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Sammanfattning
Proteiner är molekyler som består av långa kedjor av aminosyror. För ett visst protein är
kedjan veckad på ett speciellt sätt så att proteinet får en särskild, unik struktur. Exakt hur
denna struktur ser ut är av intresse för t ex läkemedelsindustrin, där information om strukturen
kan ge ledtrådar om hur proteinet egentligen fungerar. Därigenom kan exempelvis läkemedel
konstrueras som interagerar med proteinet på ett ur medicinsk synpunkt önskvärt sätt.
Humant serum albumin (HSA) är ett sådant intressant protein. Det finns naturligt i höga
koncentrationer i mänskligt blodserum, där det fungerar som transportör av en stor mängd
olika ämnen, t ex fettsyror och små molekyler som exempelvis läkemedel. Ett problem, ur
medicinsk synpunkt, är att många potentiella läkemedelsmolekyler binder in till proteinet i så
hög grad att de förlorar sin effektivitet i människa. Genom att bestämma albuminets struktur
när det är bundet till olika substanser, s k ligander, hoppas man kunna avgöra hur läkemedel
ska konstrueras så att inbindning till albumin minimeras.
Det finns främst två metoder för att bestämma och studera proteinstrukturer;
röntgenkristallografi och NMR-spektroskopi. I denna studie användes röntgenkristallografi
för att studera HSA bundet till några olika ligander. Ett mål med detta arbete var att försöka
utveckla en metod för snabb och effektiv framtagning av sådana HSA-ligandstrukturer.
Försök gjordes också att framställa HSA för NMR-studier.

Examensarbete 20 p i Molekylär bioteknikprogrammet
Uppsala universitet januari 2003
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1

Introduction

1.1

All about albumin

Albumin, in particular human serum albumin, was probably one of the first proteins of the
body to be studied and has remained one of the most widely studied proteins through the
course of history [1]. Around 400 BC the Greek physician Hippokrates noted in his work
Aphorisms that foamy urine, in all likelihood caused by
the presence of albumin, was an indication of chronic
kidney disease. Precipitation of the protein was later used,
by for example the Swiss physician Paracelsus in the
I
sixteenth century, as an indication of the presence of
III
albumin in body fluids. In the nineteenth century albumin
became one of the first proteins to undergo attempts of
II
crystallisation. These trials were aimed at judging the
purity of an albumin preparation, a property that later
Figure 1. Structure of human serum
became crucial with the onset of World War II, when
albumin as determined by X-ray
crystallography. Domains I, II and III
there was a burst of demand for a stable substitute for
are indicated.
blood plasma in the battlefield hospitals. The structure of
the protein, however, remained unsolved until 1992 when
Carter and He [2] deposited the coordinates of full-length human serum albumin in the
Brookhaven Protein Data Bank. Although a milestone in the study of human serum albumin,
it was not the end-point. The protein is still widely studied and has emerged as a protein
worthy of particular attention in the pharmaceutical industry because of its unique propensity
to bind to an exceptionally broad spectrum of therapeutic substances.
Human serum albumin, abbreviated HSA, is the most abundant protein in human blood
plasma, typically reaching a concentration of 50 mg/ml. It is formed in the liver and is
discharged into the bloodstream as a non-glycosylated protein where it, besides maintaining
colloid osmotic blood pressure, acts as a transporter of such chemically diverse ligands as
fatty acids, amino acids, steroids, metal ions (such as Cu2+ and Zn2+) as well as an evergrowing number of pharmaceuticals (see [3]-[4] for examples). The monomeric protein
consists of a single polypeptide chain of 585 amino acids and its tertiary structure is stabilised
by no less than 17 disulfide bonds. It folds to form three homologous domains (I, II and III),
each of which contains two helical subdomains (A and B) [5].
This three-domain design has proved to be very flexible. The protein is known to have a
variety of sites where a wide range of molecules may bind. Binding is especially strong in the
case of hydrophobic organic anions with molecular weights of 100-600 Da, such as longchain fatty acids. Smaller molecules are known to bind to several different sites, of which two
are particularly well defined. These are called site I, or the warfarin site, and site II or the
diazepam site. Site I, which is also known as the Sudlow site, is situated in domain IIA and
was first described by Sudlow et al. in 1975 (see [6]-[7]) and apart from warfarin, this site
may accommodate bilirubin and salicylates, among other ligands. Residues that are involved
in site I interactions are for instance Lys199, Arg257 and His242. Site II is situated in domain
IIIA, involving Tyr411 in the binding of diazepam, octanoic acid, ibuprofen and naproxen,
among other ligands.
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1.2

HSA in drug discovery

The reversible binding of drugs to plasma or serum proteins such as albumin, alpha-acid
glycoprotein, lipoproteins and alpha, beta and gamma globulins has been shown to have
significant effects on numerous aspects of pharmacokinetics and pharmacodynamics [1].
Generally, only the unbound drug is available for diffusion or transport across cell
membranes, and for interaction with a pharmacological target (e g a receptor or an enzyme).
As a result, the extent of plasma protein binding of a drug influences the action of the drug as
well as its distribution and elimination. It is generally assumed that it is HSA that is the
primary drug binder in plasma and therefore the most interesting plasma protein for specific
binding studies with ligands (see Table 1 for examples). It should be noted, however, that a
high level of plasma binding is not always undesirable since this means that plasma proteins
can offer considerable buffering capacity. To maintain pharmacological efficacy in vivo, the
binding of a drug to albumin should not exceed 98%, but if the drug in question binds with
high affinity to its target, higher levels of plasma binding might be accepted.
compound
warfarin
naproxen
tolbutamide
benzylpenicillin
diazepam
furosemide

1.3

Plasma binding
(%)
97
>99
99
25
99
97

Table 1. Examples of binding of drugs to
HSA. The percentage plasma binding
indicates the level of binding that is
observed in a dialysis experiment when a
drug is added to human plasma. A binding
of x % means that (100-x)% of the added
amount of drug will be unbound in plasma.
(source: All about albumin, Peters, 1996)

Structure-based design

In order to define the structural determinants for the function of a specific protein, it is
necessary to determine its three-dimensional structure. Two well-known and widely used
methods to study and determine protein structures are X-ray crystallography and NMR
(nuclear magnetic resonance) spectroscopy. These two methods are used in the
pharmaceutical industry to aid in the so-called structure-based design of small-molecule
drugs. In most cases the aim of rational drug design is to increase the affinity of a candidate
drug to its target protein by changing the chemical composition of the drug. A high-affinity
drug will alter the activity of the target protein more efficiently. Such a molecule will thus be
a more attractive drug candidate than a low-affinity one.
In the case of human serum albumin, however, the situation is reversed. Generally, an ideal
drug molecule would be one that has as low affinity as possible to albumin, still retaining
maximum affinity to its target protein. Structure-based design in this case will mean adjusting
the chemical composition of a drug candidate to minimise, rather than maximise, the binding
to HSA. One way to alter the structure of a drug candidate to reduce binding to albumin
would be to add a functional group that will sterically hinder the interactions that are
necessary for binding [8].
If there is no structure to guide the design of a drug candidate, indirect binding information
could be obtained by other means. By analysing the binding affinities of a family of related
compounds to its target protein, it is possible to suggest a structure-activity relationship
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(SAR). Related compounds often have the same scaffold, but differ in the number and
composition of functional groups. These functional groups will influence the affinity of the
compound. By establishing a SAR, it is possible to make an informed judgment as to which
functional groups should be used to minimise the binding of the compound family to HSA.
This could be done by performing affinity studies with NMR spectroscopy.

1.4

Aim of study

The major aim of this study was to explore routes to apply structural methods for the study of
drug candidate binding to human serum albumin. Both X-ray crystallography and NMR
spectroscopy were to be used to obtain structural information about pharmaceutical ligands
bound to HSA, and also to aid in establishing a structure-activity relationship (SAR) for a set
of related ligands. The results obtained in this study might then be used to develop a highthroughput method for studying HSA-ligand interactions with X-ray crystallography. This
would, together with results obtained with NMR spectroscopy, enable the application of
structure-based design in order to reduce drug candidate binding to human serum albumin.

1.5

Methodology

1.5.1 X-ray crystallography
X-ray crystallography is an experimental procedure for determining macromolecular
structures, which relies on the fact that X-rays are scattered by electrons surrounding the
molecules in a crystal. By analysing the diffraction pattern that is obtained, it is possible to
reconstruct the electron density in the crystal, which in turn relates to the atomic structure of
the molecule [9].
a

drop

reservoir
solution

b
Protein
concentration

supersaturation area

*

*

nucleation

crystal growth
solubility curve

Fig. 2. Crystallisation by vapour
diffusion.
a. The hanging drop method
setup.
b. The solubility curve of a
protein.

Parameter, e.g. PEG
concentration

In order to use crystallography as a method for determining the structure of a protein, the
protein must be available in a crystallised form [10]. The most frequently used crystallisation
method for proteins is the vapour diffusion technique, where a small volume (1-10 µl) of
concentrated, pure and homogenous protein solution is mixed with a crystallising solution and
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placed on a siliconised glass cover slip. The cover slip is inverted and placed over a reservoir
containing up to about 1 ml of the crystallisation solution. Because the drop is hanging on the
underside of the glass slip, this method is referred to as the hanging drop method (Fig. 2a).
This procedure induces a state of supersaturation of the protein (Fig. 2b), since the difference
in composition between the droplet and the reservoir solution will drive the system towards
equilibrium by diffusion through the vapour phase. When the system is close to equilibrium,
crystallisation takes place by a process called nucleation, where the supersaturated protein
spontaneously assembles into a highly ordered structure around which other protein molecules
associate, inducing crystal growth.
After crystallising a protein, its structure can, in most cases, be elucidated by X-ray diffraction
experiments and subsequent data analysis. A short summary of the underlying principles of
this method will be given here; for a more extensive description, see Principles of Protein Xray Crystallography (Jan Drenth, 1999).

a

β
c

α

b

Figure 3.
Crystals. Above:
a crystal of
human serum
albumin. Left: an
example of a
crystal unit cell.

γ

In the regular packing of molecules in a crystal,
three repeating vectors a, b and c can be
recognised with the angles α, β and γ between
them (Fig 3). These three vectors define a unit cell
in the crystal lattice (Drenth, 1999). The
molecules in a crystal lattice seek to arrange
themselves in an energetically favourable way
(i.e. minimising the free energy) and there is often
symmetry in the arrangement. There are a number
of ways to combine the symmetry operations that
relate the molecules to each other, giving rise to
the 65 space groups for protein crystals. A space
group is thus a unique combination of symmetry
operations describing a certain crystal lattice (see
Table 2 for examples). The space group belongs
to a crystal system, which in turn is characterised
by a certain set of unit cell parameters.

crystal system
monoclinic

a
arbitrary

b
c
arbitrary arbitrary

α
90°

β
arbitrary

γ
90°

Space groups
P21, C2

orthorhombic

arbitrary

arbitrary arbitrary

90°

90°

90°

e.g. P212121

trigonal

a = b, c arbitrary

α = β = 90°, γ = 120°

e.g. P3121

Table 2. Examples of crystal systems. Unit cell parameters are given and some examples of the space groups in each
system are given. P and C refer to the placement of molecules in the unit cell, P stands for primitive and C stands for Ccentred. The subscripts indicate so-called screw axes, which describe symmetry between molecules that are related by
translational as well as rotational symmetry.

The electron cloud surrounding an atom in a crystal scatters the X-ray beam, giving rise to
what is known as reflections. An incoming wave is deflected by the electron cloud and, in a
crystal, subsequently interacts with waves deflected by other electron clouds, producing a
diffraction pattern on an appropriate detector.
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Scattering by electron clouds is described by the atomic scattering factor, f (Eq. 1). The
scattering of an atom is determined by the electron density ρ in the position given by position
vector r (origin is at the nucleus of the atom). There is a phase angle shift of 2πr⋅S (S is the
vector perpendicular to the reflecting plane which
makes equal angles with the incident and reflected
beam, see Fig. 4).
s0
f = ò ρ (r ) exp[2πir ⋅ S ]dr
(Eq. 1)
r
r

s

s0

s0

Since a crystal consists of many small repetitive
units, many of the interacting X-ray waves will
cancel each other out, i.e. diffraction will only occur
in certain, discrete, directions. The scattering of a
unit cell containing n atoms at positions rj is
described by the structure factor, F.
n

S

F(S) =

s

å f exp[2πir ⋅ S]
j

(Eq. 2)

j

j =1

Figure 4. Scattering by two electrons. A case of
two electrons (blue spheres), one situated at
position r relative to the other. The primary X-ray
beam, represented by s0, can be regarded as being
reflected in a plane (dashed line). The vector S is
perpendicular to this reflecting plane and the
vector s is the secondary, diffracted, wave.

But instead of summing over all separate atoms in
the unit cell, one can integrate over all electrons in
the unit cell (ρ(r) is the electron density at position r
in the unit cell).
F(S) =

ò ρ (r ) exp[2πir ⋅ S]dv

(Eq. 3)

cell

By describing the unit cell using the fractional coordinates x, y and z (0 ≤ x,y,z < 1) and
expanding the scalar product, equation 3 can be rewritten (Eq. 4). V is the volume of the unit
cell and the Miller indices h, k and l are used to describe the vector S.
1

F(h k l) = V

1

1

ò ò ò ρ ( xyz) exp[2πi(hx + ky + lz )]dxdydz

(Eq. 4)

x = 0 y =0 z =0

The goal of protein crystallography, however, is not to determine the scattering given the
electron density in the unit cell, but the other way round: to calculate the electron density in
the unit cell given the scattering seen in the diffraction pattern. This is done through Fourier
transformation – the Fourier transform of F(h k l) is ρ (xyz ) , and vice versa. Therefore, the
electron density in the point in space x,y,z can be written as a function of all F(h k l). We
know that diffraction only occurs in discrete directions and that the structure factor F can be
rewritten as F = |F|exp[iα]. This means that the integration in equation 4 can be replaced with
a summation and that equation 4 can finally be rewritten as

ρ (xyz ) =

1
ååå | F(hkl ) | exp[− 2πi(hx + ky + lz ) + iα (hkl )]
V h k l

(Eq. 5)

However, the only information that can be derived from the diffraction pattern is the structure
factor amplitudes: the intensity of a diffraction spot is proportional to the square of the
structure factor amplitude:
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I(hkl) ∝ |F(hkl)| 2 (Eq. 6)
To obtain the electron density, the relative phase angle, α, of a certain reflection is needed.
Three major families of methods to obtain phases are available; isomorphous replacement
(IR) methods, multiple wavelength anomalous diffraction (MAD) phasing methods and
molecular replacement (MR). The first two families of methods are used when the unknown
protein has no known homologue whose structure has been solved. These methods make use
of the anomalous scattering of heavy atoms that have been introduced into the protein crystal.
Knowledge of the positions of the heavy atoms enables the extraction of information about
the phases of the unknown protein structure factors.
The molecular replacement method is used to obtain a first model of a protein if the structure
of another protein with a homologous amino acid sequence has already been solved. The
problem is to transfer the known protein molecular structure from its crystalline arrangement
to the crystal of the protein for which the structure is not yet known. Through the use of
rotation and translation functions, placement of the template molecule in the target unit cell
might be accomplished, hence the term molecular replacement (Drenth, 1999). After the two
molecules (the template and the unknown) have been successfully superimposed, phases from
the model molecule are used to obtain a first model of the unknown protein structure.
This initial model is only approximate – how approximate depends on the degree of
homology between the template and the unknown protein. Structure factors calculated from
this model are therefore often in poor agreement with the observed structure factors (Drenth,
1999). The agreement index between calculated and observed structure factors is usually
represented by an R-factor, as defined in equation 7.

å || F − k | F
å| F |
obs

R=

calc

hkl

||

(Eq. 7)

obs

hkl

The factor k in equation 7 is a scale factor. Refinement is the process of adjusting the model to
find a closer agreement between the observed and the calculated structure factors (i.e. to
decrease the R-value) and involves changing the positional parameters as well as the expected
mobility (B-value) of all non-hydrogen atoms in the molecule. There are many ways of
implementing this procedure; in the program REFMAC [11] used in this study, refinement is
entirely based on maximum likelihood formalism, which in turn relies on Bayesian statistics.
After refining the structure as stated above, electron density maps are calculated. There are
several ways of presenting the information contained in the electron density. Descriptions of
those used in this study follow below.
•

•

difference electron density (Fobs – Fcalc) map, in which the electron density is
calculated according to equation 5, but with the difference ∆|F(hkl)| = |F(hkl)|unknown |F(hkl)|template instead of the regular |F(hkl)|. The map shows the electron density that is
extra, or that is missing, in the unknown structure compared to the template structure.
2Fobs – Fcalc map, in which the electron density is calculated according to equation 5,
but with the difference 2|Fobs| - |Fcalc| instead of the regular |F(hkl)|. The map can be

11
regarded as the sum of the electron density of a model, and of a difference electron
density map. The phase angles are those calculated for the model.
The maps, as well as a model of the protein structure, can be viewed and manipulated with the
macromolecular modelling program O [12]. The maps are usually normalised before being
viewed in the modelling program and they are also contoured at a certain level, expressed in
multiples of standard deviation, σ. Using a program called Mapman [13], a mean value of
electron density is calculated and all density is subsequently related to the mean by a number
of standard deviations. Contouring the maps at 3σ, for example, means that only density
stronger than a value 3σ from the mean value is shown.
An important step is to validate the model during and, most importantly, after refinement. A
way to obtain a general impression of the accuracy of the structural model is to inspect the
electron density map. There should be connectivity (i.e. well-defined density) between the
main chain and the side chains and it should be possible to interpret the side chain electron
density (i.e. to “guess” which amino acid it is). Also, a low R-value could be an indication of
a good structural model. It has, however, been shown that R could reach low values during
refinement of structures that later appear to be incorrect. A better indication is therefore given
by the free R-factor (Rfree), which is unbiased by the refinement process [14]. In this method
one divides the reflections into a test set of unique reflections (often 5-10% of the observed
reflections, chosen randomly) and a working set. The refinement is subsequently carried out
with the working set only and the free R-factor is calculated with the test set of reflections
only. The underlying principle is that if a structure is really improved in a refinement step,
both R and Rfree will decrease. If, however, R decreases as a result of fitting to noise, Rfree will
increase. A large difference between R and Rfree is thus an indication of overfitting.
In addition, a good model should not contain unusual torsion angles, unpaired charged
residues in the interior of the protein, conspicuously high B-values or abnormally close van
der Waals contacts. This can be checked with the program PROCHECK [15] which assesses
the quality of a number of stereochemical parameters. These include for instance
Ramachandran statistics, main chain bond angles and bond lengths, side chain bond angles
and side chain bond lengths. A very good general impression of the quality of the structural
model may be obtained by looking at the Ramachandran plot. A Ramachandran plot shows
the phi and psi torsion angles for all the residues in the protein (except at the termini) by
plotting the phi angle on the x-axis and the psi angle on the y-axis. Since only certain
combinations of angles are allowed for α-helices and β-sheets, a majority of the phi-psi
torsion angles in a correctly folded protein should fall into either of these two categories. The
plot is divided into core regions (where most residues should be), allowed regions, generously
allowed regions and disallowed regions. A well-modelled protein structure should give rise to
a Ramachandran plot with >90% in the core regions.

1.5.2 NMR spectroscopy

Another powerful tool for studying the structure and dynamics of macromolecules is NMR
(nuclear magnetic resonance) spectroscopy [16].
NMR spectroscopy is based on the fact that subatomic particles (protons, neutrons and
electrons) possess a property known as spin. In many atoms, for example 12C, which is the
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most abundant carbon isotope, these spins are paired against each other. In others, like 1H, 13C
and 15N, there are unpaired spins and the nucleus may be said to possess a net spin, giving rise
to a magnetic moment. These magnetic moments will, in an NMR experiment, ultimately give
rise to a signal spectrum. By analysing protein NMR spectra, which may be generated in
different ways, one could obtain information about the structure of the protein as well as
about the interactions with a ligand. In order to increase spectral resolution so that it is
possible to study proteins of molecular weights >10 kDa, isotopic enrichment with 13C, 15N
(and occasionally 2H) is employed.

2

Methods

2.1

X-ray crystallography

2.1.1 Crystallisation

Purified human serum albumin was supplied by Octapharma AG (Sweden) at a concentration
of 200 mg/ml. A sample was analysed using matrix-assisted laser desorption ionisation timeof-flight mass spectrometry (MALDI-TOF MS) to check purity and to confirm molecular
mass. Dimers and multimers in the sample, identified by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) using NuPAGEâ precast gels (Invitrogen),
were removed by gel filtration. A 2 ml sample (i.e. a total amount of 400 mg HSA) was
loaded onto a HiLoad 26/60 column containing Superdex 75 (Pharmacia Biotech,
Sweden) with an ÄKTA FPLC chromatographic system (Amersham Pharmacia Biotech,
Sweden). Prior to loading the column, the column was equilibrated using 50 mM potassium
phosphate buffer with 150 mM NaCl, pH 7.5. The same buffer was used for elution. Fractions
containing monomers were identified using SDS-PAGE. The fractions were pooled and
subsequently concentrated using a 4 ml Millipore 10K molecular weight cut-off centrifugal
concentrator.
2.1.1.1

Co-crystallisation

Myristic acid was purchased from Sigma (Sigma-Aldrich Co., USA) and ibuprofen was
obtained from Fluka (Sigma-Aldrich Co., USA). Two substances (at least 95% pure), called
BVT-X and BVT-Y were synthesised at Biovitrum. To prepare complexes with ligands as
described by Curry et al. [17], a 2.5 mM solution of the ligand in 20 mM potassium phosphate
(pH 7.5) was first heated to about 50°C. This is done to disperse the 1:1 acid-soap crystals
that myristate forms at physiological pH and that melt above 43°C. Excess ligand was
pelleted by centrifugation. Next, gel filtrated HSA was incubated with an excess of each
respective ligand, at a ligand/protein ratio of around 15-30, for 15 minutes. The HSA/ligand
complexes were transferred to a solution containing 0.1 mM ligand by cycles of dilution and
concentration in a Millipore 10K molecular weight cut-off centrifugal concentrator. The final
protein concentration used in crystallisation trials ranged between 50-100 mg/ml as
determined by absorbance measurements at 279 nm in an Ultrospec 2000 UV/visible
spectrophotometer (Pharmacia Biotech, Sweden), based on a molar extinction coefficient of
35279 M-1 cm-1 [1]. Also, unpurified protein that had been dialysed overnight in 20 mM
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potassium phosphate buffer with a Slide-A-Lyzerâ 10K molecular weight cut-off dialysis
membrane (Millipore, USA) was used.
Conditions described by Curry et al. (1998) were used as starting points to screen for crystals.
Additional crystallisation conditions were searched for using the PEG/Ion Screen, the
Additive Screen I-III and the Crystal Screen I-II (all Hampton Research, USA). Also,
individually optimised conditions - different pH, ion concentrations, etc - were used to screen
for crystals.
2.1.1.2

Soaking

To prepare complexes with ligands, crystals may also be soaked in a solution containing
millimolar concentrations of the ligand. This is done by placing a small drop (1 µl) of newly
prepared well solution containing the ligand on the glass cover slip next to the drop containing
the crystal to be soaked. Next, the crystal is gently transferred to the new drop using a
cryoloop. The rigidity of the crystal determines the amount of time it is incubated in the
ligand-containing solution.
All four ligands that were screened for co-crystallisation with HSA as described in section
2.1.1.1 were also subjected to soaking trials.
2.1.2

Data collection and processing

Data collection may either be carried out at room temperature using a glass capillary tube in
which a crystal is mounted, or at sub-zero temperatures using a cryoloop and liquid nitrogen
to freeze the crystal. The CryoPro screening kit (Hampton Research, USA) was used to screen
for a suitable cryoprotectant. If the crystal does not endure sub-zero conditions, collection
must be performed at room temperature using a glass capillary tube in which the crystal is
placed in the capillary directly from the drop, together with some of the drop solution. The
capillary is then placed in the X-ray beam.
X-ray diffraction data were collected using Rigaku and MacScience rotating anode X-ray
generators (1.5418 Å) with R-axis IV++ area detectors and Oxford and MSC X-stream
cryosystems. To be certain to obtain a full data set, the crystal is rotated 180° around an
arbitrary axis in the X-ray beam. For each 1° oscillation, the crystal is exposed to the beam for
a user-defined period of time. Each oscillation results in a frame containing the diffraction
spots obtained in that specific direction. The data collected in the different frames were
analysed using the HKL data processing system version 1.97.2, containing Denzo, XDisplay
and Scalepack [18]. The output from this analysis is a file containing all reflections that could
be detected during the experiment, correctly indexed (i.e. each reflection has been assigned
the correct h, k and l indices) and with amplitudes that have been scaled together from the
different frames. Indexed and scaled data were used to obtain initial phases by molecular
replacement using the program MOLREP [19]. Coordinates from the Protein Data Bank
(PDB) entry 1bj5 served as a search model.
2.1.3 Structure refinement
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Refinement of the structure obtained as described in 2.1.2 was carried out using several cycles
in REFMAC. Structure factor amplitudes from subsequent experiments were measured,
indexed and scaled as described in section 2.1.2. Refinement was carried out with REFMAC,
using the refined structure to obtain the initial calculated structure factors (Fcalc). Cycles of
refinement in REFMAC were used to obtain a model of the new structure. REFMAC was also
used to calculate 2Fobs-Fcalc and Fobs-Fcalc electron density maps for the new structures.
Mapman was used to normalise the maps.
PDB files for the different ligands were created using WebLab ViewerPro (Accelrys).
Ligands were built into the positive difference density observed in the refined structures using
manual docking in O. The HSA-ligand complex was subsequently refined using 4-5 cycles of
REFMAC, which was also used for the calculation of new maps for the refined complex
structures.
Validation of the structures was performed using PROCHECK. Only the summary of
stereochemical statistics given by the program was considered in this study.

2.2

NMR spectroscopy

As mentioned in section 1.5.2, the protein must be isotopically labelled in order to perform a
heteronuclear protein NMR experiment. This is done through protein expression in a minimal
medium containing an isotopically labelled carbon source (often 13C-glycerol or 13C-glucose)
and/or nitrogen source (for example 15N-ammonium sulfate), or in an isotopically labelled
rich medium.
2.2.1 Expression of HSA domain III

An isotopically labelled rich medium, E.coli OD2 15N, was purchased from Silantes GmbH,
Germany. Clones of E. coli cells (TOP10 strain, Invitrogen, USA) containing a pBAD
construct with the cDNA of HSA domain III were kindly provided by the Target Expression
and Purification group at Biovitrum. Test expressions of the construct were performed in a
rich, unlabelled (but otherwise equivalent) medium and compared with expression levels in
the Silantes medium. Since the expression levels in the Silantes medium were satisfactory,
although somewhat lower than in the rich, unlabelled medium (results not shown), this
medium was selected for further expression.
To start medium-scale expression, starter cultures of the construct were grown overnight in
Terrific medium (Sigma-Aldrich Co., USA) with 50 µg/ml ampicillin at 37°C at 200 rpm in
an incubator shaker to a final optical density at 600 nm (OD600) of 11.6. A total of 2 litres of
15
N-labelled Silantes medium were inoculated with the overnight cultures and grown until
OD600 had reached approximately 0.5. The cells were then induced with 0.2% sterile filtered
arabinose and expression was allowed to proceed for 3 hours before the cells were harvested
at a final OD600 of approximately 1.5. The expression levels were checked on a precast
NuPAGE SDS PAGE gel (4-12% Bis-Tris, Invitrogen, USA).
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2.2.2 Purification and refolding of HSA domain III

The protein was purified and refolded according to the protocol described by Mao et al. [20].
The pelleted cells were resuspended in 20 mM Tris-HCl buffer (pH 7.9) containing 150 mM
NaCl and lysed by cycles of sonication in a Vibracellä high intensity ultrasonic processor
(Sonics & Materials, Inc., USA) at 20% amplitude (9.9 seconds on, 9.9 seconds off) for 10
minutes. The inclusion bodies containing HSA domain III were pelleted by centrifugation at
4°C, 13 000 x g for 30 minutes in a Beckman Avantiä J-25 I centrifuge and subsequently
solubilised in 6 M guanidine-HCl containing 20 mM Tris-HCl (pH 7.9) and 2 mM βmercaptoethanol.
Another round of centrifugation (as described above) pelleted the unsolubilised particles.The
supernatant, now containing the protein, was loaded onto a 5 mL HiTrap Chelating HP
column (Amersham Pharmacia Biotech, Sweden) that had been prepared with 0.1 M NiCl2
according to the manufacturer’s instructions. After washing with 10 column volumes of 8 M
urea containing 20 mM Tris-HCl (pH 7.9) and 2 mM β-mercaptoethanol, the protein was
eluted with 8 M urea containing 1 M imidazole, 20 mM Tris-HCl (pH 7.9) and 2 mM βmercaptoethanol. The fractions containing the protein were identified by SDS-PAGE
(NuPAGEâ precast gels, Invitrogen), pooled and dialysed extensively (overnight) in H2O
and subsequently in 0.5% acetic acid to remove imidazole and nickel ions. The precipitated
proteins were taken out of the dialysis cassette (Slide-A-Lyzerâ, 3.5K molecular weight cutoff, PIERCE) and pelleted by centrifugation as described above.
The pelleted, denatured proteins were resuspended in 8 M urea and reduced with 50 mM
dithioerythritol (DTE, pH 4.0) at 37°C for 30 minutes. The protein solution was neutralised,
concentrated to approximately 0.5 mg/ml and diluted rapidly with 50 mM sodium
carbonate/bicarbonate buffer (pH 10.0) containing 1 mM EDTA. To refold the protein, it was
dialysed at room temperature against 100 volumes of 50 mM sodium carbonate/bicarbonate
buffer (pH 10.0) containing 1 mM EDTA over the weekend. The outside buffer was then
changed once and 1 mM cystamine was added to facilitate disulfide bond formation.
Recovery of refolded proteins was performed on a 5 mL HiTrap Blue Sepharose column
(Amersham Pharmacia Biotech) preequilibrated with 50 mM potassium phosphate buffer (pH
7.0). After washing the column with 10 volumes of equilibration buffer, elution was
performed with 50 mM potassium phosphate buffer (pH 7.0) containing 1.5 M NaCl. Protein
concentration measurements were performed in different stages of purification using the BioRad Protein Assay (Bio-Rad Laboratories, USA).

3
3.1

Results
X-ray crystallography

3.1.1 Crystallisation

In general, a pure sample of homogenous protein is required to achieve crystallisation of the
protein. Impurities such as dimers, multimers and ligands that have co-purified with the
protein during primary purification might interfere with crystal packing, although this is not
always a crucial point. Should the protein be insensitive to impurities like these during
crystallisation, considerable time could be saved by leaving out some of the purification steps.
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Fig. 5. SDS PAGE of HSA.
The gel reveals the presence of
dimers in the HSA sample
(arrow). The amount of HSA
added to the wells was 5 and 10
µg, respectively (from left to
right). The marker was SeeBlue
Plus2 (Invitrogen); molecular
weights of some bands are
shown.

A sample of HSA was also analysed with
SDS-PAGE (Fig 5). The gel reveals the
sample to contain dimers.
The MALDI-TOF MS spectrum revealed
the HSA sample to be sufficiently pure,
containing at least 95-99% albumin (Fig.
6). The molecular weight of HSA was also
confirmed (66 kDa).
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Fig. 6. MALDI-TOF MS spectrum of HSA. An HSA sample was analysed with MALDI-TOF mass spectrometry. Peaks at m/z
values < 20 000 probably represent multimers, negligible amounts of other impurities and noise. The sample should thus be
regarded as pure.

Since the sample was not homogenous, a gel filtration step was necessary. The gel filtration
chromatogram also shows the presence of dimers in the sample (see Fig. 7). After collecting
and concentrating the fractions containing monomeric HSA, 300 µl-aliquots (approximately
80 mg/ml) were flash-frozen in dry ice and stored at -85°C until use.

Fig. 7. Gel filtration of HSA.
The chromatogram shows the UV absorbance curve during gel filtration of
HSA. The highlighted fractions, containing monomers of HSA, were
pooled. The smaller peaks probably represent multimers (peak furthest to
the left) and dimers (middle peak).

Co-crystallisation trials using
Hampton Research crystallisation
screen kits (as described above)
were performed for
HSA/myristate complexes. A total
of approximately 20 trays were
set up before satisfactory crystals
were obtained (Fig. 8), which
means that almost 250
crystallisation conditions were
screened. These included screens
with different PEG concentrations
(22.5-35%), different pH (7.37.7), at different temperatures
(4°C, 18°C and room

100
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temperature), different ions (from the Hampton Research PEG/Ion Screen kit) and different
additives (from the Hampton Research Additive Screen kit). Also, an alternative technique for
setting up drops was used, namely the sitting drop technique. Crystals were obtained in
roughly 15% of the cases. Extensive optimisation of conditions was necessary.
Optimisation of crystallisation conditions for HSA/myristate complexes eventually resulted in
the following conditions:
§
§
§

hanging drop vapour diffusion at 18°C
equal volumes of complex solution (prepared as described in section 2.1.1.1) mixed
with reservoir solution
reservoir solution consisting of 30% (w/v) polyethylene glycol (PEG) 3350, 50 mM
potassium phosphate pH 7.5 with 0.1 M potassium acetate (KCH3COO) or 0.1 M
potassium formate (KCOOH)
Figure 8. Crystals
of HSA complexed
with myristate.
Typical crystal
dimensions were 1.0
x 0.1 x 0.05 mm.

Gel-filtered protein was required to obtain crystals
– apparently protein that had merely been dialysed
was not appropriate. Crystals grew spontaneously
to form clusters of blocks within two to ten days
and could be harvested directly into glass capillary
tubes.

The ligands used in this study were myristic acid, ibuprofen and two in-house substances,
referred to as BVT-X and BVT-Y. Myristic acid, or tetradecanoic acid (Mr = 228.4), is a 14carbon fatty acid that is formed by fatty acid synthase (FAS) during fatty acid synthesis in the
cytosol (Fig . 9). It has a pKa of about 4.7 and is therefore negatively charged at the carboxyl
end in the range of pH used in this study (pH 7.1-7.7). It is transported in the blood bound to
(at least) five asymmetrically distributed sites in HSA, as described by Curry et al. [17].
Ibuprofen, or (±)-2-p-isobutylphenylpropionic acid (Mr = 206.28), is the active ingredient in a
number of painkillers as a non-inflammatory agent (Fig. 9). As mentioned in section 1.1,
ibuprofen is known to bind to domain IIIA [1].

Fig. 9. Known ligands of HSA
Myristate (above) and ibuprofen (right). Images
were generated using WebLab ViewerPro
(Accelrys).

A substance called BVT-X (Fig. 10) was synthesized as a part of an earlier Biovitrum project.
It consists of a nitrogen-containing five-member ring to which one methyl group, two
bromines and a pentanoic acid group with an additional methyl group, are attached.
Trials were also performed with a promising substance called BVT-Y, from a current
Biovitrum project (structure not shown).
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Soaking of the HSA/myristate crystals in solutions containing ligands of different
concentrations resulted in some cases in disruption of the crystals. Exposure to a ligand
concentration exceeding 1 mM often resulted in disruption in less than 2 hours. In some cases,
durable crystals could survive in concentrations of 1 mM for three days. However, these
crystals turned out to be poorly ordered. This in turn led to weak diffraction, and these
crystals could thus not be analysed. Higher concentrations of ligand were not tried in this
study.
Soaking HSA/myristate crystals (grown in conditions described
earlier in this section) in a 0.5 mM solution of compound BVTY overnight (i.e. approximately 18 hours) did not cause any
visible disruption to the crystals and the crystals were found to
diffract reasonably well when exposed to X-rays, i.e. the level
of disorder discerned on the initial diffraction images was
sufficiently low to allow analysis of the diffraction pattern.
Ibuprofen and BVT-X were also soaked into HSA/myristate
crystals (see Table 3 below).
Extensive co-crystallisation trials for the non-myristate HSA
complexes were also performed, using the same crystallisation
kits as described above. HSA/ibuprofen complexes crystallised
into small, branched blocks in 30% PEG 3350, 50 mM
potassium phosphate (pH 7.5) with 0.1 M ammonium formate
(NH4COOH). HSA complexed with BVT-X crystallised in 30%
PEG 3350, 50 mM potassium phosphate (pH 7.5) with 0.1 M
potassium formate, and HSA/BVT-Y complexes crystallised in
30% PEG 3350, 50 mM potassium phosphate (pH 7.5) and 0.1 M-0.2 M sodium formate
(NaCOOH) or sodium acetate (NaCH3COOH). However, these crystals could not be mounted
in capillaries, either because they were too small in size or because the drop they were located
in contained too much precipitation. Since the co-crystallisation trials were too demanding in
terms of time and ligand consumption, they were temporarily abandoned in favour of soaking
trials.
Fig. 10. BVT-X
This substance was synthesized
as a part of a Biovitrum study
involving an intracellular fatty
acid-binding protein. Thus it is
expected to also bind to HSA.

Compound
BVT-Y
Ibuprofen
BVT-X

Concentration
(mM)
0.5
0.1
0.5

Soaking time
Overnight
1 week
Overnight

Table 3. Soaking HSA/myristate crystals. Many different
combinations of ligand concentration and soaking time
were used; those shown in the table are the combinations
that finally produced the results presented here.

3.1.2 Data collection and processing

Trials using different cryoprotectants so that the crystals might be analysed in a cryobeam
were not successful. The best results were obtained using a 20% solution of ethylene glycol as
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cryoprotectant, but unfortunately the crystals did not diffract well enough to enable the
collection of complete data sets. Instead, data collection was performed at room temperature,
with the crystals mounted in glass capillaries sealed with wax. To minimise crystal
breakdown during data collection, exposure times were varied for each individual crystal so
that a reasonable number of frames could be collected to an acceptable resolution (better than
3.0 Å). Exposure times ranged between 2 and 4 minutes.
The first crystals to be analysed were the HSA/myristate complex crystals. These diffracted
well during data collection and indexing revealed the crystals to belong to the C-centred
monoclinic (C2) space group with the following unit cell parameters: a = 184.2, b = 38.6, c =
96.4, α = 90°, β = 105.9°, γ = 90°. The dataset collected down to a resolution of 2.7 Å was
complete to 74.3% and contained 10638 unique reflections. The number of observed
reflections was 14167, and thus the redundancy (i.e. the average number of times a given
reflection is observed) was 1.33.
3.1.3 Structure refinement

The first structure – HSA complexed with myristate – was solved by molecular replacement
using the program MOLREP with the structure by Curry et al. (1998) as search model. The
coordinates of the five myristate molecules were excluded from the search model. After
automated refinement using REFMAC, the refined HSA/myristate structure was used as a
model to solve the structures of HSA complexed with BVT-X, ibuprofen and BVT-Y (see
Table 4). This is done in REFMAC by using the coordinates of the refined structure and
rearranging them to find a closer agreement to the new, observed structure factors.
After refinement, the HSA/myristate structure had R = 0.176 and Rfree = 0.314. The
Ramachandran plot according to PROCHECK revealed that 84.0% of the residues were in the
core region, 13.8% in the allowed region, 1.5% in the generously allowed region and the
remaining 0.7% in the disallowed region. Corresponding figures for the structure determined
by Curry et al. [17] are 89.0%, 9.9%, 0.9% and 0.2%, respectively. Ramachandran statistics
for the structures of the non-myristate HSA/ligand complexes are given in Table 5.
compound

completeness
of dataset (%)

resolution
(Å)

space
group

unit cell parameters
(a, b, c; α, β, γ)

BVT-X

72.27

2.9

C2

ibuprofen

73.46

3.0

C2

BVT-Y

92.18

2.7

C2

183.206, 38.132,
93.269; 90°,
106.803°,90°
185.121, 38.297,
93.743; 90°,
105.103°, 90°
185.257, 38.152,
92.106; 90°,
104.782°, 90°

number of unique
reflections; number
of observed
reflections;
redundancy
9958;
10814;
1.08

Rfactor

Rfree factor

0.196

0.343

9954;
10489;
1.05

0.259

0.432

15840;
16719;
1.06

0.202

0.281

Table 4. Crystallographic statistics of structures of HSA complexed with ligands other than myristate. As a general rule of thumb, data
sets should be at least 70% complete and resolution should preferably be less than 3 Å for meaningful analysis. An R-value of less than
0.20 combined with an Rfree-value of around 0.25 is considered to be a good indication that the structure is correct.

20
compound

residues in
core region
(%)

residues in
allowed
regions (%)

BVT-X
Ibuprofen
BVT-Y

76.5
63.9
87.9

21.5
31.4
10.3

residues in
generously
allowed
regions (%)
1.5
3.5
1.5

residues in
disallowed
regions (%)
0.6
1.3
0.4

Table 5. Ramachandran statistics of structures of HSA complexed with ligands
other than myristate. Statistics were generated with PROCHECK.

How is the overall structure changed when ligands are present in the molecule? One way to
monitor changes is by looking at the change in the root-mean-square-deviation (RMSD) value
after superimposition (see Table 6). The RMSD value increases somewhat after ibuprofen or
BVT-X has bound, whereas the RMSD value remains the same after binding BVT-Y. This is
an indication that binding BVT-X or ibuprofen affects the HSA structure to a greater extent
than binding BVT-Y.
Ligand
BVT-X
Ibuprofen
BVT-Y

RMSD
(Å)
1.163
1.261
0.368

Table 6. Cα- superimposition,
RMSD values. The liganded
structure was superimposed on
the HSA/myristate structure
determined in this study.

3.1.4 HSA complexed with myristate

According to Curry et al. (1998), myristate binds to human serum albumin in five
asymmetrically distributed sites.

-

Ser287

+
Myr2
Arg257

b

a

Fig. 11. Interactions with Myr2.
a. Fobs-Fcalc map is shown at 3σ for Myr2 in the original HSA/myristate
crystal.
b. Schematic diagram of electrostatic interactions and hydrogen bonds
between the myristate carboxylate group (right) and the side chain
of arginine-257 (left). The basic arginine amino group is bonded by
a salt bridge to the negatively charged carbonyl oxygen. The Nεgroup (secondary amine) on the side chain is hydrogen-bonded to
the hydroxyl group of the myristate molecule.
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The molecules are, for simplicity, termed Myr1 to Myr5. Although HSA consists of three
homologous domains, this symmetry is not reflected in the distribution of myristate binding
sites. According to Curry et al. (1998), Myr1 binds to subdomain IB, Myr2 is situated in a
pocket in the interface between domains IA and IIA; Myr3 and Myr4 both bind to subdomain
IIIA and Myr5 binds to subdomain IIIB. The pockets that accommodate the fatty acids are
generally long and hydrophobic, lined with side chains of aliphatic amino acids. In addition,
the pockets are capped by polar side chains, many of which are basic.

Myr3
Arg410
Arg485

Myr4
Tyr411

Fig. 12. Difference electron density in the HSA/myristate crystal.
Fobs-Fcalc maps are shown at 3σ for Myr3 and Myr4 in the original HSA/myristate crystal.

In this study, density for all five myristate molecules in their respective binding sites is
observed. There is clear difference density (Fobs-Fcalc) for the carboxylate end of Myr1, which
seems to be bonded by a salt bridge to the side chain of Arg117 of the HSA molecule. The
distance between one of the carboxylate oxygens and one of the amino group nitrogens is 2.9
Å, well within the range for hydrogen bonds (approximately 2.6 to 3.0 Å). There is no clear
density above 3σ for the hydrophobic “tail” of Myr1, which is probably due to high mobility,
i.e. that the tail has considerable freedom to move around in the hydrophobic pocket, leading
to weak density for each configuration. Contouring the difference map at 2σ shows some
density for the tail, indicating that there is in fact a myristate molecule in the pocket for Myr1.
Considerably clearer evidence was found for the presence of Myr2 in its pocket between
subdomains IA and IIA (Fig. 11). Density for the carboxylate end of Myr2 is clearly visible
even above 4σ, and the hydrophobic tail is well defined at 3σ, some of it even visible at 4σ.
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The carboxylate seems to be forming a salt bridge to the side chain of Arg257 (3.2 Å) as well
as hydrogen bonds to Ser287 (2.3 Å) and Tyr150 (3.0 Å).
The carboxylate end of Myr3 is also well defined – visible above 4σ – and is bonded by salt
Fig. 13. Superimposition of liganded
HSA onto unliganded HSA.
O was used to superimpose the structure
of HSA complexed with myristate
(purple) onto the structure of unliganded
HSA as determined by Sugio et al.
(turquoise). The binding of myristate
induces rotation of domain III (pink
arrow). The rest of the molecule is
relatively unaffected by myristate
binding, although some rotation of
domain II (yellow arrow) is also
observed.

bridges to Arg348 (2.6 Å) and Arg485 (3.2 Å). Myr3 is also bonded by a hydrogen bond to
Ser342 (2.9 Å) (some of the bonds are shown in Fig. 12). Density for the hydrophobic tail of
Myr3 is not particularly well defined above 2σ, but it seems that the furthest end is better
defined than the rest of the tail.
Myr4 is situated in a pocket close to the Myr3 pocket and has quite clear density above 3σ for
a large part of the tail. The density is somewhat lengthened at the carboxylate end, and it is
not entirely clear exactly where the carboxylate end should be situated in relation to the side
chains. If the carboxylate end is moved to fit into the lengthened density, the tail of the
molecule is almost completely accounted for by density above 3σ. However, the non-bonded
interactions with Arg410 (3.7 Å), Tyr411 (2.6 Å) and Ser489 (3.1 Å) will be severely
distorted. Also, the polar side chains of the residues lining the pocket will be too close to the
hydrophobic tail, indicating that the molecule is correctly fitted as described by Curry et al
(1998).
The density for Myr5 is similar to what is observed for the other four myristate molecules in
that it is well defined (above 4σ) for the carboxylate end whereas the hydrophobic tail is not
seen in the density above 3σ. Interactions with side chains include Lys525 (2.8 Å) and Tyr401
(3.6 Å). It also seems that there is a hydrophobic interaction between the side chain of Phe551
and the tail of Myr5, at a distance of about 3.7 Å.
The refinement statistics for the HSA/myristate structure suggests that the quality of the
structure does not differ significantly from the structure determined by Curry et al. (1998).
The root-mean-square distance (RMSD) between the two structures when superimposed in O
is 0.368 Å. But how does it differ from unliganded HSA? By superimposing the
HSA/myristate structure onto the unliganded structure (PDB entry 1AO6 [21]), it is apparent
that binding myristate is accompanied by significant rotation of domain III. This is also
reported by Curry et al. (1998).
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3.1.5 HSA complexed with BVT-X

Compound BVT-X consists of a five-member ring to which one carboxylate group and two
bromines are attached. Due to the presence of the carboxylate group, it was expected that the
molecule would bind to one of the sites occupied by myristate (since the compound was
soaked into an HSA/myristate crystal) and thus be stabilised in the same manner as a fatty
acid. It was, however, clear from the difference density that the compound had not bound to
one of the myristate sites.
Fig. 14. HSA
complexed with BVTX.
BVT-X was soaked
into HSA/myristate
crystals and binds to a
site close to Myr1 in
domain IB.

Contouring the difference maps at 4σ reveals two large, clear areas of density in domain IB.
This is close to Myr1, but at a different site. Since the two bromines of BVT-X each have a
relatively large number of electrons surrounding them, compared to nitrogen and carbon
atoms, it would be expected that
the signal arising from the
scattering from these atoms would
be stronger than the average
scattering of the molecule (Eq. 1).
Thus it was concluded that the two
bromines could account for the
two areas of density in domain IB.
His146
Near the site, a patch of relatively
well-defined density (visible above
3σ) was observed that might
accommodate the carboxylate
group. The molecule was built into
the density and subjected to 4
Gly189
cycles of REFMAC refinement.
After refinement (R and Rfree
Fig. 15. Interactions between HSA and BVT-X.
values - see Table 4), there was
The carboxylate “head” of BVT-X is situated approximately 3.7 Å
sufficiently convincing evidence
from the side chain of His146. The amine group in the BVT-X ring is
of a BVT-X molecule binding to
2.35 Å from the main chain oxygen of Gly189.
the site (see Fig. 14).
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The site is lined with some aliphatic amino acid side chains, such as Ile142, Leu154, Phe157
and Phe149. The side chain of His146 is in a position close (3.7 Å) to the carboxylate group
of the ligand, suggesting that it might be involved in a salt bridge stabilising the molecule in a
similar manner to what is observed for fatty acids (Fig. 15). There is also some indication that
the amine group of the five-member ring of the ligand is stabilised by interactions with the
main chain oxygen of Gly189. The distance between the two groups is 2.35 Å, which is rather
close for a non-bonded contact. Some hydrophilic side chains are also located near the
binding pocket of BVT-X, such as Tyr161 and Arg145. Since they are situated relatively far
away from the BVT-X molecule, it is assumed that they are not involved in the binding of the
ligand.
Convincing density for all five myristate molecules is observed, indicating that the compound
binds to HSA without displacing any of the ligands that are already bound to the molecule.
BVT-X does not bind in either of the two most commonly described sites for small ligands,
site I and site II (described in section 1.1).
A change is observed in the RMSD between the Cα atoms of the HSA/BVT-X structure and
the Cα atoms of the HSA/myristate structure upon binding, indicating that binding is
accompanied with some structural change (see Table 6 above).

3.1.6 HSA complexed with BVT-Y

Compound BVT-Y was synthesised as a part of a current Biovitrum project. It displays some
promising properties, but its usefulness as a drug is severely hampered due to a plasma
binding level of almost 100%. Detailed structural information describing the binding of the
compound to HSA would therefore be of interest. The structure of the compound in question
is completely confidential and therefore cannot be shown here. However, it is noticeable that
the difference density in the soaked crystal differs from the density in the original
HSA/myristate crystal (Fig. 16).

a

b

c

Fig. 16. Electron density maps for Myr2 in different crystals.
a. Myr2 in the original HSA/myristate crystal, no density shown.
b. Myr2 in the original HSA/myristate crystal, refined density shown at 3σ.
c. Myr2 built into density of HSA/myristate crystal soaked with BVT-Y at 0.5 mM overnight, density shown at 2.5σ.
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The resolution of the two structures is the same (2.7 Å) and the general appearance and
statistics concerning the stereochemical quality of the soaked crystal structure are satisfactory
(see Table 4). Thus, the fact that difference density at the Myr2 binding site in the soaked
crystal (Fig 16c) differs visibly from the original density (Fig. 16b) must be considered
experimentally significant.
As can be seen in Figure 16, the density in the soaked crystal structure is not as well defined
for the myristate molecule occupying the binding site. There are also bits of extra density (still
visible above 4σ) that are not accounted for by the myristate molecule and that are not present
in the original HSA/myristate structure.
Attempts were made to fit the BVT-Y molecule in the extra density in the Myr2 binding site,
but it was not entirely clear how this could be done to make it fit convincingly. The
experiment was repeated, but the crystals were of somewhat poorer quality, leading to weaker
diffraction and lower resolution. Therefore, the results could not be confirmed within the
scope of this study.
Inspection of the structure in O and calculation of the RMSD after superimposition both seem
to show that binding BVT-Y instead of myristate does not cause any extensive changes in the
HSA structure (see Table 6 above).
3.1.7 HSA complexed with ibuprofen

Soaking trials with ibuprofen were not as successful as the trials performed with the two BVT
substances. The HSA/myristate crystals could not endure higher concentrations than 0.1 mM
for any extended period of time and even this low concentration caused visible disturbance in
the crystals, causing them to crack and dissolve in the drop. Even so, the results are of some
interest, particularly because no difference density is visible in the myristate binding sites.

a

b

Fig. 17. HSA soaked with ibuprofen.
a. The Myr1 site occupied by the original fatty acid in the HSA/myristate crystal. Fobs-Fcalc density shown at 2.6σ.
b. The Myr1 site in the crystal soaked with 0.1mM ibuprofen for seven days. Fobs-Fcalc density shown at 2.6σ.

26
This could indicate that the myristate molecules have been diluted out of the crystal during
soaking. In that case the binding sites originally occupied by myristate molecules would be
available for binding. According to earlier studies, ibuprofen binds to site II in domain IIIA, a
site which is not occupied by myristate according to Curry et al. [17] (confirmed by results
presented above) and which should be available for binding even in the presence of myristate.
However, none of the crystals soaked in ibuprofen showed any evidence of ibuprofen binding
to site II.
That ibuprofen would bind to a site other than site II must be regarded as very unlikely
considering the wealth of experimental evidence pointing out this site as the only binding site
for ibuprofen. And even though the resolution and overall refinement statistics of the
ibuprofen-soaked crystal structure indicates that it is not particularly reliable (Table 4), the
difference density in one of the myristate binding pockets deserves some attention. In the
original myristate complex structure, there is difference density indicating that there is a
myristate molecule bound to the Myr1 site. This density is completely absent in the soaked
structure and replaced by a patch of difference density closer to the side chain of Tyr138 (Fig.
17). The patch is still visible at 3.5σ, but not above 4σ. However, due to the poor quality of
the crystal structure, this cannot be regarded as significant, and even though the ibuprofen
could be built into the density, no refinement was carried out. Further experiments were
performed, but no conclusive evidence could be found of ibuprofen binding to this site. It is
difficult to say whether the increase in the RMSD between the atoms in the Cα traces of
HSA/myristate and HSA/ibuprofen is due to the poor quality of the HSA/ibuprofen structure
or to actual structural changes induced by ibuprofen binding (see Table 6 above).

3.2 Expression, purification and refolding of HSA domain III

pBAD

M
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17

1

MAKAI

2

3

HSA domain III

H6

Fig. 18. HSA domain III plasmid
construct. A pBAD plasmid containing a
start-up sequence (MAKAI), a
hexahistidine tag, a kanamycin resistance
gene (not shown) and a cloned gene
encoding HSA domain III was used.

4
Fig. 19. Expression of HSAIII.
M: SeeBlue Plus2 molecular marker (Invitrogen),
molecular weight shown for two of the bands.
1: culture 1 (1 L), before induction
2: culture 1 (1 L), induced with 0.2% arabinose for 3 hrs
3: culture 2 (1 L), before induction
4: culture 2 (1 L), induced with 0.2% arabinose for 3 hrs
The expected molecular weight of the HSA domain IIIconstruct is around 25 kDa.

Before starting expression in a labelled medium, several expression trials were carried out to
determine the conditions needed for optimal expression. Attempts were made to use minimal
medium with either glucose or glycerol as the carbon source, but as yields were greatly
improved by switching to rich medium (i.e. the labelled Silantes medium), this was ultimately
chosen as growth medium.
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Also, several different plasmid constructs with HSA domain III were tried before settling for
the pBAD construct (Fig 18), containing an arabinose promoter.

1

2 M

3

4
Fig. 20. SDS PAGE gel
on HiTrap column
fractions.
M: SeeBlue Plus2
molecular marker
(Invitrogen), see also Fig.
19.
1-4: fractions collected
from purification on Ni2+
chelating column.
The strongest band
represents HSA domain
III (arrow).

Since expression levels in the Silantes
medium were satisfactory (see Fig.
19), purification and refolding was
performed as described by Mao et al.
[20]. Fractions containing HSA
domain III after purification on the
Ni2+ column were identified by SDSPAGE (see Fig. 20 for examples). The
fractions were pooled. The protein was
precipitated by dialysis, after which
the protein was dissolved in 8 M urea
and subjected to refolding.

At this point, the yield was
approximately 15 mg protein at a
concentration of 0.5 mg/ml, as
determined by the Bradford protein concentration assay. However, when performing
purification on the Blue Sepharose column, the protein was lost into the waste and could not
be reloaded onto the column. It is possible that the refolding procedure failed in some way,
perhaps by formation of faulty disulfide bonds, or that that the protein interaction with the
Blue Sepharose column was disturbed in some other way. Several attempts to recover the
protein failed, and the project could not be brought to a conclusion within the scope of this
study.

4

Discussion and conclusions

4.1 X-ray crystallography

Attempts to crystallise full-length HSA were for a long time fruitless. Even after the first
crystal structure had been determined, it was difficult to obtain crystals of HSA complexed
with different ligands. Crystallisation times of up to 2-3 months have previously been
reported with an additional 4-6 weeks for seeding [3]. In terms of high throughput
crystallography, this is unacceptable.
In this study, initial crystallisation trials performed according to Curry et al. (1998) were not
successful; it was not until both the HSA/myristate complex solution and the well solution
used for crystallisation were carefully filtered that sufficiently large and stable crystals were
obtained. The fact that gel filtration of the protein prior to crystallisation is required suggests
that the protein is sensitive to interference with crystal formation, for example, the presence of
dimers or other impurities.
After optimisation, crystallisation of HSA/myristate complexes was highly reproducible. A 24
well crystallisation tray with two drops on each cover slip produced crystals in every single
drop. It was found that either potassium acetate or potassium formate should be added to a
concentration of 0.1 M to the crystallisation solution to ensure crystal growth. It does not
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seem that one salt should be preferred over the other as both appear to be equally likely to
produce large, well-diffracting crystals (to a resolution of better than 3.0 Å). Other potassium
salts were used when screening for co-crystals of HSA with other ligands (results not shown)
and did in some cases (potassium thiocyanate, potassium chloride) result in the formation of
crystals. The presence of potassium salts is not suggested in previously published literature
and this could account for the substantial decrease in crystallisation time. Crystals of HSA
complexed with myristate were obtained within five days in the presence of potassium acetate
or potassium formate. In some cases, crystals were obtained within less than two days.
Crystals grown in this way were found to diffract well down to 2.7 Å – the same resolution as
the structure presented by Curry et al. (1998). In conclusion, the presence of salts, such as
potassium salts or formate salts, and the extensive filtration of all liquids used in the
crystallisation trials, seem to be crucial factors. Gel filtration is required to obtain a
sufficiently homogenous sample and the presence of impurities, either in the form of dimeric
HSA, or as general contaminants such as dust, seems to be fatal to crystal growth.
Many of the crystals of HSA complexed with myristate were very large and formed as plates
or blocks that sometimes were a bit rugged at the ends. The crystals that grew particularly
large were those that were branched (see Fig 3) but since these crystals produced multiple
diffraction patterns, these could not be used for data collection. Instead, it turned out that the
smaller, single crystals were the most useful for analysis.
All crystals analysed during the course of this study were found to crystallise in space group
C2 with cell parameters similar to those described by Curry et al. (1998). The observed
parameters in this study were a = 184.45 ± 0.95 Å, b = 38.30 ± 0.22 Å, c = 93.88 ± 1.82 Å, β
= 105.65 ± 0.90°.
Although co-crystals of HSA with ibuprofen and BVT-Y were obtained with conditions
similar to those producing co-crystals of HSA with myristate (see section 3.1.1), these were
too small to be mounted in capillaries. Attempts made to use cryoconditions during data
collection of these crystals failed, and no crystals could be found in the seeding trials that had
been set up with some of these crystals. It might be that crystals grown by seeding grow more
slowly than the original crystals. Bhattacharya et al. (2000) report that seeding trials of HSA
complexed with propofol and halothane did not result in crystals until after 4-6 weeks.
Instead, soaking the HSA/myristate crystals proved to be the most efficient way to obtain
crystals complexed with ligands other than myristate. Provided that the crystals can endure
being soaked, this method is the most preferable when time is the limiting factor. However,
the durability of the crystals seems to be a crucial point. The breaking or disintegration of
crystals seen in this study is caused by interactions between the crystallised protein and the
ligand leading to a rearrangement of molecules in the crystals. This in turn causes the noncovalent interactions that build up the crystal to break. It would be preferable to use soaking
solutions with a ligand concentration that exceeds 1 mM, but this seems to be difficult to
achieve on a general basis. In the crystal structure of warfarin bound to HSA [4] described by
Petitpas et al., HSA/myristate crystals were soaked in solutions containing 10 and 20 mM
warfarin for 15 and 24 hours respectively. These crystals diffracted well and were refined to a
resolution of 2.5 Å. Unfortunately, similar experiments using the BVT substances and
ibuprofen did not produce the same results. Lower concentrations of ligand were used (up to 2
mM) but even very short soaking times (down to 2 hours) caused the crystals to disrupt.
However, judging from the quality of the structures determined for HSA complexed with the
BVT substances, it does not seem to be absolutely necessary to use a high ligand
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concentration. The structure of BVT-X is very convincing even though soaking was only
performed overnight in a 0.5 mM solution. Instead, it seems likely that some ligands cause
more disruption than others and that the soaking conditions should therefore be optimised
individually.
The advantage of using sub-zero conditions during data collection is that radiation damage,
i.e. the formation of free radicals induced by X-rays and subsequent breakdown of the crystal
structure, is minimised. To ensure that the crystal remains unchanged during freezing, a
cryoprotectant – often low molecular weight PEG or glycols – is very useful. Although
screening for a suitable cryoprotectant was not successful in this study, the idea should not be
abandoned. Considering the advantages of being able to perform data collection at sub-zero
temperatures, it is well worth the effort of searching for an appropriate cryoprotectant for
HSA crystals. The difficulty might be that different cryoprotectants must be used for different
co-crystals.
The difficulty experienced in this study to obtain well-diffracting crystals, either by cocrystallisation or by soaking, may be attributed to the fact that HSA is a very flexible
molecule. Curry et al. (1998) reported that the HSA/myristate structure differs substantially
from unliganded HSA in that the binding of myristate is accompanied by rotations of domains
within the molecule. Also, it seems that hydrophobic side chains are rotated significantly to
form the binding pockets that accommodate the myristate molecules. Thus it is possible that
other ligands might cause similar internal changes, although it might be expected that a
molecule which only binds to a single site should not cause as much change as a molecule
with five binding sites.
Another plausible problem, which might arise when attempting to use crystals of liganded
HSA to study interactions with other ligands, is that the binding of one ligand might influence
the binding of another – not an unlikely scenario considering the flexibility of the HSA
molecule. There is evidence that fatty acids influence the binding of some drug molecules [1].
This may be a problem when small fluctuations in the concentration of unbound drug
generates toxicity. A detailed understanding of the different binding sites and the interactions
between them is necessary to improve drug dosage guidelines and to reduce the incidence of
drug side effects.
There is also the possibility that one ligand might have several binding sites, which is the case
for myristate (five sites) as well as for the general anaesthetics propofol (two sites) and
halothane (three sites). The availability of the different sites might also influenced by the
binding conditions. BVT-X was found to bind to a distinct site, not to one of the myristate
binding sites or to either of the two most commonly described sites (site I and II). Although
the site that is observed in this study should be considered an accurate one, the possibility that
there are additional binding sites that would have been available in the absence of fatty acids
cannot be ruled out.
Myristate binding to HSA is stabilised in two ways: 1) by the formation of a salt bridge
between the acidic carboxylate end of the fatty acid and a basic group in a side chain located
near the binding pocket; and 2) by the hydrophobic interactions between the fatty acid
hydrocarbon tail and aliphatic amino acid side chains lining the length of the binding pocket.
The tail has considerably more rotational freedom than the rest of the myristate molecule.

30
BVT-X binds to HSA in the presence of all five myristate ligands. The binding of BVT-X to
HSA is similar to the binding of myristate, in that the carboxylate moiety is stabilised by a salt
bridge. However, the presence of a bulky five-member ring containing an amino group
instead of a long hydrophobic tail seems to disqualify the compound from binding to one of
the myristate binding pockets. Instead, the amino group is stabilised by interactions with a
main chain oxygen. The demand for coordination of the carboxylate group by a salt bridge to
a basic group near the binding pocket, which is observed for all myristate ligands, seems to be
fulfilled also outside the myristate pockets.
In the case of BVT-X, it seems theoretically possible to minimise plasma binding by
disturbing the stabilising interactions between BVT-X and HSA. For example, substituting
one of the amine groups in the ring with a methyl group would eliminate the hydrogen bond
with Gly189.
Conclusive evidence for a ligand successfully displacing myristate in the original crystal was
not observed in this study.
4.2 Expression and purification of HSA domain III

The initial plan to express and purify unlabelled protein before starting on a batch of labelled
protein – to ensure that the protocol could be carried out with satisfactory yield – was not
successful. This was due to faulty expression. Instead of overexpressing large amounts of
HSA domain III, induction led to overexpression of a T3 phage protein, namely Nacetylmuramoyl-L-alanine amidase (EC number 3.5.1.28). The protein managed to cling to
the Ni2+ column, probably because it binds zinc ions. Thus, the fact that the wrong protein had
been overexpressed and purified escaped our attention until a sample was analysed using
MALDI-TOF MS. After discovering this, expression and purification was started afresh with
new constructs and one of these was then selected for expression in the labelled medium. Due
to the previous time-consuming problems, the plan to go through the protocol once with
unlabelled material was abandoned.
Although no labelled material could be recovered in the end, the efforts to produce HSA
domain III were not entirely in vain: the protocol has been proven to work for expression and
initial IMAC purification. Why refolding and subsequent purification on the Blue Sepharose
column was not as successful is unclear.
In order to bring this project forward, a systematic search for optimal refolding conditions is
required. This could be done by monitoring the refolding process with circular dichroism
(CD) studies.

5

Future work

5.1 X-ray crystallography

Due to the substantial decrease in crystallisation times for liganded HSA that was obtained in
this study and considering the fact that the soaking trials were at least partially successful,
there should be a reasonable chance for successful development of a high-throughput method
for studying ligand interaction with HSA using X-ray crystallography. The biggest obstacle
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appears to be HSA itself – its flexibility seems to demand a great deal of creativity on the
crystallographer’s part, to coax it into a crystallised form and keep it well ordered even in the
presence of new ligands.
Further screenings, both for additives and for suitable cryoconditions, could be rewarding.
Should a suitable cryoprotectant for liganded HSA be found, it would mean that even the
smaller crystals, especially the co-crystals, could be used for data collection. Mounting
crystals in capillaries means putting them through a great deal of stress, which in turn means
that relatively large and rigid crystals must be used. And since it was the smaller co-crystals
of HSA/myristate that were the best suited for data collection, it could be worthwhile also to
develop a method that makes better use of them in the case of other ligands. Being able to use
small crystals would probably mean that valuable time could be saved, making cocrystallisation just as useful as soaking in high-throughput mode. Another advantage with
using sub-zero conditions during data collection is that by enabling the use of a synchrotron
radiation source, considerably higher resolution may be obtained. Increasing the resolution by
0.2-0.3 Å would mean a significant increase in the accuracy of the structural model.
So far, attempts to displace myristate in the original crystals by soaking have been
unsuccessful. Instead of using the 14-carbon fatty acid myristate, one might try to use shorter
fatty acids (such as the eight-carbon fatty acid caprylate) to decrease the number of stabilising
hydrophobic interactions between the hydrocarbon tail of the fatty acid and the aliphatic
amino acid side chains in the binding pockets. Attempts to use defatted HSA when preparing
co-crystals and soaking apo-albumin crystals could also be worthwhile.
Trials using either co-crystallisation or soaking are in both cases accompanied by advantages
and disadvantages, and neither method should be discarded. In my opinion, the key to the
successful development of an efficient method to study ligand interaction with human serum
albumin will probably not lie in using one of them exclusively, but rather to creatively make
use of both methods, optimising the conditions to suit each individual ligand.
On a long-term basis, it might be interesting to include studies on serum proteins other than
albumin. Although serum albumin is regarded as the primary carrier in blood plasma, some
molecules might also, or exclusively, bind to alpha-acid glycoprotein, lipoproteins or to alpha,
beta and gamma globulins.
The conditions required for the study of albumin-ligand interactions in a high throughput
mode that have been fulfilled so far are the demand for short crystallisation times (2-5 days in
the case of HSA/myristate crystals) and reproducibility (almost 100% for HSA/myristate).
Conditions still to be improved include a reliable protocol for soaking the HSA crystals, a
high throughput co-crystallisation method with a low ligand consumption, and cryoconditions
that will enable the generation of high-resolution structures.
5.2

NMR studies of HSA domain III

Although the efforts to produce labelled domain III did not pay off in the scope of this study,
it is probably worthwhile to try again. Once the protocol has been shown to work in its
entirety, it should be interesting to study labelled domain III using NMR spectroscopy on one
hand and crystallising unlabelled domain III to be used for X-ray crystallography on the other.
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Being able to corroborate evidence obtained with one method using the other would be highly
valuable.
Also, it would be valuable to repeat the protocol to produce labelled domain I and II. The
Sudlow sites are situated in domains IIA and IIIA, so domains II and III would probably be
the most interesting ones to study. The reason why it may be interesting to study the domains
separately is that the ligands are often present in low concentrations in vivo. This is certainly
the case for pharmaceutical ligands, whereas it may not always be true in the case of fatty
acids. By using a simplified system, it might be easier to find the physiologically relevant
sites for a ligand, i.e. the sites that are occupied at physiological concentrations. Some sites
with significant affinity may have low occupancy and little physiological relevance.
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