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Abstract

We present experimental evidence for the significant effect that water can have on the functional structure of proteins in
solution. Human (HSA) and Bovine Serum Albumin (BSA) have an amino acid sequence identity of 75.52% and are chosen as
model proteins. We employ EPR-based nanoscale distance measurements using double electron-electron resonance (DEER)
spectroscopy and both albumins loaded with long chain fatty acids (FAs) in solution to globally (yet indirectly) characterize
the tertiary protein structures from the bound ligands’ points of view. The complete primary structures and crystal
structures of HSA and as of recently also BSA are available. We complement the picture as we have recently determined the
DEER-derived solution structure of HSA and here present the corresponding BSA solution structure. The characteristic
asymmetric FA distribution in the crystal structure of HSA can surprisingly be observed by DEER in BSA in solution. This
indicates that the BSA conformational ensemble in solution seems to be narrow and close to the crystal structure of HSA. In
contrast, for HSA in solution a much more symmetric FA distribution was found. Thus, conformational adaptability and
flexibility dominate in the HSA solution structure while BSA seems to lack these properties. We further show that differences
in amino acid hydropathies of specific structural regions in both proteins can be used to correlate the observed difference in
the global (tertiary) solution structures with the differences on the primary structure level.
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Introduction

Since most biochemical processes occur in aqueous environ-

ments [1], the question how water interacts with biomacromole-

cules at a molecular level has been a long standing issue in the

biological sciences. This was in particular fueled by the work of

Kirkwood [2] and Kauzmann [3]. While thermodynamic func-

tions themselves only unravel global views on the problem, they do

not at all describe local properties such as density, flexibilities,

composition and solvation effects at the level of solvent-solute

interfaces [4]. Recently, several quite promising efforts have been

undertaken to elucidate such physicochemical interactions be-

tween solvent and macromolecules on the nanoscale [4–10].

In protein research, serum albumin, partly due to its high

abundance in the plasma of humans and other mammals, has been

and still is a model protein, also for the study of protein-solvent

interactions [11–13]. Serum albumin is the major transporter for

low polar metabolites and drugs in the blood [11], [14]. Therefore,

beyond its status as a model protein, it is important to understand

the molecular mechanisms that enable albumin to transport

several compounds in different organisms.

Here, we report differences in tertiary structures and confor-

mational flexibilities of two different albumins and aim at

elucidating the molecular (and physical) origin for these differ-

ences. Structural flexibility seems to constitute a key role in the

ligand binding of albumin, e.g. as found by Trivedi et al. [15]. In

previous studies, we probed the functional structure of human

serum albumin (HSA) with respect to binding of fatty acids (FAs)

[16–19] and a copper porphyrin [20] by methods of electron

paramagnetic resonance (EPR) spectroscopy. This was achieved

using self-assembled systems of HSA and spin-labeled FAs (see

Fig. 1), namely DOXYL stearic acids (DSA) labeled with

a paramagnetic DOXYL group either at the C5-position (5-

DSA) or the C16-position (16-DSA) along the FA chain (Figure

S1).

EPR spectroscopy has become increasingly popular in structural

biology in recent years as it has been predicted from Hubbell and

Altenbach, in particular with the development of nanoscale

distance measurements using a pulse EPR method, double

electron-electron resonance (DEER) [21–26]. In DEER spectros-

copy, the r3-dependence (r = inter-spin distance) of the magnetic

dipolar (through space) coupling between two electron spins is

utilized to obtain the prevalent distance distribution and in

principle orientational information.

Simple, conventional continuous wave (CW) EPR spectroscopy

allows monitoring the uptake of the spin-labeled FAs by the

proteins. DEER measurements give the spatial distribution of the

ionic anchor points of FAs inside the binding channels (probed by
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5-DSA) and the entry points into the FA binding channels (probed

by 16-DSA) on the protein surface. This is indicated in Fig. 1 and

has been worked out in Junk et al. [16] explicitly. Since the crystal

structure of HSA complexed with seven long chain fatty acids has

already been reported [27] (Fig. 1), HSA is a good model system to

be compared with its functional solution structure. Note that

similarly Calmodulin and Troponin C were studied with x-ray

solution scattering by Heidorn and Trewhella [28]. Our distance

measurements between the spin-labeled FAs revealed that the

functional solution structure of HSA is largely in agreement with

the crystal structure when probed with 5-DSA (ionic anchor

points) but has a much more symmetric distribution of entry points

to the binding channels (as probed with 16-DSA) than expected

from the crystal structure [16]. This led to the conclusion that the

inner part of the protein is rather rigid and may well be presented

by the crystal structure, while HSA’s surface seems to be much

more conformationally adaptive and flexible in solution.

We now extend our studies on HSA by examining FA binding

to bovine serum albumin (BSA), and we illustrate the differences in

FA uptake and the respective albumin’s solution structure. We aim

at understanding the origin of the differences that we find in the

functional solution structures by tracing them back to differences

in local conformational adaptability and flexibility that ensue from

their differences in the primary structures. Small changes in the

amino acid sequences that can have tremendous effects on protein

structure have been reported by inserting artificial mutations [29]

or epigenetic amino acid exchanges [30] and in many cases it is

the difference in hydrophilicity/hydrophobicity that drives such

changes [6], [31], [32]. Hence, we in particular scrutinize the

potential interactions with water and its H-bonding network to

understand the different conformational arrangements.

Materials and Methods

Materials
Nondenatured HSA (.95%, CALBIOCHEM, Darmstadt,

Germany), nondenaturated BSA (SIGMA-ALDRICH, Tauf-

kirchen, München), spin-labeled FAs, 5- and 16-DSA (Sigma-

Aldrich), and 87 wt % glycerol (FLUKA) were used as received.

The spin-labeled FAs were partially reduced to EPR inactive

hydroxylamines [16] (rDSA) by addition of phenylhydrazine

(97%, SIGMA-ALDRICH) (see Fig. S1).

Sample Preparation
Aqueous solutions of 2 mM HSA in 0.11 M phosphate buffer

(pH = 7.2) and 26 mM DSA and rDSA in 0.1 M KOH were

prepared. The combined concentration of DSA and rDSA in final

buffered solutions of pH 7.4 was kept constant at 1.5 mM. The

molar ratios of DSA and rDSA per BSA molecule were varied as

2:0, 2:2 and 2:5. The final aqueous solutions of BSA/FA were

supplied with 20% (v/v) of glycerol to prevent crystallization upon

freezing. No changes in the CW EPR spectra were observed upon

addition of glycerol. About 100 mL of the final solutions were filled

Figure 1. Location of fatty acids and their paramagnetic centers. Overview of the occupation and location of binding pockets of HSA with
seven 5-DSA and 16-DSA ligands (PDB ID: 1e7i [27]). (A) congruent molecular surface area of HSA (bright blue) and FAis (brown). (B) FAis with
according paramagnetic centers of 16-DSA (pci) in red. (C) paramagnetic centers (pci) of 5-DSA with their ensuing 21 possible interspin distances
indicated (blue lines). (D) paramagnetic centers (pci) of 16-DSA with their ensuing 21 possible interspin distances indicated (blue lines).
doi:10.1371/journal.pone.0045681.g001
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into 3 mm (outer diameter) quartz tubes and shock-frozen in

liquid-nitrogen-cooled isopentane for DEER measurements.

EPR Measurements
A Miniscope MS200 (MAGNETTECH, Berlin, Germany)

benchtop spectrometer was used for X-band CW EPR measure-

ments at a microwave frequency of 9.4 GHz. Measurements were

performed at 298 K using a modulation amplitude of 0.05 mT.

The microwave frequency was recorded with a frequency counter,

model 2101 (RACAL-DANA, Neu-Isenburg, Germany).

The four pulse DEER sequence p/2(nobs)–t1–p(nobs)–

(t1+t)(npump)–(t2– t)–p(nobs)–t2–echo was used to obtain dipolar

time evolution data at X–band frequencies (9.2 to 9.4 GHz) with

a BRUKER Elexsys 580 spectrometer equipped with a Bruker

Flexline split–ring resonator ER4118X_MS3. The dipolar evolu-

tion time t was varied, whereas t2 and t1 were kept constant.

Proton modulation was averaged by addition of eight time traces

of variable t1, starting with t1,0 = 200 ns and incrementing by

Dt1 = 8 ns. The resonator was overcoupled to Q < 100.

The pump frequency, npump, was set to the maximum of the

EPR spectrum. The observer frequency, nobs, was set to

npump = +61.6 MHz, coinciding with the low field local maximum

of the nitroxide spectrum. The observer pulse lengths were 32 ns

for both p/2 and p pulses, and the pump pulse length was 12 ns.

The temperature was set to 50 K by cooling with a closed cycle

cryostat (ARS AF204, customized for pulse EPR, ARS, Macungie,

PA). The raw time domain DEER data were processed with the

program package DeerAnalysis2008 [26]. Intermolecular con-

tributions were removed by division by an exponential decay with

a fractal dimension of d = 3.8. As shown in a previous study, the

deviation from d = 3.0 originates from excluded volume effects due

to the size of the protein [16].

Structural Analysis
Visualization, Molecular Modeling, and structural alignments of

the proteins were carried out using YASARA Structure Software

[33].

Results

Throughout the article, we compare the BSA-related findings

with our previously published EPR measurements on HSA and

the crystal structure-derived data, where applicable. All continu-

ous wave (CW) EPR results of DSAs in BSA and in HSA are

displayed in the Supporting Information (Fig. S2 and S3). These

CW EPR measurements prove that BSA rigidly binds as many

FAs as HSA. When studying the occupation of the binding

channels, one has to avoid multispin interactions that arise when

three or more spin labels interact simultaneously in a single protein

[18], [34]. To this end, paramagnetic and diamagnetic FAs

(rDSA), are added simultaneously to obtain higher FA loadings in

the protein while keeping the average number of EPR-active FAs

at two. In Fig. 1 we additionally show how to construct the

theoretical distance distributions of the paramagnetic centers of

the seven bound fatty acids in the crystal structure. The

experimental distance distributions (shown in Fig. 2) are compared

with these theoretical distributions in Fig. 3.

The immobilized 5-DSA species reports from an inside view of

the protein and 16-DSA reports from the binding site entry points

and thus from the protein’s surface (see also Azz–differences in Fig.

S2 and S3). Further details can be found in Junk et al. [16].

For HSA, these spin-diluted systems have shown almost

identical DEER distance distributions regardless of the overall

number of FAs added [16]. However, after addition of two spin

labeled 5-DSA and additional rDSA to BSA, distinct new

distances are obtained at about 3.2 nm and 3.9 nm that were

not observed in HSA (Fig. 2 B). Finally, a rather broad,

asymmetric [16] distribution of 5-DSA can be observed in BSA

covering a range similar to that of 5-DSA in HSA with the

exception that in BSA more distinct peaks are observed, as shown

in Fig. 3 A. Although the new signals are obtained in BSA upon

addition of more FAs, this does not indicate consecutive filling of

individual sites in BSA. The CW EPR spectra are identical

regardless of the loading order of paramagnetic and diamagnetic

FAs.

The DEER measurements of the system BSA and 16-DSA show

dominant peaks in the distance distributions in Fig. 2 D. They are

located at 3.82 nm and 4.85 nm, and in the corresponding HSA

crystal structure the distances are 3.83 nm (distance between sites

2–6), 3.70 nm (sites 4–6) and 4.64 nm (sites 2–3) [27]. For 5-DSA

and BSA, the dominant peak is centered at 2.13 nm and the

corresponding sites are 2.14 nm (sites 4–5), 2.18 nm (sites 4–6) and

2.18 nm (sites 6–7). These analyses show that FAs are pre-

dominantly located at binding sites of 6 and 4, but also other

binding sites 2, 3, 5, 7 are filled at initial loading. This suggests that

at our concentrations used (,1 mM) the FA binding to BSA is not

strictly consecutive but already at low FA to protein ratios (2:1)

rather all sites are more or less occupied to a certain degree, just as

it was observed for HSA.

Remarkably, when r16-DSA is added to BSA in solution,

distances at about 2.0 nm and 3.3 nm are found for 16-DSA (ratio

1:2:5 HSA/DSA/rDSA) that were not present in the HSA

solution (Figs. 2 D (red curve) as well as 3 B (black curve)). Fig. 2

also shows the DEER data and distance distributions when BSA is

loaded with exclusively 7 paramagnetic 5-DSA or 16-DSA (ratio

1:7:0). This shows that there is no principal difference between the

spin-diluted and the fully paramagnetic systems, only the peaks are

much narrower in the spin-diluted systems as they are devoid of

the above mentioned multi-spin effects [18] (for further insights

consult the Supporting Information S1).

The distance distributions of FAs in BSA and in HSA solutions

obtained from DEER measurements are additionally compared

with distributions determined from the crystal structure of HSA

co-crystallized with seven stearic acids (pdb-ID: 1e7i) [27] in Fig. 3.

The distances between the C-5 and C-16 atoms of 5-DSA and 16-

DSA in all seven FA binding sites of HSA (denoted HSAcs) were

obtained from this crystal structure as is shown in Figs. 1 C and D

[16].

For 5-DSA, a broad distance distribution reveals a highly

asymmetric [16] distribution of the C5-positions of the FAs in

HSA and BSA. These DEER-derived distributions of 5-DSA in

BSA (Fig. 2 B and 3 A) are largely and principally in agreement

with the distance distribution expected from the HSA crystal

structure. As the 5-position of most fatty acids [27] probes the

region in the binding channels close to the mostly deeply buried

ionic anchor groups, one can conclude that in HSA and BSA the

inner part of the proteins can be viewed as being rather rigid and

inflexible (in agreement with the HSA crystal structure).

In contrast, the DEER distance distributions of 16-DSA in BSA

and in HSA are clearly different. Surprisingly, the DEER-derived

distribution of 16-DSA in BSA is in better agreement with the

HSA crystal structure-derived distribution than the respective

DEER data of HSA. The three characteristic peaks at 2.5, 3.5, and

4.5 nm in the HSA crystal structure are matched experimentally

in BSA in solution (at 2.0, 3.3, and 4.7 nm).

In general, the comparison of 5-DSA distance distributions

yields lower RMSD values (Table S3), substantiating that in case

of 5-DSA (and hence close to the FA anchor groups) the
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experimental DEER and the crystal structure distributions are in

rather good agreement. The two experimental (red and black in

Fig. 3 A) curves, HSAexp and BSAexp, in fact give the lowest

RMSD of 0.171 as shown in Table S3. For the 16-DSA distance

Figure 2. Intramolecular part of the DEER time-domain data. Extracted distance distributions of 5-DSA (A, B) and 16-DSA (C, D) in BSA
solutions with varying numbers of paramagnetic and diamagnetic FAs (the numbers denote: Albumin : DSA : rDSA). D indicates the modulation
depths.
doi:10.1371/journal.pone.0045681.g002

Figure 3. Comparison of the distance distributions of fatty acids. 5-DSA (A) and 16-DSA (B) obtained from DEER measurements in HSA (red,
1:2:4) and in BSA (black, 1:2:5) solutions with the calculated distributions from the crystal structure of HSA (blue) assuming that all seven binding sites
are occupied by FAs (Albumin:DSA:rDSA).
doi:10.1371/journal.pone.0045681.g003
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distributions (Fig. 3 B) the best agreement was found between

HSAcs (blue) and BSAexp (black) with an RMSD of 0.201. This is

remarkable, as the lowest similarity was found between HSAexp

(red) and the HSA crystal structure, HSAcs (blue), with a value of

0.317. These findings quantitatively reinforce the following:

Assuming that the number and principal location of FA binding

channels in the protein is identical in HSA and BSA (see Fig. S2

and S3), this suggests a much more asymmetric distribution of the

entry points (seen by 16-DSA) to FA binding channels in BSA.

Based on the ‘‘coarse-grained’’ view of the protein structure given

by 16-DSA (and partly 5-DSA) distance distributions in Fig. 3, the

BSA solution structure (Fig. 3 B, black) may be seen as clearly

resembling HSA in its crystalline state (Fig. 3 B, blue) while the

HSA solution structure (Fig. 3 B, red) more strongly deviates from

the HSA crystal structure.

It should be noted that to this date no crystal structure of BSA

with FAs has been reported, although recently a first BSA dimer

structure has been uploaded on the RCSB protein data base [35].

Thus, we always use the HSA crystal structure (pdb-ID: 1e7i) [27]

for comparison, even with BSA solution data.

To quantitatively compare structural identities in the crystal

state, both proteins in their ligand-free form (pdb-IDs 3v03 [35]

and 1BM0 [36]) were aligned with the MUSTANG algorithm

[37] which delivers an RMSD of 1,361 Å and a sequence identity

of 75,52% over 572 aligned residues. From these values one can

assess that the aligned structures are in very good agreement

(Fig. 4).

Discussion

Primary Structure Differences between HSA and BSA
We now focus on identifying the molecular origin of the DEER-

derived differences between the solution structures of BSA and

HSA. To this end, we scrutinize both proteins’ primary amino acid

sequences, especially differences in their individual hydrophobi-

cities. Since local thermodynamic quantities are key quantities of

any study of biochemical processes in solution, hydrophilicity and

hydrophobicity are highly important parameters describing

interactions between solvent (for proteins in essence water) and

solute [38]. The biochemical reasons for amino acid differences

can be manifold, besides evolutionary differences e.g. availability

of certain nutrients can play a role which was proposed to lead to

an epigenetic formation of alloalbumins in between a single species

[30].

Many different methods to assess hydrophobic regions in

proteins are currently in use, e.g. the molecular hydrophobicity

potential, MHP [31], [32]. We consulted four rather simple

hydropathy scales of independent origin to obtain a quantitative

analysis of differences in hydrophobicity/hydrophilicity of BSA

and HSA. We confer to the scales of Engelman et al. (GES) [39],

Eisenberg et al. (ES) [40], Naderi-Manesh et al. (NM) [41] and

Kyte & Doolittle (KD) [42].

We have in detail compared cross correlations between these

four scales in the Supporting Information S1 and found a linear

dependence between the scales that can be quantified in terms of

a Pearsons r value, which in all cases is . 60,85 (Table S1, Fig.

S7). Thus all hydropathy scales are strongly correlated with each

other, although having different theoretical and experimental

foundations.

After proving that for all four hydropathy scales essentially and

quantitatively lead to the same results and thus for the following

discussion we mainly discuss the BSA-HSA differences in terms of

the hydropathy scale of Kyte & Doolittle, which is the most

commonly used and simplest, yet intuitive scale to characterize

amino acids thermodynamically. Specifically, the Kyte & Doolittle

scale hydropathy index (HI) describes the change in Gibbs energy

when exposing an amino acid from a purely hydrophobic

environment to water. Hence, negative hydropathy values denote

polar and strongly hydrogen-bonding amino acids, while positive

values stand for hydrophobic amino acids. We compared each

congruent amino acid of HSA and BSA (i.e. the window range

according to Kyte and Doolittle equals 1) to get a resulting net

hydropathy index difference DHI by subtracting the correspond-

ing values (see Eq. S1). This allows focusing on the differences and

additionally reduces noisy scales. Positive DHI values can be

interpreted as a hydrophobic and negative values as a hydrophilic

shift in HSA. Where appropriate, we also compare the actual

amino acids and their hydropathies one by one (Fig. S5–S6). Note

that the KD hydropathy scale is often used for membrane-bound

proteins [42], [43] with window ranges of 7 up to 20 amino acids.

We explicitly examine individual residues and do not average

the hydropathies by using larger windows. A detailed explanation

of this treatment can be found in the Supporting Information S1.

Note that we here simply try to correlate the hydropathy

differences and the positions in the crystal structure with the

observed discrepancies in our solution structures.

In general, HSA (overall hydropathy VHSA =2230.8, see Eq.

S2) has an excess of 48.4 hydropathy points compared to BSA

(VBSA =2279.2) and thus HSA should altogether be more

hydrophobic. This tendency can be confirmed by all other 3

scales (excess hydropathy points of HSA: GES: 9.4; ES: 16,8; NM:

34,8) when they are normalized to KD (Table S2). Remarkably,

Figure 4. Crystal structure alignment of HSA and BSA. HSA
without FAs (pdb-ID: 1BM0, blue) aligned with the crystal structure of
BSA without FAs (pdb-ID: 3v03, red) using the MUSTANG algorithm. The
regions of interest (site 1, site 5, intersection, loop) are highlighted in
green.
doi:10.1371/journal.pone.0045681.g004

Water-Tuned Structural Differences in Proteins

PLOS ONE | www.plosone.org 5 September 2012 | Volume 7 | Issue 9 | e45681



when inspecting the residue positions that are different, it becomes

obvious that these deviations are not homogeneously spread

throughout the full sequence but occur rather clustered (see Fig.

S4). A similar observation was also made by Billeter et al. [44]

when comparing prion protein structures of different mammalian

species.

Many of the albumin differences are even at residues that are

surface-exposed, which is important when keeping in mind that

HSA can be considered less hydrophilic than BSA as evidenced by

their Vx. Without claiming completeness, we have explicitly

identified four regions that are of high interest, structure- and

function-wise, that show an accumulation of amino acid differ-

ences and DHI extrema between BSA and HSA: the intersection

between subdomains IB and IIIA located prominently in the in

center of the protein, a surface-exposed loop region in subdomain

IIB, and two FA binding sites usually referred to as site 2,4 and 5

[45]. These regions are indicated in Fig. 4. Interestingly, Majorek

et al. [35] found very similar regions during identification of

antibody epitopes for immunological studies of bovine (BSA),

equine (ESA) and rabbit serum albumin (RSA). It is thus not

farfetched to suppose that those regions are of special functionality

in combination with water environment for any ligand which has

to be bound to albumin.

We now further describe these regions and explicitly report the

differences between BSA and HSA in terms of the KD hydropathy

index. Note that in Figures 5–8 we nonetheless present the

differences in hydropathy for all four hydropathy scales tested to

make it clear that our discussion is not bound to the chosen

hydropathy index. Fig. 5 shows the region between subdomains IB

and IIIA which is solvent accessible. Except for one arginine, HSA

and BSA differ in amino acid sequence throughout the helix

between residues 182 and 191 in IB, albeit forming an equivalent

helix array as Kabsch and Sander [46] have proposed. While

residues 182, 185, 188, 189, 195 and 199 are not solvent

accessible, residues 184, 190 and 191 are solvent-exposed and

accessible by bulk water. The DHI between both proteins is found

to be very strong in this region; HSA seems to have extraordinarily

strong hydrophilic properties, while BSA is strongly hydrophobic

at analogous residues 189 and 190.

Having a closer look, residue 190 (K =23.9) in HSA

corresponds to L = 3.8 in BSA. This indicates that these domains

might have different flexibilities according to Lum-Chandler-

Weeks (LCW-) theory [7]. Thereby their interactions with water

clearly differ, which can be explained by a hydropathy lock

immobilization of the two domains in BSA between hydrophobic

residues 455 (L) and 456 (I) and the opposing 189 (V) and 190 (L)

segments. In HSA, this region may simply still be water-accessible

due to the strongly hydrophilic residues and can also be seen as

indicating a ‘‘tuning’’ of the local solution structure topology with

assistance of water. In addition, residue 189 is varied from G

(20.4) in HSA to more hydrophobic V (4.2) in BSA. Therefore,

BSA could produce a drying out phase transition zone, which

depletes the water density between both domains.

The sequence belonging to the helix ranging from 455 and 457

in domain III B also differs in composition, but in both proteins it

can be considered as extremely hydrophobic. Altogether, given the

prominent interdomain position, tuning flexibility and water

interaction at this point may well trigger structural difference on

a larger topology scale.

Another site of interest is found in subdomain IIB, where

significant amino acid differences are found between BSA and

HSA (see Fig. 6). A loop between 295 and 312 is solvent-exposed

and residues 297 and 300 show large hydropathy deviations. HSA

has a set of more hydrophobic residues between 300 and 320

compared to corresponding residues in BSA. The other significant

albumin differences are in close proximity to this loop and are

situated on the opposing solvent-exposed loop ranging from

residue 360 to 376. There is a strong hydrophobic shift towards

HSA at residues 363 and 364. Those amino acids are right at the

tip pointing into the water bulk. By hypothetically exposing this

region to water, one could imagine that it will flip inside the

protein interior and alter the shape of the protein, potentially

becoming slightly more globular.

Being connected to several helices in HSA, rearrangements in

these prominently exposed loops that have a high degree of

motional freedom may be envisioned to have significant impact on

the tertiary structure. Note that very similar observations were

Figure 5. Intersection region. (A) Intersection region between
subdomains IB and IIIA of HSA with bound stearic acid (pdb-ID: 1e7i).
Identical amino acids in HSA and BSA are blue, differing amino acids are
red. (B) Plot of DHI for residues 180–200 and for 452–460.
doi:10.1371/journal.pone.0045681.g005
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made for calmodulin and troponin C [28] and such an argument is

also underpinned by Kim et al. [47] who found by EPR methods

that the effect of solutes on the conformational sampling of loops

can lead to a more compact (globular) form of outer membrane

transporters. In contrast to HSA, BSA (at least without fatty acids)

very likely exposes this region to the water bulk, having a set of

strongly hydrophilic residues from position 363 to 367 (K, D, D, P,

H) and 311 to 323 on the opposing loop. An interesting view on

opposing hydrophilic residues has been given by Ben Naim [4],

who claims, that water molecules might stitch together two

domains by forming double hydrogen-bonded bridges between

them. Such a domain connection and a better inclusion of these

loops in the water H-bonding network for BSA may together lead

to a reduced conformational flexibility at this decisive point.

Fig. 7 shows one of the fatty acid binding sites, usually denoted

as site 1. It is situated in the center of the four helix bundle of

subdomain IB. This site is solvent accessible. The congruent

amino acid positions in HSA are again more hydrophobic

compared to BSA. More precisely, the significantly more

hydrophobic residues 120, 122, 126, in HSA are all located on

a small surface-exposed helix. Positions 156 and 157 are also

prominently hydrophobic in HSA, while the following four

residues from positions 159–162 are extremely hydrophilic in

both proteins. Note that only two amino acids are identical in the

range from 156–164 (Y and A, see SI Fig. S5 and S6). This might

indicate a difference in how FAs are bound in the two proteins.

The shape of the binding pocket may well be altered and the water

exposition may be tuned similarly to the mechanism that can be

inferred for subdomain IIB (Fig. 6).

In the case of fatty acid binding site 5 (see Fig. 8) the pattern

observed so far that HSA is generally more hydrophobic at

solvent-exposed residues is actually inverted.

Figure 6. Loop region. (A) Subdomain IIB of HSA with bound stearic
acids (pdb-ID: 1e7i). Identical amino acids in HSA and BSA are blue,
differing amino acids are red. (B) Plot of DHI for residues 297–320 and
for 351–380.
doi:10.1371/journal.pone.0045681.g006

Figure 7. Site 1. (A) Site 1 in the subdomain IB in HSA with bound
stearic acids (pdb-ID: 1e7i). Identical amino acids in HSA and BSA are
blue, differing amino acids are red. (B) Plot of DHI for residues 119–136
and for 154–168.
doi:10.1371/journal.pone.0045681.g007
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HSA has strongly hydrophilic residues between 560 and 577

compared to those of BSA. Binding site 5 can be found in

a hydrophobic channel of subdomain IIIB. Except for residue 579

all of the amino acids in this region are solvent exposed and

residue 570 have a very strong DHI value of 27.7 between HSA

(E =23.5) and BSA (V = 4.2). It is located far away from the FA

entry point but marks the transition from a helical to a loop region

which may control the motion of the helices forming the FA

entrance. Around binding site 5, both proteins may have clearly

different solution conformations, as residue 560, which is located

at the other end of this loop may contribute to form a hinge task in

HSA. When comparing the HSA crystal structures 1e7i with

1BM0 (with and without FAs bound), it is site 5 that physically

moves out by about half a nanometer when long chain FAs are

bound [27].

The opposing side of the binding channel entry point is formed

by a loop from residues 501 to 506, which are all surface-exposed.

The DHIs change dramatically from residue 501 where a charged,

strongly hydrophilic glutamic acid in HSA is matched by a neutral,

slightly hydrophobic alanin in BSA (EHSA-ABSA =25.3) to residue

504 where this is inverted (AHSA-EBSA = 5.3) and at residue 506

where a threonine in HSA with rather neutral HI corresponds to

a strongly hydrophobic leucin in BSA (THSA-LBSA =24,5). In

HSA, this full series of amino acids alternates between hydrophilic

and hydrophobic, while in BSA this loop is overall much more

hydrophobic (see Fig. S5 C). Therefore, the interaction with water

of the surface region of site 5 in HSA clearly deviates from that in

BSA. For HSA, the helix region 570–580 is clearly more

hydrophilic than for BSA, i.e. also better ‘‘anchored’’ into the

H-bond network.

Speculating about the molecular mechanism of FA binding, the

opposing loop region may play a crucial role by being flipped

inside (closed) or outside, solvent exposed (open). BSA is clearly

more hydrophobic in the loop region, too, while HSA again

complements an interesting, alternating pattern of strongly

hydrophilic and hydrophobic amino acids. This pattern – which

can be assumed to neither have a strong energetic and entropic

propensity to be exposed to water nor to be buried – may again

translate into more conformational flexibility [48] and adaptability

in HSA.

Correlation of Differences in Primary Structures, Crystal
Structures, and Solution Structures

Despite the similar primary structure of BSA and HSA, our

experimental DEER results – to the best of our knowledge for the

first time - show BSA to be rather rigid in solution and to clearly

deviate in its functional structure from HSA on the nanoscale. We

have identified four regions in both proteins (not necessarily

complete) that feature severely different amino acids. While we

cannot directly trace back the apparent difference between BSA

and HSA solution structures to the difference in hydropathies, we

can plausibly argue that the clustered amino acid differences may

well lead to severe changes in the structure when exposed to water,

as it had been observed for other proteins before [10], [28].

It is striking that the amino acid sequence and crystal structure

similarities between HSA and BSA are reflected in the solution

structure of BSA. In our ‘‘coarse-grained’’ view of the bound FAs,

we find a distinct three peak pattern strongly resembling the

distribution of FAs in the crystal structure of HSA. As no crystal

structure containing FAs is currently available for BSA, one may

conclude that the HSA crystal structure, which very likely

describes a conformation close to the minimum of the potential

energy surface, is a very good description for the energetic

minimum in FA-loaded BSA, too. Based on our DEER results,

one can plausibly speculate that in solution, HSA, in contrast to

BSA, gains a much larger conformational flexibility and in the

overall conformational ensemble of HSA a much more symmetric

surface is exposed to potential ligands to be transported. BSA does

not seem to have this flexibility at the surface, which may in fact

affect protein function. It should be noted that although proteins

with similar functions across different species may have similar

crystal structures [49], their functional properties in solution may

vary decisively. This was e.g. confirmed by recent investigations

showing that water interacting with solutes can heavily affect

functional properties [6]. Close proximity of water to extended

surfaces with hydrophobic properties is energetically unfavorable

Figure 8. Site 5. (A) Site 5 in the subdomain of IIIB in HSA with bound
stearic acid (pdb-ID: 1e7i). Identical amino acids in HSA and BSA are
blue, differing amino acids are red. (B) Plot of DHI for residues 498–509
and for 560–580.
doi:10.1371/journal.pone.0045681.g008
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because hydrogen bonding networks can no longer be maintained.

As a result, the water density is depleted near the hydrophobic

surface leading to a drying transition not least depending on length

scale [6], [7], [38]. Furthermore, we have recently shown that

even methyl groups of methanol in water-methanol mixtures

surround small inorganic disulfonates such that they least disturb

the hydrogen-bonding network [50].

Kabsch and Sander [46] explained very clearly that amino acid

sequence homologies in proteins do not necessarily reveal

functional relationships between them. Furthermore, sequence

homologues do not necessarily have to feature identical conforma-

tions in their crystal structures. As can be seen from comparing the

HSA and BSA structures (pdb-IDs 1BM0 and 3v03, respectively),

75.52% sequence homology can on the other hand produce

almost identical 3-D crystal structures (see Fig. 4), which confirms

that the 3-D structural homology threshold for proteins longer

than 80 residues produces similar structures for already 25%

sequence compliance [51]. These amino acid differences hence do

not alter the energetically minimized state devoid of water very

strongly. We have identified many of the amino acid sequence

differences to be clustered at certain regions in the protein that

may very strongly influence the FA binding (binding sites 1 and 5)

or even the global structure (central interface between subdomains

IB and IIIA and loop regions in subdomain IIB). For example, the

apparent rigidity observed in BSA may be accredited in parts at

least to the hydropathy ‘‘lock’’ in the prominent intersection region

between subdomains IB and IIIA (see Fig. 5), while in HSA water

may well be able to more deeply penetrate this intersection region.

Furthermore, the loop region at the tip of subdomain IIB is so

strongly water exposed and simultaneously bridges long helix

regions that even small changes in hydrophobicity (HSA exposing

several hydrophobic amino acids to water) may well increase

structural agility and direct structural changes at seemingly remote

regions by allosteric effects. From our DEER-derived measure-

ments of the functional structures in solution, these differences

hence seem to be rather correlated with specific modifications to

tune the shape, flexibility, adaptability and binding capacities of

a protein by interacting with the surrounding solvent molecules,

and by influencing fluctuations in water density [5–7].

There is a very interesting recent nuclear magnetic resonance

(NMR) approach from Nucci et al. [10] using NOE/ROE-ratios

in NMR and reverse micelle encapsulation for monitoring protein

hydration. The authors found that all over the protein surface

there are regions of hydration clusters of strongly varying

dynamics, which can be regarded as evidence for water taking

a protagonist role in modifying protein functions such as shaping,

folding, stability and dynamics. Using 13C-NMR, Marlow et al.

[48] went one step further and connected the hydrophobic effect

to the conformational entropy, which is supposed to play a key role

on ligand binding. Our site-specific findings looking at local

hydropathy values and coarse-grained (EPR-based) structural

information arrives at similar insights. By comparing bromocresol

green (BCG) binding affinities of different mammalian serum

albumins [15] it was found that the exchange of only one amino

acid in a binding pocket region, as shown with alloalbumins of

rhesus macaque, could give a creature an evolutionary advantage

[30], or decides between physiologically active proteins or their

pathological amyloid fibril storage in tissue [52–54]. Phosphores-

cence depolarization was used to understand the relation between

solution structure and crystal structure of HSA and BSA. It was

found that the overall conformation in neutral solution of BSA is

very similar to the heart shaped structure observed in the HSA

crystal [12]. This is what we now see in detail: the 16-DSA probed

surface of BSA mirrors the crystal structure of HSA. In contrast,

we show the solution structure of HSA probed by 16-DSA is

different than its crystal structure.

Taking into account that drying transition zones occur next to

hydrophobic residues [7], the pronounced conformational flexi-

bility on the surface of HSA may well be correlated with lack of

energetically favorable water interactions. This is quantified and

mirrored by an excess net hydropathy sum value of 48.4 (VKD,HSA

- VKD,BSA) compared to BSA, which means that HSA is severely

less hydrophilic. Note that locally, many of these overall different,

more hydrophobic, sites in HSA are explicitly water exposed. One

may speculate that by exposing more hydrophobic amino acids,

HSA may be able to better attract and pre-bind hydrophobic or

amphiphilic ligands such as FAs. Furthermore, having less

individual favorable interactions with water (see Fig. 6 and 7) at

decisive points or short sequences and being less well incorporated

in the water H-bonding network may be seen as a decrease in

overall protein tertiary structural stability, which may force HSA

to sample a larger conformational space and to locally feature

much increased flexibility. According to the LCW-Theory [7],

flexibility in our terms can also be described as a water density and

thus a viscosity decrease at hydrophobic surfaces, which of course

leads to an increased mean square displacement of hydrophobic

residues that may e.g. be described by the simple and well known

Stokes-Einstein equation [55]. All these local changes may then

globally add up to a solution structure that severely deviates from

the according crystal structure and which may even be considered

to be specialized for different functional abilities. In the case of

albumins shown in this study, these functional features are

formation, location, affinity, and flexibility of binding sites for

low-polarity/hydrophilicity ligands such as FAs.

Conclusions
We have presented experimental evidence for the significant

effect that water can have on the functional structure of proteins in

solution. We focus on human and bovine serum albumin as model

proteins which have an amino acid sequence identity of 75.52%.

Our DEER-derived structures of HSA (reported previously) and

BSA (reported here) loaded with FAs in solution globally

characterize the tertiary protein structure from the bound ligands’

points of view. The solution structures complement the primary

structures and crystal structures of HSA and as of recently also

BSA. We show that the characteristic asymmetric FA distribution

in the crystal structure of HSA can surprisingly be observed by

DEER in BSA solution. This indicates that the BSA conforma-

tional ensemble in solution seems to be closely related to the crystal

structure and hence less flexible in comparison to HSA, where

a much more symmetric FA distribution was found. Conforma-

tional adaptability and flexibility of proteins can be verified on the

surface of the HSA solution structure as probed with 16-DSA.

This is in line with the proposition by Heidorn and Trewhella

[28], that a conformational rearrangement occurs when a protein

is exposed to water. We here show, to the best of our knowledge

for the first time, that BSA largely lacks the conformational

flexibility observed in HSA, and that water does not behave

linearly on the proteins surface, but builds up clusters of varying

dynamical properties as shown by Nucci et al. [10] by NMR. We

further show that differences in amino acid hydropathies are not

homogeneously distributed but are clustered in specific structural

regions. We have identified four regions that may very strongly

influence the FA binding (binding sites 1 and 5) or even the global

structure (central interface between subdomains IB and IIIA and

loop regions in subdomain IIB). While we cannot directly, one-to-

one, link the observed difference in the solution structure topology

to the differences on the primary structure level, it can be made
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plausible that a few amino acid differences at strategically

important points can lead to the observed differences. This e.g.

involves having more water molecules penetrating deeper in an

interfacial region for HSA or having a strongly water exposed loop

region with a much higher hydrophobicity in HSA. Such, we

provide evidence that with a simple and straightforward measure

like the hydropathy index it is possible to approximate possible

effects on tertiary structure that can arise from protein water

interactions in general. For a more detailed view concerning the

specific effects of hydrophobic regions one may have to use

solution-NMR based methods as NOE/ROE ratios, possibly of

individual protein fragments (as previously used for HSA by

Bhattacharya et al. [27]. Advanced MD simulation approaches,

potentially employing the 3-dimensional molecular hydrophobicity

potential (MHP) [31], may also be able to reveal allosteric

conformational changes that are derived from differences in water-

amino acid interactions between BSA and HSA. Furthermore,

using our approach for studying other mammalian albumins (e.g.

of monkeys) with amino acid sequence identities intermediate

between BSA and HSA may be very insightful.

Given the often encountered view that BSA and HSA may well

be interchanged and treated as if they are identical, the apparent

functional structure differences should in future studies be taken

into account thoroughly. Our findings indicate that directly

relating crystal structures with solution structures and finally with

physiological function may not always be a valid approach and in

particular a re-evaluation of the hydrophobic effect as proposed by

Cooper [56] could lead to a better understanding of solution

structure-function relationships.

Supporting Information

Figure S1 Chemical structures of paramagnetic and
diamagnetic fatty acids. (A) Chemical structures of the

paramagnetic fatty acids, 16-DSA and 5-DSA. (B) Reduction of

the paramagnetic 16-DSA into diamagnetic fatty acid (rDSA).

(TIF)

Figure S2 CW EPR measurements in HSA and BSA. CW

EPR spectra of (A) 5-DSA and (B) 16-DSA in HSA (red) and in

BSA (black) with different albumin:DSA ratios recorded at 298 K.

The characteristic signatures of DSA bound to albumin are

marked by solid lines. DB marks the spectral separation of the

outer extrema.

(TIF)

Figure S3 CW EPR measurements in BSA with 5- and
16-DSA. CW EPR spectra of (A) 5-DSA and (B) 16-DSA in BSA

with different albumin:DSA:rDSA ratios recorded at 298 K.

(TIF)

Figure S4 3-D view of amino acid differences between
HSA and BSA. HSA (blue, pdb-ID: 1e7i) with different amino

acids compared to BSA highlighted in red (A) front view (B) 180u

turned around z-axis (C) 290u turned around x-axis (D) +90u
turned around x-axis.

(TIF)

Figure S5 Amino acid sequence and hydropathy align-
ment of HSA and BSA (1). Alignment of amino acids in HSA

(left) and in BSA (right). (A) for residues 180–200 and for 453–461

located between subdomains IB and IIIA, (B) for residues 118–137

and for 155–167 at site 1, and (C) for residues 500–507 and for

559–582 at site 5. All values given are from the Kyte & Doolittle

scale.

(TIF)

Figure S6 Amino acid sequence and hydropathy align-
ment of HSA and BSA (2). Alignment of amino acids in HSA

(left) and in BSA (right) for residues 293–323 and for 351–380

located in subdomain IIB.

(TIF)

Figure S7 Comparison of normalized hydropathy scales
of independent origin. Kyte & Doolittle [42]-normalized

hydropathy scales: GES [39], ES [40] and NM [41]. In brackets:

AAindex-ID (http://www.genome.jp)

(TIF)

Table S1 Pearsons r analysis. Cross correlations (‘‘Pearson

r’’ values) of different hydropathy scales as calculated from the

AAindex homepage.

(TIF)

Table S2 Original and normalized hydropathy values.
Hydropathy values of all four hydropathy scales. Three (GES, ES

and NM) were renormalized to the KD (Kyte & Doolittle) scale (*)

so that they are directly comparable with the the KD scale.

(TIF)

Table S3 RMSD analysis. Imposing a complete list of RMSD

values determined from Fig. 3A and 3B with an appropriate color

code.

(TIF)

Supporting Information S1

(DOC)
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