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ABSTRACT: Erythropoietin (EPO) is a cytokine produced by the kidney whose function is to stimulate red
blood cell production in the bone marrow. Previously, it was shown that the affinity of EPO for its receptor,
EPOR, is inversely related to the sialylation of EPO carbohydrate. To better understand the properties of
EPO that modulate its receptor affinity, various glycoforms were analyzed using surface plasmon resonance.
The system used has been well characterized and is based on previous reports employing an EPOR-Fc
chimera captured on a Protein A surface. Using three variants of EPO containing different levels of
sialylation, we determined that sialic acid decreased the association rate cokgjpabdut 3-fold.
Furthermore, glycosylated EPO had a 20-fold slowgrthan nonglycosylated EPO, indicating that the

core carbohydrate also negatively impackggd The effect of electrostatic forces on EPO binding was
studied by measuring binding kinetics in varying NaCl concentrations. Increasing NaCl concentration
resulted in a slowék,, while having little impact ork.f, suggesting that long-range electrostatic interactions

are primarily important in determining the rate of association between EPO and EPOR. Furthermore, the
glycosylation content (i.e., nonglycosylated vs glycosylated, sialylated vs desialylated) affected the overall
sensitivities ofk,, to [NaCl], indicating that sialic acid and the glycan itself each impact the overall effect

of these electrostatic forces.

Erythropoietin (EPC) is a glycoprotein hormone that for therapeutic use and is distinct from EPO in that it contains
stimulates erythropoiesis by binding its cognate receptor two additional N-linked glycosylation sites7{10). The
(EPOR) located primarily on erythroid progenitor cells in higher carbohydrate and sialic acid content of NESP results
the bone marrowl). The ultimate effect is an increase in in a 4.3-fold reduction in affinity for EPORL1().
red blood cell number. For over a decade, recombinant EPO  pegpite the understanding that EPO sialylation has a

has been used therapeutically to treat anemia secondary t¢,egative impact on receptor binding affinity, the mechanism
renal failure, cancer chemotherapy, and HIV infection. for this effect remains unclear. In this manuscript, we
Native EPO contains three N-linked glycans at Asn-24, demonstrate that the reduced affinity is primarily due to a
38, and 83 and one O-linked glycan at Ser-126. This reduction in the on-ratek(,), with very little change in the
carbohydrate is important for biosynthesis and secrefin (  off-rate (). The reducedk, the complementarily charged
an in vivo half-life of~4-5 h (3), and physical stability4,  EpO/EPOR binding interfaces, and other studis—(18)
5). The importance of N-linked carbohydrate for in vivo  gemonstrating that long-range electrostatic forces primarily
bioactivity appears to be primarily due to decreasing the rate affectk,, suggest that electrostatics may play a critical role
of EPO clearance. Each N-linked glycan can accommodatejy EpPO/EPOR interaction. Our observation that the primary
up to four sialic acid residues, while the O-linked glycan effect was onke, is consistent with an electrostatic effect
can contain up to two. Thus, native EPO can contain a (19). This effect is referred to as electrostatic steering, as

studies have demonstrated that desialylation of EPO resultsyogulatek,, by influencing directional diffusion.

in an increased EPOR affinity~4-fold), potentially explain-

ing why asialo-EPO has-34-fold greater in vitro bioactivity

(4, 6). In vivo, the lower affinity of heavily sialylated EPO
is more than compensated for by an increased efficacy,
presumably due to an extended half-life. It has generally been
presumed that the increased efficacy is due solely to an
increased half-life and is independent of receptor affinity.
Recently, a longer-acting variant of EPO, called novel
erythropoiesis stimulating protein (NESP), has been approve

An emerging concept about the role of electrostatics in
protein association has been gained from studies involving
the interaction of barnase/barstdrl{14), acetocholinest-
erase/fasciculin-216), and others {6—18). The common
feature is thatk,, shows a strong dependence on ionic
strength wherealsy; is relatively insensitive. These observa-
tions have led to the hypothesis that long-range attractive
delectrostatic forces, the magnitude of which are influenced

by ionic strength, act to enhankg, often by several orders
of magnitude. The extent of this enhancement is a function
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associated negative charge (i.e., sialic acid) could affectwas aspirated and replaced with 10 mL of fresh medium
electrostatic contributions is unknown. By varying NaCl 1—2 h before transfection. For each transfection, 13
concentrations to progressively shield electrostatic forces, weFuGene (Roche Molecular Biochemicals) was added to 820
demonstrate that both the carbohydrate core structure angiL Opti-mem (Life Technologies, Inc.) and incubated at
terminal sialic acid moieties negatively affect intrinsic room temperature for 5 min. The Fugene/Opti-mem mixture
electrostatic enhancement &, resulting in a reduced was transferred to a tube containing 4@ of plasmid and
affinity. This direct comparison of nonglycosylated EPO and incubated at room temperature for 20 min. The resulting
glycosylated EPO sialic acid) provides a unique example mixture was added dropwise to each dish of cells and
of how both the carbohydrate core structure and sialic acid incubated at 37C overnight. The following day, medium
can dampen electrostatic contributionsktq while having was aspirated, cells were rinsed twice with phosphate-
very little effect onky. Given the importance of carbohydrate buffered saline, and 10 mL of serum free medium was added.
in an ever-increasing number of therapeutic proteins, theseThe medium was collected and replaced daily feisddays.
findings may aid in the rational design of improved molecular Collected media were filtered through a 0.2 filter,
entities with significant therapeutic advantages over their aliquoted, and frozen at20 °C. EPO generated by this
natural counterparts. method is referred to as EPO-293.

Desialylation of EPO-IRS with Neuraminidag&garose
EXPERIMENTAL PROCEDURES beads containing immobilized Neuraminidase type VI-A
Materials. The EPO international reference standard, (Sigma-Aldrich) were washed four times withl0 volumes

referred to here as EPO-IRS, is the European Pharmacopoei&f 0.1 M sodium acetate, pH 5.0, with centrifugation at 8000
Bio'ogica' Reference Preparation_ rmmin an Eppendorf 5415C Cent”fuge between washes to

Cell Culture. 293EBNA cells were maintained in Dul- Pellet beads. Final beads were resuspended in the same buffer
becco’s modified Eagle’s medium/F-12 (3:1) supplemented &t 800 mU/mL. EPO-IRS was resuspended in 0.1 M sodium

with 5% fetal bovine serum, 20mM HEPES, 2mM acetate, pH 5.0, and neuraminidase beads to give final
glutamine, 5Qug/mL Geneticin, and antibioticantimycotic ~ concentration of 0.25 mg/mL EPO and 250 mU/mL
mixture. neuraminidase, resulting in a 1.0 mid/enzyme:substrate

Construction, Expression, and Purification of EPOR-Fc. atio- Sample was incubated-80 h at 37°C. Beads were
The extracellular domain of EPOR (signal sequence plus 'émoved by centrifugation, and the supernatant was filtered
residues +225) and the Fc/hinge regions of human IgG1 through a Millex GV 0.22um filter (Millipore). The sample
were each amplified by PCR to generate two products with Was dialyzed against 10mM HEPES, pH 7.4, 150mM sodium
an overlapping region. The primers were designed to chloride using a 10 000 Da molecular weight cutoff Slide-

incorporate a Factor Xa cleavage site (IEGR) between EPORA-LYZer (Pierce). Removal of sialic acid was confirmed by
and IgG1, but this cleavage site was not used in this study. ©ligosaccharide profiling.
In addition, a C5G mutation was incorporated into the Fc  Determination of Protein ConcentratioQuantitation of
hinge to remove the free cysteine. Glycine was selected toEPO-293 from cell media was performed by analytical
replace cysteine because of its presence at the same positioreversed-phase high-performance liquid chromatography
in IgG4 and to introduce more flexibility in the hinge. The followed by peak integration and interpolation from a
resulting construct is referred to as EPOR-Fc. standard curve. Samples were injected onto a Zorbax 300SB
EPOR-Fc was transiently expressed in 293EBNA cells (see Cs column equilibrated to 60C in 10% acetonitrile/0.1%
Transient Expression of EPO in 293EBNA céflsmethods),  trifluoroacetic acid and eluted using a linear -9D%
and the medium was collected. EPOR-Fc was purified by acetonitrile gradient over 15 min (flow rate 1.0 mL/min).
Protein A affinity chromatography using a HiTrap Protein Absorbance was monitored at 214 nm. The accuracy of this
A column (Amersham Pharmacia Biotech). EPOR-Fc was method (error<5%) was determined by spiking mock-
captured and washed in 20mM sodium phosphate, pH 7.0,transfected cell medium with known concentrations of EPO.
and eluted in 0.1 M citric acid, pH 3.5. Fractions were Concentrations of EPO-IRS, asialo-EPO, and NGE were
collected at 1 min intervals, and the pH was immediately determined by absorbance at 280 nm using an extinction
adjusted by collecting sample into tubes containing 1 M coefficient of 1.248 cfimg. Concentrations of NGELys
Tris—hydrochloride, pH 8. Following affinity chromatogra- and NGE-Glu were determined by absorbance at 280 nm
phy, EPOR-Fc was further purified by size exclusion using an extinction coefficient of 1.243 émg.
chromatography on a Superdex 200 column (Amersham Qligosaccharide ProfilingThe extent of sialylation was
Pharmacia Biotech) with phosphate buffered saline contain-determined using a modified protocol based on a previous
ing 0.5 M NaCl as running buffer. Fractions containing report @1). The sample-£30 ug protein) was denatured in
EPOR-Fc were pooled, dispensed in aliquots, and stored at.75 M Tris—hydrochloride, pH 8.14 M urea, 5 mM
—20°C. dithiothreitol at 37 °C for 20 min at a final protein
NGE Expression, Purification, and RefoldingGE was concentration of~0.15 mg/mL. To alkylate free thiol groups
expressed in bacteria, isolated from solubilized inclusion was added 5.0L of 0.54 M iodoacetic acid, and the mixture
bodies, refolded, and purified by size exclusion chromatog- was incubated for 20 min at room temperature in the dark.
raphy according to previously published metho@8)( The sample was desalted over Bio-Gel P-6 gel column (Bio-
Transient Expression of EPO in 293EBNA Celisiman Rad Laboratories) equilibrated with 10 mM ammonium
EPO cDNA was subcloned into a cytomegalovirus expression bicarbonate to give a final volume of 3Q0.. To release
vector and transfected into 293EBNA cells. Plasmid prepara- oligosaccharides, 0.2 units of N-glycanase (Glyco, Inc.) were
tion was performed using the Maxi Plasmid Kit (Qiagen) added, and samples were incubatee-18 h at 37°C. After
according to the manufacturer’s protocol. Cells were plated incubation, 3uL of 10% acetic acid was added and the
(3.0 x 10°) onto 100 mm polylysine-coated plastic dishes sample was centrifuged for 5 min at 6000 rpm. The recovered
and grown overnight to 7080% confluency. The medium  supernatant was dried in vacuo.
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Fluorescent Iqbeling_ of oligosacchar_ides Was performed Table 1: Quantitation of Sialic Acid Content of EPO Isofofms
using reagents in a Signal 2AB Labeling Kit (Glyco, Inc.

#K-404). A 150uL aliquot of glacial acetic acid (vial C) __ sialic acid species mol sialic mol sialic
was added to DMSO (vial B) and mixed. A 1@Q aliquot . aso'a'o mono g“ i tetra aﬁld/mrg acid/mol
of the resulting solution was added to the 2-aminobenzamide _EPOform (%) (%) (%) (%) (%) glycar proteirt
(vial A) and mixed. The solution in vial A was added to a Egg-lzgg 2%-5 2220 %g g; ﬁ ig g.g
reductant (vial D), mixed, and used to label ollgosaccharldes.Asialo_EpO 30 19 43 10 0o 017 oE

After labeling, 2.0uL of the above solution was added to
each dried oligosaccharide sample, mixed thoroughly, and *Sialic acid content of N-linked carbohydrates was quantitated as
; | ' described in Experimental Procedure€alculated as ((% mong 1)
e o« 2 G 3 3 v 4)i00" Cllt

! . multiplying mol sialic acid/mol glycan< 3 mol glycan/mol protein.
removed by passage through a 0.5 mL bed of P-2 Bio-Gel Pying 9y 9y P

(Bio-Rad Laboratories). The sample was eluted in a final . . . . . .

| f 250uL wat P _ injection of _10mM glyc!ne, pHL1.5 at ZDL/mln, (vi) a {1_5 S
vo ume © 50#, water and dried in va.cuo blank injection of running buffer at 20L/min, and (vii) a

Oligosaccharides were resuspended inR®f waterand 5 yin stabilization time before start of next cycle. Signal
analyzed by anion exchange chromatography. A0 \ya5 monitored as flow cell 2 minus flow cell 1. Samples
aliquot was injected onto a DEAE-5PW column (7.5mmM 50 4 puffer blank were injected in triplicate in a random
7.5 cm, Tosohaas) equilibrated with 5%_ acetonitrile, p.H 9.0 order. ko, and ko were simultaneously fit to a 1:1 binding
(buffer A), at a flow rate of 0.8 mL/min. The following ith mass transport modeR?) using global data analysis
gradient, with 5% acetonitrile/0.5 M ammonium acetate, pH i, gjaevaluation 3.1 software.
860’ as buffer B, was used: isocratic elution for 1? min at  Electrostatic Contribution to . Previous studies involv-
0% buffer B, followed by a linear gradient of-20% B ing association of hirudin/thrombi28), acetylcholinesterase/
over 50 min. Fluorescence was detected with excitation and;5ciculin ©3), barnase/barstal{, 23, 24), interferona2/
emission wavelengths of 330 and 420 nm, respectively. yoceptor (8), TEM1 B-lactamase/BLIPY2), and associated
Asialo, mono-, di-, tri-, and tetrasialylated oligosaccharides ytants have shown that electrostatic contributions to binding
were guantitated by peak integration a(_:cordlng to previously -5n pe determined by measurikg, as a function of salt
reported peak assignmenil). To confirm that nearly all — ¢oncentration. A linear relationship betweks and ionic
associated charge of the carbohydrates was due to S|alylat|onstrength is related to the Debyeliickel energy of interaction

10 uL of each sample was desialylated prior to DEAE according to the following equatior28, 24):
chromatography. Less than 5% of the oligosaccharides

contained charge not removed by neuraminidase.

o u/ 1

Surface Plasmon Resonance (BIAcof&)rface plasmon I kon = In'k3y RT(l + Ka)
resonance measurements were performed on a BIAcore 2000
instrument containing a B1 sensor chip. Protein A (Calbio- whereks, andko, are on rates in the absence and presence
chem, La Jolla, CA) was immobilized onto flow cells 1 and of electrostatic forces, respectively, is the electrostatic
2 using amine-coupling chemistry. Flow cells were activated energy of interactioriRis the gas constari,is temperature,
for 7 min with a 1:1 mixture of 0.1 M N-hydroxysuccinimide ~ “&” is the minimal distance of approach set to 6 A, anig
and 0.1 M 3-N,N-dimethylamino)propyN-ethylcarbodi- the Debye-Hiickel screening parameter that relates to ionic
imide at a flow rate of SuL/min. Protein A (30ug/mL in strength. Accordingly, a plot of Ik versus (14 «xa)™
10mM sodium acetate, pH 4.5) was injected over both flow Yields a straight line with a slope ofU/RT and the
cells for 15 min at S«L/min, which resulted in a surface  Y-intercept equal to lig,. U is interpreted as the electrostatic
density of 706-800 response units (RU). Surfaces were contribution of both proteins in the absence of salt, Ed

blocked wit a 7 min injection 61 M ethanolamine-HCI, is the predicted basal association rate when NaCl shields all
pH 8.5. To ensure complete removal of any noncovalently electrostatic forces (extrapolation to infinite NaCl;ka)*
bound Protein A, 1%L of 10mM glycine, pH 1.5 was = 0). Thus, the magnitude of the slope is an indicator of the

injected twice. The running buffer used for kinetic experi- contribution that electrostatic forces make in determirking
ments contained 10mM HEPES, pH 7.4,-5000 mM This linear relationship has held for TENStlactamase/BLIP
NaCl, 0.005% P20, and 0.1 mg/mL bovine serum albumin (12), interferon a2/receptor {8), hirudin/thrombin 23),
(BSA). BSA was included to minimize nonspecific protein barnase/barstail{, 23), and a heterodimer leucine zipper
adsorption at dilute concentrationa?). (16) at all concentrations of NaCl tested.

EPO/EPOR-Fc binding and BlAcore analysis have been RESULTS
previously described in detai2®). Consistent with this
previous study, EPO interaction with EPOR-Fc was partially ~ Sialic Acid Content of EPO VariantSialylation levels
limited by mass transport. Thus, collection of kinetic binding were determined for three forms of EPO: (i) an international
data was performed at maximum flow rate (220min) and reference standard, called EPO-IRS, (ii) asialo-EPO, obtained
a low surface density to minimize mass transport effects. by treating EPO-IRS with neuraminidase, and (iii) EPO
All experiments were performed at 2&. Each analysis  obtained from transient expression in 293EBNA cells,
cycle consisted of (i) capture of 14050 RU EPOR-Fc by  referred to here as EPO-293. To determine the extent of
injection of 15-20 uL of 40 nM EPOR-Fc (108 kDa) over  sialylation, carbohydrates were released with N-glycosidase
flow cell 2, (ii) 2 min stabilization time, (i) 25QcL injection F and labeled with the fluorescent probe 2-aminobenzamide.
of EPO (concentration range of 8 nM to 0.0625 nM in 2-fold Using anion exchange chromatography to separate carbo-
dilution increments) over flow cells 1 and 2 with flow cell hydrates based on charge, the percentages of mono-, di-, tri-,
1 as the reference flow cell, (iv) 10 min dissociation (buffer and tetrasialylated N-linked carbohydrates were determined
flow), (v) regeneration of Protein A surface with a 30 s by peak integration and are listed in Table 1. The percentages
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of each sialylation type were used to calculate the average 100 e
number of sialic acid residues per protein molecule that were
associated with N-linked carbohydrates. As shown in Table
1, EPO-IRS, EPO-293, and asialo-EPO contained 9.6, 5.4,
and 0.5 sialic acid residues, respectively. These three forms,
representing a range of species with differing sialic acid

content, were further evaluated below.

Kinetics of EPO-IRS BindingePOR is a type | trans-
membrane receptor that binds EPO in a ternary complex -200
composed of two identical EPOR molecules and one EPO
molecule 25, 26). To study EPO/EPOR interactions using Time (s)
surface plasmon resonance (SPR), an assay was designeglcure 1: Raw sensorgram data for EPO-IRS binding to EPOR-
based on a previously characterized system in which eachFc on BlAcore. Shown is an overlay of 21 sensorgrams (six
subunit of the human IgGFc domain contains the extra- concentrations of EPO-IRS and a blank, each in triplicate) with
cellular domain of EPOR connected to its C-terminpg, (  datay-transformed using data points prior to EPO injection. EPO
27). This EPOR-Fc chimera has facilitated biophysical c%nc$ntrat;10ns “Sfe%""ere 2.0, 1.0, 0-5(7)’ 0.25, 2-13‘ and 0-0f63b“M-
characterzation of EPO/EPOR interactions using techmiques i€ et BP2SE of e sensororam ot 15 s f e capure o about
such as SPR, analytical ultracentrifugation, isothermal titra- The flow is then switched to both flow cells 1 and 2, with flow
tion calorimetry, and circular dichroisr2Z, 27). From these  cell 1 being the reference flow cell lacking EPOR-Fc. EPO-IRS
studies, it was shown that (i) EPO and EPOR-Fc associateinjections occur from 450 to 600 s, followed by monitoring
to form a 1:1 complex, (i) EPO binds EPOR-Fc with an dissociation for 10 min. The final phase of the each sensorgram is
overall affinity of ~3 pM, which is 330-fold tighter than a regeneration step where glycine pH 1.5 is injected to remove

. . . . EPOR-Fc and EPO-IRS, leaving Protein A to be reused in
the high-affinity site of EPO (site 1) for the soluble subsequent cycles. Regeneration returns the RU response to

extracellular domain of EPOR2®), and (i) EPOR-Fc is  paseline. The overlay of response levels for EPOR-Fc capture, EPO-
750-fold more potent than the soluble extracellular domain |RS binding, and return to baseline indicates that the system is stable
of EPOR in neutralizing the in vitro biological activity of and highly reproducible.

EPO @7). These observations provide strong evidence that
EPO binds both receptor domains in EPOR-Fc. Furthermore,
recent crystallographi2@) and cell-based studie8@, 31)
have provided convincing evidence that unbound EPOR can
exist as preformed dimers on the cell surface, further

supporting the use of this construct as a model to study EPO related to receptor affinity 6, 10). To begin characterizing

EPOR interactions. . . . L .
o ] o the molecular basis for this observation, binding studies were

EPO-IRS was used to initially characterize binding of EPO performed using the various isoforms of EPO containing
to EPOR-Fc using SPR. To create an oriented surface,gjffering levels of sialylation (Table 1). In addition, non-
EPO_R-FC was .captured_ onto a B1 chip containing im- glycosylated EPO (NGE) was analyzed.
mobilized Protein A. This capture step was followed by ™ The kinetic rate constants obtained for NGE, asialo-EPO,
injection of EPO-IRS at 2.0, 1.0, 0.5, 0.25, 0.125, 0.0625, 293-EPO, and EPO-IRS are listed in Table 2. NGE had the
a_nd 0 nM concentranon_s. A low maximum response for EPO fastestkon and koi; however, the major effect was dq,.
binding (<35 RU), attained by capturing about 140 RU of gpQ-|RS, which is fully glycosylated and highly sialylated,
EPOR-Fc, and a flow rate of 100L/min were used t0  had a 19-fold slowek., compared to NGE. EPO-293, which
minimize mass transport limitation23). The buffer used  ¢ontained the core carbohydrate structure with about half
was at physiological pH (7.4) and ionic strength (150 mM). the sialic acid content of that on EPO-IRS, had a 6.8-fold
Figure 1 shows an overlay of raw sensorgram data for gjower k,,, Complete removal of sialic acid (asialo-EPO)
different EPO concentrations performed in triplicate, dem- yegyited in kinetics similar to EPO-293, indicating that sialic
onstrating the reproducibility of the EPOR-Fc capture step gcid levels greater than 5.4 mol sialic acid/mol protein are
and EPO binding. needed to negatively impaks,. Thus, the relative ranking

Although using a low-capacity surface and high flow rates of association rates is NGE asialo-EPO~ 293-EPO>
minimizes mass transport effects, these effects cannot beEPO-IRS. The predominant impact kg is reflected in the
completely eliminated from the EPO/EPOR syste2?)( overall higher affinities Kp) of desialylated and nonglyco-
Therefore, data from the portion of the sensorgram represent-sylated isoforms (Table 2). The higher affinity of asialo-
ing EPO association and dissociation were analyzed andEPO is consistent with previous reports that asialo-EPO has
globally fit to a 1:1 mass transport limited mod&2( 32). a greater in vitro bioactivity than highly sialylated EPQ (
This model includes a mass transport coefficiéqt,which 6) and thus provides further evidence that EPO binding to
takes into account the transport of EPO to and from the EPOR-Fc is representative of what occurs at the cell surface.
sensor surface. Four independent experiments were perin contrast to the changes observed for various EPO
formed and data were fit globally for each experiment. The sialylation variants, no difference in binding was observed
results indicate that EPO-IRS binds EPOR-Fc with a fast when sialic acid was removed from EPOR, which contains
association ratekf, = 2.1 4+ 0.26 x 10’ Mt s') and a one N-linked carbohydrate (data not shown). A lack of effect
slow dissociation ratekg = 7.8 = 0.95 x 1075 s71), of EPOR glycosylation was expected given the distal location
resulting in an overall binding affinity of 3.7 pM at 2% of the single N-linked carbohydrate with respect to the
(calculated fronKp = koii/kon). Figure 2A shows an overlay  binding sites.
of the fitted curves and the data for repeat injections of six ~ Role of Electrostatics in EPO/EPOR-Fc Bindir&everal
EPO concentrations. Residuals of the fit were distributed lines of evidence suggested that the redukgacaused by

50 -

-50
-100

Response (RU)

-150

|
0 250 500 750 1000 1250 1500

randomly about the-axis (Figure 2B), indicating that the
model fit well to the raw data.

Core Carbohydrate Structure and Sialic Acid Content of
EPO Affect Binding KineticsAs mentioned previously, it is
/weII documented that levels of EPO sialylation are inversely
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FiGure 2: Sensorgram data and global analysis of EPO-IRS binding to EPOR-Fc. EPO-IRS (2.0, 1.0, 0.5, 0.25, 0.125, 0.0625 nM) was

injected over a control surface (no EPOR-Fc), and a surface contaiiid§ RU of captured EPOR-Fc and dissociation was monitored for

10 min. (A) EPO association and dissociation phases shown in duplicate for each concentration. The association and dissociation phases

were globally fit to a 1:1 mass transport limited mod22,(27). The fit of the data is shown as a solid line. Parameter values obtained are
listed in Table 2. (B) Residuals for the global fit of EPO-IRS binding to EPOR-Fc.

Table 2: Kinetic Rate Constants for EPO Isoformd at 150 mM

|<on koff
kon (10")  decrease kot (10°) decrease

EPOform (M~tsha (fold)° (s Ha (fold)>  Kp (pM)°
NGE 40+ 4 - 28+ 4 - 0.7+ 0.1
Asialo-EPO 5.9+ 0.05 6.8+0.8 144+3 2.0+£04 24+04
EPO-293 5404 7.4+09 11+0.7 25+0.3 2.0+0.2
EPO-IRS 21403 1943 7.8+1 3.6+05 3.7£0.6

aMean= S.E.M. for 3-4 independent experiments that were each
fit globally. ® Relative to NGE ¢ Calculated fromkos/kon.

glycosylation and, in particular, sialic acid, could be elec-
trostatic in nature. First, the rapid on rate (200* M1 s™1)

NaCl (M)
L 14 058 026 011 0047 0016
{
m NGE |
20, NGE-Lys oo
19 A NGE-G
[ O Asialo-Epo
A 18 - O Epoins
£ 47
16
15 -
14— ‘ ; —
0.3 0.4 0.5 0.6 0.7 0.8
1/(1 + xa)

Ficure 3: Role of electrostatic forces in EPO/EPOR-Fc interaction.

was considerably greater than the limit predicted by rotational the kinetics of binding to EPOR-Fc for various EPO isoforms was

and translational diffusion~10° M1 s71) (24), suggesting

determined at NaCl concentrations ranging from 0.05 to 1.0 M.

thatkon is enhanced by electrostatic attraction. Second, the Data are plotted as |k, vs (1 + «a)™%, wherex relates to ionic
EPOR binding surface is negatively charged, whereas EPOstrength (see Materials and Methods). Each data set was fit by linear

binding surfaces are primarily positively charg&8)( Third,

the locations of sialic acid and carbohydrates on EPO sugges
that the carbohydrates project away from the binding

regression; the slopes-{U/RT), which relate to the electrostatic
energy of interaction, and correlation coefficieri®)(are reported

In Table 3. The values reported are the mearSEM for 2—4
independent experiments. The symbols are EPO-IRS (open squares),

interfaces; this distal orientation suggests that the effects asjalo-EPO (open circles), NGE (solid squares), N&Hi (solid
caused by carbohydrate and associated sialic acid are longtriangles), and NGELys (solid circles). Error bars for some points
range in nature. However, because little is known about the are hidden by the symbol.

structural nature of the carbohydrate, it is possible that the

carbohydrates could extend into the vicinity of receptor
binding sites causing steric hindrance.

relates to ionic strength. According to theodyl( 12), this
plot should result in a straight line with a slope 6U/RT,

To determine the role of electrostatic interactions in the which is related to the electrostatic energy of interactldh (
binding of the various EPO isoforms, SPR experiments were Thus, a greater slope indicates a greater dependericg of
performed at increasing levels of NaCl to progressively shield on electrostatic enhancement. The plots obtained by measur-

long-range electrostatic forces. Thus, the sensitivitkgmf
to increasing NaCl concentration is an indicator of the
importance of electrostatics in determinikg. As indicated

ing binding kinetics at NaCl concentrations ranging from
50 mM to 1.0 M are shown in Figure 3. The data generated
for each variant was fit by linear regression and resulted in

in Experimental Procedures, the effect of electrostatics canR? values ranging from 0.96 to 1.0 (Table 3). This linear

be observed by plotting ko, versus (1+ «a)~!, wherex

relationship has also been shown for TEf4actamase/
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Table 3: Electrostatic Contributions tg, 0:00100 g
kon fold increase
EPO form —URT? R2 (1.0— 0.15 My
NGE 18.0+1 0.98 58+ 8 S
NGE—-Lys 16.2+ 0.9 0.98 45+ 9 <2 0.00010 -
NGE—Glu 11.7+ 0.2 1.0 15+ 0.7 E :
Asialo-EPO 12.6+ 0.4 0.99 14+ 0.3 ] . Noriye
EPO-IRS 8.3 0.5 0.96 8.4+ 2 1 A NGE-Glu
a —U/RT was obtained from the slopes of the lines in Figure 3. | g:::::m |
b Calculated fromkon (0.15 M NaCl)kon (1.0 M NaCl).¢ correlation 0.00001 . . : : : i
coefficient from linear regression of data points in Figure 3. 0O 02 04 06 08 1 12
NaCl (M)
BLIP (12), interferona2/receptor 18), hirudin/thrombin 23), FIGURE 4: ko is insensitive to shielding of electrostatic forces by

barnase/barstary, 23), and a heterodimer leucine zipper NaCl. Theky values, plotted as a function of NaCl concentration,

(16). NGE showed the greatest electrostatic energy contribu-Were determined in the same global fittings as the valuesfor
tion, with —U/RT equal to 18.0+ 1.1. The presence of repolrtegF:no'?g“re 8. Tlhe)SKln(;%c"(s it EPO'")?S (operE S?.Léares)’

T . . .. L. aslalo- open circies), solia squares), N@&Hi (soli
nonsialylated glycans (asialo-EPO) at positions 24, 38, 83, yjangles), and NGELys (solid circles).

and 126 reduceetU/RTto a value of 12.6. An even further
decrease in-U/RT was observed in the presence of sialic  pravious studies have shown that sialylation of EPO

acid (EPO-IRS) £U/RT = 8.3). The changes in values for .5 hohydrates results in a reduced receptor binding affinity
Kon at 0.15 ad 1 M NaCl are listed in Table 3. NGE  (_3_4%old) (4, 6), but the mechanism for this effect remains
displayed a 58-fold enhancementhg, from 110 0.15 M hcertain. Receptor binding affinit6) is a function of both

NaCl, compared to an 8-fold enha_ncement for EPO-IRS. Kon aNd ko (Ko = kof/kor): thus, a reduced binding affinity
T_hese yesults support the_hypothesus that glycosylaﬂon andig either due to a slowdt,, a fasterk, or a combination
sialylation of EPO results in a slowés, by dampening the  are0f. |n this study, kinetic binding constants were

effects of electrostatic forces. , determined directly using a previously characterized surface
To further investigate the electrostatic effect, NGE was plasmon resonance assa832,(27) that employs a soluble

produced with negative charge (NSEIlu) or positive  roceptor-Fc construct. This system has the added advantage

charge (NGE-Lys) at the four glycosylation sites. These j, that it is amenable to altering the solution conditions of

mutants were constructed to test the effect of replacing e hinging reaction: in this study, salt concentrations were
glycans and sialic acid with surface point charges. The effects, 4rieq 1o investigate the role of electrostatic interactions.

of thesel mutatio_ns_fare SPO(\j’Yf? in Fighure ?1 Thfe bindin_ghof Our initial characterization of EPO binding to EPOR-Fc
NGE—Glu was significantly different than that of NGE with \.»¢ herformed using a highly sialylated form of EPO, called

a reduction in—U/RT from 18.0 to 11.7. This result ; ) i

o _ EPO-IRS, at physiological ionic strength (150 mM) and pH
corresponded to &3-fold reduction inky, relative to NGE (7.4). The ratr()a gf Llssglciatilon Ifor EPg-IR(S (2<:L'LO7)M‘1 P
_(at 150 mM NacCl), which is similar to the3—fold reduction s is considerably faster than most protejorotein as-
in kon for EPO-IRS compared to asialo-EPO. Thus, the gyciations. which are generally 010 M~* s but
introduction of single negative charges on the protein Surfacesignificantiy slower than the value of 8 107 M—'1 g1

had an effect similar to that of having multiple sialic acid previously reported for EPO/EPOR-Fc interactia®, (27).
residues present on the termini of glycans. N@fs was  qying that processing of EPO carbohydrates can vary
|nd|st|ngu[?hable;ompare.d to uGE' |nd|'(ilat|n? that the effect o4ty depending on the host cell line and culture conditions,
was spe”cl ic o the nege(tjtlve;]c af:cge mf SE Lf we hypothesized that the differencekig, could be due to
For all variants tested, the effect of NaCl & was gitterent sialylation levels. To investigate this, we analyzed
minimal (Figure 4). This is consistent with data from other asialo-EPO and EPO expressed in 293EBNA cells (EPO-
protein pairs suggesting that electrostatics primarily affect 293), which contained about half the number of sialic acid

kon because they are long-range in nature. This suggests thaj . ; pa-
the rate-limiting stepin dis_sociatiqn of EPO/EPOR-Fc is the Fge%?gl e;g?er?pgraeg t%EtnglFé%,gggshaadg%hitvg: Sw? bgg:ter
disruption of short-range interactions. agreement with the previously reportégh. The similar
DISCUSSION increase inkyn _for asialq-EPO and E_PO-293 suggests t_hat
the effect of sialic acid is almost entirely due to increasing
Several reports have shown that long-range electrostaticthe average number of sialic acid residues from 5 to 10 and
interactions can dramatically enhance the rate of associationthat the presence of less than five residues has no detectable
between proteins, while having little or no effect on the rate effect on binding kinetics. However, because our analysis
of dissociation. These studies are supported by experimentf sialic acid was global and did not measure site-specific
that measurk,, as a function of increasing salt concentration, sialylation, we cannot rule out the possible importance of
which acts to shield electrostatic forces, and mutational the relative distribution of sialic acid residues among the
studies that determine the importance of charged residuescarbohydrates; this possibility is currently being investigated.
in association kinetics. Both of these experimental strategies Varying ionic strength conditions alters the magnitude of
support the generalization that electrostatics primarily affect electrostatic forces as described by Debi#tickel theory
kon All of these studies, however, were performed using and can be used experimentally to determine the importance
nonglycosylated proteins. Here, we demonstrate that elec-of these forces to the kinetics of a molecular interaction; the
trostatic enhancement &, can be negatively influenced rate of a binding event for a system that is highly dependent
by both glycosylation and the negatively charged sialic acid upon electrostatic enhancement will be significantly affected
residues associated with the glycans. by ionic strength. The effect of ionic strength can be
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determined by plotting Irko, versus (1+ «a)~! to yield a

Table 4: Electrostatic Enhancement in Protein:Protein Association

linear relationship with the slope relating to the electrostatic

energy of interaction (Figure 3). This linear relationship, protein pair —URT ref
which has been observed for several other protein systems EPO-IRS/EPOR-Fc 8.3 -
(11, 12, 16, 18, 23), fits well with the EPO/EPOR-Fc data. a%aé?éi';(gEFPOR-FC 1%;266 -
The s]ope obtained f_or EPO?IRS was 8.3, co_m_pareq to 12.6 TEMl/BLIPb- ¢ 55 3 12)
for asialo-EPO, consistent with the effect of sialic acid being  temuBLIP(+6)< 11-12 12)
electrostatic in nature and having a negative impacksn Ifnar2/Interferona:2 4 19
The difference in the magnitude of the effectkyp caused barnase/barstar 7.5 1%, 23
by varying the NaCl concentration (EPO-IRS compared to  heterodimeric leucine zippr 12 19
hirudin/thrombin 13.8 23, 40)

asialo-EPO), the predominately negative binding surface of

EPOR, and the slowek,, for EPO-IRS suggest that  ®Slope of line generated from Ik, vs 1/(1+ «a) plot. ® Value

electrostatic repulsion between negatively charged sialic acid'c'séfﬁldp("las : :Sa“rrn“j‘tt::t ;g:ir:‘m Zd:(;afonggﬁolsrtlat'izclgeur:ﬁagge ;fe g .

#ﬂﬂfﬁggéig‘%ﬁ se;;?iI:O;(i:eidthnitai/loz:n;s?ae}éa;eor?]fea?:gﬁllgg:.dValue obtained using ionic strength akgl values listed in Table 1
, s h of ref 16 and plotted as Irko, vs 1/(1+ «a).

and allow the existing attractive forces to further enhance

Kon.

An unanticipated result was the significantly fastgy
observed for nonglycosylated EPO (NGE) compared to
asialo-EPO; NGE had a 6.8-fold fastky, compared to
asialo-EPO at = 150 mM. This effect is attributed to the
lack of the core carbohydrate structure on NGE. The
difference in the electrostatic energies of interaction (slope
of the lines in Figure 3) suggests that the effect is at least
partly due to impacting electrostatics because NGE has a
significantly greater slope than that of asialo-EPO. It should
be noted that a nonelectrostatic effect should result in a line

shifted in the vertical direction running parallel to asialo- .
EPO. A potential explanation for this effect is that the The role of electrostatic enha}ncement 'for '.EP.O/EPOR
compared to other well-characterized protein pairs is shown

carbohydrate may mask or shield some of the attractive . Table 4. Comparing the slopes (/RT) obtained for the

X N
electrostatic forces present between EPO and EPOR bindin . : - o
surfaces and/or introduce some steric hindrance that aIter%ir:glgsm%rr?éet'ﬁepﬁgie'g?'r%aetggutrgadt tEthglr‘]rdhlggglt;cssPycl)aTe_: d

assomatpn. ) forms of EPO, having slopes of 8.3 and 12.6 for sialylated
Interestingly ko, can be slowed and the electrostatic energy and nonsialylated forms, respectively, are considerably
of interaction reduced for NGE by introducing negative greater than TEM1/BLIP and IFNar2/interfero® and
charge in the form of glutamic acid at glycosylation sites sjmilar to barnase/barstar, hirudin/thrombin, and a het-
24, 38, 83, and 126 (NGEGIu; Figure 3). This effect was  erodimeric leucine zipper. The most rapidly binding form,
qualitatively the same as having negatively charged sialic NGE, with a slope of~18, significantly exceeds all previ-
acids on the glycan termini. In contrast, introduction of qysly reported values. This result indicates that electrostatic
positive charge at the same sites had no observable effectenhancement observed for EPO binding in the absence of
Thus, the effect of having multiple negative charges in the carhohydrate is very high compared to other proteins, and
form of sialic acid on the glycan termini can be recapitulated yemains relatively high even in the presence of carbohydrate.
by introducing negative charge at the protein surface. The  ap interesting question to consider is whether the findings
fact that glycosylation sites are distal to the binding interfaces reported in this manuscript are unique to EPO, or are they
suggests that it is a global electrostatic surface potential thatypy indication of a more common effect of glycosylation. In
influencesky, and not solely residues directly involved in 4 previous report 34), Cebon et al. demonstrated that
binding. This conclusion is consistent with the recent glycosylation of human granulocytenacrophage colony
demonstration thak,, for TEM1 f-lactamase binding its  gtimulating factor ("\GM-CSF) resulted #30-fold reduction
protein inhibitor BLIP can be significantly enhanced (250- receptor affinity, which was attributed primarily to a
fold atl = 22 mM) by introducing charge mutations located yequyction inko, Sialylation was not directly studied and the
outside the binding interface43). role of varying ionic strength was not possible to determine
The linear relationship described by eq 1 allows one to due to the cell-based assay format. Nevertheless, the primary
estimate the basal association rdtg,)(in the absence of effect of reducingk,, is consistent with the EPO results
electrostatic forces by extrapolation to infinite ionic strength reported here, and suggests that a similar phenomenon may
(y-intercept), where 1/(% «a) is equal to zero. In doing so, also exist for hGM-CSF binding its receptor. This notion is
the predicteds, ranged from 1.5< 10* M~ s1 for NGE to further supported by the fast, (~10° Mt st at 4 °C)
1.6 x 10° Mt st for EPO-IRS. The reason for this reported for nonglycosylated hGM-CSB4)j. Glycosylation
difference is not apparent; however, similar resuit§-fold and/or sialylation have also been reported to reduce the
differences) have been obtained for other electrostatic receptor binding affinity of follicle-stimulating hormon85)
mutations in studies involving barnase and barsid). ( and luteinizing hormone3@); however, in contrast to EPO,
Because of the significant extrapolation to fhmtercept it hGM-CSF, and follicle-stimulating hormone, the glycans on
should be noted that small differences in the slope obtainedluteinizing hormone are necessary for optimal in vitro
from the region of data collection could translate into large bioactivity. To specifically determine if these effects are
differences at thg-intercept. If we assume that the variants caused by the same mechanism as in EPO, i.e., affecting

used in this study all contain the same basal rate and constrain
the y-intercept to a single point when fitting the data, we
obtain a basak,, of 7.3 x 10* M~1 571, which is consistent
with basal rates of other protein:protein interactions. Con-
straining they-intercept resulted in only a slight increase in
Chi? from 0.043 to 0.078, indicating that the constraint had
only a slight impact on goodness of fit. Using 723 10*
M-t s1 as a basal rate to calculate the electrostatic
enhancemenk{/ks, observed at physiological ionic strength
(150 mM), kon was increased 300-fold for EPO-IRS, 800-
fold for asialo-EPO, and 5500-fold for NGE.
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electrostatics, biophysical studies of these systems are 11.

needed.

Clearly, EPO glycosylation and sialylation is critical to
reduce the rate of in vivo clearance. The primary mechanism ;5
for this effect is mainly to prevent hepatic and renal

clearance. Recent studies have provided strong evidence that14.
~80% of EPQO'’s clearance is mediated by an unidentified 15.

component in the bone marro®7, 38). A likely candidate
for this unidentified component is EPOR because the bone
marrow is the primary site of EPOR expression and EPOR ;-
is known to internalize and degrade EPO. Thus, it is possible

that receptor-mediated clearance would be reduced according 18.

to the extent of EPO sialylation. This is an intriguing prospect 19-
20. Beals, J. M., Glaesner, W., Micanovic, R., Millican, R. L., and

given the recent development of novel erythropoiesis stimu-
lating protein (NESP), a long-acting form of EPO, which
contains two additional engineered N-linked carbohydrates
(up to eight additional sialic acid moieties) and a 4-fold
reduction in receptor binding affinity7(-10, 39).

The findings described here have expanded the under-
standing of carbohydrate effects on receptor binding kinetics
for EPO and have demonstrated that both sialylation and bulk
carbohydrate can negatively impact protein:protein interac-
tions driven by electrostatic forces. This is, to our knowledge,

the first report directly demonstrating that carbohydrate can 26.

have an impact on electrostatic interactions between a ligand/
receptor pair. While anecdotal evidence exists suggesting that
this observation may also apply to other protein pairs, more

detailed biophysical studies using glycoproteins are needed.

ACKNOWLEDGMENT

The authors gratefully acknowledge Yu Tian, Joe C. Berry,
Pierre-Alexandre Brault, and Rohn L. Millican for technical
assistance and many useful discussions.

REFERENCES

1. Krantz, S. B. (1991Blood 77 419-34.

. Dube, S., Fisher, J. W., and Powell, J. S. (1988Biol. Chem

263 17516-21.

Salmonson, T., Danielson, B. G., and Wikstrom, B. (1S0)J.

Clin. Pharmacol. 29709-13.

. Tsuda, E., Kawanishi, G., Ueda, M., Masuda, S., and Sasaki, R

(1990) Eur. J. Biochem. 188405-11.

5. Narhi, L. O., Arakawa, T., Aoki, K. H., EImore, R., Rohde, M.
F., Boone, T., and Strickland, T. W. (1991) Biol. Chem. 266
23022-6.

6. Takeuchi, M., Takasaki, S., Shimada, M., and Kobata, A. (1990)

2
3.
4

J. Biol. Chem. 26512127 30. 35.

7. Smith, R. E., Jr., Jaiyesimi, |. A., Meza, L. A., Tchekmedyian, N.
S., Chan, D., Griffith, H., Brosman, S., Bukowski, R., Murdoch,
M., Rarick, M., Saven, A., Colowick, A. B., Fleishman, A., Gayko,
U., and Glaspy, J. (200Br. J. Cancer 84, Suppl.,24—30.

8. Heatherington, A. C., Schuller, J., and Mercer, A. J. (2@1).
Cancer 84, Suppl.,111-6.

9. Glaspy, J., Jadeja, J. S., Justice, G., Kessler, J., Richards, D.,

Schwartzberg, L., Rigas, J., Kuter, D., Harmon, D., Prow, D.,

Demetri, G., Gordon, D., Arseneau, J., Saven, A., Hynes, H.,

Boccia, R., O'Byrne, J., and Colowick, A. B. (2008). J. Cancer

84, Suppl. 117-23.

Egrie, J. C., and Browne, J. K. (20@). J. Cancer 84 Suppl,1

3-10.

10.

12.

16.

21.
22.

23.
24.

28.
29.
30.

31.

. Cebon, J., Nicola, N., Ward, M., Gardner, 1.,

. Chapel,

39.
40.

Biochemistry, Vol. 41, No. 49, 20024531

Schreiber, G., and Fersht, A. R. (199&)t. Struct. Biol. 3427—
31.

Selzer, T., Albeck, S., and Schreiber, G. (2008j. Struct. Biol.
7, 537-41.

. Frisch, C., Fersht, A. R., and Schreiber, G. (2001Mol. Biol.

308 69-77.

Lee, L. P., and Tidor, B. (200Brotein Sci. 10362-77.

Radic, Z., Kirchhoff, P. D., Quinn, D. M., McCammon, J. A,
and Taylor, P. (1997). Biol. Chem 272, 23265-77.

Wendt, H., Leder, L., Harma, H., Jelesarov, |., Baici, A., and
Bosshard, H. R. (1997Biochemistry 36204-13.

. Shen, B. J., Hage, T., and Sebald, W. (1986). J. Biochem

240, 252-61.
Piehler, J., and Schreiber, G. (1999Mol. Biol. 289 57—67.
Zhou, H. X. (2001Biopolymers 59427—33.

Witcher, D. R. (2000) Patent WO0032772A2.

Kanazawa, K., Ashida, K., Itoh, M., Nagai, H., Sasaki, H., and
Fukuda, M. (1999Biol. Pharm. Bull 22, 339-46.

Morton, T. A., and Myszka, D. G. (1998)ethods Enzymol. 295
268—-94.

Selzer, T., and Schreiber, G. (1999)Mol. Biol. 287 409-19.
Vijayakumar, M., Wong, K. Y., Schreiber, G., Fersht, A. R., Szabo,
A., and Zhou, H. X. (1998). Mol. Biol. 278 1015-24.

25. Lodish, H. F., Hilton, D. J., Klingmuller, U., Watowich, S. S.,

and Wu, H. (1995Cold Spring Harbor Symp. Quant. Biol. 50
93—104.

Youssoufian, H., Longmore, G., Neumann, D., Yoshimura, A.,
and Lodish, H. F. (1993Blood 81, 2223-36.

27.Hensley, P., Doyle, M. L., Myszka, D. G., Woody, R. W.,

Brigham-Burke, M. R., Erickson-Miller, C. L., Griffin, C. A,,
Jones, C. S., McNulty, D. E., O’'Brien, S. P., Amegadzie, B. Y.,
MacKenzie, L., Ryan, M. D., and Young, P. R. (2000¢thods
Enzymol. 323177-207.

Philo, J. S., Aoki, K. H., Arakawa, T., Narhi, L. O., and Wen, J.
(1996) Biochemistry 351681-91.

Livnah, O., Stura, E. A., Middleton, S. A., Johnson, D. L., Jolliffe,
L. K., and Wilson, I. A. (1999)Science 283987—90.

Remy, I., Wilson, I. A., and Michnick, S. W. (1998Fience 283
990-3.

Constantinescu, S. N., Keren, T., Socolovsky, M., Nam, H., Henis,
Y. I., and Lodish, H. F. (2001roc. Natl. Acad. Sci. U.S.A. 98
4379-84.

. Myszka, D. G., He, X., Dembo, M., Morton, T. A., and Goldstein,

B. (1998)Biophys. J 75, 583-94.

.Syed, R. S., Reid, S. W, Li, C., Cheetham, J. C., Aoki, K. H.,

Liu, B., Zhan, H., Osslund, T. D., Chirino, A. J., Zhang, J., Finer-
Moore, J., Elliott, S., Sitney, K., Katz, B. A., Matthews, D. J.,
Wendoloski, J. J., Egrie, J., and Stroud, R. M. (1998jure 395
511-6.

Dempsey, P., Layton,
J., Duhrsen, U., Burgess, A. W., Nice, E., and Morstyn, G. (1990)
J. Biol. Chem. 2654483-91.

Zambrano, E., Zarinan, T., Olivares, A., Barrios-de-Tomasi, J.,
and Ulloa-Aguirre, A. (1999Endocrine 10113-21.

. Liu, W. K., Young, J. D., and Ward, D. N. (198&4jol. Cell

Endocrinol 37, 29—-39.

S., Veng-Pedersen, P., Hohl, R. J., Schmidt, R. L.,
McGuire, E. M., and Widness, J. A. (2003) Pharmacol. Exp.
Ther. 298 820-4.

. Chapel, S. H., Veng-Pedersen, P., Schmidt, R. L., and Widness,

J. A. (2001)Exp. Hematol. 29425-31.

Nissenson, A. R. (200Am. J. Kidney Dis. 381390-7.
Stone, S. R., Dennis, S., and Hofsteenge, J. (1B&B®hemistry
28, 6857-63.

B10265022



