11130 Biochemistry2006,45, 11130-11139

The Catalytic Machinery of Chondroitinase ABC | Utilizes a Calcium Coordination
Strategy to Optimally Process Dermatan Sulfate

Vikas Prabhakar, Ishan Capila, Rahul Raman, Aravind Srinivasan, Carlos J. Bosques, Kevin Pojasek,
Michael A. Wrick, and Ram Sasisekharan*

Division of Biological Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
Receied March 18, 2006; Resed Manuscript Receéd June 22, 2006

ABSTRACT: The chondroitinases are bacterial lyases that specifically cleave chondroitin sulfate and/or
dermatan sulfate glycosaminoglycans. One of these enzymes, chondroitinase AB®rdtensyulgaris,

has the broadest substrate specificity and has been widely used to depolymerize these glycosaminoglycans.
Biochemical and structural studies to investigate the active site of chondroitinase ABC | have provided
important insights into the catalytic amino acids. In this study, we demonstrate that calcium, a divalent
ion, preferentially increases the activity of chondroitinase ABC | toward dermatan versus chondroitin
substrates in a concentration-dependent manner. Through biochemical and biophysical investigations, we
have established that chondroitinase ABC | binds calcium. Experiments using terbium, a fluorescent calcium
analogue, confirm the specificity of this interaction. On the basis of theoretical structural models of the
enzyme-substrate complexes, specific amino acids that could potentially play a role in calcium coordination
were identified. These amino acids were investigated through site-directed mutagenesis studies and kinetic
assays to identify possible mechanisms for calcium-mediated processing of the dermatan substrate in the
active site of the enzyme.

Chondroitin sulfate (C5 and dermatan sulfate (DS) are for interaction with other biological agents, including growth
acidic polysaccharides of the glycosaminoglycan (GAG) factors, cytokines, and other signal transducé&)s Even
family that serve important functions in a variety of biologi- more, specific sequences within the oligosaccharide chain
cal processes, including neuronal development, coagulation,have been shown to be activating and others to be inhibitory,
inflammation, cellular trafficking, cellular proliferation, and  with regard to specific biological processdd); Decoding
oncogenesis1—8). Both CS and DS comprise a repeat the GAG sequence is, therefore, critical in understanding
disaccharide unit of-p-N-acetyl galactosamine (GalNAc) structure-function relationships.
linked 1— 4 to uronic acid. These basic disaccharide units  The development of complementary biochemical tools that
are linked 1— 3 to form polysaccharide chains. The uronic cleave GAGs in a sequence-specific fashion has enabled
acid moiety of CS exists as thfep-glucuronic acid (GIcA)  progress in the polysaccharide sequencing field. Many
epimer, and in DS as the-L-iduronic acid (IdoA) epimer.  microorganisms express GAG-degrading enzymes for the
The polysaccharide backbone may be modified by sulfation purpose of facile invasion of host tissue and to acquire
at the 40 and 60 position of the GalNAc as well as the  nutrition from decaying animal carcasses. A number of these

2-O position of the uronic acid9). enzymes have been cloned, recombinantly expressed, and
The chemical complexity of these GAGs has hampered acharacterized in terms of their substrate specificity and
refined comprehension of their structurfeinction relation- catalytic activity. These include heparinased2)( Il (13,

ships with other biomolecules. Thus, defining the biological 14), and Il (15) and chondroitinases AC and B§—19)

roles of GAGs is often difficult10). The specific sequence (cAC and cB, respectively) fronPedobacter heparinus

of chemical modifications on GAG chains imparts a potential (formerly known asFlavobacterium heparinuin These

enzymes are lyases that cleave at the glycosidic linkage
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site amino acids via site-directed mutagenesis. These pre-TAG ATC AGA GCT-3. The Asp490Ala mutant primers
liminary studies into cABC I's active site topology indicated have the sequence$ 52CG GGT GGT AAAGCT GGT
potential differences in the processing of CS and DS TTA CGC CCT-3and 8- AGG GCG TAAACCAGCTTT
substrates by this enzyme. These putative differences wereACC ACC CGG-3. The Tyr392Ala mutant primers have
attributed to the different orientations of tk®5 proton of the sequences-8CC CAT CAC TGG GGATTC AGT TCT
the uronic acid relative to the cleavable glycosidic bond, CGT TGG TGG-3 and 3- CCA CCA ACG AGA ACT
depending on the epimerization stags3,(24). GAA TCC CCA GTG ATG GG-3 Plasmids were prepared

In this study, we investigated in great detail the differences Using a miniprep kit, and each clone was sequenced to
in the processing of CS and DS substrates by cABC I. We confirm the incorporation of the desired mutation.
specifically examined the role of divalent cations such as Protein Expression and PurificatioiRecombinant cABC
calcium in catalysis. Previously, it has been observed that! and the site-directed mutants were expressed and purified
calcium is required for the optimal activity of several as previously describe@4). Protein purity was assessed by
polysaccharide-degrading enzymes. These include heparinas®DS—polyacrylamide gel electrophoresis analysis using
| (25, 26) and chondroitinase B2{7) from Pedobacter precast Invitrogen NUPAGE 12% Bis-Tris gels, the XCell
heparinus and pectate lyase @& from Erwinia chrysan- SureLock Mini-Cell, and Simply Blue SafeStain. Protein
themi In all these enzymes, calcium has played an important content was assessed by standard methods using a Bradford
role in catalysis. The involvement of calcium could be assay kit with bovine serum albumin (Sigma) as a standard.
explained on the basis of several scenarios. The binding ofln order to ensure that there were no structural perturbations
calcium to the enzyme facilitates substrate cleavage and, thusin the mutant enzymes when compared to recombinant cABC
enhances its catalytic activity. Alternatively, a specific |, a structural characterization was undertaken using circular
interaction of calcium with the substrat@9) enables a dichroism (CD). Recombinant proteins were concentrated and
favorable conformation that can be optimally processed by buffer exchanged into 50 mM sodium phosphate at pH 8.0
the enzyme. using Centricon 10 filters (Millipore). Protein content was

In an effort to examine whether divalent ions play an assessed using the Bradford assay. CD spectra were recorded
important role in cABC | activity, we undertook a series of at25°C onan Aviv 202 CD spectrophotometer using Quartz
experiments to determine whether cABC | binds divalent Cuvettes with an optical path length of 0.1 cm. Scans were
ions and, if so, at which sites this interaction might take place, collected between 195 and 280 nm with a 1.0-nm bandwidth
and how this might affect enzyme activity and substrate and a scan_rate of 1 nm/min. Three scans were averaged_for
processing. In this study, we indeed find that cABC | binds €ach protein. All spectra were collected using a protein
calcium. Through fluorescence spectroscopy studies and thefoncentration of 0.2 mg/mL. o
development of site-directed mutants of the enzyme’s puta- Fluorescence Spectrometfyor terbium titrations of cABC
tive calcium binding site, we characterize cABC I's selective | @liquots of a terbium stock solution in 10 mM MOPS and
requirement of calcium for the optimal processing of one of 0-1 M KCl at pH 7.0 were added to a solution containing 5

its substrates, DS. uM cABC |. The concentration of the terbium solution was
determined by EDTA titration in the presence of a xylenol
EXPERIMENTAL PROCEDURES orange indicator 26). To ensure accurate readings, all

solutions (except the terbium stock) were run through a

Materials.Porcine intestinal mucosa DS (average MW 35,- chelating column (Chelex resin) to remove trace contami-
000 g/mol) and shark cartilage chondroitin-6-sulfate (C6S, nants. After terbium addition, the sample was mixed and
average MW 50 000 g/mol) were purchased from Sigma. allowed to come to equilibrium for 15 min. Fluorescence
Oligonucleotides were purchased from Invitrogen. The measurements were recorded on a Cary Eclipse fluorescence
QuikChange Site-Directed Mutagenesis Kit was purchased spectrophotometer. The geometry of fluorescence detection
from Stratagene. The QIAprep Spin Miniprep Kit was was 90. All experiments employed a quartz cell with a 1.0-
purchased from Qiagen. Protein concentration was measure@m path length. The excitation wavelength was either 488
using the Bio-Rad Laboratories Bradford assay kit. Chelex nm (direct excitation of terbium) or 280 nm (excitation of
resin was purchased from Bio-Rad. Th@'as purchased  proximal tyrosine residues), and the emission wavelength
from Aldrich. All other materials are from common sources was 545 nm. Experiments involving divalent ion competition
or are as noted under Experimental Procedures. titrations of cABC | were also performed. To a solution of

Site-Directed Mutagenesis of Chondroitinase ABTHe cABC | and 6 mM terbium, a calcium solution was added.
development of recombinant cABC | and the methods used After addition, the solution was mixed and allowed to stand
to produce cABC | mutants are previously describ28).( for 15 min before being measured.
The primer sequences for each of the mutants are listed Effect of Dvalent lons on Recombinant CABC Adty.
below. The Asp439Ala mutant primers have the sequencesFor these studies, C6S and DS were dissoledlamg/mL
5'- GAT ATG AAA GTA AGT GCT GCT AGC TCT GAT concentration in 50 mM Tris at pH 8.0 (no salt) containing
CTA G-3 and 8- C TAG ATC AGA GCT AGC AGC ACT a fixed concentration (10 mM) of different divalent ion salts
TAC TTT CAT ATC-3'. The Asp442Ala mutant primers  (CaCh, MgSQO,, MnCl,, and ZnCl2). Recombinant cABC |
have the sequences &T GCT GAT AGC TCTGCT CTA (0.2ug) was added to each of these solutions, and the activity
GAT TAT TTC AAT ACC-3' and 3- GGT ATT GAA ATA of the enzyme was assessed on the basis of the change in
ATC TAG AGC AGA GCT ATC AGC AC-3. The absorbance at 232 nm £&/minute). These experiments were
Asp444Ala mutant primers have the sequen¢e8GC TCT carried out on a SpectraMax 190 (Molecular Devices) using
GAT CTAGCT TAT TTC AAT ACC TTATCT CGC C-3 a 96-well quartz plate as previously describ&®)( The
and 3- G GCG AGA TAA GGT ATT GAA ATA AGC temperature was set at 3 for these experiments, and
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enzyme activity was calculated on the basis of the initial
rate of product formation.

Docking ModelsThe cocrystal structures of cAC with C4S
and DS were superimposed on the cABC | crystal structure
on the basis of the structural alignment between these
enzymes (obtained using the SARF2 program). The super-
imposition (452 CA atoms with a rmsd of 2.2 A) provided
the starting structures for the CABC $substrate complexes.
The coordinates of C4S (GleAGalNAc4S) and DS (IdoA-
GalNAc4S) tetrasaccharides were available from the two
CcAC cocrystal structures. In the case of C4S, the C5 proton
of GIcA and the glycosidic oxygen of the cleavable linkage
were facing the active site. However, in the case of DS, the
C5 proton of IdoA and the glycosidic oxygen of the cleavable
linkage were facing opposite directions. Thus, two different
initial substrate conformations for DS were generated by
sampling the conformational space of the cleavable glyco-
sidic linkage. In the first conformation, the C5 proton of IdoA
was facing the active site to facilitate cleavage. In the second
conformation, the carboxylate group of the IdoA was facing
the other amino acids that constituted the putative calcium
binding site. The glycosidic oxygen atom in the second
conformation was facing the active site to facilitate proto-
nation of the leaving group.

Prabhakar et al.

Table 1: Specific Activity of Chondroitinase ABC | Acting on
Chondroitin-6-sulfate and Dermatan Sulfate in the Presence of
Divalent lons

specific activity

divalent iorf (Units/mg protein)

substrate: chondroitin-6-sulfate

Tris pH 8 169.7£ 9.7
cat 158.2+ 10.5
Mn2z+ 129.34+6.2
Mg?* 200.7+ 17.4
Zn?t 19.1+£3.2
substrate: dermatan sulfate
Tris pH 8 8.9+ 3.3
cat 231.3£8.2
Mn2* 1284+ 7.5
Mg?* 262.8+7.2
Zn?t 20.4+1.7

aDivalent ions (chloride or sulfate salts) are added to the basic buffer
of 50 mM Tris at pH 8.0 (no additional salt) at a concentration of 10
mM. Recombinant cABC | (0.2«g) was added to each of these
solutions. The absorbance at 232 nm was monitored in order to measure
enzyme activity. Specific activity is reported as the mean of at least
three experiment<S.E.

formation. A molar absorptivity coefficient) for the product
of the enzymatic reaction of 3800 Mcm™! was used. The

These starting structures of the enzyme substrate structuratalculated value for the path length of the well using a 250
complexes were further optimized using energy minimiza- 4L volume for the reaction was 0.904 cm. The analyses were

tion. The AMBER force field modified for carbohydrates
was further modified to includ€®-sulfate and sulfamate
groups. This modified AMBER force field was used to assign

performed in triplicate.

RESULTS

the potentials for both the enzyme as well as the tetrasac- . . .
charide substrates. A subset of the enzyme coordinates_1he role of C&" in the catalytic activity of CABC | toward

around the active site groove was defined to include all of
the putative active site amino acids and several additional
amino acids that could potentially be involved in catalytic
activity. The enzymesubstrate complex was subject to
minimization, first without charges and then with charges

using 500 steps of steepest descent and 500 steps of conjugat!

gradient methods. Most of the protein was fixed, and only

CS and DS substrates was investigated in a systematic
fashion. First, the effect of Ca and other divalent metal
ions on the specific activity of the enzyme was measured.
Second, the direct binding of €ato the enzyme was
investigated by titration with terbium, a calcium analogue.
{Ehird, the effects of C& on the chemical kinetics of CS
and DS substrate processing were measured. Finally, the

the amino acids that were a part of the active site subsetMolecular basis for the role of €ain substrate processing

were allowed to move during the minimization. The final
rms derivatives of the energies were below 0.1. The ring
conformation of the monosaccharides was not distorted by
the minimization procedure. The Viewer and Discover
modules of Insightll (release 2000.1, Accelrys, San Diego,
CA) were used for the orientation of the substrate and the
energy minimization, respectively.
Chondroitinase ABC | Actity AssessmentsA kinetic

analysis of cABC | employed our semi high-throughput

was investigated in detail using theoretical enzyregbstrate
complexes and site-directed mutagenesis studies.
Chondroitinase ABC | Actity Analysis.The effect of
various divalent ions on the activity of cABC | against C6S
and DS substrates was assessed (Table 1). With C6S as the
substrate, there was no apparent change in enzyme activity
upon the addition of calcium or magnesium. There was a
slight reduction in activity on addition of manganese. The
addition of zinc appeared to have an inhibitory effect, as

spectrophotometric approach and is essentially as thatreported previously30, 31). Interestingly, the activity of

previously described@). Briefly, 1 uL of 0.2 ug/uL cABC

| was added to 24@L of a solution containing DS or C6S
in 50 mM Tris-HCI, 50 mM sodium acetate, and 10 mM
calcium chloride at pH 8.0. Enzyme concentration (8 nM)

cABC | on DS increased dramatically in the presence of
added calcium or magnesium compared to that of the control
(1 mg/mL DS in 50 mM Tris at pH 8.0). Manganese had no
appreciable effect on DS depolymerization. The addition of

was chosen so as to keep the substrate in excess. Each weflinc shows a minor (2-fold) but significant increase in the

contained different substrate concentrations ranging from 0.1
to 5 mg/mL. Product formation was monitored by measuring
the absorbance at 232 nm ey& s for 2 min. To evaluate
the kinetic data, the initial reaction rate,) was first
determined from the value of the slope from the plot of
product formation as a function of time over 20 s. The values
of VmaxandKr, were extracted from the slope apdhtercept

of the Hanes plot generated by monitoring the product

processing of DS.

In order to further understand the role of calcium in the
selective enhancement of cABC | activity toward DS, we
first sought to evaluate the calcium concentration at which
maximal activity was observed. For these calcium titration
experiments, an experimental arrangement based on the rate
of product formation was employed, and the concentration
of added CaGlwas varied from 6840 mM. The data clearly
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300 at 10 mM calcium, irrespective of the sodium acetate content
in the starting buffer. These studies resolve the competing
250 A effects of salt and calcium on the cABC I-mediated depo-
lymerization of DS, and are an indication that the effect of
200 4 calcium is independent of a salt effect.
Interaction of Terbium with cABC In order to address
150 4 whether cABC | itself binds calcium, we studied the
interaction of TB" with the recombinant enzyme in the
absence of substrate. This experimental design allows for
the assessment of cABC I-terbium interactions independently,
that is, without the confounding factors associated with
terbium—substrate interactions. This a lanthanide analogue
of calcium, often used to probe the nature of protein
0 o 1o o 3'0 0 0 interactions with divalent ions including calciur82). In
aqueous solution, Pb possesses an ionic radius that is very
similar to that of calcium. Another beneficial attribute of
the protein-Th®" complex is that it is fluorescent. The
increased charge properties of terbium compared to those
of calcium additionally confer a relatively greater affinity
to calcium-binding sites for the lanthanide than for the
divalent calcium.

Upon titration of cABC | with terbium, an increase in
fluorescence was observed against both a direct excitation
of the terbium adduct (488 nm) and at an excitation of the
proximal tyrosine side chains, which results in an energy
transfer to the terbium adduct (280 nm). Fluorescence
50 - intensity increased upon terbium titration to cABC | until a
terbium concentration of 8 mM (Figure 2A). The fluores-

0 . . , . cence intensity plateaued at this concentration and did not
0 10 20 30 40 50 respond to further terbium addition.
[Caleium] (mM) Terbium often binds with greater affinity to a given site
FiGURE 1; Effects of C&" on the cABC |-mediated processing of than does calcium. Therefore, an excess of calcium is likely
dermatan sulfate. Calcium enhances the specific activity of CABC required in order to displace terbium from binding sites

I acting on dermatan sulfate as a substrate. Briefly, activity was yithin a terbium-enzyme complex. Such a competition
measured by tracking the formation of product as the absorbance . . ' - L
at 232 nm on a spectrophotometric platform, where @g2of between terbium and calcium for a position within the

recombinant CABC | enzyme was placed in reaction with 1 mg/ €nzyme active site is useful for the purpose of inspecting
mL DS at each CaGlconcentration. (A) Effect of calcium on the  the specificity of binding interactions. In an attempt to occupy

activity of cABC | cleaving DS in the absence of any added sodium enzyme binding sites, the enzyme was pre-loaded with 6 mM
acetate. (B) Effect of calcium on the cABC I-mediated depolym- e hiym, Calcium was added to the terbium/enzyme solution
erization of DS in the presence of added sodium acetate (25 mM, o ’
solid line; 50 mM, long dashed line; 100 mM, short dashed line). and the f_IL_Jorescence _vvas measured. A_‘S shownin Flgure_ 2B,
the addition of calcium does effectively compete with
terbium to occupy cABC | binding positions. These results
indicated that maximum activity was obtained~at0 mM indicate that the interaction of terbium with cABC | is
CaCl (Figure 1A). specific and that this interaction substitutes for calcium
It is important to note that our initial experiments with binding to cABC I. These results are consistent with previous
added calcium were done in the absence of any additionalexperiments on heparinase | designed to establish terbium
salt in the buffer; therefore, we next set out to ascertain enzyme interaction and calcium specifici®g].
whether the enhancement observed for DS processing was Calcium Increases Dermatan Sulfate Processing by cABC
dependent on the presence of the divalent ions or was simplyl. To further confirm the substrate-selective rate enhancement
a byproduct of a salt effect. To this end, we performed a in the presence of calcium, we undertook a kinetic analysis
comparison of the activity of the enzyme on DS in the of cABC | processing on C6S and DS in the presence and
presence of set quantities of sodium aceta8 ¢ver a range absence of 10 mM calcium chloride. The results are
of calcium concentrations. Dermatan sulfateaal mg/mL summarized in Table 2. With C6S as the substrate, the
concentration was dissolved in 50 mM Tris buffer at pH 8.0 presence of 10 mM calcium had no effect on eitherkKhe
containing 25 mM, 50 mM, or 100 mM sodium acetate. or ke Of the enzyme. The presence of calcium, however,
Using each of these as our starting solutions, we repeatedclearly had an effect on the activity of cABC | when DS
the calcium titration analysis by adding various amounts of was the substrate. We observe an effective doubling of the
CaCh (0—20 mM). As illustrated in Figure 1B, the rate of turnover Key) from 17 000 min?! to 33 000 min? in the
enhancement observed upon the addition of 10 mM g€aCl presence of calcium. ThH¢, was 1.4uM in the absence of
still exceeds that observed when using the optimum salt calcium and 2.%M in the presence of calcium. This suggests
concentration (100 mM sodium acetate). The results alsothat calcium is possibly involved in the binding and orienta-
indicate that the maximum enhancement observed is constantion of the dermatan substrate in the active site. These

100 1

Specific activity (Units / mg)

50 4

[Calcium] (mM)

300
250 -+
200 -+

150 4 /

Specific activity (Units / mg)
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Table 2: Kinetic Analysis of Chondroitinase ABC | Acting on
Chondroitin-6-sulfate and Dermatan Sulfate in the Presence of

Calciunt
0.8 1

Km kcat kca{Km
experiment (uM) (min—1) (uM~tmin™Y)

06 1 substrate: chondroitin-6-sulfate
buffer only? 2.4+ 0.9 22000+ 1200 9100
buffer+ 10 mM CaC} 2.9+ 0.6 200004+ 5000 6900

substrate: dermatan sulfate
[ buffer only 1.4+ 0.5 17000+ 1400 12000
buffer+ 10 mM CaC} 2.94+0.5 330004 1800 11000

aRecombinant cABC | (L of 0.2 ugluL enzyme) was added to
249 uL of a solution containing the substrate (0.1 to 5.0 mg/mL C6S
00 . . i or DS) in 50 mM Tris-HCI and 50 mM sodium acetate at pH 8.0 in

0 2 4 6 8 either the presence or the absence of 10 mM calcium chloride. Product
formation was monitored by measuring the absorbance at 232 nm every
2 s. The values are the mean of at least three experirdehifs.” The
10 . buffer is 50 mM Tris-HCI and 50 mM sodium acetate at pH 8.0

0.4 1

Relative Fluorescence

0.2 1

Terbium chloride [mM]

reorient itself through a slight rotation to facilitate both proton
abstraction and protonation of the leaving group by the
catalytic amino acids. Given the differential effect of calcium
06 1 in enhancing DS processing, it is likely that calcium plays a
role in establishing the proper DS orientation by binding to
both substrate and enzyme. It is in this element that the
differential processing of GAG substrates by cABC |
manifests. These molecular aspects were investigated by
02 further examining the enzymesubstrate complexes derived
from our previous study24).
Calcium Coordination SiteDivalent cations have histori-
0 5 . 5 5 10 cally been demonstrated to play a critical role in the
. enzymatic depolymerization of IdoA-containing GAGs. In
[Calcium] (mM) . . .

) ) o ) ) the case of heparinase |, which predominantly cleaves

Ficure 2: Biophysical characterization of cABC | interactions. GIcNS,65-1doA2S linkages in heparan sulfate GAGs, two

Fluorescence spectrometry was used to assess the nature of ior. ,, ' - . . - - -
binding to cABC I. The interaction of terbium, a fluorescent Ca* binding sites were identified, where one was implicated

analogue of calcium, with the enzyme was observed against a directin substrate binding and the other in the catalytic mechanism
excitation of the terbium adduct and at excitation of proximal (25). More recently, a crystal structure of cB (an enzyme
E(V%SIHE treSld:gé (‘|188 and 280t.nn:, drele:)FCtlvely)' (A) ,Tffb“,ltm that cleaves DS as its sole substrate) with enzymatic
inding to ¢ was investigated. Fluorescence intensity ; Ao
increases upon titration of terbium ta/ cABC I. Following the degrad.atlon. prOdUCtS. revealed the presence ofaiGa in
addition of ThC, the solution was allowed to come to equilibrium,  the active siteZ7). This crystal structure demonstrated that
and the fluorescence at 545 nm was measured with an excitationthe conformational flexibility of IdoA enhanced the structural
wavelength of 280 nm. The data is presented as relative fluorescencdit of the DS substrate into the active site and that thé"Ca
{‘e‘i’&?"q'ze(g)aéiggi:”mge;(t)s”\:veerpee;‘ér;g‘:;%‘g‘ig“ﬁ]r:}e‘éfigseﬂgpﬁrzg?g‘é?qon facilitated these interactions by coordinating both with
calcium was capable of competing for cABC | binding sites with the active S!te amino acids as We" as.the carboxylate grogp
terbium. The terbiurrenzyme complex (6 mM terbium) was of the IdoA in the substrate. This provided a structural basis

titrated with increasing amounts of calcium. The sample was for the ability of cB to selectively cleave IdoA-containing
incubated for 15 min, and the fluorescence at 545 nm was measuredDS substrates in comparison with GlcA-containing CS
Fluorescence intensity decreased with increased calcium Conce”tra'substratesm.
gg?di%eltgtlt\ﬁz fgjec;rke %ﬁ%?ggcg’ngée;%rgggrég.normahzed form ac- Be_cause (;ABC I_cleaves both CS and DS subs_trates, it
provided an interesting system to study the preferential effect
of C&* in processing these substrates. The crystal structure
phenomena provide an optimal conformation between sub-of cABC | provided a unique framework to understand the
strate and enzyme that facilitates more rapid processing. Itpotential differences in the catalytic processing of GIcA-
further offers an additional level of control regarding containing CS substrates and IdoA-containing DS substrates
specificity, in that it can compromise the binding affinity of by this enzyme. By docking tetrasaccharide CS and DS
the substrate for the enzyme. substrates into the putative active site of CABC |, we obtained
In our previously derived theoretical models of the some preliminary structural insights into the differences in
enzyme-substrate structural complexes, we observed thatthe processing of these substrat2d)( Importantly, these
in the case of CS, both thé-5 proton and the glycosidic  differences were attributed to the relative orientation of the
oxygen in the cleavable linkage face the active site, whereasC-5 proton of the uronic acid in theé-1 subsite and the
in the case of the DS substrate, these atoms are oriented iroxygen atom in the cleavable glycosidic linkage. Whereas
opposite directions2d). On the basis of these observations, in GlcA-containing CS substrates, both of these atoms were
we had proposed that the DS substrate could potentially facing in the same direction toward the putative active site

0.8 1

0.4

Relative Fluorescence

0.0 T T T T
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Ficure 3: Role of C&" in the processing of DS substrates by cABC I. Top: the stereo representation of the active site of cABC | with

a docked dermatan sulfate substratd)(Bottom: the stereoview of the potential reorientation of the DS substrate in the active site of
CcABC I. This reorientation of the DS substrate, which is stabilized by ®inding, improves the activity of cABC | toward DS. On the

basis of the positioning of the oxygen atoms, the likely location of th @m is indicated by a black x. The carboxyl oxygens of Asp444

and the IdoA in thet-1 subsite are positioned to coordinate with thé'Qan in the active site. The CA trace is represented in green; the
sidechains shown in the active site are Lys, His, and Arg in blue; Tyr in purple; Asp and Glu in red; and Asn and GIn in cyan. The
dermatan substrate is colored gold, whereas the carboxyl group of the IdoArilteabsite is colored differently (carbon atom in green

and oxygen atoms in red) to highlight the change in orientation of the DS substrate in the top schematic compared to that in the bottom
schematic.

residues, in the case of IdoA-containing DS substrates, theyconformational change in the substrate which could be
were facing in opposite directions (one toward the active stabilized by interaction of Ca with the substrate as well
site and the other away from the active site). On the basisas the enzyme in the active site. In our previous study, we
of this observation, we proposed that the DS substrate coulddocked the DS substrate into the active site such that the
potentially undergo conformational change during catalysis C-5 proton of the IdoA in thet1 subsite was facing the
such that both th€-5 proton abstraction and the protonation active site. Using a similar approach as that outlined in our
of the leaving anomeric oxygen atom (the glycosidic oxygen previous studyZ4), we docked the same DS substrate such
prior to cleavage) would be accomplished at the catalytic that the glycosidic oxygen atom of the cleavable linkage was
site. facing the active site (Figure 3). In this substrate conforma-
In this study, further investigations into the theoretical tion, the carboxylate group of the IdoA in thel subsite

models of the enzymesubstrate complexes revealed four faces the Asp444 residue, thus indicating the potential
aspartic acid residues, Asp439, Asp442, Asp444, and Asp490coordination site for Cd involving the oxygen atoms of
which could potentially be involved in €a coordination. Asp444 and those of the carboxylate group of the IdoA in
Among these residues, Asp444 was the closest to the activehe substrate (Figure 4). Apart from the four oxygen atoms
site. Building on our earlier studies, we sought to investigate of Asp444 and the IdoA, the oxygen atoms of Tyr392 and
whether the processing of DS by cABC | would involve a Asn447 are positioned such that they could also be involved
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Ficure 4: Schematic of DS substrate reorientation stabilized bd ®@ading. Right: a schematic of the DS substrate in the active site,
where theC-5 proton of the IdoA in thet-1 subsite is positioned to be abstracted by His501. Left: a schematic of the proposed reorientation
of the DS substrate in the active site, where the glycosidic oxygen atom atlthel linkage is positioned to be protonated by Tyr508 or
Arg560. This orientation of the substrate is stabilized byCeoordination in the active site. This appears to most likely involve the
carboxyl oxygens of the 1doA in theé 1 subsite, Asp444, and the oxygen atom of either Tyr392 or Asn447, or both.
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FIGURE 6: CD spectra of cABC | and mutants. The recombinant
CcABC | (®) and the mutants Asp442AlaD}, Asp439Ala ¥),
Asp444Ala ), and Asp490Ala M) were examined via circular
dichroism spectroscopy to inspect potential alterations to protein
structure following mutagenesis. The proteins were concentrated
and buffer-exchanged into 50 mM sodium phosphate buffer at pH

Ficure 5: Active site topology of the cABC | active site. A GAG
(maroon) substrate is shown in the catalytic cleft of cABC |
(backbone in green) in close proximity to the active site residues

8.0. Proteins were analyzed in a quartz cell with a 0.1 cm path
length. All spectra were collected using a protein concentration of
0.2 mg/mL. CD spectra were recorded between 195 and 280 nm,
averaging three scans per spectra. The CD signals were normalized

(sequestered within circle) and several aspartic acid residues. A
Residues Asp439, Asp442, Asp444, and Asp490 were examined!© molar ellipticity.
through mutagenesis studies in order to inspect their potential
complicity within a calcium coordination center. These residues were each independently mutated to alanine.
To confirm that mutagenesis did not compromise the
in interacting with the C# ion. Furthermore, the theoretical ~ structure of the mutant proteins, the secondary structure of
enzyme-substrate model also provides a plausible explana- the proteins was analyzed using circular dichroism spectros-
tion for the selective dependence of cABC | processing of copy (Figure 6).
the DS substrate on the €aion concentration as observed Our structural model of the enzymsubstrate complex
in the kinetic studies. suggests a direct role in calcium coordination for the Asp442
Calcium Coordination Mutagenesis Studi€ge-directed and Asp444 residues, according to proximity to the dermatan
mutagenesis studies were employed to further inspect theldoA; Asp439 is more distant and is unlikely to play a central
role calcium might play in the cABC I-mediated depolym- role in divalent ion coupling. Table 3 summarizes the activity
erization of GAG substrates. On the basis of our model of of the cABC | mutants against the C6S substrate in the
the cABC dermatan structural complex, four aspartic acid absence and in the presence of 10 mM'C8&pecific activity
residues, Asp439, Asp442, Aspdd4d, and Asp490, were measurements of recombinant cABC | against the C6S
chosen as potential players in the coordination of divalent substrate did not show a dependence on calcium (Table 1).
ions (Figure 5). Tyr392 was further inspected, as our model This result is consistent according to the kinetic parameters
suggested its oxygen atoms may interact with a calcium ion. of the wild-type enzyme (Table 2), where both #ig and
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Table 3: Chondroitin-6-sulfate Kinetic Analysis of Mutants: ?Ca that Asp442 and Asp444 may be part of the calcium
Effects coordination site in cABC | and, thus, are essential for the
110 mM K., Ko P opt.imal processing of DS. The Asp490Ala mutant, from
mutant Cat (uM) (min-Y) (M ~Lmin-Y) which our enzyme substrate structural model suggests an
Asp439Ala _ 15107  3300L 1300 2200 intermedi_ate role in calcium coordination that is greater than
Asp439Ala + 1.74+0.7 4000+ 1100 2400 that mediated by Asp439 but less central than Asp442 and
Asp442Ala - 4.04+0.9 4004+ 200 100 Asp444, does show lrdependent activity. The presence
Asp4d2Ala + 45411 5104240 110 of calcium does increase comparative turnover more than
ﬁ:giggﬁ:g + 2'7‘1.'7 Los g'fboi 350 Q'de 2-fold for this mutant K. in the absence of calcium is 280
Asp490Ala + 145+ 1.9 1800+ 400 120 min~! and in the presence of calcium is 640 min The

2The activity of mutant enzymes against the C6S substrate was mutant Tyr392Ala, positioned according to our enzyme

assessed as detailed earlier (Table 2 and Experimental Procedures). TheUbstrate structural complex as potentially involved in
values are the mean of at least three experimg®<E." n.d., kinetic calcium coordination, displayed a 7-fold greater activity on

parameters not determined because of the low activity of the mutant. C6S (specific activity of 84 units/mg) processing versus that
on DS (specific activity of 12 units/mg) processing. This

Table 4: Dermatan Sulfate Kinetic Analysis of Mutants:2€a ratio is important to note in the context of wild-type cABC
Effects | processing, in which DS processing is far more comparable
110 mM K Keat Kead K to C6S depolymerization in our activity screens (Table 1).

mutant ca+ (M) (min~1) (uM~Tmin?) These results suggest some role for Tyr392 in the strategy

Asp439Ala _ 17107 2300+ 90 1400 employed by cABC | to cleave IdoA-containing GAGS.

Asp439Ala + 2.840.3 4500+ 340 1600

Asp442Ala + n.d?’ n.d. n.d. DISCUSSION

Asp444Ala + n.d. n.d. n.d.

Asp490Ala - 12+4.0 2804+ 90 19 Given the broad range of substrates amenable to cleavage

Asp490Ala + 19+7.2 640+ 80 34

by cABC I, this system presents both opportunities as well
2The activity of mutant enzymes against the DS substrate was as challenges with respect to the molecular aspects of
\"’/‘;ﬁfesssea?eatshgeﬂzg g?;”telggzieﬁgeagg i’:m;”gar'l F;roi?rfggs)- Thgubstrate binding and catalysis. Although the structural fold
parameters not determined because of t%e low activity o,f the mutant. of this e.”zyr.”e IS Slml.lar to that of cAC, the substrate-.blndlr.lg
groove is wider and is composed of numerous basic amino
acids and tyrosines. Our initial biochemical characterization
of cABC | enabled us to confirm the critical amino acids
among these various candidate®3)( Furthermore, the
theoretical enzymesubstrate complexes constructed in these
studies provided preliminary insights into the potential

absence of G4 and 1.74M in the presence of C&), differences in the processing of CS and DS substrates by

turnover K. of 3300 mimt vs 4000 min't), or catalytic CABC I. (24). _ _
efficiency (ea/Km Of 2200 uM~1 mint vs 2400 uM 1 Herein, we build a case to further clarify the phenomena
min~Y). The Asp439Ala mutant does react differentially to Py which cABC I is able to differentially process CS and
supplemented calcium in a DS-based assay, with a virtual DS substrates. Our results from this study suggest a calcium
doubling ink.: on addition of C&, further excluding this ~ coordination strategy that cABC | employs to optimally
residue as a potential calcium coordination player (Table 4). process DS substrates. We further suggest that this divalent
The processing of the C6S substrate by the Asp442Ala andion incorporation is not required for the cABC I-mediated
Asp490Ala mutants also did not result in altered kinetic rates depolymerization of chondroitin substrates. These studies
according to the inclusion of calcium, though both catalyzed comprise the first evidence characterizing a dual-activity
the degradation of C6S at far lower rates than the wild type Scaffold for a broad substrate specificity glycosaminoglycan-
(Tables 2 and 3). Asp444Ala had a very low activity, and degrading enzyme, where catalysis of one class of substrates
thus, establishing kinetic parameters was not possible. ThisProceeds with a mechanism distinct from that used for other
is likely the result of the proximity of this residue to the Substrates.
catalytic center (Figure 4), where perturbation of the active  Titration with calcium clearly increases the efficiency of
site microenvironment could substantially alter electrostatics cCABC I-mediated DS degradation. Further biochemical and
or the binding of substrate, even in a situation where calcium biophysical investigations confirm that cABC | binds cal-
coordination is not necessarily required (Figure 5). cium. Several residues proximal to the catalytic site, specif-
As established earlier, the processing of DS by cABC | ically Asp442, Asp444, and Tyr392, were shown to be
proceeds in a calcium-dependent manner (Table 2). Calciumcritical to cABC | function against DS and are the most likely
is important for the optimal depolymerization of DS, as seen to be involved in calcium binding. It is challenging to
with the mutants Asp442Ala and Asp444Ala. Our attempts conclusively determine the role of these amino acids in the
to collect kinetic data on the mutants Asp442Ala and calcium-mediated processing of DS substrates. This is
Asp444Ala indicated that these mutants have negligible primarily due to their proximity to the active site. Thus, the
activity against DS (Table 4). These residues are both within site-directed mutagenesis of these amino acids (particularly
coordination proximity to the cABC | active site and the the two aspartates) has an overall negative effect on the
IdoA carboxylate and are inactive against DS, irrespective catalytic activity of the enzyme. Nevertheless, on the basis
of the presence of divalent ions. These results tend to suggesbf our understanding of other GAG lyases and the current

the turnover number are consistent with or without supple-
mented calcium. Kinetic analysis of the Asp439Ala mutant
on C6S (Table 3) reveals reduced total activity compared to
that of the wild-type enzyme but does not present any
calcium-mediated alteration in binding4 of 1.5uM in the
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studies, we suggest a molecular mechanism involved ininclude a variety of therapeutic indicatiorZ0( 36, 37) and
cABC I-mediated DS depolymerization. analytical applications1(Q, 24, 38—41). In the context of

In the context of the generdi-elimination mechanism  cABC I, the studies described in this report are useful in a
postulated for the lyase-based depolymerization of GAGs variety of ways. First, they more fully inform the technologist
(33, 34), a cation (such as calcium) is poised to interact with of the mechanistic details of this tool, specifically with regard
the carboxylate anion of the substrate. This in turn decreasedo an understanding of the full spectrum of potential
the K, of the carbon acid to such a degree thatdhgroton substrates. Additionally, they offer the possibility of divalent
can be abstracted by a basic amino acid within the active triggers, where broad substrate specificity enzymes might
site of the enzyme. A variety of enzymatic systems have be manipulated to have a refined specificity, with temporal
been implicated to employ calcium-binding processes for or spatial-sensitive tuning, to a controlled enzyme-mediated
catalysis. Most notably, these include trypsBb) chon- reaction. This potentially could be used as one part of a
droitinase B 27), heparinase 125, 26), and pectate lyase C  strategy to deconvolute, for example, the species present in
(28). In the case of the polysaccharide lyases such asa complex mixture of glycans within a biological sample.
chondroitinase B and pectate lyase C, it has been demon-
strated that the substrate undergoes a conformational chang@CKNOWLEDGMENT
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