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ABSTRACT: Covalent attachment of poly(ethylene glycol) (PEG) to therapeutic anti-
body fragments has been found effective in prolonging the half-life of the protein
molecule in vivo. In this study analytical ultracentrifugation (AUC) in combination
with small angle X-ray scattering (SAXS) has been applied to a number of antibody
fragments and to their respective PEGylated conjugates. Despite the large increase in
molecular weight due to the attachment of a 20–40 kDa PEG moiety, the PEGylated
conjugates have smaller sedimentation coefficients, s, than their parent antibody
fragments, due to a significant increase in frictional ratio f/fo (from �1.3 to 2.3–2.8):
the solution hydrodynamic properties of the conjugates are clearly dominated by the
PEG moiety ( f/fo �3.0). This observation is reinforced by SAXS data at high values of r
(separation of scattering centres within a particle) that appear dominated by the PEG
part of the complex. By contrast, SAXS data at low values of r suggest that there are no
significant conformational changes of the protein moiety itself after PEGylation
The location of the PEGylation site within the conjugate was identified, and found to
be consistent with expectation from the conjugation chemistry. � 2007 Wiley-Liss, Inc. and

the American Pharmacists Association J Pharm Sci 97:2062–2079, 2008
Keywords: PEGylation; immunoglobul
in; antibody fragment; conformation
INTRODUCTION

Biomedical exploitation of the discrimination
and affinity of antibody binding properties has
been advanced by biotechnological developments.
There are now 18 commercially available mono-
clonal antibody products and more than 100 in
clinical development. In the near future, engineer-
ed antibodies are predicted to account for >30%
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of all revenues in the biotechnology market.1

High-level expression systems have been develop-
ed for mammalian cell expression of antibodies;
however, the large quantities needed in thera-
peutic doses make them prohibitively costly.
Antibody fragments (Fab’, Fv and scFv)2–4 and
engineered variants (diabodies, triabodies, mini-
bodies and single-domain antibodies)1,5–7 that can
be readily produced in large-scale in microbial
systems are now emerging as credible alternatives
for in vitro immunoassays and in vivo tumour-
targeting therapy.8

The improved pharmacokinetics associated with
antibody fragments in tumour penetration are
often modulated by the tendency of such fragments
E 2008



SOLUTION CONFORMATION OF ANTIBODY FRAGMENTS 2063
to have very short circulation times in vivo.6

However, enhancement of the pharmaceutical
properties of antibody fragments by ‘‘PEGylation’’,
or attachment of poly(ethylene glycol) (PEG) to the
fragment, appears to confer a prolonged circulating
half-life on the antibody fragments.9–13 Protein
PEGylation modulates many properties of bio-
medical significance, including reduced toxicity,
reduced immunogenicity and antigenicity; slowing
rates of clearance and proteolysis, and enhancing
solubility and stability (for reviews, see Refs. 14,15).

The molecular basis of the beneficial effects of
PEGylation of therapeutic proteins can be attri-
buted to the unique physicochemical properties of
PEG itself (for reviews, see Refs. 16,17). One of the
most distinct features of PEG is its propensity to
occupy a large volume in an aqueous environment
through time-averaged water association and pre-
sents a volume 5–10 times larger than a soluble
protein of comparable molecular weight,11,14,16,18,19–21

and this can confer on a protein conjugated to it
advantageous features.

Numerous functionalised PEG molecules are
now available commercially.14,18,22 An appro-
priate choice of the size and structure of the
PEG moieties and the conjugation chemistry has
been found crucial to balance the desired pro-
longed half-life in vivo, while maintaining an
acceptable level of relevant biological activity or
activities (including not only antigen binding and
antibody effector function, but also the ability to
localise to certain tissues such as tumours).10

Hence, the molecular weight of the PEG moiety,
its structure, the number and location of the
Figure 1. Schematic representation of an in
fragments. (a) IgG; (b) (Fab’)2; (c) Fab: no hing
are linked through one disulfide bond; (d) Fa
cysteine.
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PEG moieties attached to the protein, as well
as the chemical method of attachment, all
determine the physicochemical and pharma-
cological properties of the resulting protein
conjugate.10,23

Currently there are two different kinds of
PEG structure—linear or branched—which can
be attached to proteins. A branched structure with
a single attachment site could be more favourable
than the linear structure since a high molecular
weight PEG moiety can apparently be obtained
without increasing the number of attachment
sites.24,25 Moreover, branched chain PEGylated
proteins have been found to be more stable against
enzyme proteolysis than linear moieties.23,25

Mono-site attachment of a limited number of
longer chain PEG molecules rather than multi-
site attachment of a greater number of smaller
PEG molecules has been found most beneficial for
retaining a higher level of biological activity.9,10

Generation of PEGylated protein requires site-
specific conjugation strategies to minimise the
amounts of unmated isomers produced.19,23,26 In
the case of Fab’ (Fig. 1) it is possible to engineer a
cysteine residue in the ‘residual’ hinge region of
the molecule (or more than one if required): to
facilitate specific PEGylation through reaction
between the thiol group of the cysteine and the
maleimide group present in a PEG-maleimide
construct to form a stable thioether linkage.9,10,24

This reaction can generate site-specific PEGyla-
tion of the Fab’ (Fig. 2) resulting in yielding a
homogeneous PEGylated product preserving the
full binding activities of the antibody fragment.9
tact antibody molecule and some antibody
e region, the heavy chain and light chain
b’: has a short hinge region with a free
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Figure 2. Schematic illustration of site-specific Fab’ PEGylation. PEG-maleimide
reacts with the thiol group in the hinge region of a Fab’ fragment forming a stable
thioether linkage.
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Whilst the pharmacokinetics and pharma-
codynamics of PEGylated proteins have been
extensively studied, their solution properties are
not as well characterised. Using thiol/maleimide
conjugation chemistry a group of PEGylated
antibody products has been generated to allow
investigation of their solution properties and to
assess if PEGylation has influenced protein
conformation.

The samples were characterised using the
complementary probes of analytical ultracentri-
fugation (AUC) and small angle X-ray scattering
(SAXS). AUC can tell us about the overall
hydrodynamic properties of the complexes and
whether, from measurement of the sedimentat-
ion coefficient and the translational frictional
ratio whether it is the protein or PEG components
which dictate the properties.27,28 This technique
offers significant advantages compared to chro-
matographic based methods for the study of
complex systems like these in that it covers
a very wide range of molecular size without any
requirement for known standards for calibration.
There are no losses arising from macromolecule/
gel matrix interactions caused by macromolecules
irreversibly binding to chromatographic media, or
from the failure of the conjugate molecules to be
‘‘electrophoresed’’ into polyacrylamide gels.

Another powerful tool we employ in this
study is small angle SAXS, which probes the
distribution of SAXS density in the scattering
particle (see, e.g., 29,30), allowing deductions to be
made about the conformation of the scattering
particles, and in particular if the effect of com-
plexation changes the conformation of the protein
component in anyway. By combining ultracen-
trifugation with SAXS, it is possible to make an
assessment of the effect of PEGylation on the
molecular integrity of a selection of antibody
fragments.
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 6, JUNE 2008
MATERIALS AND METHODS

Production and Purification of Antibody Fragment

Three antibody fragments, human g1 Fab’; human
g1 F(ab’)2 and murine g1 Fab’ and associated
PEGylated products were selected for study.

Human g1 Fab’ was derived from E. coli: cell
slurry was extracted in 0.1 M Tris/10 mM EDTA,
pH 7.4 for 16 h at 308C with constant agitation.
The cells were removed by centrifugation at
10,000 rpm, for 30 min, followed by 0.22 mm
filtration and adjustment to pH 7.0 using 2M
Tris-HCl, pH 8.5. The Fab’ was purified by
application of the clarified periplasmic extract
to a GammaBind G (GE-Healthcare, Chalfont St.
Giles, UK) column previously equilibrated with
phosphate buffered saline (PBS). The bound
product was eluted with 0.1 M glycine HCl, pH
2.7, then neutralised with 2 M Tris-HCl, pH 8.5.
The Fab’ was quantified by absorbance at 280 nm,
concentrated four-fold via ultrafiltration (UF,
10 kDa molecular weight cut-off membrane) and
buffer exchanged into 20 mM Tris-HCl, pH 8.0.
The diafiltered product was applied to a pre-
equilibrated (20 mM Tris-HCl, pH 8.0) anion
exchange column, Poros 50HQ (Applied Biosys-
tems, Warrington, UK). The Fab’ was collected in
the unbound fraction, concentrated and buffer
exchanged into 100 mM sodium phosphate buffer,
pH 6.0 containing 2 mM EDTA, to a stock con-
centration of 19.5 mg/mL.

Human g1 F(ab’)2 was obtained by pepsin digest
of IgG and purified by gel filtration (S-200HR
Amersham Pharmacia Biotech, Little Chalfont,
UK). The product was concentrated and buffer
exchanged into 100 mM sodium phosphate buffer,
pH 6.0 containing 2 mM EDTA, to a stock
concentration of 21.0 mg/mL.

Murine g1 Fab’ was mammalian derived using a
NS0 cell line, grown in serum-free conditions in a
DOI 10.1002/jps
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100 L fermenter. The fermenter supernatant
was concentrated 10 times and then applied to a
preequilibrated (20 mM sodium phosphate/
150 mM sodium chloride, pH 7.1) GammaBind
Plus Sepharose (GE-Healthcare) column. The
Fab’ was eluted with 0.1 M glycine-HCl, pH 2.8,
concentrated and buffer exchanged into 100 mM
sodium phosphate buffer, pH 6.0 containing 2 mM
EDTA, to a stock concentration of 19.6 mg/mL.

The concentrations of the protein solutions were
determined by measuring absorbance at 280 nm
with extinction coefficients calculated from the
amino acid compositions.

PEGylation of the Fab’ fragments was achieved
by site specific attachment of PEG-maleimide
derivatives purchased from Nektar Therapeutics
(Mountain View, CA) and NOF Corporation
(Tokyo, Japan). to selectively reduced thiols.
The PEGylated Fab’ products used in this study
are illustrated in Figure 3. hFab’-(L)PEG25k
(Fig. 3a) was prepared by the reduction of human
g1 Fab’, in 100 mM sodium phosphate buffer/2
mM EDTA, pH 6.0, using 2-mercaptoethylamine
(2-MEA) at a final concentration of 5 mM for
30 min at 378C. The reductant was removed via
diafiltration (10 kDa molecular weight cut-off)
into 100 mM sodium phosphate buffer/2 mM
EDTA, pH 6.0. The resultant thiol was titrated
Figure 3. Schematic illustration of (a) (hF
20k); (c) (mFab’-(L)PEG2� 20k); (d) (DFM-
the general structure for monomethoxy PEG

DOI 10.1002/jps J
using 4,40-dithiodipyridine (DTDP) by measure-
ment of the thiopyridine released at 324 nm; a
ratio of approximately one thiol per Fab’ fragment
was obtained. A mono-maleimide PEG derivative
with a 25 kDa linear PEG chain was added to the
reduced Fab’ using a molar ratio of 1.0:2.4 (Fab’/
PEG) and incubated for 18 h at ambient tem-
perature. The Fab’–PEG mixture was then
adjusted to pH 4.5 by the addition of glacial acetic
acid and applied to a preequilibrated (50 mM
sodium acetate, pH 4.5) cation exchange column,
SP Sepharose HP (Amersham Pharmacia Bio-
tech). The product was eluted using a linear
gradient of 0–250 mM sodium chloride over 20
column volumes (CV) then concentrated and
buffer exchanged using a stirred cell (Amicon;
10 kDa molecular weight cut-off membrane) into
50 mM sodium chloride, 125 mM sodium chloride,
pH 5.5 to a final concentration of 4.8 mg/mL, as
measured by the absorbance at 280 nm. The final
product was characterised by sodium dodecyl
sulphate–polyacrylamide electrophoresis (SDS–
PAGE) and gel filtration–high performance liquid
chromatography (GF–HPLC).

hFab’-(Br)PEG2� 20k (Fig. 3b) was prepared
as described for hFab’-(L)PEG25k, except that a
branched mono-maleimide PEG derivative (con-
sisting of two linear 20 kDa chains) of overall size
ab’-(L)PEG25k); (b) (hFab’-(Br)PEG2�
(Br)PEG2� 20k). CH3–(CH2CH2O)n– is
(mPEG).

OURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 6, JUNE 2008
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40 kDa was used as the PEGylation reagent. The
final product was presented in 50 mM sodium
acetate, 125 mM sodium chloride, pH 5.5 to a
concentration of 18 mg/mL and characterised by
SDS–PAGE and GF–HPLC.

mFab’-(L)PEG2� 20k (Fig. 3c) was prepared by
reduction of murine g1 Fab’ in 100 mM sodium
phosphate buffer, pH 6.0 containing 2 mM EDTA
using tris (hydroxypropyl)phosphine (THP,0.5 M
in water, Cytec, Bradford, UK) at a final
concentration of 2.5 mM for 1 h at ambient
temperature. The reductant was removed via
diafiltration (10 kDa molecular weight cut-off)
into 100 mM sodium phosphate buffer, pH 5.7
containing 2 mM EDTA. Titration of the gener-
ated thiols with DTDP resulted in approximately
two thiols per Fab’ molecule due to the reduction
of the interchain disulfide bond between the heavy
and light chain of the Fab’. The reduced Fab’ was
incubated with a mono-maleimide PEG derivative
with a 20 kDa linear PEG, at a molar ratio of
1.00:3.25 (Fab’/PEG) at ambient temperature for
18 h. This resulted in a product where two 20 kDa
PEG chains were attached to the Fab’ via the thiol
at the C terminal end of the heavy chain and
the light chain. Hence, there was no interchain
disulphide bridge between the heavy and light
chains. The Fab’–PEG mixture was then adjusted
to pH 4.5 by the addition of glacial acetic acid and
applied to a preequilibrated (50 mM sodium
acetate, pH 4.5) SP Sepharose HP column. The
product was eluted using a linear salt gradient, of
0–125 mM sodium chloride over 20 CV, concen-
trated and buffer exchanged into 50 mM sodium
acetate, 125 mM sodium chloride, pH 5.5 to a final
stock concentration of 31.7 mg/mL. The final
product was characterised by SDS–PAGE and
GF–HPLC.

DFM-(Br)PEG2� 20k (Fig. 3d): The reduction
was performed as described for hFab’-(L)PEG25 k.
PEGylation was achieved by incubation of a
bis-maleimide derivative of a branched PEG
Table 1. Molecular Weights M and Partia
Antibody Fragments

Sample Attached PEG (kDa

Murine g1 Fab’ 0
Human g1 Fab’ 0
Human g1 F(ab’)2 0
mFab-(L)PEG2� 20k 40
hFab’-(L)PEG25 k 25
hFab’-(Br)PEG2� 20k 40
DFM-(Br)PEG2� 20k 40
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(composed of two 20 kDa linear chains) with the
reduced Fab’ using a molar ratio of 2.2:1.0 (Fab’/
PEG) for 18 h at ambient temperature. The
diFab’–PEG mixture was purified as described
for hFab’-(L)PEG25 k, but using a linear salt
gradient of 0–250 mM sodium chloride over 30 CV.
The final product was concentrated and buffer
exchanged into 50 mM sodium acetate, 125 mM
sodium chloride, pH 5.5 to a final concentration of
13.5 mg/mL and was characterised by SDS–PAGE
and GF–HPLC.

Concentrations of the PEGylated protein solu-
tions were measured from measurement of ultra-
violet (UV) absorbance at a wavelength of 280 nm.
The extinction coefficient of the PEG is negligible
as pure PEG revealed a minimal signal contribu-
tion,11 therefore a weight-averaged extinction
coefficient was used for each PEGylated molecule
by taking into account the contribution of the
mass of the PEG to the conjugate. For instance, in
the case of mFab-(L)PEG2� 20k, at 280 nm the
extinction coefficient of the Fab’ alone is 1614
mL g�1 cm�1, and taking into account the mass
contribution of the 40 kDa PEG, the weight-
averaged extinction coefficient for mFab-
(L)PEG2� 20k is 873 mL g�1 cm�1.

The commercial manufacturers claim for the
molecular weight of the branched PEG (2� 20 k)
of 40 kDa was checked by both size exclusion
chromatography coupled to multi-angle laser light
scattering (courtesy of Dr. G. Morris, NCMH)
yielding a value for the weight average molecular
weight Mw of (40.5� 1.2) kDa.

Table 1 lists the PEGylated conjugates used
in this study. The partial specific volume n of
each antibody molecule was calculated using
the routine SEDNTERP31 from the amino acid
composition. Following Lepori and Mollica32 and
Nichol et al.,33 a value of 0.83 mL/g was used
as the partial specific volume for the all the
PEG molecules evaluated. The weight-averaged
partial special volume for each of the PEGylated
l Specific Volumes n of PEGylated

) Molecular Weight M (kDa) n (mL/g)

47 0.726
48 0.726
96 0.726
87 0.774
73 0.762
88 0.777

136 0.759

DOI 10.1002/jps
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conjugates (see Table 1) was then calculated using
the following relation:34

nc ¼
XN

i¼1

fini ¼ fpnp þ fnpnnp (1)

where fp and fnp are the weight fractions of protein
and nonprotein components respectively, and np

and nnp their partial specific volumes.
SDS–PAGE and HPLC Analysis of PEGylated
Antibody Fragments

The Fab’ fragments and their associated PEGy-
lated products were analysed for purity by SDS–
PAGE and GF–HPLC prior to the hydrodynamic
studies.

SDS–PAGE was performed using Novex Tris-
Glycine (4–20%) gels (Invitrogen EC60255BOX,
Paisley, UK) under both nonreducing and redu-
cing conditions. For nonreducing conditions 10 mL
of a 0.4 mg/mL solution of the sample was diluted
1:1 with Tris-Glycine SDS Sample buffer x2
(Invitrogen LC2676) and boiled for 2 min; for
reducing conditions 2.2 mL of NuPage Sample
Reducing Agent� 10 (Invitrogen NP0004) was
included in the nonreducing mixture and boiled
for 3 min. In both cases 10 mg was loaded onto the
gel and ran according to the manufacturer’s
instructions (a constant voltage of 125 V for 90
min). The bands on the gel were visualised by
Coomassie Blue staining.

GF–HPLC was performed using an HPLC
system (Agilent 1100, Stockport, UK) with Zorbax
GF450 (Agilent 884973-902) and Zorbax GF250
(Agilent 884973-901) columns connected in series.
The elution buffer was 0.2M sodium phosphate,
pH 7.0 containing 10% ethanol. The samples
were analysed at 1.0 mL min�1 isocratically with a
30 min run time, at a wavelength of 280 nm.
Sedimentation Velocity and Equilibrium in the
Analytical Ultracentrifuge

All Fab’ fragments and their associated PEGy-
lated products were diluted to between 0.5 and
1.6 mg/mL at six different concentrations prior to
sedimentation velocity experiments in an Optima
XLA (Beckman Instrument, Palo Alto, CA), at
208C using an An60Ti four-place rotor running at
various rotor speed (45000 rpm for velocity runs
and 12000–14000 rpm for equilibrium runs). The
sedimentation process was monitored by UV
DOI 10.1002/jps J
absorbance with a scan interval of 4 min, with
the buffer as the reference solvent. Absorption
optics was chosen for studying PEGylated anti-
bodies as PEG had minimal signal contribution at
280 nm11: any unconjugated PEG would not be
detected.

We also investigated the sedimentation coeffi-
cient behaviour of the linear ‘‘20 kDa’’ (molecular
weight estimated by the manufacturer) PEG re-
agent (see Fig. 3b) and the branched ‘‘40 kDa’’ PEG
reagent (see Fig. 3c) using the interference optical
system on an Optima XLI (Beckman Instrument).
The 20 and 40 kDa PEG samples (in powder form)
were dissolved separately in 50 mM sodium acetate,
125 mM sodium chloride buffer (pH5.5) and
concentrations were determined using an Atago
DD-5 differential refractometer (Jencons Scien-
tific, Leighton Buzzard, UK) (dn/dc¼ 0.134 mL/g).
Samples were then diluted to between 0.3 and
2.3 mg/mL prior to the velocity run at 50000 rpm.

Sedimentation velocity data were analysed by
the so-called least squares g�(s) or ‘‘ls-g�(s)’’
procedure as implemented in SEDFIT.35,36 g�(s)
profiles confirmed the monodispersity and the
aggregate-free nature of the solutions (see Dis-
cussions later), which are critical for the sub-
sequent interpretation of the SAXS data. The
experimental sedimentation coefficient values
s20,b (the designation s20,b to indicate that the
value reported applies to conditions of 20.08C in a
solvent b, which in this case is the formulation
buffer) obtained from SEDFIT have been cor-
rected to s20,w (standard solvent conditions—the
density and viscosity of pure water at 20.08C)
using SEDNTERP.31 The s20,w values obtained at
different concentrations were extrapolated to zero
concentration to yield s0

20;w thereby eliminating
solution nonideality effects.37

Sedimentation equilibrium data were evaluated
by the model-independent routine MSTARA38—
no model (ideal, single solute, etc.) has to be
assumed a priori, as required by other software.
Determination of the baseline absorption by
over-speeding the centrifuge was necessary to
correct for UV-absorbance from nonmacromole-
cular material. At each loading concentration, the
MSTARA program provides a plot of M�(r) versus
j(r) for determination of molecular weight, where
M�(r) is an operational point average molecular
weight and j(r) is the radial displacement squared
parameter defined by:

jðrÞ ¼ ðr2 � r2
aÞ

r2
b � r2

a

(2)
OURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 6, JUNE 2008
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where ra, rb are the radial positions of the cell
meniscus and cell base, respectively. Although
the M�(r) values themselves have no physical
meaning, the M�(r) extrapolated to the cell
base (j(r)¼ 1) yields the apparent weight-average
molecular weight over all the macromolecular
components in the ultracentrifuge cell, Mw.39 Mw

at different concentrations were extrapolated to
zero concentration to eliminate any contribution
from thermodynamic nonideality.37

Small Angle X-Ray Scattering (SAXS)

The SAXS data were obtained at Station 2.1 at the
Synchrotron Radiation Source (SRS, Daresbury,
UK), employing sample-to-detector distances of
1 m (to cover a scattering range of 0.04<Q< 0.30
Å�1) and 4 m (for 0.009<Q< 0.19 Å�1). Q is the
magnitude of the scattering wave vector and
defined as Q¼ 4p sin Q/l, where 2Q is the total
scattering angle relative to the forward direction
and l the X-ray wavelength. The detector was
calibrated with wet rat-tail collagen (character-
istic spacing of 670 Å) and silver behenate
(characteristic spacing of 58.38 Å). Data were
collected at different antibody concentrations on
the 1 m camera in 60 s time frames (ranging from
4.8 to 31.7 mg/mL) and on the 4.0 m camera in 20–
10 s frames (ranging from 1.29 to 9.5 mg/mL).
Using the standard Daresbury software package
XOTOKO,40 the data were then normalised to the
intensity of the incident beam, radially averaged,
and corrected for the detector response. The total
scattering intensity from each of the time frames
was determined to check for beam induced
aggregation in the sample, those frames showing
increasing counts were excluded from further
analysis as the increase was considered to be due
to radiation induced aggregation.

After subtracting the buffer contribution to cor-
rect for the inter-particle interaction effects in the
low-angle region of the high concentration mea-
surement, the low-angle regions of the low con-
centration data were scaled to merge with
the high-angle region of the high concentration
data using SigmaPlot1 (Systat Software, Inc.,
San Jose, CA). The distance distribution function
p(r) and the maximum dimension (Dmax) of the
scattering particle were obtained by using
GNOM.41 The radii of gyration (Rg) were deter-
mined by using the Guinier approximation with
data from the low angle region,42 and from
transformation of the entire scattering profile
with GNOM.
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 6, JUNE 2008
It suffers the disadvantage over AUC in that
larger amounts of material are required. For this
reason, although we were able to study all the
samples by AUC, SAXS studies were possible on
five out of the seven preparations.
Ab Initio Modelling

Ab initio shape reconstruction (i.e. without
prior knowledge of shape) from the angular
scattered intensity envelope has proved useful
in representing the solution conformation of
complex macromolecules of different topologies.30

Among the various ab initio reconstruction
algorithms existing, the program DAMMIN43

was used in our study. DAMMIN calculates the
scattering intensities of a particle built up from a
finite number of dummy beads and minimises
the surface between the particle and the
solvent. Ten low resolution models obtained from
different DAMMIN runs were analysed following
procedures described in Ref. 44 and the stable
constructions were averaged using the program
DAMAVER44 which yields an average model
representing the common characteristic struc-
tural features of all the reconstructions.

The atomic coordinates of the crystallographic
models of two Fab’ molecules were taken from the
Brookhaven Protein Data Bank (accession code
1UCB and 1BBJ respectively) and the scattering
profiles of these two models were calculated
using CRYSOL45 and HYDROPRO.46 The
ab initio model for the murine g1 Fab’ was then
superimposed onto these crystallographic models
using the programs SUPCOMB47 and MASSHA48

to check the validity of the ab initio shape
reconstruction. For the PEGylated Fab’ or Fab’
molecule, the averaged shape model was super-
imposed onto the model of murine g1 Fab’
after alignment using SUPCOMB. In the case
of DFM-(Br)PEG2� 20k, as no scattering data
was available on DFM, comparison was made by
superimposing the model of the human g1 F(ab’)2

onto the DFM-(Br)PEG2� 20k.
RESULTS

SDS–PAGE and GF–HPLC Analysis of
PEGylated Antibody Fragments

SDS–PAGE analysis of human g1 Fab’ and
associated PEGylated species can be seen in
Figure 4. The human g1 Fab’ preparation shown
DOI 10.1002/jps



Figure 4. SDS–PAGE analysis (NOVEXTM, Tris/Gly-
cine 4–20%) of human g1 Fab’ and associated PEGylated
conjugates under nonreducing and reducing conditions.
Lane 1, molecular weight marker (Mark12TM,
NOVEXTM); (Lane 2) human g1 Fab’; (Lane 3) hFab’-
(Br)PEG2� 20k; (Lane 4) DFM-(Br)PEG2� 20k. Left
panel, nonreducing conditions; (right panel) reducing
condition.

Figure 5. SDS–PAGE (Tris-Glycine 4–20%) analysis
of murine g1 Fab’ and its associated PEG conjugates
under nonreducing and reducing conditions. Lane 1,
molecular weight markers (Mark 12); (Lane 2) human
g1 Fab’; (Lane 3) murine g1 Fab’; (Lane 4) mFab’-
(L)PEG2� 20k
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in Lane 2 was seen to contain some F(ab’)2

evidenced by a band at approximately 100 kDa:
there was also evidence for some free heavy
and light chains at approximately 25 kDa. The
associated PEGylated components in Lanes 3 and
4 are shown to be >95% pure. The contamina-
tion of the human g1 Fab’ has no consequences
in terms of interpretation of sedimentation
coefficients as the other components resolve away
but renders opaque to interpretation the SAXS
records. By contrast, both the murine g1 Fab’ and
mFab’-(L)PEG2� 20k were >99% pure (Fig. 5).
The mobility of the mFab’-(L)PEG2� 20k (Lane 4)
was equivalent in both nonreducing and reducing
conditions confirming that there was no disul-
phide bridge between the heavy and light chains
and that a 20 kDa linear PEG chain was attached
to the C terminal end of both the heavy and light
chain.

The results of GF–HPLC analysis for both
human g1 Fab’ and murine g1 Fab’ with
associated PEGylated products can be seen in
Figures 6 and 7. GF–HPLC analysis of human g1
DOI 10.1002/jps J
Fab’ (Fig. 6), confirmed the presence of F(ab’)2
(28%). The PEGylated species, hFab’-(Br)PEG2�
20k, DFM-(Br)PEG2� 20k and hFab’-(L)PEG25 k
(not shown) were shown to be>98% pure. For the
murine g1 Fab’ and mFab’-(L)PEG2� 20k (Fig. 7),
both species were shown to be >99% pure.
Hydrodynamic Behaviour of PEGs

Figure 8 shows an example of the g�(s) distribu-
tion for the branched 40 kDa PEG plotted with
respect to s (Fig. 8a) and log es

2 (Fig. 8b), where the
latter takes into account we are dealing with a
quasi-continuous log-normal distribution of mole-
cular weights for the PEG.

The conformation of the PEG chain in aqueous
solution is still a matter of debate. X-ray
structural analysis has shown that crystalline
PEG chains can adopt two extreme structural
conformations: a zigzag, random coil structure for
shorter chains, or a winding, helical structure for
longer chains.49 It has been argued from earlier
studies that viscosity50–53 and diffusion coef-
ficient data50 support a random coil conformation,
OURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 6, JUNE 2008



Figure 6. GF–HPLC analysis of (a) human g1 Fab’; (b) hFab’-(Br)PEG2� 20k;
(c) DFM-(Br)PEG2� 20k. Zorbax GF450/GF250 HPLC columns in series with isocratic
elution in 0.2 M sodium phosphate, pH 7.0/10% ethanol at 1.0 mL min�1, detected at a
wavelength of 280 nm.
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whereas it has been claimed from calorimetric
data54 that it adopts a helical conformation. Based
on volumetric studies, Lepori and Mollica32 favour
a compromise model for PEG in solution is a
hydrated flexible coiled polymer with some helical
segments.

In many cases with high polymeric solutes there
is a unique relation between the sedimentation
coefficient s and the molecular weight M. For
example the extremes are as follows (see, e.g.
Ref. 55):

Compact sphere : s � M0:667 (3)

Rigid rod : s � M0:15 (4)
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 6, JUNE 2008
For a flexible coil polymer, s and M follows the
relation that55

s � M0:4�0:5 (5)

or to an approximation

s2 � M (6)

In all three cases loge(s) is the appropriate
abscissa. Therefore if the PEG moiety investi-
gated in this study is approximately a random
coil conformation, and contains a continuous log-
normal distribution of polymer chain lengths,56

we would expect the g�(s) distribution plot on a
log(s2) scale (or 2 log(s)) which in turn mirrors the
DOI 10.1002/jps



Figure 7. GF–HPLC analysis of (a) murine g1 Fab’ and (b) mFab’-(L)PEG2� 20k.
Zorbax GF450/GF250 HPLC columns in series; isocratic elution in 0.2 M sodium
phosphate, pH 7.0/10% ethanol at 1.0 mL min�1; detected at a wavelength of 280 nm.
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normalised molecular weight distribution to be a
unimodal Gaussian distribution. This unimodal
Gaussian distribution feature (see, e.g. Fig. 8b) is
clearly evident within the range of concentrations
studied (from 0.6 to 2.3 mg/mL). The slight
deviation could due to the diffusive effects.

The g�(s) distribution yields a modal sedimenta-
tion coefficient. For both PEG reagents, con-
siderable nonideality effects were observed as
the sedimentation coefficient showed a marked
decrease with increasing concentrations (data not
shown). The concentration-dependence coefficient
ks estimated from the extrapolation of 1/s versus
conc. plot to zero concentration yields a value of
(81� 6) mL/g using the relation

1

s
¼ 1

s0
þ ks

s0
c (7)

This high ks value found for the 40 kDa PEG is
much larger than for globular proteins which
confirms the flexible expanded conformation of the
DOI 10.1002/jps J
molecule. Extrapolations of the 1/s versus conc.
plot to zero concentration yields an s0

20;w value of
(0.64� 0.01)S for the linear 20 kDa PEG reagent
and (0.82� 0.01)S for the branched 40 kDa PEG
reagent. Interestingly, it is possible to estimate
the molecular weight M based on the s0

20;w and ks

(after correction for radial dilution) measure-
ments:37 for the 40 kDa PEG reagent, a value of
M �39000 g/mol is returned.

The sedimentation coefficient is inversely pro-
portional to the frictional ratio following the
relation:

s0
20;w ¼ Mwð1 � nr0Þ

6pNAh0

4pNA

3nMw

� �1=3 1

f=f0
(8)

where Mw is the weight averaged molecular
weight (g/mol), n is the partial specific volume
(mL/g), NA is Avogadro’s number (6.02205� 1023

mol�1), r0 (g/mL) and h0 (Poise) are the density
and viscosity of water at 20.08C respectively.
OURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 6, JUNE 2008



Figure 9. The ls-g�(s) distribution for a 1.2 mg/mL
hFab’-(Br)PEG2� 20k solution. (a): g�(s) versus s dis-
tribution. (b): log-normal distribution. In (b) the � line is
the experimental distribution and the red solid line
shows a single Gaussian curve.

Figure 8. ls-g�(s) distribution of a 0.57 mg/mL 40 kDa
PEG solution. (a) plotted versus s; (b) plotted versus
log(s2), Green: experimental g�(s) distribution; red:
simulated data from SEDFIT35,36 and black solid lines
shows a single Gaussian curve. Simulated data generat-
ed from SEDFIT is based on a single-component system
(using Mw¼ 40 kDa and s¼ 0.8S), showing the broad-
ening of the peak is due to diffusion alone.
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Following this relation, high frictional ratios
(ratio of the actual friction experienced by a
particle moving through a fluid to the friction
which it would experience if it were a compact
sphere of the same mass)57 were found for the
20 kDa PEG ( f/fo �2.5) and the 40 kDa PEG
( f/fo �3.0) using the algorithm UNIVERSAL_
PARAMS.58
Hydrodynamic Behaviour of PEGylated Conjugates

Interestingly, sedimentation velocity analyses of
the PEGylated antibody solutions reveal their
homogeneous nature. Moreover, the g�(s) dis-
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 6, JUNE 2008
tribution of these PEGylated antibodies mirrors
the effect seen in the analysis of PEG that the
distribution is log-normal with respect to s or s2

(an example see Fig. 9). This suggests that the
hydrodynamic behaviour of PEGylated antibody
is predominantly dictated by the attached PEG
moiety. Again, similar to the 40 kDa PEG, the
modal sedimentation coefficients obtained from
g�(s) distribution at different concentrations were
extrapolated to zero concentration to eliminate
the effect of nonideality, and the s0

20;w values are
reported in Table 2.

The weight-average molecular weights of
the PEGylated conjugates from sedimentation
equilibrium are also shown in Table 3. Despite
DOI 10.1002/jps



Table 2. Experimental Sedimentation and X-Ray Scattering Data for the Antibody Fragments and their PEGylated
Conjugates

Sample s0
20;w (S) f/fo Rg (Å) Dmax (Å)

Murine g1 Fab’ 3.67� 0.02 1.30 26.4� 1.0 76� 2
Human g1 Fab’ 3.95� 0.01 1.23 — —
Human g1 F(ab’)2 5.49� 0.01 1.40 41.0� 1.0 117� 3
mFab-(L)PEG2� 20k 2.12� 0.02 2.75 29.5� 1.0 94� 2
hFab’-(L)PEG25 k 2.40� 0.01 2.29 31.2� 1.0 96� 2
hFab’-(Br)PEG2� 20k 2.16� 0.02 2.68 — —
DFM-(Br)PEG2� 20k 3.41� 0.03 2.47 49.6� 1.0 145� 3

s0
20;w: sedimentation coefficient; Rg: radius of gyration, Dmax: maximum dimension of the scattering particle.
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the polydisperse nature of the PEG reactants, the
measured molecular weight and the theoretical
values for the PEGylated molecule are in reason-
able agreement.
Solution Conformation of Antibody Fragments
and PEGylated Conjugates

Sedimentation Coefficients

The sedimentation coefficient ðs0
20;wÞ is a mani-

festation of the overall size and shape of a
macromolecule in solution and the data from
our experiments are summarised in Table 2. The
value for human g1 Fab’ (3.95� 0.01)S is similar
to previous determinations.59 With its short hinge
removed, murine g1 Fab’ sediments at the same
rate (3.67� 0.02)S as murine classic g2a Fab’
(3.68� 0.01)S.60 Comparison of these last two
values indicate that the existence of the hinge may
not alter the overall conformation of the antibody
fragment and the difference in the hydrodynamic
behaviour between human g1 Fab’ and murine g1
Fab’ is ascribed to the different antibody species
used. It is worth pointing out that the murine g1
Fab’ has no upper or middle hinge region since a
stop codon was inserted in the gene after the CYS
Table 3. Molecular Weights of the PEGylated
Conjugates

Sample
Theoretical

M (Da) Mw (Da)

mFab-(L)PEG2� 20k 87200 78000� 3000
hFab’-(Br)PEG2� 20k 88100 82000� 4000
hFab’-(L)PEG25 k 73100 73000� 2000
DFM-(Br)PEG2� 20k 136100 125000� 4000

Mw: experimental (weight-average) molecular weight from
sedimentation equilibrium.
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residue in CH1. Interestingly, human g1 F(ab’)2
has an identical sedimentation coefficient (within
experimental error) to the DFM (covalently linked
diFab’-maleimide) of (5.53� 0.04)S (Harding, S.E.
and Rhind, S.K. unpublished work).

Despite a large increase in molecular weight
due to the conjugation of either linear 25 kDa
or branched 40 kDa PEG moieties with the
proteins, both hFab’-(L)PEG25k and hFab’-
(Br)PEG2� 20k sediment at a slower rate com-
pared to the parent antibody human g1 Fab’ (see
Table 2). Similar sedimentation behaviour has
been observed for the mFab’-(L)PEG2� 20k and
DFM-(Br)PEG2� 20k. These data suggest a sig-
nificant effect of PEG on the conformation of all
the antibody fragments studied, with the increase
in frictional ratio f/fo (from �1.3 to 2.3–2.8):
the solution hydrodynamic properties of the
conjugates are clearly dominated by the PEG
moiety ( f/fo �3.0).

Unfortunately quantifying further the effect on
conformation is rendered difficult because of
the effects of addition of the PEG on the water
association or time averaged ‘‘hydration’’ of the
antibodies—which also increases the frictional
ratio. The large hydrodynamic size or volume of
PEGylated antibodies in solution has already
been reported.10

Small Angle X-Ray Scattering

Although the complexities of hydration and
flexibility render it difficult to comment on the
detailed conformation of the protein-PEG con-
jugates it is nonetheless possible to provide
limited but nonetheless useful information on
the conformation of the protein moiety and
the location of the PEGylation site within the
complex, using SAXS to extend the sedimentation
velocity data.
OURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 6, JUNE 2008



Figure 10. Superimposition of the experimental p(r)
functions (with error bars) of murine g1 Fab’ (- - -) and
mFab-(L)PEG2� 20k (—). Both molecules have the
same peak M at �30Å. The maximum dimensions Dmax

are 76 and 95 Å respectively.

Figure 11. Superimposition of the experimental p(r)
functions (with error bars) of human g1 F(ab’)2 (- - -) and
DFM-(Br)PEG2� 20k (—). For human g1 F(ab’)2, peaks
M1 and M2 occur at �32 Å and �75 Å respectively, with
Dmax �120 Å. For DFM-(Br)PEG2� 20k peaks M1 and
M2 occur at rM1 �35 Å and rM2�90 Å respectively, with
Dmax �145 Å.
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Small angle SAXS measures the relative
scattering intensity between the scattering par-
ticle and the solvent.29 The Guinier approxima-
tion42 of the scattering profile yields the radius
of gyration (Rg) of the particle in solution and
indicates its elongation or compactness. Fourier
transformation of the scattering profile gives the
distance distribution function p(r) as a function of
scattering distance r. This is characterised by one
or maxima (M) and the maximum dimension of
the scattering particle (Dmax) both of which are
characteristic features of the particle in solution:
the algorithm in GNOM41 allows to calculate p(r)
as well as a further estimate for Rg (encouragingly
Rg values from this procedure which were
consistent with those from the Guinier analysis).

Using these procedures a radius of gyration of
26.4 Å was found for the murine g1 Fab’, similar to
the previous determination.61 Comparing the
PEGylated conjugates with their parent anti-
bodies (Table 2), scattering data have shown that
the effect of PEGylation is to contribute to a more
‘‘extended’’ conformation in solution as indicated
by the higher Rg and Dmax values. By attaching
two linear 20 kDa PEG to the C-termini of the
heavy and light chains of the murine g1 Fab’, the
resulting conjugate mFab’-(L)PEG2� 20k has a
Dmax of 94 Å, suggesting a �20 Å increase
compared to the murine g1 Fab’. The radius of
gyration data are consistent with the Dmax

implying that the PEGylated molecule is more
elongated. More pronounced differences were
found between the human g1 F(ab’)2 and DFM-
(Br)PEG2� 20k, with a �9 Å increase in Rg and a
�30 Å increase in Dmax.

The distance distribution function p(r) of a
scattering particle reflects the shape and mass
distribution of the molecule.29,62 Figures 10 and
11 show the superimpositions of the p(r) function
of the antibody fragments and their PEGylated
conjugates. The p(r) function represents the
distribution of all intra-particle scattering vectors
and therefore the maximum M in p(r) corresponds
to the most frequently occurring interatomic dis-
tance within the molecular structure.29,63 Murine
g1 Fab’ and mFab’-(L)PEG2� 20k both have this
maximum M at a value of r of �30 Å (Fig. 10): this
value refers to the most commonly occurring
distance between the scattering centres in a single
Fab’. Thus we can conclude that no significant
conformational change to the antibody fragment
occurs upon PEGylation, that is, the structure of
the Fab’ fragment itself remains essentially
unaltered. Parts of the PEGylated molecule extend
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 6, JUNE 2008
over larger distances (e.g. between the PEG moiety
and the protein) and therefore contribute to the
distribution of longer distances in the p(r) function
which result in an increase in Rg and Dmax

compared to the isolated Fab’ fragment.
Similarly, there is little tendency for the Fab’

domain within DFM-(Br)PEG2� 20k to undergo
considerable conformation changes when com-
pared to the human g1 F(ab’)2. Analogous posi-
tions of the first maxima M1 are found at (32–35)
Å (Fig. 11) that can be assigned to the most
commonly occurring distance within a single Fab’.
The second maximum peak M2 describes the most
common distance within the whole molecule and
therefore can be ascribed to the distance between
DOI 10.1002/jps
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the two Fab’s. As a bis-maleimide linker was
used for the synthesis of DFM-(Br)PEG2� 20k,
an increase of 15 Å in peak M2 of DFM-
(Br)PEG2� 20k (90 Å) compared to the human
g1 F(ab’)2 (75 Å) illustrates the conformational
variation between these two molecules due to the
adduct of the bis-maleimide derivative of the
branched PEG.
Figure 13. Superimposition of experimental p(r)
function (with error bars) of the murine g1 Fab’ with
p(r) functions of two Fab’ crystallographic models cal-
culated from HYDROPRO46: 1UCB (— ��— ��) and 1BBJ
( ). For the murine g1 Fab’, the maximum M occurs
at �30 Å and the maximum dimensions Dmax occurs at
�76 Å respectively.
DISCUSSION

Ab Initio Modelling

Ab initio shape reconstruction using the program
DAMMIN43 was carried out to visualise the
conformations of the antibodies and their PEGy-
lated conjugates in solution For each molecule,
10 low resolution models obtained from different
DAMMIN runs were analysed and the stable
constructions (NSD< 0.8) were averaged that
yielded a model representing the most probable
features of the solution (see Materials and
Methods Section).

To examine the validity of the shape reconstruc-
tion, the ab initio model of the murine g1 Fab’ was
compared with the crystallographic models of two
Fab’ molecules (accession code 1UCB and 1BBJ
respectively). Superimpositions of the ab initio
model of murine g1 Fab’ with the crystallographic
models using SUPCOMB47 and MASSHA48 are in
very good agreement with all three Fab’ models
and have a similar volume (an example see
Fig. 12). The scattering properties of the crystal-
Figure 12. Superimposition of the Fab’ crystal struc-
ture (PDB accession code 1UCB, red cartoon) with the
ab initio model of murine g1 Fab’ (grey spheres). The
cysteine in the light chain at position 214 is highlighted
by green spheres.
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lographic models of two Fab’ molecules (accession
code 1UCB and 1BBJ respectively) were calculat-
ed using CRYSOL45 and HYDROPRO46 (data not
shown). Superimposition of the p(r) functions (see
Fig. 13) for the three different Fab’ models yield
similar positions for the maxima M and Dmax and
reflect the excellent harmony revealed between
ab initio models and crystal structures (Fig. 12).

Correspondingly, ab initio models of mFab-
(L)PEG2� 20k and hFab’-(L)PEG25k were calcu-
lated and superimposed with the model of
the murine g1 Fab’ (see Figs. 14 and 15).
Distinct structural features are revealed in the
Figure 14. Superimposition of ab initio models of
mFab-(L)PEG2� 20k (transparent cyan spheres) with
murine g1 Fab’ (transparent grey spheres). For orienta-
tion the red ribbon model represents the Fab’ crystal
structure as shown in Figure 9.

OURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 6, JUNE 2008



Figure 15. Superimposition of ab initio models of
hFab’-(L)PEG25 k (transparent pink spheres) with
murine g1 Fab’ (transparent grey spheres). For orienta-
tion the red ribbon model represents the Fab’ crystal
structure in analogy to Figures 9 and 11. Figures 9,11
and 12 were produced with the routine PYMOL.65
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superimpositions of the Fab’ with PEGylation
conjugates and clearly demonstrates that the
Fab’ is essentially unchanged by PEGylation. The
extension in the PEGylated model is attributed to
the conjugation of PEG. However, it is apparent
that the increase in volume of the PEGylated
model is smaller than expected considering the
size of the PEG moiety. With the significant
increase in frictional ratio as observed by sedi-
mentation velocity, it might be anticipated
that the PEGylated molecule being much more
‘‘extended’’ or occupying a larger excluded volume.
An explanation can be found in the fact that the
PEG molecules are highly dynamic and flexible in
solution and primarily the immediate interaction
regions with the antibody will contribute to a
strong scattering contrast between solvent and
macromolecule. Besides, the shape restoration
procedure with DAMMIN works more reliably
for compact and rigid molecular configurations
and it may be less sensitive to loosely bound
and dynamically disordered structural arrange-
ments.64 Moreover, as the electron density within
a PEGylated molecule is not homogeneous and is
characterised by high solvation, the scattering
contrast between the PEG moiety and the solvent
is smaller compared to the one between protein
and solvent.

This deviation from the expected particle
volume suggests that the ab initio restoration
does not represent fully the effective volume of
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 97, NO. 6, JUNE 2008
the whole PEGylated molecule. Considering the
above reasons it could be inferred that only the
more ordered and rigid parts of the PEG moieties
have been manifested in the shape calculations:
contributions on the other hand from the dyna-
mically disordered PEG segments had a contrast
for X-rays that were only marginally higher than
that for the buffer solution. Further studies
involving contrast variation small angle neutron
scattering (SANS) may help to resolve the issue on
the conformation and contribution of the PEG
moiety. Although SAXS fails to reveal details
about the conformation of the whole PEG compo-
nent, nonetheless it is still possible to comment
on the way PEG is bound to the protein. For
instance, models of mFab’-(L)PEG2� 20k and
hFab’-(L)PEG25k have shown that the attached
PEG moiety extends from one end of the Fab’. A
superimposition of the crystallographic models
with the ab initio model of hFab’-(L)PEG25k is
achievable so that the PEG moiety is attached to
the Fab’ fragment through the free cysteine that
is exposed at the C-termini of the Fab’ molecule
(see Fig. 9). This is consistent with the conjugation
chemistry applied in site-specific PEGylation
(Fig. 2).
Concluding Remarks

AUC and measurement of the translational fric-
tional ratio has shown that for all PEGylated-
antibody fragment complexes studied, the hydro-
dynamic properties are dominated by the PEG
moiety. SAXS at low values of r (distance between
scattering centres) as manifested by the rM and Rg

values, indicate that the conformation of Fab’ itself
is essentially unchanged by incorporation into the
complex. The globular Fab’ therefore appears to
‘‘sit’’ inside the flexible PEG: although attached
at a specific point, because of its much greater
flexibility the time-averaged flexible conformation
of the PEG may effectively cover part or all of
the Fab’.
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