9566 Biochemistry2006,45, 9566-9574
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ABSTRACT:. The modes of action of three family 18 chitinases (ChiA, ChiB, and ChiC) fBaratia
marcescensluring the degradation of a water-soluble polymeric substrate, chitosan, were investigated
using a combination of viscosity measurements, reducing end assays, and characterization of the size-
distribution of the oligomeric products. All three enzymes yielded a fast reduction in molecular weight of
the chitosan substrate at a very early stage of hydrolysis, which is typical for endo-acting enzymes. For
ChiA and ChiB, this is inconsistent with the previously proposed exo-attack mode of action. The main
difference between ChiA, ChiB, and ChiC is the degree of processivity. ChiC is an endo enzyme with no
apparent processivity. ChiA and ChiB are processive enzymes in which the substrate remains bound to
the active cleft after successful hydrolysis and is moved along for the next hydrolysis to occur. ChiA and
ChiB perform on average 9.1 and 3.4 cleavages, respectively, for the formation of each esapsteate
complex. ChiA and ChiB have deep, tunnel-like substrate-binding grooves. The demonstration of endo
activity shows that substrate binding must involve the temporary restructuring of the loops that make up
the roofs of the substrate-binding grooves, similar to what has been proposed for cellobiohydrolase Cel6A.
The data suggest that the exo-type of activity observed for ChiA and ChiB during the degradation of
solid crystalline chitin is due to the better accessibility of chain ends, rather than intrinsic enzyme properties.

Enzymatic depolymerization of soluble and crystalline cleavage event to occur. Evidence for a sliding motion has
polysaccharides is important both for living organisms and recently been obtained for cellobiohydrolase Cel8A)( It
in industrial applications1). The number of known genes was shown that movement of the polymer chain is facilitated
thought to encode glycoside hydrolases currently exceedsby extensive solvent-mediated interactions and through
18 000 @, 3). Important depolymerizing glycoside hydrolases flexibility in hydrophobic surfaces provided by a sheath of
include cellulolytic enzymes capable of hydrolyzing both tryptophan residues in the substrate-binding groove.
crystalline and amorphous cellulosg b), a-amylases - The endo-acting enzymes usually contain an open and
1,4p-glucan glucanohydrolases), hydrolyzing starch and extended substrate-binding cleft5-18). Some exo-acting
related polysaccharide§)( endopolygalacturonases, cleaving glycoside hydrolases bind the substrate to a well-defined
1,4-0-p-galactosiduronic linkages in the smooth regions of pocket, where only binding involving the chain end is
pectin (7), agarases8( 9), carrageenased @, 11) and chit- possible 15, 17). A third category of depolymerizing
inases (see below). Generally, polysaccharide substrates caglycoside hydrolases contains enzymes with deep active site
be degraded from one of the chain ends (exo attack) or fromgrooves, which sometimes look like a tunn&), Enzymes
a random point along the polymer chain (endo attack). Eachwith this architecture are usually thought to have an exo and/
of these two mechanisms can occur in combination with a or processive mode of actiof@) and include cellulase2{—
processive (multiple attack}( 12, 13) mode of action, 23), carrageenased @, 11) and chitinases (see below).
meaning that the substrate is not released after successful Chitin, an insoluble and robust carbohydrate polymer of
cleavage but moves through the active site cleft for the next (1,4)-linked 2-acetamido-2-deox3+b-glucose (GIcNAc or
A-unitt), is an important structural component in a variety
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to chitosan, a water-soluble copolymer of (1,4)-linked (4)
GIcNAc and 2-amino-2-deoxg-p-glucose (GIcN oD-unit).
Chitosans are a family of copolymers that can be prepared
with varying chemical compositions, that is, a fraction of
A-units ,), with different chemical, physical and biological
properties 24). F4 is defined as the molar concentration of
acetylated unitsA) divided by the total molar concentration
of monomer unitsA andD).

Microbes are capable of exploiting the chitin biomass
through the production of chitinolytic enzymes as well as
accessory chitin-disrupting proteing5j. For example, the
Gram-negative soil bacteriuBerratia marcescengoduces
three chitinases: ChiA, ChiB, and Chi2g—31). All three
chitinases belong to family 18 of glycoside hydrolas&® (

which possess afB(a)s barrel catalytic domain with ap- : utiv e (1]

proximately six sugar-binding subsited3(-37). The enzyme . —_— . —
hydrolyzes the glycosidic bond between sugar units bound (B) [~ Jpotymer a=0.20 sl
to the —1 and+1 subsites. Hydrolysis by family 18 chit- i 1
inases involves thé&l-acetyl group of the sugar located in |

the —1 subsite (substrate-assisted catalysé8—41), and
as a consequence, productive substrate binding in all three
enzymes requires an acetylated unit to be bound in-the
subsite. Other subsites show less stringency in this respect
and it has been shown that ChiB fro&r marcescensan L ChiB Ao Bl &) b
degrade chitosans with, as low as 0.1330, 42). I A A AYA"AVAVR VAV AV
ChiA and ChiB both have deep tunnel-like active site 7 2
grooves, which are extended by the surface of a chitin- - g _ - N
binding domain located on the glycon and aglycon side of ! Chi( ! A ;
the catalytic center, respectivel$3 36). Structural consid- - e S TR AR
erations 15, 30) and various types of experiments have pre- 2 3 1 5 6 7

viously led to the suggestion that the two enzymes hydrolyze elution time [h]

. : . - . after the degradation of chitosafs( = 0.65, DP, = 800) with
opposite directions42—44). Experimental support for the ChiA, ChiB. and ChiC. Data taken from ref 38Q), where the

exo mode of action comes from the results of microscopy experimental procedure is described in full (chitosan concentration
studies of the degradation @Fchitin, which showed that 5 mg/ml; enzyme concentrations: 2dimL for ChiA, ChiB, and
chitin fibrils are degraded from the endé3( 44). It cannot 1.5ug/mL for ChiC at pH 5.5;T = 37 °C). (A) Products at. =
be excluded, however, that the apparent exo action is due to?-08 (8% of all glycosidic bonds hydrolyzed). (B) Productsiat

th . ibility of th | hai d th 0.20. The peaks are annotated according to their content, either by
€ superior accessibility of the polymer chain ends ratn€r 5 gaqence or by the length of the oligomer. The chromatograms

than to intrinsic enzyme properties. Fiber shortening could for ChiA and ChiB show a slow disappearance of the polymer peak,
also result from initial endo attacks near accessible ends,which is often thought to be indicative of exo activity, but is shown
followed by processive action. Uchiyama et &4 noted here to be due to processivity. The dominance of even-numbered
that their observations were compatible with a processive Products show that ChiA and ChiB act processively, as discussed
- - . n detail in refs 30 and 4230, 42). In summary, nonprocessive
mode of action. Using chitosans as a substrate, Sgrbotten etnzymes producing oligomers withP >3—4 would produce
al. (42) and Horn et al. 30) were able to show that, indeed, oligomers of any given length, whereas the substrate in processive
ChiA and ChiB act processively (Figure 1; see Figure legend enzymes moves by 2 sugar units at the time because of the period-
for a detailed explanation of the chitosan experiments). Horn icity in the chitin/chitosan chain. Because some enzyswbstrate

: : -1 complexes formed along the processive pathway are nonproductive
et al. @0) also showed that the degradation of chitosan with due to the binding oD-unit in the —1 subsite, longer oligomers,

ChiA or ChiB resulted in the slow disappearance of the j¢  jonger than two units, are formed and observed. In other words,
polymer fraction, whereas (nonprocessive) ChiC resulted in the formation of nonproductive complexes does not necessarily lead
the fast disappearance of the polymer fraction (Figure 1), to the dissociation of the enzymsubstrate complex; instead,
suggesting that ChiA and ChiB are exo-acting enzymes, p][focessivk? m%vement %onéinueslgnd the nex@dprodl:ct to tl)\le cleahved
i, . off may thus be, e.g., 6, 8, or 10 sugar residues long. Note that
whereas ChiC is an endq-actlng enzyme. It was noted_, hOW'these longer products still contain cleavable sequences, which are
ever, that the results (Figure 13Q)) were not conclusive ot explored during processive movement but which may be
because processive enzymes such as ChiA and ChiB can leadxplored by rebinding of oligosaccharide products. The latter leads

to a slow disappearance of the polymer fraction, regardlessto the production of oligomers with an odd number of residues.
of whether the initial attack is endo or exo. The chromatograms for ChiC show the rapid disappearance of the

S . . polymer peak, relatively high content of longer oligomeric products,
An Int.rlgumg q“es“‘?”_ related to, the mode of aCt',on of andno predominance of even-numbered products. This is diagnostic
processive depolymerizing glycoside hydrolases with the for a nonprocessive endo enyzme.

tunnel-like architecture is how the enzymes initially bind to

their substrates. One option, corresponding to an exo modeible with an endo mode of action, is that the substrates enter
of action, is that the polymer is pulled into the active site the groove/tunnel from the top (that is, through the roof),
groove/tunnel from one end. Another option, more compat- which for some enzymes would involve temporary roof
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opening/restructuring. On the basis of structural data, the F '
latter type of behavior has been suggested for cellobio-
hydrolase Cel6A frorfrichoderma reesg@b, 46) and for

a carrageenasd().

The extent of the hydrolysis reaction can be characterized
by the degree of scissian defined as the number of cleaved
glycosidic linkages divided by the total number of glycosidic
linkages. For example, = 0.5 for a sample containing only
dimers, andx = 0.333 for a sample containing only trimers.
For polydisperse samples, = DP,"1, where DP, is the
number average degree of polymerization.

In this study, we have addressed the endo or exo characte
of the threeSerratiachitinases by studying the degradation
of water-soluble chitosan with a hidgfy and a high molec-
ular weight in the very early stages of the reactieri% of
all bonds hydrolyzedg. <0.01). Thus, we could study the
degradation of chitosan under conditions where the unhy- FIGURE 2: Size exclusion chromatography of low molecular weight
drolyzed polymer chains still represent the dominating sub- Eroducts obtained after a very limited degradation of chitofan (

. . 0.65, DP, = 800) with ChiA or ChiB. Before analysis, the
strate and are not outnumbered by their degradation productsoIigomer fraction was separated from the remaining polymeric

A Ca"eful analysis of the oI_igomeriC prOdUFt_S as well as material using dialysis. In similar reactions with ChiC, no low
changes in the molecular weight of the remaining polymeric molecular weight products were found at all.

substrate provides new insights into the mode of action of
ChiA and ChiB, showing that these enzymes with their deep
tunnel-like substrate binding grooves degrade the chitosanthe method described by Horn and Eijsirid). With this
via an endo-processive mode of action. relatively new method, adapted from Anthon and Barrett
(55), the signal per reducing end is independent of oligo-
MATERIALS AND METHODS saccharide length. Carefully dried samples of (GlcNAwre
Preparation and Characterization of Chitosabhitin was ~ used as the standard.
isolated from shrimp shells by the method of Hackmé&r) ( Preparation, Fractionation, and Characterization of Chi-
and milled in a hammer mill to pass through a 1.0-mm sieve. tosan Hydrolyzed to a Very Low Exte@hitosan (350 mg)
Chitosan was prepared by homogeneous de-N-acetylation of([#] = 570 mL/g for experiments with ChiA and ChiB and
chitin (48). It has previously been shown that chitosans 660 mL/g for ChiC) with arF, of 0.65 was dissolved to a
prepared in this way have a random distributiorAcindD concentration of 1 mg/mL in 8 mM HAc/NaAc at pH 5.5
units @9-51). The chemical composition of chitosaf,, containing 20mM NacCl. Chitosan was hydrolyzed by the
and the number average degree of polymerizaiBpwere addition of 17 ng/mL (experiments Al, B1, C1) or 34 ng/
characterized byH NMR spectroscopy49) and by intrinsic mL of enzyme (experiments A2, B2). After incubation at
viscosity measurement§?). DP, was calculated from the 37 °C for 45 min, the reactions were stopped by incubating
Mark—Houwink—Sakurada (MHS) equation and measured at 90 °C for 5 min. The volume of the sample was then
intrinsic viscosity, fj] = K(Mp(1 — Fa) + MaFa):DP,)3, reduced to approximately 50 mL (from the starting volume
with K = 1.23 x 1073, a = 1.11 63), and the molecular  of 350 mL) on a rotavapor and the pH lowered to 4.5. The
weight of the monomer unil, = 203 gmot? (A-unit) and sample was dialyzed (Medicell International Ltd., London
Mp = 197 gmot? (D-unit). As measured intrinsic viscosity U.K.; MWCO: 12-14000 Da) to separate the polymer and
depends orF,, the values used foK and a had been the oligomers for 6 days atC against distilled water (100
previously determined for chitosan witfy = 0.65 63). mL) that was changed every day (total volume of dialysates
Size-Exclusion Chromatography (SE@etails of the was 600 mL). The polymer fraction (contents inside the
chromatographic separation of reaction products obtaineddialysis tubes) was lyophilized, and the oligomer fraction
upon the degradtion of chitosan have been described previ-(the collected dialysates) were concentrated on a rotary
ously @2). In summary, the oligomers were separated on evaporator, lyophilized, and stored for further analysis. The
three columns in series, packed with Superdex 30 (Amershammasses of the two fractions were used to calculate polymer
Pharmacia Biotech; each with dimensions of 2.60 cm (i.d.) and oligomer weight fractions®' andw°'9. Oligomer frac-
x 60 cm), using the previously described conditiodg)( tions (collected dialysates) were characterized by SEC chro-
This allows for the separation of individual oligomers from matography, and the relative amounts of the oligombi2 (
the monomer up to 20 units, whereas oligomers with a DP between 2 and 16; see Figure 2) were used to calculate the
larger than approximately 40 are eluted in the excluded (void) number average degree of polymerizatidbPf) of the
volume of the columns. Under these conditions, oligomers oligomer fraction and the corresponding™@. The number
longer than 4 units elute in one peak, regardless of sugaraverage degree of polymerization of the polymer fraction
composition, whereas shorter oligomers elute more than oneand the corresponding®® were determined from measured
peak, depending on sugar composition and sequence. (Thentrinsic viscosities. The intrinsic viscosity was converted
peaks are appropriately labeled in the Figures; see ref 42to the number average molecular weight (see ab@®) (

[ne] 1Y

2

elution time [h]

(42) for more information on peak assignment.)
Reducing End Assayl.he concentration of the reducing
ends in the reaction mixture was determined according to

from which the number average degree of polymerization
(DP;) of the polymer fraction (and correspondia’) were
determined.
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Table 1: Analysis of Reaction Products Obtained upon the Degradation of Chitosan with ChiA, ChiB, aid ChiC

before after
degradation degradation
Cenz (7] (7] o welle o
[ng/mL] (mL/g) DPsat  (mL/g) DPp! ADP, (x107%) wro! oOlig (x1073 (x1073) Neuts
Al 17 570 636 390 452 29% 2.2 0.990 0.30 1.0 5.2 6
A2 34 570 636 400 462 27% 2.2 0.983 0.33 1.7 7.7 10
B1 17 570 636 350 410 36% 2.4 0.995 0.35 0.5 4.2 3
B2 34 570 636 280 335 47% 3.0 0.989 0.34 11 6.7 4
C1 17 660 726 150 191 75% 5.3 1.00 0 5.2 1

aReactions A1, B1, and C1 were performed with an enzyme concentratip, of 17 ng/mL enzyme; reactions A2 and B2 were performed with
Cenz = 34 ng/mL. Superscripts pol and olig indicate the polymer fraction and the oligomer fraction, respectjl;etyefisured intrinsic viscosity;
DP"°, number average degree of polymerization for the high molecular weight fraction (calculated from intrinsic viscosit@a);extent of the
reaction calculated using eq \&; mass fractions of the polymer and oligomer parts of the reaction mixture separated using diffysisy°s =
1. Newts NUMber of cuts for each formation of the enzynseibstrate complex (calculated under the assumption that all attacks are endo).

Experiments with the Simultaneous Determination of low molecular weight fractions obtained for ChiA and ChiB
Relatie Viscosity and Reducing Endzhitosan Fa = 0.65 are shown in Figure 2, whereas no oligomeric products could
andDP, = 700) was dissolved in 40 mM acetate buffer (oH be detected with ChiC. (During the initial phase of the
5.5) containing 0.1 M NaCl (chitosan concentration: 1 mg/ reaction, ChiC primarily produces very long oligomers that
mL), to which the enzyme was added. The enzyme concen-elute in or close to the polymer peak; see ref 30)() The
tration was 66 ng/mL for ChiA and ChiB, and 6.6 ng/mL results are summarized in Table 1. The overall degree of
for ChiC. For the acid hydrolysis experiment, the same scission ¢) was calculated using eq 1 and the data in Table
chitosan was dissolved in 0.14 M HCI. Hydrolysis reactions 1, wherew? anda®® are the weight of the fraction and the
were performed as previously describéd)(in a Schott-  degree of scission for the high molecular weight products,

Gerate Ubbelohde capillary viscometer (type 531 01/0a) andwee anda are the weight of the fraction and the degree
immersed in a thermostated water bath, and the relativeof scission for the low molecular weight products.

viscosities were monitored with an AVS-310 (Schott-Gerate)

contro_l unit at regula}r intervals. Samples_from the viscosity o = o299 - o Pol,pol 1)
experiment were withdrawn at regular intervals, and the

concentration of reducing ends was determined using the o

polymerization of the polymer fraction and the corresponding Table 1). At these lowo-values and for an exo-acting
aP were determined from the decrease in relative viscosities €nzyme, one would expect only a very small reduction
that were converted to intrinsic viscosities assuming that (<1%) in the number average degree of polymerization of
reduced viscosity (i.e., the specific viscosity divided by the the partially degraded polymeric substreté)( For example,
chitosan concentration) is equal to the intrinsic viscosity. The the formation of one dimer from each of the polymer chains
intrinsic viscosity was converted to the number average would reduceDP*° by 0.3% (startingdDP,*' = 600, final
molecular weight%3) from which the number average degree DP** = 598). At the same time, the number of chain ends
of polymerization DP,) of the polymer fraction (and  Wwould be doubled, increasing thevalue from 1.7x 1073
correspondingo®®) was determined. The data presented (= 1/DP, = 1/600) to 3.3x 10* (DP, = 300, meaning

below represent the average of three measurements. that o = 1/300). However, as seen in Table 1, a sharp
decrease in the chain length of the high molecular weight
RESULTS AND DISCUSSION fraction OP) is observed for all three enzymes. This

reduction is as high as 2917% for ChiA and ChiB

Products Formed at Very Low Extent of Hydrolysis: Endo (depending on the experiment; Table 1) at time points during

versus Exo Actiity. At the initial stage of degradation by a th i h the i - | fact
processive enzyme, the reaction mixture contains two frac- . € retac 'Ort' \_/I_vhere d et_lncr;igr;ls ?:Sh'zw ads gh.aBC.m
tions, one containing low molecular weight oligomers V€ @l MOSL Ihe reduction IDF,™ for LA and LNIB 1S

(mostly dimers) produced in the processive type of hydroly- in fact in thg same order Qf magnitude as that fqr the gndo
sis OP,Y" < DP,s@ and the other containing the par- €NZyme ChiC (75% reduction). These results are inconsistent

tially hydrolyzed high molecular weight substrat®R,°! with th.e previou;ly proposed exo-processive mode of action
< DPstan), for ChiA and Ch|B and suggest that the;g two enzymes gct
To investigate the products formed at a very low degree ihan endo_ fa;hlon. Because of pro_cesswl_ty, ChiA and ChiB
of scission ¢ <0.01) by all three enzymes, chitosan was pr_qduce significant amounts of oligomeric products_ at the
hydrolyzed to a very low extent (Table 1), and the reaction initial stage pf the reaction, whereas the nonprocessive endo
products were separated into high and low molecular weight €12yme ChiC does not. Thus, the results show that ChiA
fractions using dialysis. The oligomer size distribution was &nd ChiB actin an endo-processive fashion and confirm (see
then analyzed using size exclusion chromatography, wheread®f 30 80)) that ChiC acts in an endo-nonprocessive fashion.
the number average degree of polymerization of the high The data allow us to calculate the number of cuts for each
molecular weight fraction @P"*) was determined from  enzyme substrate asociatid,s representing the degree
viscosity measurements3). Typical chromatograms of the  of processivity (eq 2Aa and AaP are changes i and
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The data obtained indicate that on this substrate ChiA is

more processive with between 6 and 10 cuts for each

enzyme-substrate formation compared to ChiB with be-

tween 3 and 4 cuts (Table 1). The degree of processivity
was measured more accurately using a different experimental

approach, which is described below.
Detailed Irvestigation of Processity. To measure the

amount of processive steps made by ChiA and ChiB more
accurately, a series of independent experiments were per

formed. The total fraction of chain ends created in the
enzymatic reactionof) was monitored using a reducing end
assay %4, 55). An on line relative viscosity assay, sensitive
only to changes in the high molecular weight fraction of the
substrate, was used to measoP@ during the course of the
hydrolysis reaction.

For degradation reactions proceeding via a random non-
processive endo mechanism, for ChiC (see above and ref.

30 (30)) and for (nonenzymatic) acid hydrolysi§#), one
would expect thex-values determined by the reducing end

and the viscosity assays to be the same. However, if the
polymer is degraded by a processive (endo or exo) mecha-
nism or according to a nonprocessive exo mechanism, the
total a-values from the reducing end assay should exceed

the a-values determined from the viscosity assay°|

because the cleavage of a small fragment (such as a dimer

from either end of a long molecule would only marginally
reduce the viscosity of the solution. Figure 3 shows the
degree of scission determined from the viscosity asss)

plotted against the degree of scission determined from the

2 For each cut in the polymer part, the total number of chain ends
will increase byAE" = Ngys AB',, whereNgysis the average number
of cuts for each enzymesubstrate complex formation. Therefolgus
= AEnd/AEndpD| = Ao /A(lpo|.

Sikorski et al.

Table 2: Processivity as Derived from the Data Shown in Figére 3

corrected
S Neuts S Neuts
acid hydrolysis 0.63 1.6 1.0 1.0
ChiA 0.07 14.3 0.11 9.1
ChiB 0.18 5.6 0.29 3.4
ChiC 0.67 1.5 1.1 0.9

aThe table shows two datasets, one without and one with a correction
based on the results of acid hydrolysis (see texglope of the curves
shown in Figure 3Ncus the average number of cuts per formation of
an enzyme-substrate complex (9.

reducing end assay. For all experiments (ChiA, ChiB,
ChiC, and acid hydrolysis), a linear relationship betwegth
ando. was observed. The slopes ©f the linear plots are
directly related to the average number of cuts after the for-
mation of an enzymesubstrate complex (eq 2). For acid
hydrolysis, the slope is expected to bes} 1, no proces-
sivity). Assuming that ChiC is a nonprocessive endo enzyme,
the slope for ChiC would also be expected to be 1. Indeed,
data for the acid and ChiC hydrolysis show very similar
slopes (0.63 and 0.67, respectively) of the linear relationship
betweenoP® anda but with a deviation from the expected
value of 1. This discrepancy could be explained by an under-
estimation of the change in the molecular weight of the poly-
meric substrate using the viscosity assay. Also, the reduction
in viscosity is converted to a reduction, using the MHS
equation (see Materials and Methods), which might introduce
further uncertainty in determinddP,. It is also possible that
the results from the reducing end assay used to determine
the a-values of chitosan (with the chitin dimer as standard)
deviate from the true reducing end concentrations. The fact
that acid hydrolysis and hydrolysis by the nonprocessive endo
enzyme ChiC yield almost identical slopes adds confidence
to the data. Because acid hydrolysis by definition should give
s = 1, we can apply a correction to the data obtained for
ChiA and ChiB. Table 2 summarizes the experimental results

and includesN.s values calculated both with and without
slope correction. The data show that on average ChiB makes
3.4 cuts for each formation of the enzymsubstrate com-
plex, whereas the experiment summarized in Table 1 sug-
gested a similar value of-34. ChiA shows higher processiv-
ity and makes 9.1 cuts, whereas the experiment summarized
in Table 1 suggests that this value lies between 6 and 10.
To fully illustrate that the observed change<DR are
inconsistent with the exo mode of action, the experimental
data was also plotted in a different way. Figure 4 shows
changes in th®©P,° of the reaction mixture as a function
of the reaction extent.. For ChiA and ChiB, the observed
reduction inDP"® is much larger than what is predicted for
enzymes acting in an exo-processive mode of action, as
predicted with a model for chitosan hydrolysis by ChiB
ee below.

Mechanism of the Hydrolysis Reactidrhe above results
for ChiA and ChiB provide no support for an exo mode of
action and show that when hydrolyzing soluble substrates
ChiA and ChiB operate in a processive endo-attack mode
of action. One remaining question then is how oligomers
with odd number of residues (Figure 1) are produced. Three
possible mechanisms are considered. (I) Both enzymes show
a mixed exo/endo mode of action, with the exo attack cre-
ating oligomers with odd number of residues. This mecha-
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o.. The changes observed for ChiA and ChiB are much larger than g3
what is predicted for an exo-acting enzyme (prediction using the
ChiB model described previousl$§)). 0.20
nism is unlikely because the observed number of endo attacks
(reduction inDP.”®, Table 1) combined with the degree of i
processivity and the observed total degree of hydrolysjs ( o ﬂ_

show that the number of exo attacks is much lowerthanwhat " pa aa 3 4 5 6 7 8 8 10 11 12

woulld be needed to produce the levels observed in FigureFlGURE 5: Comparison between observed and predicted reaction
1A (the results of additional experlmgnts and mode!lng products for ChiFI)B hydrolysis of chitosan wimz%.GS ando. =
studies not shown). (Il) In the processive mode of action, g gogg; (A) predicted by exo processive mode of action; (B)
ChiA and ChiB can move along the polymer chain by an predicted by endo processive mode of action. Exp, observed; Calc
odd number of sugar units. This would, however, require a Exo, predicted for the exo enzyme; Calc Endo, predicted for the
rotation of the substrate by 18@long the chain axis for the ~ endo enzyme.

glycosidic bond (e.g., to bring the catalytically essential ) o _
N-acetyl group of the-1 sugar to the correct position). As Polymer chains (as it is for an exo enzyme, where this
mentioned in the introduction and discussed in more detail Probability is proportional to the concentration of chain ends)
elsewhere8), this is unlikely for a high molecular weight rather than to the molar concentration of monomers.
substrate. In addition, if processive movement by an odd Maodeling of the Hydrolysis Reactio@n the basis of the
number of units is possible, this should occur at both low previously assumed exo-processive mode of action, we have
and higha-values. Consequently, the relative amounts of previously constructed a model to predict oligomeric products
oligomers with an odd number of residues observed at a very(chain-length distribution and composition) from the hy-
early stage of the reaction (Figure 2, Figure 1a) should be drolysis of chitosan by ChiB58). Using a Monte Carlo
similar to what is seen later on (Figure 1k80)), which approach, the affinities of individual enzyme subsites for
clearly is not the case. (Ill) The oligomers with an odd num- acetylated and deacetylated sugar units were refined by
ber of residues are created by rehydrolysis of longer even-minimizing the difference between observed and predicted
numbered oligomers created earlier on in the reaction. Even-amounts of hydrolysis products obtained upon the degrada-
numbered oligomers produced by processive enzyme actiontion of chitosan with-5 = 0.65. The datasets used to develop
contain cleavable sequences inaccessible to the enzymeand assess the model included dataoferalues in the range
during processive action because of the inability of the from o = 0.05 too. = 0.38. In the model, the hydrolysis
enzymes to move between productive complexes by an oddreaction could only start from a chain end. The final model
number of sugar units. Thus, the rebinding of even-numberedyielded reasonable predictions of oligosaccharide production
oligomers may be productive, and this will predominately during the course of hydrolysis reactions with various
lead to the formation of oligomers with an odd number of chitosans as well as chito-oligosaccharide®.(Taking into
residues. A detailed analysis of the hydrolysis products hasaccount the results described above, we have now revised
shown that for ChiB, att = 0.08 (Figure 1A), already more  the model by removing the restrictions with respect to the
than 10% of the polymer substrate (by weight) has been initial binding mode (meaning that binding de facto becomes
hydrolyzed into oligomers. The molar concentration of short endo because there is a large surplus of endo-binding sites).
chain products is already much higher than the concentrationFigure 5 shows that the refined model is much better than
of the polymeric partially hydrolyzed substrate and therefore, the old model in predicting the outcome of the reaction at
the rehydrolysis of products may be expected. In dilute very low a (<0.01), confirming that indeed the enzyme
solution, the polymer chains will occupy a small fraction of primarily binds in the endo mode. At highet, the two

the total volume; thus, the probability of a hydrolysis reaction models yield results that are similar (not shown), explaining
will still be proportional to the molar concentration of why the old model was found to work well, despite the error
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with respect to exo versus endo attack. The details of the The longer the path, the larger the chance that the substrate
updated model for ChiB as well as models for ChiA and dissociates from the enzyme somewhere along the way,
ChiC that address subsite interaction parameters and thewhich leads to reduced processivity. Further work is needed
degree of processivity will be published elsewhere. to analyze this in detail.

ChiA and ChiB and Chitin Hydrolysi©ur experimental The results with chitosan clearly show that the polymeric
data show that ChiA and ChiB act as processive endo substrate can enter the deep substrate clefts in ChiA and ChiB
enzymes when hydrolyzing water-soluble chitosan with a from the top, that is, through the roof of the tunnel. In ChiA,
high Fa. However, there is evidence that these two enzymes, this roof is rather open, even in the enzyaseibstrate
while acting on insoluble crystalling-chitin, start hydrolysis ~ complex ©0), but ChiB, the free enzyme, and even more so
from chain ends in the end face of the crystall4g,(44). It the enzyme-substrate complex3@, 41), show two long
is thus possible that ChiA and ChiB behave differently with loops, which protrude from each side of the substrate-binding
insoluble chitin than with water-soluble chitosan. However, groove and which interact to close the roof of the tunnel.
it is not certain whether the action on the end faces of the Therefore, in particular for ChiB, substrate binding must
crystallite (observed by electron microscopy of the crystallite) involve the temporary reorganization of roof structure, as
reflects the exo activity of the enzymes or whether it simply has been suggested for processive cellula$8sg1) and
reflects the fact that the end face is much better accessiblecarrageenased ).
as a substrate to the enzyme. Interestingly, recent studies A single chitin binding domain (ChBD) is present both in
have shown that the disruption of the crystalline structure ChiA and ChiB, and these domains are located on opposite
and (lack of) accessibility of the substrate are major limiting sides of the active site. It has been suggested that the ChBDs
factors of the speed at which chitinases can degradecontribute to exo binding, at the reducing and nonreducing
crystalline substrate9, 59). ends 83, 43) and that they may determine the direction of

processivity 43). The results presented above indicate that
CONCLUDING REMARKS the ChBDs are not involved in exo binding. These domains

Using a water-soluble but highly acetylated high molecular may, however, be involved in steering the direction of
weight chitosan and a combination of viscosity and reducing processivity. To date, no direct experimental data on the
end assays, direct experimental data on the modes of actiordirectionality of the processive motion for soluble substrates
of three chitinases fronSerratia marcescensiave been is available, and for an endo processive enzyme, this type
obtained. Viscosity measurements show that all three en-of information cannot be obtained from simple end-labeling
zymes significantly reduce the number average degree ofexperiments.
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