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Abstract

Covalently grafting proteins with varying numbers (n) of poly(ethylene glycol) molecules (PEGs) often enhances their
biomedical and industrial usefulness. Partition between the phases in aqueous polymer two-phase systems can be used to
rapidly characterize polymer—protein conjugates in a manner related to various enhancements. The logarithm of the partition
coefficient (K) approximates linearity over the range O<n<x. However, x varies with the nature of the conjugate (e.g.,
protein molecular mass) and such data analysis does not facilitate the comparison of varied conjugates. The known behavior
of surface localized PEGs suggests a better correlation should exist between log K and the weight fraction of polymer in
PEG-protein conjugates. Data from four independent studies involving three proteins (granulocyte—macrophage colony
stimulation factor, bovine serum albumin and immunoglobulin G) has been found to support this hypothesis. Although
somewhat simplistic, ‘weight fraction’ based analysis of partition data appears robust enough to accommodate laboratory to
laboratory variation in protein, polymer and phase system type. It also facilitates comparisons between partition data
involving disparate polymer—protein conjugates.

Keywords: Partitioning; Aqueous two-phase systems; Poly(ethylene glycol); Proteins; Immunoglobulin; Bovine serum

albumin

1. Introduction

Covalent modification of therapeutic proteins,
pharmaceutical molecules and drug carrying colloids,
with neutral polymers such as poly(ethylene glycol)
(PEG) is a method of choice to overcome many
problems associated with their use in vivo. PEG-
protein conjugates typically exhibit extended plasma
half-life, reduced immunogenicity, increased solu-
bility, and enhanced resistance to proteolysis [1-4].

*Corresponding author. Present address: Institute for Chemical
Technology, Royal Institute of Technology, S-100 44, Stockholm,
Sweden.

PEG-modified liposomes and other drug carriers
display similarly enhanced properties [2,5-7]. PEG-
modification also enhances thermostability, solvent
dependency plus other properties related to industrial
applications [1-3,8,9]. PEG is ideal for tethering
proteins and other molecules to each other, or to
surfaces such as chromatographic supports and
biosensors [2]. While a number of standard chemical
methods are available to separate and analyze PEG-
conjugates [1-9] there is a recognized need to
develop new methods. Such methods should be non-
destructive, rapid, cost-effective and able to differen-
tiate PEG-modified substances in a manner which
relates to their enhanced capabilities [1,2]. Capa-
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bilities which often relate to PEG molecules ‘mask-
ing’ immunogenic groups [9] or otherwise altering
the surface properties of PEG-modified substances
[1-8].

Mixing neutral polymers such as PEG and dextran
polyglucose in aqueous buffered solution at low
concentrations (e.g., 4% w/w) typically results in the
formation of an aqueous polymer two-phase system
consisting of a PEG-rich phase floating on top of a
denser dextran-rich phase. Delicate particles, proteins
and molecules readily partition between such phases
in a non-denaturing manner. The partition coefficient
(K) of material between the phases reflects various
features of the substance—solution interface (e.g., net
interfacial free energy in the two phases) and many
studies have correlated log K and various physical or
physiological attributes of proteins, cells and other
substances [10-13]. In addition log K has also been
shown to vary directly with polymer modification of
proteins or other substances via covalent
[1,2,10,11,14—18] or other means, e.g., affinity inter-
actions [2,10-13,19,20]. Partition rapidly provides
semi-quantitative information involving both the
degree of polymer modification and its ability to alter
protein surface features. Information whose inves-
tigation by other means may be more costly, slower,
technically demanding and possibly involve animal
testing. Partition is expected to be indicative of the
effectiveness of polymers of differing type, branch-
ing, molecular weight and functionality, when used
at different degrees of grafting, to protect and ‘mask’
modified substances in a range of aqueous environ-
ments. Partition is also an ideal method for large
scale separations [2,10—12]. It is therefore important
to understand the relationship between K and PEG
modification of macromolecules.

Earlier attempts to address the relationship be-
tween K and the number of PEG molecules ()
localized at a protein via covalent or affinity methods
[14-21] focused on a linear relationship. However,
the linear relationship, predicted on the assumption
that each grafted PEG contributed equally to K
(14,20,22], did not hold over the larger ranges of n
possible with covalent grafting [15,16,20]. The pre-
dictive and comparative value of log K versus n
analysis is currently limited to interpolation
[18,21,23]. This reduces the use of such easily
obtained partition data to predict and compare the

properties and behavior of polymer-modified pro-
teins.

In the present study log K versus n data from four
independent studies involving three types of PEG-
modified proteins, was evaluated in order to identify
a simple laboratory correlate which is free of the
above limitations. The proteins were granulocyte—
macrophage colony stimulation factor (GM-CSF),
bovine serum albumin (BSA) and immunoglobulin G
(IgG). The partition data was published in four
papers in different journals and data formats, by
three independent groups [15,16,18,23]. In addition
to varied protein types, the studies involved different
molecular weights of PEG, sources of PEG, PEG
coupling chemistry, phase systems and methods of
determining both » and K. In spite of such differ-
ences current knowledge of the behavior of interfa-
cially localized PEG allowed identification of a
direct relationship, between log K and polymer
weight fraction in the PEG-protein conjugates. Use
of this approach enhanced both comparative evalua-
tion of the data, and understanding of how PEG
modification may affect the surface properties of
proteins in solution.

2. Experimental

The data was from experiments conducted at room
temperature in accordance with standard practices
[10-12) using NaCl-enriched two-phase systems
containing dextran T 500 and PEG 8000 or 6000. It
is summarized in Tables 1 and 2. The protein
partition coefficient (K) was taken as the concen-
tration ratio of protein in the PEG-rich phase and
dextran-rich phase. Table 2 data represents mean
values of three or more determinations (with stan-
dard deviations shown in some cases). Tables 1 and
2 also indicate data related to the polymer weight
fraction (PWF) in the resulting conjugate. This is
expressed as [nM,~(nM,+Mp)_'] where M, and M,
refer to the mean molecular mass of the PEG
monomer and protein, respectively [14,15,20,22]. In
these calculations M, was taken to be 14.4 kDa for
GM-CSF [23,26], 66.2 kDa for BSA [4,27] and
160.0 for kDa IgG [28]. For ease of comparison
original data was converted to log K versus n format
(Table 2). The IgG and BSA partition data of Karr et
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al. [16] was converted from % of amino groups
substituted to n values based on 60 [4,27] and 90
[29] amino groups per BSA and IgG molecule,
respectively. Table 2 data were plotted and subjected
to least squares fit analysis (Table 3) using Cricket
Graph version 1.3.2, (Cricket Graph Software, Mal-
vern, PA, USA) on a Macintosh computer. Some
details of individual protein modification and parti-
tion studies are given below.

Karr et al. [16] prepared PEG-BSA or PEG-1gG
conjugates by reacting various amounts of cyanuric
chloride [4] activated monomethoxy-PEG 5000 with
4 mgml™' of BSA (Sigma) or IgG (sheep anti-
human red blood cell) in 100 mM sodium borate
buffer (pH 9.2), under stirring for 1 h. Unattached
PEG was removed by 30 kDa exclusion diafiltration
(Amicon PM-30 membrane) with 50 mM borate
buffer. Free amino groups were estimated via re-
action with sodium trinitrobenzene sulfonate in 4%
(w/w) sodium bicarbonate (modified Habeeb meth-
od) which is dependent on removal of unreacted
PEG [16,24]. Partition was determined in a phase
system consisting of 5.0% (w/w) dextran T-500
(M,=500 000 from light scattering, Pharmacia and
Upjohn), 4.0% (w/w) PEG 8000 (M,=6650 from gel
permeation chromatography [13], Union Carbide),
150 mM NaCl, 7.3 mM Na,HPO,, 23 mM
NaH,PO, (pH 7.2). According to convention [10-
13] this system was designated (5.0, 4.0) V. BSA and
PEG-BSA samples (0.1 ml at 4 mgml™') were
added to 2 ml of phase system in test tubes which
were then mixed twice by vortex mixing at 10-min
intervals and centrifuged for 5 min at 200 g. Due to
dilution the final phase system composition was
expected to approximate (4.75, 3.80) V. Protein
concentration in each phase was measured
fluorimetrically (Turner spectrofluorometer at 280
nm excitement and 380 nm emission) with the
appropriate phase as a control. IgG and PEG-IgG
samples (0.2 ml at 2 mg ml ') were added to 2 ml of
(5.00, 4.25) V phase system whose final composition
was expected to approximate (4.55, 3.86) V. Partition
was determined by UV absorption at 280 nm. Karr et
al. recently reviewed various technical and other
aspects of their research [24].

Sharp et al. [15] reacted cyanuric chloride acti-
vated ['*C]monomethoxy-PEG 1900 with "L IeG
(affinity purified, rabbit anti-human red blood cell

IgG [15]) in 100 mM borate buffer (pH 9) for 40
min. PEG-IgG was separated from unreacted PEG
by gel filtration. The amount of PEG attached was
determined from the concentration ratio of '*C to
'*°1. Partition was determined in a (5.0, 3.4) V phase
system compounded with polymers similar to those
used by Karr et al. Partition experiments involved
combining 2 ml volumes of each phase and =0.2 ml
of buffer containing IgG or PEG-IgG. This resulted
in a homogeneous phase to which 12 pl of 30%
(w/w) PEG 8000 solution was added in order to
regenerate a biphasic system whose final composi-
tion is estimated to have been (4.75, 3.41) V. After
mixing and settling, top and bottom phase aliquots
were analysed for protein concentration on the basis
of their radioactivity.

Delgado et al. [18] reacted various amounts of
tresylated [30] monomethoxy-PEG 5000 with 1.5
mg ml~ ' BSA (Sigma) in 50 mM sodium phosphate
buffer (pH 7.5), containing 125 mM NaCl for 2 h at
room temperature under gentle magnetic stirring.
The degree of modification (Table 2) was established
by fluorescamine (4-phenylspiro[furan-2(3H), 1'-
phthalan]-3,3’-dione) assay [25] and gel permeation
chromatography (see below). Fluorescamine interacts
with the primary amino groups of proteins (lysine
residues and amino terminus) to form a fluorophore
(390 nm excitation, 475 nm emission) whose fluores-
cence is proportional to amine concentration, and
much less affected by residual PEG [19,25]. Partition
involved 0.1-g protein solution being added per gram
of phase system to yield a 4.75% dextran T-500
(Pharmacia and Upjohn), 4.75% PEG 6000 (British
Drug Houses), 150 mM NaCl, 5 mM Na,HPO,, 5
mM NaH,PO, (pH 6.8) system. After 30-40 inver-
sions, the mixture was left to settle at room tempera-
ture (15-20 min) until complete separation of the
phases was observed. Top and bottom phases were
analysed for protein concentration by Coomassie
brilliant blue assay (Pierce).

Delgado et al. [23] reacted '*’I-GM-CSF (Amer-
sham, UK) with tresylated mPEG 5000 for 2 h at
room temperature. The degree of modification was
established as follows. Reaction mixtures were sub-
jected to gel permeation chromatography and parti-
tion coefficients of (PEG),-GM-CSF fractions,
where n equals 1, 2 or 3, were determined in a (4.75,
4.75) V (pH 6.8) system (see above) via '*’ gamma
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counting. The average degree of modification of
whole reaction product mixtures was then deter-
mined by computer aided deconvolution of gel
permeation chromatogram peaks and by fitting a
protein product mixture’s substitution and partition
profiles (Ref. [23] and Delgado and Francis, un-
published).

3. Results and discussion

Table 1 summarizes similarities and differences in
the different data analyzed [15,16,18,23]. The three
proteins studied GM-CSF [14.4 kDa, 7 free (terminal
and 6 y-lysine) amine groups] [26], BSA (66.2 kDa,
60 free amine groups) [27] and IgG (160 kDa, 90
free amine groups) [28,29] represent a wide range of
molecular mass and potentially reactive amine
groups. They were modified with up to 2.5, 46 and
43 monomethoxy-PEG molecules to yield maximal
polymer weight fractions of approximately 0.4, 0.8
and 0.6, respectively. PEG molecules were function-
alized with cyanuric chloride [4] or tresylate [30]
which are comparable, though somewhat different, in
their specificity for and reaction with protein groups
[31]. The GM-CSF, BSA and sheep IgG studies
involved PEG 5000-protein conjugates in similar,
albeit not identical, two-phase systems. In particular
close similarity in the two BSA studies provided an
opportunity to compare analogous results from dif-
ferent laboratories. Sharp et al. [15] partitioned PEG

1900-modified rabbit IgG in a two-phase system
which was close to monophasic. Reproducibility of
such results is more sensitive to polymer lot, tem-
perature and other experimental factors [11,22]. The
NaCl-enriched systems common to all four studies
are expected to possess minimal electrostatic chemi-
cal potentials (e.g., 0.2 mV) [16] and to be more
sensitive to polymer grafting than to slight alterations
in protein surface charge (groups) [10].

Although the partition of polymer modified pro-
teins has been of interest for almost two decades
[10,14] and numerous proteins have been derivatized
with PEG [1-3,31], Table 2 contains some of the
most comprehensive data available on the partition
of PEG-proteins as a function of polymer grafting
density. Enhanced PEG-modification analysis al-
lowed improved analysis of n values related to the
work of Deglado et al. (see above); however, this
data is not significantly different from that published
previously [25]. Multistep countercurrent phase
partition and gel chromatography often indicate
heterogeneity in PEG-protein conjugates such as
those related to Table 2 [1,15,18,21]. This fact, the
experimental differences noted above, plus lack of
information concerning the distribution and orienta-
tion of grafted PEGs in relation to protein structure
limit overt analysis of the data. However, analysis of
its general trends provides insight to the influence of
polymer-grafting on conjugate surface properties and
partition behavior.

According to theory log K should vary directly

Table 1

Summary of experimental variables

Protein M; mPEG PEG n Polymer Phase Ref.

(kDa) M, group range weight system”
fraction

GM-CSF 144 5000 Tresylate 0-25 0-0.45 (4.75, 475) V [21,23]

BSA 66.2 5000 Tresylate 0-17 0-0.58 (4.75,475) V [18,23]

BSA 66.2 5000 Cyanuric 0-46 0-0.79 (4.75, 3.80) V¢ [16]
chloride

IgG 160.0 5000 Cyanuric 0-42 0-0.57 (4.55,3.86) V* [16]
chloride

IgG 160.0 1900 Cyanuric 0-43 0-0.31 (4.75,341)V* [15]
chloride

* See Section 2.

® Phase systems contained dextran T 500, PEG 8000 or 6000 and phosphate buffered saline. Polymers were different lots from different

sources.
° Estimated by authors from information supplied in references.
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Table 2
Protein partition and PEG modification data®

Average Log K Alog K Polymer weight
amino groups  partition® partition fraction
modified (n)

PEG 1900-1gG, from Sharp et al. [15]

0 0.0410.020 0.000 0.000
27 0.771x0.039 0.730 0.222
31 1.267+0.048 1.226 0.247
43 1.605=0.051 1.564 0.312
PEG 5000-1gG, from Karr et al. [16]

0.0 0.000+0.053 0.000 0.000
423 0.825*0.129 0.825 0.569
PEG 5000-BSA, from Karr et al. [16]

0.0 —0.348+0.060 0.000 0.000

6.0 0.908+0.149 1.256 0.326
234 1.380%0.152 1.728 0.654
28.2 1.380%0.152 1.728 0.695
456 1.690=N.D. 2.038 0.786
PEG 5000-BSA, from Delgado et al. [18]

0.00 —0.376+0.040 0.000 0.000

6.16+2.77 0.446*0.063 0.822 0.332
11.29 0.787+0.098 [.163 0.477
13.59x2.71 1.066+0.098 1.442 0.523
16.76 1.070£0.057 1.446 0.575
PEG 5000-GM-CSF, from Delgado et al. [23]

0.000 0.202+0.054 0.000 0.000
0.072 0.155*0.025 —0.047 0.024
0.643 0.338=0.007 0.136 0.179
1.211 0.3910.036 0.189 0.292
2.062 0.459+0.045 0.257 0.412
2.526 0.608+0.015 0.406 0.462

* See Section 2.
" Mean *standard deviation.

with protein surface alteration, as reflected by protein
interaction with the two aqueous environments of the
system [11,22]. Figs. 1 and 2 illustrate that log K is
directly related to PEG grafting ratio (n), and that
appreciable shifts in partition are often associated
with small variations in n. For example, Karr et al.
found grafting an average of only six PEG 5000
molecules to BSA induced 90% of the protein
molecules to partition into the PEG-rich phase (i.e.,
Alog K=1.26) [16]. This is noteworthy as regards
potential use of partition to both analyze (as well as
fractionate) PEG-grafted proteins.

The sensitivity of log K to n, exhibited by PEG
5000-modified GM-CSF and BSA partitioned by

20

"o 10 20 30 40 50
PEG Modifled Amino Groups

Fig. 1. Log K partition versus degree of PEG modification (Table
2) for PEG 5000—cyanuric chloride modified sheep IgG (- -O- -),
PEG 5000-cyanuric chloride modified BSA (-W-), PEG 5000—
tresylate modified BSA (-A-), PEG 5000-tresylate modified GM-
CSF (-@-) and PEG 1900-cyanuric chloride modified rabbit IgG
(-O-).

Delgado et al. in identical phase systems, appears to
vary inversely with protein size (Figs. 1 and 2). Such
variation is also in keeping with the data of Karr et
al. for the partition of PEG 5000-modified BSA and
sheep IgG (two data points) [16].

Graphs of log K versus n graphs for the above two
independent studies involving PEG 5000-BSA are
quite similar over their common range of n. This
suggests that partition results are similar even when
experiments involve slightly different polymers,
PEG-functional groups, protein samples, phase sys-
tems and laboratories in different countries. It should
be noted that Delgado et al. [18] used 4.75% (w/w)
of PEG 6000 while Karr et al. [16] used 3.80% of
PEG 8000.

log K

0 2 4 s s 10 12 14
PEG Modified Amino Groups

Fig. 2. Detail of Fig. 1 showing GM-CSF and BSA partition at
low n values.
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Although Figs. 1 and 2 suggest the relationship
between log K and n approximates linearity over
varying ranges of n [18,23], they question overt
belief in such linearity. A linear relationship would
imply equivalency of grafted PEG molecules at
affecting conjugate surface features and lack of
influence of grafted polymer chains on further graft-
ing. Recent studies by many groups (discussed
below) oppose such beliefs. In addition Least squares
fit analysis suggests a second order equation provides
a better fit (Table 3) for both sets of BSA data,
which span a relatively large range of n. The best
first order (linear) fit is seen for the PEG 5000-GM-
CSF data which involves a relatively small range of
n. This may be particularly noteworthy as regards
PEG-modification of hormones, cytokines and other
relatively small proteins. The next best first order fit
involves the (PEG 1900-IgG) conjugate of lowest
PEG-to-protein molecular weight ratio and a data set
of only four points.

The conformations and interactions of PEG mole-
cules in aqueous solution [2,32,33] or localized at
various interfaces [2,34—-38] are numerous, as are the
non-covalent interactions which PEG molecules are
capable of entering into. PEG polymer segments can
interact with each other, water molecules, various
ions and other chemical groups [above references].
PEG molecules may bind cations [2,33] and appear
capable of hydrogen bonding with proton donors (so
as to significantly increase their pK,) [39,40]. They
may exhibit hydrophobic interactions [34,37,38]
based on changes in the gauche—trans equilibrium
related to their C—O bonds [41] and attractive or
repulsive interactions involving both inter- and intra-
chain segments (Ref. [42], above refs.). Non-co-
valent interactions of ‘surface’ localized PEG mole-
cules with the underlying surface are largely de-
termined by surface chemical groups—which for a

Table 3
Correlation coefficients (r°) of Table 1 data

protein are varied. It seems likely that PEG mole-
cules covalently linked to proteins may interact non-
covalently with other groups on the protein. As their
surface density increases PEG molecules may also
give rise to a polymer-enriched region characterized
by chains extended normal to the underlying surface
[34,38,43,44].

The head groups of PEG 6650-alkyl tail conju-
gated amphipaths appear readily capable of rearrang-
ing to accommodate micelle formation [45], or tail
group mediated adsorption at various flat hydro-
phobic surfaces [44]. In phosphate buffered saline
such adsorption appears to saturate, due to the
interaction of surface localized PEG molecules, at
approximately 0.1 molecules nm~>. The resulting
PEG-rich layer is approximately 12 nm thick (i.e.,
greater than the ~3.5 nm radius of gyration for the
PEG in solution) with an average polymer con-
centration (0.07 g ml~ l) much greater than the PEG-
rich phase in many two-phase systems [44]. PEG-
rich surface regions, such as that described above are
able to effectively mask surface charge groups
[39.40,46] and reduce the adsorption of many pro-
teins (Refs. [44,46], see also Refs. [2,35-38]) in-
cluding those which may be involved in mediating
the serum half-life of polymer-grafted pharmaceu-
ticals [47]. Distinct polymer-rich interfacial regions
may also form at the surfaces of small colloids
possessing surface localized PEGs (Refs. [13,45,48],
see also Refs. [5-7]).

The PEG-protein partition data in Table 2 lacks
specific information related to the topological dis-
tribution and conformation of both the grafted PEGs
and their protein conjugates. However, knowledge of
the behavior of interfacially localized PEG molecules
[see above] allows mechanistic speculation on the
ability of PEG-grafting to alter both protein surface
properties and partition. Such speculation led to the

Data and reference Range of n Log K vs. n® Log K vs. n* Log K vs. PWF*
{(Ist order) (2nd order) (1st order)

PEG 1900-IgG, [15] 0-43 0.956 (4) 0.960 (4) 0.924 (4)

PEG 5000-BSA, [16] 0-46 0.736 (5) 0.870 (5) 0.948 (5)

PEG 5000-BSA, [18] 0-17 0.945 (5) 0.991 (5) 0.990 (5)

PEG 5000-GM-CSF, [21,23] 0-2.5 0.943 (6) 0.945 (6) 0.938 (6)

* Correlation coefficient with number of data points in brackets.
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data analysis method and results presented below.
Consider:

1. Available reactive groups localized at the
‘surface’ (solution interface) of a protein have a
greater tendency to react with functionalized PEGs.
Groups located more within a protein’s 3-dimension-
al structure are less reactive with PEG molecules due
to, for example, a steric need for PEG or protein
molecular reorganization to achieve grafting.

2. Protein amino acid sequence and protein three
dimensional structure may help randomize distribu-
tion of the most PEG-reactive groups over a pro-
tein’s surface. This will help randomize the surface
distribution of grafted PEGs.

3. Grafting sites are further randomized, especially
at low n, by initially grafted PEGs affecting proxim-
ally located protein groups. Such hindrance could be
steric, or chemical (e.g., grafted PEGs non-cova-
lently interacting with proximal groups so as to
decrease their reactivity). These effects might func-
tion over a relatively large protein surface area, e.g.
10 nm® for PEG 6000 terminally localized on some
(non-protein) surfaces [44].

4. As polymer grafting ratio increases the interfa-
cial region of the conjugate will become polymer-
enriched, and variously influence the physical and
general functional characteristics of the conjugate.
General capabilities should be distinguished from
specific capabilities such as an enzymatic activity
affected by covalent modification of a certain amino
acid residue.

5. As polymer grafting increases individual poly-
mer molecules will contribute less to the various
properties of the interfacial region, and general
alteration of the conjugate’s functional characteristics
or partition behavior.

6. Data for log K should vary directly with n, but
not linearly, as it should reflect how a specific
variation in n alters the interfacial properties of the
conjugate. The latter will be somewhat unique
(analytically sensitive) to each experimental situation
but it is expected to decrease non-linearly with
grafting. As n increases partition will be more
influenced by free energy considerations involving
net interaction of the polymer-rich region of the two
phases with that of the conjugate. Such considera-
tions will be influenced by many factors, including
polymer type and concentration.

7. Graphs of log K versus n should reach a plateau
at higher n (and may even decrease).

Potential non-covalent interactions of grafted PEG
molecules with protein surface groups suggests, in
part, how low level grafting may result in significant
surface masking—particularly in small bioactive
proteins grafted with PEGs of relatively high molec-
ular mass. It also suggests that similar results might
be obtained by (a) greater grafting of lower molecu-
lar mass PEGs, or (b) similar grafting to different but
proximal protein groups. The generation of specific
polymer-enriched regions at higher grafting densities
suggests a plausible explanation for other charac-
teristics related to PEG-grafting, e.g., increased
resistance to various forms of denaturation. It also
explains certain drawbacks such as reduced enzyme
activity, in regard to the viscous barrier (to substrate/
product diffusion, alteration of protein conformation)
imposed by localizing the conjugate in such regions
(see Section 1).

If PEG-protein conjugate partition behavior is
influenced by the same factors that influence PEG
behavior at other surfaces (above refs.)) then a
number of previously noted but unexplained partition
observations are, in fact, expected. For example:

(a) Any model of partitioning which assumes an
equal partition contribution from grafted polymer
molecules will not hold, however, random the graft-
ing of polymer, particularly at relatively higher
values of n.

(b) The best linear fit of log K to n will be
provided by proteins derivatized over a small range
of n, relative to polymer-to-protein molecular mass
ratio.

(c) Due to the many polymer-, phase system- and
protein-related factors which influence partition, it
should be analytically sensitive to a variety of
surface differences in polymer—protein conjugates.

(d) A parameter which more closely reflects non-
linear alteration in the conjugate surface with n,
should vary more linearly with log K (than n) over a
larger range of n and therefore be of more extrapola-
tive value.

Given precise data concerning the partition of
various PEG-protein conjugates in a series of well
characterized phase systems, plus the surface density,
conformation and topographical distribution of their
grafted PEGs, it should be possible to define a
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accurate (mathematical) model which relates log K
to n over a wide range of experimental conditions. In
such a case, for any given system and conjugate, log
K might be expected to vary with the average surface
concentration, e.g., mass of PEG (of given M,) per
unit area [44]. However, given no precise knowledge
of such factors, or conjugate geometry, Table 2 data
only lends itself to evaluating a simple correlate
which is in basic agreement with the above points.
This is the weight fraction, i.e. mass ratio, of
polymer in the conjugate.

In Table 2 polymer weight fraction (PWF) was
expressed according to convention, as [aM, (nM,+
Mp)“] where, M, and MP refer to the mean molecu-
lar mass of the PEG monomer and protein, respec-
tively [14,15,20,22]. Fig. 3 shows log K versus PWF
for the data shown in Figs. 1 and 2 (including the
two data points related to PEG 5000-1gG). Fig. 4
exhibits the same data (with a somewhat expanded
ordinate scale) in terms of A log K versus PWF.
Expressing the data and figures in the latter format
(a) is easily accomplished, (b) does not contradict
conclusions previously based on Figs. 1 and 2, (c)
allows better visual comparison of the different
experimental data sets, (d) provides a more linear
relationship over a larger range of n, especially as
regards the BSA data sets discussed above (Table 3)
and (e) facilitates comparison among partition data
involving greater variation in systems (e.g. native
partition), proteins and polymers.

The PWF relationship shown in Fig. 4 makes few
assumptions with regard to polymer molecular

0.0 0.2 0.4 0.6 0.8
Ratio [n Mi / (nMI + Mp)]

Fig. 3. Log K partition versus polymer weight fraction in PEG-
protein conjugate. See Fig. 1 legend.
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Fig. 4. ALog K versus polymer weight fraction in PEG-protein
conjugate. See Fig. 1 legend.

weight, branching, linking chemistry, or geometry
(in the grafted state). It makes no assumptions about
protein type, size, or structure. It is not dependent on
data related to polymer inter-chain and intra-chain,
or polymer—protein interactions, nor on how the
above are affected by grafting topography. Variables
which are expected to secondarily affect partition
and other conjugate characteristics, and will require
more careful study. Figs. 3 and 4 merely confirm that
partition is closely related to the average surface
density of polymer units in the conjugate. In this
they support the ideas given above and, may encour-
age research to further develop partition as an
analytical method for use with polymer—conjugated
proteins.

Many questions remain unanswered including the
influence of polymer molecular weight, phase system
composition and protein (i.e., IgG) type on the
partition results described above. Various mathemati-
cal modeling approaches can be used to study
partition [10-12,22,32] as well as the interaction of
neutral polymers at surfaces [33,36-38]. Given more
specific data it should be possible to develop and test
better models of PEG-protein partition. Such re-
search will lead to a better understanding of the
protein surface alterations induced by polymer graft-
ing.

4. Abbreviations

BSA Bovine serum albumin
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GM-CSF  Granulocyte—macrophage colony stimu-
lation factor

IgG Immunoglobulin G:

K Partition coefficient (concentration ratio
of protein in PEG-rich phase and dex-
tran-rich phase)

n Covalent grafting ratio (moles of PEG
per mole of protein):

PEG Poly(ethylene glycol)

mPEG Monomethoxypoly(ethylene glycol)

PWF Polymer weight fraction of PEG in
PEG-protein conjugate

r Least squares fit correlation
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