pubs.acs.org

Biochemistry

B AUTHOR INFORMATION

Corresponding Author

*Boston University School of Medicine, 700 Albany St., W302,
Boston, MA 02118. E-mail: jhamilt@bu.edu. Telephone: (617)
638-5048.

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Funding
This work was supported by Centers for Disease Control and
Prevention Grant R36 DD000486 to E.S.K.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

A special thanks to Jeffrey Simard, Ph.D., for his comments,
advise, and expertise. We acknowledge Heidi Schwanz, Ph.D,,
for her comments on the manuscript and her help with
revisions of the text and figures.

B ABBREVIATIONS

FA, fatty acid(s); FA3, FA site 3; FA4, FA site 4; FA6, FA site
6; FA7, FA site 7; HSA, human serum albumin; HSQC,
heteronuclear single-quantum coherence; MA, myristic acid;
MpPCD, methyl-f-cyclodextrin; NSAID, nonsteroidal anti-
inflammatory drug; OA, oleic acid; PA, palmitic acid; PDB,
Protein Data Bank.

B REFERENCES

(1) Peters, T. (1996) All About Albumin. Biochemistry, Genetics, and
Medical Applications, Academic Press, San Diego.

(2) He, X. M,, and Carter, D. C. (1992) Atomic structure and
chemistry of human serum albumin. Nature 358, 209—-215.

(3) Curry, S, Mandelkow, H., Brick, P., and Franks, N. (1998)
Crystal structure of human serum albumin complexed with fatty acid
reveals an asymmetric distribution of binding sites. Nat. Struct. Biol. S,
827—-83S.

(4) Sudlow, G. Birkett, D. J.,, and Wade, D. (197S) The
characterization of two specific drug binding sites on human serum
albumin. Mol. Pharmacol. 11, 824—832.

(5) Sudlow, G., Birkett, D. J.,, and Wade, D. N. (1976) Further
characterization of specific drug binding sites on human serum
albumin. Mol. Pharmacol. 12, 1052—1061.

(6) Ghuman, J., Zunszain, P. A., Petitpas, 1, Bhattacharya, A. A,
Otagiri, M., and Curry, S. (2005) Structural basis of the drug-binding
specificity of human serum albumin. J. Mol. Biol. 353, 38—52.

(7) Schmidt, S, Gonzalez, D., and Derendorf, H. (2010) Significance
of protein binding in pharmacokinetics and pharmacodynamics. J.
Pharm. Sci. 99, 1107—1122.

(8) Benet, L. Z., and Hoener, B.-A. A. (2002) Changes in plasma
protein binding have little clinical relevance. Clin. Pharmacol. Ther. 71,
115—-121.

(9) Brunton, L., Lazo, J., and Parker, K., Eds. (2006) Goodman &
Gilman’s: The Pharmacological Basis of Therapeutics, 11th ed., McGraw-
Hill, New York.

(10) Maisels, M. J., Baltz, R. D., Bhutani, V. K., Newman, T. B,
Rosenfeld, W., Stevenson, D. K., Weinblatt, H. B., Homer, C. J., and
Herrerias, C. (2001) Neonatal jaundice and kernicterus. Pediatrics 108,
763—76S.

(11) Ostrow, J. D., Pascolo, L., Shapiro, S. M., and Tiribelli, C.
(2003) New concepts in bilirubin encephalopathy. Eur. J. Clin. Invest.
33, 988—997.

(12) Shapiro, S. M. (2003) Bilirubin toxicity in the developing
nervous system. Pediatric Neurology 29, 410—421.

1566

(13) Cistola, D. P., and Small, D. M. (1991) Fatty acid distribution in
systems modeling the normal and diabetic human circulation. A *C
nuclear magnetic resonance study. J. Clin. Invest. 87, 1431—1441.

(14) Brodersen, R.,, Andersen, S., Vorum, H., Nielsen, S. U, and
Pedersen, A. O. (1990) Multiple fatty acid binding to albumin in
human blood plasma. Eur. J. Biochem. 189, 343—349.

(15) Bahr, R.,, Hostmark, A. T., Newsholme, E. A, Gronnerod, O.,
and Sejersted, O. M. (1991) Effect of exercise on recovery changes in
plasma levels of FFA, glycerol, glucose and catecholamines. Acta
Physiol. Scand. 143, 105—118.

(16) Kurien, V. A,, and Oliver, M. F. (1971) Free fatty acids during
acute myocardial infarction. Prog. Cardiovasc. Dis. 13, 361—373.

(17) Paolisso, G., Tataranni, P. A., Foley, J. E., Bogardus, C., Howard,
B. V., and Ravussin, E. (1995) A high concentration of fasting plasma
non-esterified fatty acids is a risk factor for the development of
NIDDM. Diabetologia 38, 1213—1217.

(18) Parks, J. S., Cistola, D. P.,, Small, D. M., and Hamilton, J. A.
(1983) Interactions of the carboxyl group of oleic acid with bovine
serum albumin: A *C NMR study. J. Biol. Chem. 258, 9262—9269.

(19) Cistola, D. P., Small, D. M., and Hamilton, J. A. (1987) Carbon
13 NMR studies of saturated fatty acids bound to bovine serum
albumin. I. The filling of individual fatty acid binding sites. J. Biol.
Chem. 262, 10971—10979.

(20) Hamilton, J. A, Cistola, D. P., Morrisett, J. D., Sparrow, J. T.,
and Small, D. M. (1984) Interactions of myristic acid with bovine
serum albumin: A *C NMR study. Proc. Natl. Acad. Sci. US.A. 81,
3718—-3722.

(21) Cistola, D. P., Small, D. M., and Hamilton, J. A. (1987) Carbon
13 NMR studies of saturated fatty acids bound to bovine serum
albumin. II. Electrostatic interactions in individual fatty acid binding
sites. J. Biol. Chem. 262, 10980—10985.

(22) Hamilton, J. A. (1989) Medium-chain fatty acid binding to
albumin and transfer to phospholipid bilayers. Proc. Natl. Acad. Sci.
U.S.A. 86, 2663—2667.

(23) Hamilton, J. A, Era, S., Bhamidipati, S. P.,, and Reed, R. G.
(1991) Locations of the three primary binding sites for long-chain
fatty acids on bovine serum albumin. Proc. Natl. Acad. Sci. US.A. 88,
2051—-2054.

(24) Kenyon, M. A., and Hamilton, J. A. (1994) *C NMR studies of
the binding of medium-chain fatty acids to human serum albumin. J.
Lipid Res. 35, 458—467.

(25) Ho, J. K, Moser, H., Kishimoto, Y., and Hamilton, J. A. (1995)
Interactions of a very long chain fatty acid with model membranes and
serum albumin. Implications for the pathogenesis of adrenoleukodys-
trophy. J. Clin. Invest. 96, 1455—1463.

(26) Choi, J-K,, Ho, J., Curry, S., Qin, D, Bittman, R, and Hamilton,
J. A. (2002) Interactions of very long-chain saturated fatty acids with
serum albumin. J. Lipid Res. 43, 1000—1010.

(27) Simard, J. R, Zunszain, P. A, Ha, C.-E,, Yang, J. S., Bhagavan, N.
V., Petitpas, I, Curry, S., and Hamilton, J. A. (2005) Locating high-
affinity fatty acid-binding sites on albumin by X-ray crystallography
and NMR spectroscopy. Proc. Natl. Acad. Sci. US.A. 102, 17958—
17963.

(28) Simard, J. R, Zunszain, P. A., Hamilton, J. A, and Curry, S.
(2006) Location of high and low affinity fatty acid binding sites on
human serum albumin revealed by NMR drug-competition analysis. J.
Mol. Biol. 361, 336—351.

(29) Bhattacharya, A. A, Grhune, T. and Curry, S. (2000)
Crystallographic analysis reveals common modes of binding of
medium and long-chain fatty acids to human serum albumin. J. Mol.
Biol. 303, 721-732.

(30) Petitpas, I, Grhune, T., Bhattacharya, A. A, and Curry, S.
(2001) Crystal structures of human serum albumin complexed with
monounsaturated and polyunsaturated fatty acids. J. Mol. Biol. 314,
955-960.

(31) Schleucher, ], Schwendinger, M., Sattler, M., Schmidt, P,
Schedletzky, O., Glaser, S. J., Serensen, O. W., and Griesinger, C.
(1994) A general enhancement scheme in heteronuclear multidimen-

dx.doi.org/10.1021/bi301458b | Biochemistry 2013, 52, 1559—1567


mailto:jhamilt@bu.edu

Biochemistry

sional NMR employing pulsed field gradients. J. Biomol. NMR 4, 301—
306.

(32) Sarver, R. W., Gao, H, and Tian, F. (2005) Determining
molecular binding sites on human serum albumin by displacement of
oleic acid. Anal. Biochem. 347, 297—302.

(33) Gill, S. C., and von Hippel, P. H. (1989) Calculation of protein
extinction coefficients from amino acid sequence data. Anal. Biochem.
182, 319—326.

(34) Cistola, D. P. (198S) Physicochemical Studies of Fatty Acids in
Model Biological Systems (albumin, lipid bilayers, X-ray diffraction, non-
esterified, nuclear magnetic resonance, NMR), ProQuest/UMI, Ann
Arbor, ML

(35) Wishart, D. S, Bigam, C. G, Yao, J., Abildgaard, F., Dyson, H.]J.,
Oldfield, E., Markley, J. L., and Sykes, B. D. (1995) 'H, "*C and "*N
chemical shift referencing in biomolecular NMR. J. Biomol. NMR 6,
135—140.

(36) Brunaldi, K., Huang, N., and Hamilton, J. A. (2010) Fatty acids
are rapidly delivered to and extracted from membranes by methyl-f-
cyclodextrin. J. Lipid Res. $1, 120—131.

(37) Kilsdonk, E. P., Yancey, P. G, Stoudt, G. W., Bangerter, F. W,,
Johnson, W. J,, Phillips, M. C., and Rothblat, G. H. (1995) Cellular
cholesterol efflux mediated by cyclodextrins. J. Biol. Chem. 270,
17250—17256.

(38) Yancey, P. G., Rodrigueza, W. V., Kilsdonk, E. P., Stoudt, G. W.,
Johnson, W. J,, Phillips, M. C., and Rothblat, G. H. (1996) Cellular
cholesterol efflux mediated by cyclodextrins. Demonstration of kinetic
pools and mechanism of efflux. J. Biol. Chem. 271, 16026—16034.

(39) Petitpas, I, Bhattacharya, A. A., Twine, S., East, M., and Curry,
S. (2001) Crystal structure analysis of warfarin binding to human
serum albumin: Anatomy of drug site L. J. Biol. Chem. 276, 22804—
22809.

(40) Curry, S., Brick, P., and Franks, N. P. (1999) Fatty acid binding
to human serum albumin: New insights from crystallographic studies.
Biochim. Biophys. Acta 1441, 131—140.

(41) Bocedi, A., Notari, S., Menegatti, E., Fanali, G., Fasano, M., and
Ascenzi, P. (2005) Allosteric modulation of anti-HIV drug and ferric
heme binding to human serum albumin. FEBS ]. 272, 6287—6296.

(42) Ascenzi, P., Bocedi, A., Notari, S., Menegatti, E., and Fasano, M.
(2005) Heme impairs allosterically drug binding to human serum
albumin Sudlow’s site I. Biochem. Biophys. Res. Commun. 334, 481—
486.

(43) Briinger, A. T. (1997) X-ray crystallography and NMR reveal
complementary views of structure and dynamics. Nat. Struct. Biol. 4
(Suppl.), 862—865.

(44) Isaksson, J., Nystrdm, S., Derbyshire, D., Wallberg, H., Agback,
T., Kovacs, H., Bertini, I, Giachetti, A., and Luchinat, C. (2009) Does
a fast nuclear magnetic resonance spectroscopy- and X-ray
crystallography hybrid approach provide reliable structural information
of ligand-protein complexes? A case study of metalloproteinases. J.
Med. Chem. 52, 1712—1722.

(45) Irie, T., and Uekama, K. (1997) Pharmaceutical applications of
cyclodextrins. III. Toxicological issues and safety evaluation. J. Pharm.
Sci. 86, 147—162.

(46) Brewster, M. E., and Loftsson, T. (2007) Cyclodextrins as
pharmaceutical solubilizers. Adv. Drug Delivery Rev. 59, 645—666.

(47) Cox, P. J,, Ryan, D. A, Hollis, F. J., Harris, A. M., Miller, A. K.,
Vousden, M., and Cowley, H. (2000) Absorption, disposition, and
metabolism of rosiglitazone, a potent thiazolidinedione insulin
sensitizer, in humans. Drug Metab. Dispos. 28, 772—780.

(48) Goodman, L. S., Limbird, L. E., Milinoff, P. B., Ruddon, R. W,,
and Goodman Gilman, A., Eds. (1996) Goodman & Gilman’s: The
Pharmacological Basis of Therapeutics, 9th ed., McGraw-Hill, New York.

1567

dx.doi.org/10.1021/bi301458b | Biochemistry 2013, 52, 1559—1567



