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ABSTRACT. An essential property of human extracellular superoxide dismutase (hEC-SOD) is its affinity
for heparin and heparan sulfate proteoglycans located on cell surfaces and in the connective tissue matrix.
The C-terminal domain of hEC-SOD plays the major role in this interaction. This domain has an unusually
high content of charged amino acids: six arginine, three lysine, and five glutamic acid residues. In this
study, we used alanine scanning mutagenesis of charged amino acids in the C-terminal domain to elucidate
the requirements for the heparin/heparan sulfate interaction. As a tool in this study, we used a fusion
protein comprising the C-terminal domain of hEC-SOD fused to human carbonic anhydrase 1l (HCAII).
The interaction studies were performed using the surface plasmon resonance technique and heparin
Sepharose chromatography. Replacement of the glutamic acid residues by alanine resulted, in all cases,
in tighter binding. All alanine substitutions of basic amino acid residues, except one (R205A), reduced
heparin affinity. The arginine and lysine residues in the cluster of basic amino acid residues (residues
210-215), the RK-cluster, are of critical importance for the binding to heparin, and arginine residues
promote stronger interactions than lysine residues.

Mammalian cells produce two different types of copper- functions of these proteins and complexes have been
and zinc-containing SODspne intracellular (CuZn-SOD)  described and include protein activation, localization and
and the other extracellular (EC-SOD). A characteristic of protection of bound proteins, chaperone activity during
hEC-SOD is its ability to bind to sulfated glycosaminogly- secretion, and co-receptor rol&.(Moreover, the association
cans (GAGSs). The strong affinity of EC-SOD to heparin and of the amyloid precursor protein (implicated, in mutant forms,
heparan sulfate has been well document®d Due to its in Alzheimer’s disease) with heparin and heparin sulfate has
strongly basic nature, the C-terminal domain was, at an earlyrecently been proposed to be important in its interactions
stage, proposed to be responsible for this interac8prThis with nerve cells and for its metabolic functions.
hypothesis has been confirmed by a wide range of experi-  The protein-heparin interactions are often very specific
ments 8—6), and the C-terminal domain has been shown to (g) 't the nature of the interactions at a molecular level is

act as an independent heparin binding ufit§). poorly understood. The most intensively studied protein
Increasing numbers of cellular activities have been shown GAG interactions are those involving heparin or heparan

to be dependent on protetioligosaccharide interactions. The sulfate, which in most cases are the biological ligands.

However, there are as yet only two cases where the X-ray
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1 Abbreviations: EC-SOD, extracellular superoxide dismutase; GAG, Certain distribution patterns of basic amino acids (Lys and
glycosaminoglycan; HCAIIl, human carbonic anhydrase II; SEC, size Arg) are known to be common features of heparin binding
elxclusion chromatography; SOD,f?upermr(]ide tljismutase; SPR, surfaceregions and sequences3]. Definitions of consensus se-

asmon resonance; TFE, 2,2,2-trifluoroethanol; RU, responsedgit; . S .

Fe)quilibrium dissociation constank, association rate cgnstamq-,, quences for heparl_n binding at the protein Igvel have been
dissociation rate constant. Enzymes: Cuzn-SOD, intracellular Cu- and attempted several times, but none of the published sequences
Zn-containing superoxide dismutase, EC 1.15.1.1; EC-SOD, extracel-are valid for all cases of heparin bindin@, (13-15).

lular Cu- and Zn-containing superoxide dismutase, EC 1.15.1.1; HCAII, ; ; ; ;
human carbonic anhydrase I, EC 4.2.1.1; FusCC, a fusion protein .Caldwe” et al. investigated the prevalence of amino acids

comprising the 25 C-terminal amino acids from human EC-SOD fused !N protein—hepgrin/hepgr_an sulfate binding sitas)( Thgy
to the C-terminal of HCAII. found that besides arginine and lysine residues, glycine and
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serine residues were also commonly involved in the heparinrequired. The gels were stained in 0.025% Coomassie
binding, and serine and proline commonly featured in the Brilliant Blue R.
interaction with heparan sulfate. Heparin and heparan sulfate Size-Exclusion Chromatography (SEGQEC was per-
binding sites have been found within botkhelical and formed on Superose 12 HR 10/30, or Superdex 75 HR 10/
f-sheet frameworks, but Margalit et al. proposed that two 30, columns using an FPLC-system (Amersham Pharmacia
basic amino acids, separated by a distance of 20 A, areBiotech). The mobile phase for the SEC experiments was
essential for association, regardless of the tertiary structure.20 mM Hepes buffer, pH 7.4, 0.15 M NaCl, 0.005% wi/v
In our previous studies, the C-terminal domain of hEC- Tween 20, and the flow rates were 0.5 and 0.75 mL/min for
SOD was analyzed using various fusion proteins and a the Superose 12 and Superdex 75 columns, respectively. SEC
synthesized peptide corresponding to the C-terminal se-under reducing conditions was performed by incubating the
quence. The results of these studies suggested that arotein fa 1 hin therunning buffer with the addition of 0.4
a-helical structure is essential for the heparin interaction, MM TCEP.
and that the oligomeric state of the protein does not Analytical Heparin-Sepharose Chromatographylhe
significantly affect heparin affinity, 8, 17. heparin-Sepharose chromatography was carried outon a 1
In the present study, our aim was to identify amino acids ML HiTrap, heparin-Sepharose column (Amersham Phar-
that are of critical importance for the heparin interaction. macia Biotech) with a flow rate of 1 mL/min. The equilibra-
The charged amino acids were the focal points of this study tion buffer was composed of 20 mM Hepes, pH 7.4, 50 mM
because of the high content of these in the C-terminal NaCl, and 0.005% w/v Tween-20 to minimize unspecific
sequence, and the documented role of charged amino acid®inding, as in the SPR experiments (see below). After
in this type of interaction. The main strategy we applied was @Pplication and before elution of the fusion proteins, the
alanine scanning mutagenesis. We also introduced amino aci?0lumn was washed with this buffer. Bound fusion protein
substitutions as an attempt to disturb the secondary structureas eluted with a linear gradient of 50 mid 1 M NaCl in
The effect on the heparin binding properties of each variant the equilibration buffer. HeparinSepharose chromatography

was investigated. under reducing conditions was performed using the above
buffers with the addition of 0.4 mM TCEP and incubation
MATERIALS AND METHODS for 1 h atroom temperature.
. ) ] ) o SPR Experimentsnteraction analyses were performed on
Chemicals and ProteinsThe heparin-albumin—biotin a Biacore 2000 instrument (Biacore AB, Uppsala, Sweden)

complex and avidin used in the SPR experiments to generateyt 25°C using 20 mM Hepes buffer, pH 7.4, 0.15 M NaCl,
the heparin binding surface were obtained from Sigma, and gnd 0.005% w/v Tween 20 as the running buffer.
TCEP, tris(2-carboxyethyl)phosphine hydrochloride, was  The detection system uses SPR to monitor changes in
from Pierce. An amino-coupling kit and CMS sensor chips refractive index at the surface as the binding event occurs.
were obtained from BlAcore, Uppsala, Sweden. Oligonucle- The processed signal vs time is then expressed in terms of
otides for mutagenesis were from DNA Technology. The grpitrary resonance units (1 RU, 1 pg/thfor protein), in
ABI PRISM Big Dye Terminator Cycle Sequencing Ready  the form of a sensorgram. Sensorgrams provide information
Reaction Kit used came from PE Applied Biosystems. about the kinetics [association rate)( dissociation ratekf)]
Construction and Purification of Fusion Proteinghe and the equilibrium dissociation constant [affinitgp]] of
construction of the fusion protein FusCC has been describedthe interaction.
earlier @). Eighteen variants of FusCC were constructed  In an initial binding experiment, avidin was immobilized
using site-directed mutagenesis according to the method ofthrough primary amino groups to the activated carboxyl
Kunkel (18) with a slight modification as described by groups on four flow cells on a CM5 research-grade sensor
Mértensson et al.19). The DNA sequences of the variants chip, according to procedures suggested by the instrument
were confirmed by DNA-sequencing of the entire coding manufacturer, at an average density of 5600 response units
region. The fusion proteins were produced essentially as(RU). Residual active groups were inactivated by ethanol-
described earlierl®), except that 0.5 mM ZnSQvas added  amine. After the immobilization, a hepatilbumin—biotin
at the time of induction. Cultures were harvested by complex was captured on an avidin surface at a density of
centrifugation and resuspended in a homogenization bufferg50 RU. To test for nonspecific binding of the fusion proteins
containing 0.1 M Tris-SQy, pH 9.0, 0.2 M KSQ;, 0.3 MM to the albumin part of the heparin complex, a bietabumin
PMSF, 1 mM EDTA. The resuspended bacteria were complex was captured on a flow cell at a density of 540
homogenized by use of a bead-beater or by ultrasonication.RU. The binding of FusCC to the different surfaces (avidin,
After centrifugation for 30 min at 15 000 rpm, the supernatant avidin—biotin—albumin, and avidir-biotin—albumin—he-
was collected and applied to an affinity column according parin) was then investigated. At a protein concentration of
to the method of Khalifah20). Fractions containing fusion  10uM, nonspecific binding to the avidin and avidtbiotin—
protein were collected and concentrated by ultrafiltration, albumin surfaces was 127 and 128 RU, respectively. The
using YM10 (10K) membranes in a stirred Amicon cell. The pinding response to the aviditbiotin—albumin—heparin
variant C219S was further purified by a heparBepharose  surface at the corresponding protein concentration was 2800
chromatographic step. RU. Thus, a sensor surface with immobilized avidin or
SDS-PAGE. SDS-PAGE was performed on a discon- avidin—biotin—albumin can be used as a reference surface
tinuous polyacrylamide gel syster2d) containing 14.9%  to correct for nonspecific binding.
acrylamide and 0.1% SDS. Prior to analysis, the protein In the binding experiments, the heparialbumin—biotin
samples were boiled in an SDS-cocktail that contained complex was captured at different densities on two flow cells.
B-mercaptoethanol except when nonreducing conditions wereOne flow cell was prepared with a high density (on average
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1000-1500 RU), an_d the other with a Iowe_r _denSity (200 Table 1: [NaCl] Required To Elute Dimeric FusCC and Variants
400 RU). Only a minor effect of the densities on the rate from Heparin-Sepharose

constants was observed while the effects upon altering the [NaCl]
flow rate (5-50 uL/min) were more pronounced. These protein C-terminal sequence (M)a
results suggest that _the interaction to some extent is limited WERQAREHSERKKRRRESECKAA 048
by mass transport. Differences in transport limitation between rog2a WEAQAREHSERKKRRRESECKAA  0.42
nonspecific and specific binding sites might also contribute R205A WERQAAEHSERKKRRRESECKAA  0.42
to the observed flow rate dependence. To determine the R210A wgsgxsg:g%&g&ggggggxﬁ 8-2‘51
gqulllbrl_um d|SSOC|at|on.consta}rK[6) for the protein/heparin A WEROAREHSERKKRRESECKAA 033
interactions, concentration series of FusCC and mutants WereRo15A WERQAREHSERKKF\TRESECKAA 0.37
injected at a flow rate of mL/min over the heparin and  K211A WERQAREHSERKRRRESECKAA 0.32
avidin surfaces. Each concentration series included® Egéiﬁ VV\\//ESSQSE:gggk@}?RRRRRESSEECCK@AAA 8-3523
prote!n concentratlor_]s ranging from 0.05 Fo 2&]01 (de- E206A WEROARHSERKKRRRESECKAA 0.54
pending on the protein studied). The heparin biosensor data g;gga WERQAREHARKKRRRESECKAA  0.55
were corrected by subtracting the nonspecific binding to the E216A WERQAREHSERKKRRRSECKAA 0.53

reference surface (avidin). To determine the equilibrium E206P WERQARHSERKKRRRESECKAA 0.55

i it i K212P WERQAREHSERRRRRESECKAA 0.37
dissociation constantKg), the responses at equilibrium R215P WEROAREHSERKKRRESECKAA 0.35

(AReg) for each protein concentration were fitto a 1:1 binding  g291a:£200A WARQAREHSARKKRRRESECKAA  0.57
model. This 1:1 binding model is described by the equation: k212A:R215 AWERQAREHASERKRRAESECKAA  0.23

C219S WERQAREHSERKKRRRESKAA 0.32
AR, ,,C CC mono WERQAREHSERKKRRRESECKAA 0.32
AR, = P - - -
q KD+ C 2The reproducibility of the experiments was investigated by

performing each experiment in triplicate, resulting in a similar standard
deviation for each protein of about 0.003 M in the NaCl concentration.

whereARg is the increase of the response value at equilib-

rium, ARmnax IS the capacity of the immobilized heparin to . o

bind a protein, an€ is the concentration of injected protein. INd the HCAIl spectrum in molar ellipticities from the spectra
The dissociation rate constants appear to be fast, especially’! the fusion proteins. The resulting difference spectra were

for the K- and R-variants, and in some cases of the same'€calculated to give mean residue weight ellipticities for the

order of magnitude as the time required for effective change C-trminal domain of FusCC (i.e., 32 amino acid residues,
of the buffer in the flow-cell, in particular when using the COmprising 28 from the hEC-SOD N-terminal domains and

relatively low flow rate of SuL/min. 4 from the spacer). Secondary_predictions of the difference
To minimize effects of mass transport, we choose to SPectra were performed according to Chakrabartty e23).

compare apparent dissociation rates from experiments using_ Matrix-Associated Laser Desorption lonization Mass

a low-density heparin chip. Assuming that the dissociation SPectrometry (MALDI-MS) Analysislass spectral analysis

is described by a simple exponential function, we calculate ©f FUSCC (the proteins) was begun by preparing a 1:1

an apparent half-life for the dissociation phase. In Table 2, dilution of an aqueous 16M stock solution of FusCC with

the effect of each substitution on the apparent dissociation@ Saturated solution (10 mg/mL) of sinapinic acid in 50%

half-life is expressed as the ratigavarianityz Fusce DUE tO acetonitrile with 0.05% TFA. The sample was spotted on a

the limitations mentioned above, these ratios should be takenS€€ded surface and dried under an air-steam. Mass spectra

as rough estimates of the effects of the amino acid substitu-eré acquired in the linear mode with delayed extraction
tions on dissociation. using a Voyager-DE STR MALDI time-of-flight instrument

We have used slightly different conditions in this study (PerSeptiveBiosystems, Framingham, MA) with a 337 nm
as compared to earlier studie®).(In this study, we, as nitrogen laser. Spectrgi were acquired using a_1700 ns delay
suggested by the manufacturer, added 0.005% wiv Tween@nd 25 000 acceleratl_on voltage. The noise filter was 07
20 to the buffer to avoid unspecific binding. However, Mass spectrawere calibrated externally with human carbonic
according to experiments on FusCC binding in the presence@nhydrase Il (HCAIl) and bovine serum albumin (BSA).
and absence of 0.005% Tween 20, the effect of Tween 20

. ) RESULTS
on theKp values was marginal. Another difference between
the studies is the use of albumin-coupled heparin in the Protein Purification and CharacterizatiofsusCC and the
present study while the heparin was directly modified by C-terminal variants (Table 1) were expresse# ircoli. After
avidin in the former study. This might affect the density of cell disruption, essentially all of the fusion protein remained
heparin on the sensor chip and might be the cause for thein the supernatant, indicating that it is highly soluble in the
difference in affinity of FusCC for heparin in the two studies. bacteria cytoplasm. All fusion proteins were purified in a

Circular Dichroism.Circular dichroism (CD) spectra were  single step by affinity chromatography using the HCAII-
recorded at 4C on a CD6 spectrodichrograph (Jobin-Yvon part of the fusion protein as an affinity tagQ).

Instruments SA, Longjumeau, France). Far-UV spectra for ~ Analysis of purified FusCC and FusCC variants on SEC
the proteins were recorded in a 0.5 mm quartz cell at a identified two FusCC-containing fractions, in all cases except
protein concentration of 0-50.7 mg/mL in 10 mM potas-  C219S, corresponding to a dimer and monomer, respectively.
sium phosphate, pH 7.0, 0.15 M NacCl. Due to the absorbanceSEC under reducing conditions resulted in just a monomeric
of 0.15 M NaCl, CD spectra were collected down to 200 fraction. Since HCAII is a monomeric protein and the only
nm. Difference spectra, representing the CD signal originat- cysteine present in our fusion protein is C219, our conclusion
ing from the C-terminal domains, were obtained by subtract- is that an SS bridge in FusCC is responsible for the
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dimerization. This hypothesis is strengthened by the observa- T T T
tion that both the FusCC variant C219S and the reduced form "] .
of FusCC are purely monomeric proteins, according to 1400 -
MALDI-MS analysis and SEC (not shown). We have also T
observed that the C-terminal is sensitive to proteolysis, which 7] CEet ]
results in monomeric FusCC with lower (or no) heparin ~ 1000 .
affinity, indicating extensive degradation of the C-terminal l
domain. The dimeric form was therefore used as an indicator |
of a full-length C-terminal, and the fraction containing the 600 | -

dimer was used in all our experiments except where © 1 //’_—r 1
otherwise indicated. ] / k
\_/'_’——-J\\

-
s
IR RR RN

| |
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Analysis on HeparifrSepharoseA linear gradient of 200

gk

increasing NaCl concentration was used to eIute_FusCC and o — —_— ]
variants from the heparinSepharose column. Elution of the B
variants E201A, E206A, E209A, and E216A from the 0 100 200 300 400 500
heparin-Sepharose column required 0-5255 M NacCl. Time (s)

This is a higher concentration than needed for elution of Ficure 1: SPR sensorgrams for the interaction of FusCC with

FusCC (0.48 M) (Table 1). Replacement of arginine or lysine heparin-albumin-biotin captured on an avidin surface. The

residues with an alanine residue (R202A, R205A, R210A, [rehsponses at GQU||Ib?]UHARFg) \'/:ver%gt to a 1:t1 l’t'.”d'”gf”aoldge'b a8
€ responses are snown 1or Fus concentrations ot 0.19, V.50,

K211A' K212A, R213A.’ R214A, anq R.215A) c:_:lused the 0.96, 1.91, 3.83, 19.17, and 38.8B1. The inset graph shows the

opposite effect on heparirSepharose binding (i.e., it reduced  pinding isotherm.

the affinity), but with greater variation (Table 1). Proline

residues replaced amino acid residues in three of the variantsrable 2: Binding Parameters for FusCC and Variants Determined

(E206P, K212P, and R215P). These variants show almostin the SPR ExperimentK6 Presented with Standard Deviation)

the same affinity as their counterparts with corresponding tua(ruscd) AG AAGP
alanine replacements (E206A, K212A, and R215A; see Table  protein Ko (M)  tippaiand (Kcal mol?) (kcal mol?)
1). The effect of the two double mutations E201A:E209A Fscc 85+ 0.9 1 6.9 _
and K212A:R215A is not strictly additive (Table 1). The R202A 20.5+2.5 1.1 6.4 0.5
variant K212A:R215A displayed markedly lower affinity, —R205A 7.0+23 0.3 7.0 —0.1
and eluted at 0.23 M NaCl, while E201A:E209A displayed E%igﬁ g%-gi 3-5 83 g’g H
an increased affinity, and eluted at 0.57 M. Finally, the Rr574a 47.0+ 7 0.4 5.9 10
affinity for heparin-Sepharose shown by monomeric FusCC R215A 48.0£ 2.5 0.4 5.9 1.0
and the monomeric variant, C219S, was identical but Kggﬁ gg-gi gg g-g 2'421 8-;
red_uced, since the NaCl concentration needed to“el_ute t_hs-s&éZOlA 10% 0.1 06 89 13
variants was 0.32 M, compared to 0.48 M for the “dimeric” g5ga 22402 1.4 77 —07
FusCC (Table 1). E209A 1.8+ 0.4 0.9 7.8 -0.9
In the present study, two major changes in the chromato- E216A 25+01 11 7.6 —0.7
graphic conditions were introduced, as compared to the Ezggg lé-gii gé (l)'g 2"11 _1625
heparin-Sepharose chromatography analysis in previous g,15p 48.0r 8 0.2 5.9 1.0
work (7, 8): (i) the flow rate was 1 mL/min in this study as E201A:E209A 0.4+ 0.04 3.7 8.7 -1.8
compared to the 0.05 mL/min used previously; (i) the E%g%ﬁ:ggggﬁ 0.21 9.1 —22
equilibration buffer was 20 mM Hepes buffer, pH 7.4, 50 KP12AR2ISE 113 B 5.4 15
mM NaCl with 0.005% w/v Tween-20, as compared to the ~519g 49 O 13 0.3 5.9 10
15 mM sodium cacodylate, pH 6.5, with 50 mM NaCl used ¢cc mono 36.0f 2 0.4 6.1 0.9

in _earlier stu_dies. In both cases, bou_nd protein_ _Was_eluted 2 CalculatedKp from the sum of theAAG values of the single
using a gradient of 50 mMbt1 M NacCl in the equilibration mutations assuming additivity.The apparent half-life has been
buffer. This results in slightly lower NaCl concentrations calculated from experiments using a low-density heparin chip. The effect
being needed for elution of EC-SOD and FusCC as comparedof the mutations is expressed as the rafigruscoftuzvarian

to previous work (0.55 M in both cases)(

SPR Experiment&ll proteins except the variant K212A:  signal. Since the observed nonspecific binding to the
R215A bound to the heparin chip in such a way that it was reference surface is slower than the binding to the heparin-
possible to calculat&p values. Figure 1 shows the sensor- activated surface, a spike is generated upon subtraction.
grams of FusCC in a binding experiment. The responses were As can be seen in Table 2, all fusion proteins with the
concentration dependent and are shown for concentrationsexception of K212A:R215A have affinities in the 6.82
of 0.19, 0.38, 0.96, 1.91, 3.83, 19.17, and 38.33. All UM range, representing medium to strong binding. FusCC
responses approached equilibrium within 300 s, and thedisplayed & value of 8.5uM. The variants E201A, E206A,
responses from each curvetat 290 s AR were plotted E209A, and E216A displayed values of 1.0, 2.2, 1.8, and
versus FusCC concentrations, shown in the binding plot in 2.5 uM, respectively (Table 2).
the inset graph. Fitting these data to a 1:1 binding model In all cases where arginine was replaced by an alanine
yielded an apparemdp of 8.5+ 0.9uM. The spike observed  residue except R2054¢ = 7.0 uM), heparin affinity was
in the beginning of the sensorgrams at high protein concen-reduced. The R202A, R210A, R213, R214A, and R215A
trations is observed only after subtraction of the reference variants displayeKp values ranging from 20 to 52M
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(Table 2). The changes in affinities for K211&K{ = 30 60
uM) and K212A Kp = 21 uM) were less pronounced as
compared to the arginine residues in the RK-cluster (R210 50 g — :‘u’gg;‘m:g lysine
R215), but they still represent reductions in affinity. The
effects of the substitutions on the apparent half-lives of the 40+
complexes are somewhat different (Table 2). In all the cases
where arginine was replaced by an alanine residue or a lysineg 30 °
residue, except R202A, the apparent half-lives were de- 5;
creased. In the R202A variant, the apparent half-life was = 20 e Glutamato
unaffected. In the variants where a glutamic acid residue has . substitutions
been replaced, the apparent half-lives of the complexes were 10 Fusce \
virtually unaffected except for E201A where the apparent °
half-life was decreased. Moreover, comparing the replace- o4 8
ments E206P, K212P, and R215P to the corresponding r . . . ,
alanine substitutions (E206A, K212A, and R215A), K212P 3 4 5
and R215P caused no change in heparin affinity. Net charge

The double substitutions (E201A:E209A and K212A: HGUREZ: Ko valesfor the variants versus tofal net-charge of the
R215A) displayed clear changes in affinity. E201A:E209A '
displayed a 20-fold increase in affinity. The K212A:R215A
variant, on the other hand, displayed such a low affinity that
it was impossible to determine any specific binding at all to
heparin. The monomeric FusC&4{ = 36 uM) and the
monomeric variant C219K6 = 49 uM) had lower affinity
compared to dimeric FusC&§ = 8.5 uM).

Heparin Affinity As Measured by HeparitBepharose
Affinity Chromatography.In our earlier work 7), we
demonstrated that the salt concentration needed to elute;
different proteins from heparinSepharose cannot always
be used to estimate their relative heparin affinity. The results =
of the present study support this conclusion; especially data -20000+
related to FusCC and the variants R202A and R205A (Table
1). R202A and R205A both eluted at 0.42 M NaCl, a

somewhat lower salt concentration than that needed to eIuteFIGURE 3: Difference spectra in far-UV (206240 nm) representing

FU$CC (0.48 M). However, thip for R2,02A is 20.5uM the CD signal from the C-terminal domains of FusC€),(E206P
while theKp values for FusCC and variant R205A are 8.5 (...), K212P (- - —), and R215P € — —).

and 7uM, respectively (Table 2). In addition, the chroma- . ) .

tography in the experiments reported here (see Materials andnonomeric 7, 8). The discrepancy is probably due to slow
Methods) was performed under different conditions from Proteolytic degradation of the C-terminal and/or the fact that
those reported earlie7( 8). Thus, it seems that the binding ~the SEC analysis was performed on reduced protein in the
behavior of the proteins in the hepasiBepharose chroma-  Previous study (see the discussion below). In the earlier study,

tography is strongly dependent on the chromatographic the binding analysis by heparirbepharose and SPR was
parameters. done on freshly prepared protein, whereas the SEC analysis

Circular Dichroism SpectraCD spectra of HCAII, FusCC, was done on stored material.

and the mutated proteins were recorded in the far-UV region. fSE'réC%ggAl.l (the fusion partner to the ?h-termm?l dorgak')rll
The contributions from the C-terminal domain to the far- © ) ) is @ monomeric enzyme, the most probable

UV CD spectra were obtained by calculating the difference explanation of the FusCC dimerization is that cysteine residue

between the spectra of the FusCC variants and HCAII. The 7219 in the C-terminal domain (Table 1) is involved in an

resulting difference spectra for FusCC and the proline intermolecular S-S bridge, Iinking two fgsion protein
variants (E206P, K212P, and R215P) are shown in Figure molecules together. To test this hypothesis, we performed

3. The negative bands observed at 205 and 222 nm ardWo types of experiments. First, we reduced the dimeric

CoT - - FusCC and second we substituted cysteine residue 219 with
trongly indicative for the presen fhelical elements in . . . ) .
SLongly ndcati o e presence ahelca SeMENS ) 4 cerin residue (C219) to inder S brdge fornaton
terminal domain at-4 °C in FusCC was 27% according to The efffects.on the heparin binding and oligomeric states were
the method of Chakrabartty2?). The variants E206P, then investigated. Both the C219S and reduced FusCC were
K212P, and R215P have slightly lower-helix content show.n by SEC as_well as .by MALDI'MS to be monomeric
(Figure 3). proteins. We consu;lereql d|mer|za_\t|on to bg a good indicator
of an intact C-terminal in our fusion proteins because only
DISCUSSION full-length proteins can form dimers. In the present inves-
tigation, we therefore used freshly prepared dimeric fusion
Dimerization, Full-Length C-Terminal Domain, and He- protein, or freshly reduced dimeric protein (to ensure full-
parin Affinity. FusCC eluted as a dimer when analyzed on length monomeric protein) in all our binding experiments.
SEC, although we have earlier reported the protein to be The Kp value for C219S was reduced by a factor of
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approximately 5, compared to the dimeric FusCC (Tables 1 at this high protein concentration, the observed SPR response
and 2). The binding kinetics of the monomeric (reduced) was low, about twice the unspecific background binding and
FusCC indicated a slightly tighter binding compared to the corresponding to about-5l0% of the maximal RU at
C219S variant (Table 2). It should be noted that the relatively corresponding concentrations of other binding variants.
small effect of the dimeric state on the affinity for heparin Assuming additively, theoretical calculation of the binding
is not due to multimeric binding (see discussion below).  constant from the sum of thAAG values of the variants
The participation of cysteine residue 219 irS bridge K212A and K215A (Table 2) results in lép value of 113
formation in hEC-SOD cannot be deduced from these uM. However, the observed week binding of the variant
experiments, but it has been proposed by Enghild et al. andK212A:R215A indicates a significantly larg& than 113
Oury et al. 3, 24. In addition, there are examples in which  uM.
heparin is sandwiched between taehelices in the bound In a simple electrostatic interaction model, glutamate
state @5, 2. However, Sandstro et al. have shown that  yegjdues will cause repulsion in the heparin binding event,
substituting alanine for cysteine 219 (C219A) in EC-SOD (egylting in unstable interactions and slower association

had almost no effect on the binding)( A possible S-S kinetics. Indeed, all substitutions of alanine for glutamate
bridge does not appear, in this case, to be favorable oregiques resulted in stronger binding. TNAG values of
heparin binding. all glutamate substitutions are in the range-0l73 kcal

We also investigated the effect of the redox state on hEC- ;-1 (Table 2). The variant E201A displayed the most
SOD. The protein was shown by SEC to be tetrameric U”derpronounced effect with 8.5-fold stronger binding. The

nonreducing, as well as under reducing, conditions (results g hstitutions in positions 206 and 216 have smaller effects
not shown). This was expected since it is well established 4, the phinding constants, and the binding constant of variant
that the subunit interaction in hEC-SOD, which is mediated gonga falls between those of E201A and the other two

by the N-terminal domain, is unusually stabB¥(2§. The \4jants. These substitutions, except for the E201A variant,
observation of dimers when analyzing hEC-SOD with SDS 555651 t0 have a small effect on the apparent half-life for

PAGE under nonreducing conditior8, 24 might be due  yhe complex with heparin. The double mutant E201A:E209A
to S-S bridging between cysteine 219 residues from tWo yigpiavs ak,, which is lower than that of FusCC by a factor
subunits (results not shown). However, since the protein ¢ 51,0t 20 (Table 2). It can be noted that this experimentally
contains six cysteines per subunit, dimer formation can be yetermined affinity is only half as strong as that expected
equally well explained by the formation of other intersubunit from the Kp, value calculated from the sum of tRAG of

S—S bridges after the denaturati'on in S_DS' ) E201A and E209A (Table 2). Thus, a simple charge
Replacement of Charged Amino Acidie C-terminal - ineraction model is insufficient to explain the effect of the
domain of hEC-SOD has an unusually high content of ¢ pcitutions E201A:E209A.

charged amino acids. Of the 25 amino acid residues closest , )
to the C-terminal, 6 are arginines (202, 205, 210, 213, 214, In all cases, except for the C219S variant, the SPR studies

and 215), 3 are lysines (211, 212, and 220), and 5 are ©f the protein-heparin interaction were performed on'S-
glutamatés (201, 206, 209 216. and 218). We have earlierPridged dimeric protein to ensure the presence of a full-length
demonstrated by NMR experiments that arginine residues C-terminal. Previous studies by ug)(have shown that a
are involved in the heparin interactio8)( but the putative ~ monomeric form of the C-terminal peptide ia-helical

involvement of the lysine residues could not be confirmed conformation binds specifically to heparin wiky, = 0.64
by these experiments. uM. Our interpretation of the present results onScross-

In the alanine scanning studies of the charged amino aciglinked variants of F_usCC therefore assumes specific binding
residues in the C-terminal domain reported here, we excluded© ©ne of the peptides only, as a starting point. One may
glutamate 218 and lysine 220 because Sandsgbal. &) then_ask what effect_s t_he highly posmvely_ charged second
had already shown that the substitutions K220A and E218A Peptide has on the binding. The difference in the free energy
had only a marginal effect on the binding of the correspond- ©f Pinding (AAG) between the dimeric form of FusCC and
ing protein variants to a heparitSepharose column. the monomer forms, C219S and reduced FusCC, isD.9

Alanine substitutions of the arginines in the “RK-cluster”, kcal mof* (Table 2). It is clear from this small affinity
positions 216-215, have the strongest effect on the affinity. différence between monomer and dimer that the binding
The effects of all of these substitutions are very similar, and €N€rgies are not additive (from monomer to dimer), and that
their K values are about 6-fold higher than that of Fuscc, the charged cluster+{4) in the second (nonbinding) C-
which correspond to a difference in free binding energy terminal do'mqln contr_lbut'es. a general elgctrqstatlc free
(AAG) of approximately 1 kcal mof (Table 2). Substitution ~ €Nergy of b|_nd|ng that is S|m|I§1r to the pontrlbutlon of one.
of lysine residues (K211A and K212A) in the RK-cluster charged residue in the C-terminal 'ghat bmds._Henc_e, hepann
has a smaller effect than the arginine substitutions (Table Pinds only to one of the C-terminal domains with high
2). In summary, the RK-cluster is essential for high heparin affinity, and the other only modulates the binding.
affinity, and the arginine residues promote stronger inter- In Figure 2, the total charge of the C-terminal domain in
actions with heparin as compared to lysine residues. Thethe different variants is plotted against their corresponding
latter conclusion is consistent with earlier studies on synthetic Kp values. The dispersion of th&, values of variants with
peptides and fibroblast growth factor-16( 29, 30. the same net charge indicates that different charged amino

It was not possible to determine the kinetic parameters acid residues have different roles, which is most clearly seen
for K212A:R215A because the specific binding of this in the arginine to alanine replacement (Figure 2). Similar
variant was too weak. In an attempt to determine its binding results have been observed by Lellouch et3l) {n a peptide
constant, we used a protein concentration of ABD Also derived from antithrombin I11.
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It is noteworthy that all glutamic acid residues in the impact on the interaction of the protein with heparin, but
sequence, except E218, have an arginine as a neighboringheir roles in the interaction differ somewhat. The N-terminal
amino acid residue. A possible explanation is that the end of the C-terminal domain appears to be well structured,
negatively charged glutamate residues act as a filter, so thatand the basic amino acids in the RK-cluster contribute most
less specific interactions with other biological ligands do not of the binding energy. However, the precise molecular
occur. Another explanation for this is that the arrangement contacts of the different charged amino acid residues in the
allows beneficial ion pair formation between neighboring C-terminal domain cannot be deduced from this study.
amino acid residues with different charges, or between side Further studies of the heparin interaction of the C-terminal
chains that are close in a possihlehelical structure 32). domain will include structural studies and NMR spectroscopy
Assuming aru-helical structure, ion pairing between residues of variants and peptides to elucidate the precise structural
such as E206/R210 and E209/R213 would have a stabilizingrequirements and limitations. We will also investigate the

influence.

Structural ImplicationsSecondary structure predictions,
produced by the GOR IV33) method, suggest am-helical
structure from positions 201 to 217 in the C-terminal domain.
In addition, a previous study by ug)(showed that a synthetic
peptide corresponding to the C-terminal adoptsiérelical
structure when TFE is added and the affinity for heparin
increased in parallel with the increasedrhelical content.

At 10% TFE, the synthetic peptide binds to heparin with a
Kp value close to that of hEC-SOD)( indicating that the
C-terminal domain adopts a helical conformation when
present in its original position in EC-SOD. Thus,@helical
conformation of the C-terminal domain appears to be an
important factor promoting heparin affinity. Notably, the far-
UV CD spectrum of FusCC recorded at room temperature
indicates very little helical content, which is reflected in a
20 times weaker heparin binding than EC-SOD. However,
analysis of the far-UV CD difference spectrum recorded at
+4 °C suggests 27%:-helix in the C-terminal domain of
FusCC (Figure 3). Apparently the C-terminal domain can
readily adopt aru-helical conformation also in the setting
of the fusion protein FusCC.

In an attempt to disturb the possilatehelical structure in
the C-terminal sequence, proline was introduced at positions
206, 212, and 215. The far-UV difference spectra of all these
proline variants indicate a slight lowering of tleehelical
structure (Figure 3). When comparing the heparin binding
properties of the proline variants to the corresponding alanine
variants, they have virtually identical effects on the heparin
affinity (Tables 1 and 2). There may be enough flexibility
in the arginine and lysine side chains to compensate for a
change in structure.

The effect of the replacements in positions 201, 202, and
205 all indicate that flexibility is restricted in the N-terminal
part of the C-terminal domain. This conclusion is based on
the following observations. The most N-terminal replace-
ment, E201A, is unique among the E substitutions in that it
decreases the apparent half-life of the complex (Table 2). In
contrast to the other R and K substitutions, the substitution
R202A does not affect the apparent half-life of the complex
while Kp indicates weaker affinity. Consequently, the as-

sociation rate must be decreased compared to FusCC.

However, most strikingly, unlike all other variants, the
R205A variant displayed almost identid&h compared with
of FusCC (Table 2). Thus, according to the SPR experiments,
R205 does not seem to be involved in the heparin interaction
and must be positioned in an orientation facing away from
heparin. If so, the structure around position 205 is not
flexible.

In summary, it is apparent from our study that most of
the charged residues of the C-terminal domain have an

specific requirements for the binding of the C-terminal
domain to heparan sulfate from different sources.
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