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X-ray structure of an anti-fungal
chitosanase from streptomyces N174

Edward M. Marcotte', Arthur F. Monzingo', Stephen R. Ernst!, Ryszard Brzezinski?
and Jon D. Robertus'

We report the 2.4 A X-ray crystal structure of a protein with chitosan endo-hydrolase activity
isolated from Streptomyces N174. The structure was solved using phases acquired by SIRAS from
atwo-site methyl mercury derivative combined with solvent flattening and non-crystallographic
two-fold symmetry averaging, and refined to an R-factor of 18.5%. The mostly c-helical fold
reveals a structural core shared with several dasses of lysozyme and barley endochitinase, in spite
of alack of shared sequence. Based on this structural similarity we postulate a putative active site,
mechanism of action and mode of substrate recognition. It appears that Giu 22 acts as an acid and
Asp 40 serves as a general base to activate a water molecule for an S 2 attack on the glycosidic
bond. A series of amino-acid side chains and backbone carbonyl groups may bind the polycationic

chitosan substrate in a deep electronegative binding cleft.

Chitosan, a linear polysaccharide of B-(1,4)-linked D-
glucosamine residues, has diverse commercial applica-
tions, ranging from bioerodeable suture material and
drug delivery systems to metal removal from waste
streams!. Although manufactured industrially by
deacetylation of chitin, chitosan is a naturally occur-
ring component of fungal cell walls. It appears primari-
ly in a group of medically and agriculturally significant
fungi, the Zygomycetes. These include opportunistic
invaders of humans and major pathogens in burn
wounds?, as well as important agricultural pathogens.
In some Mucor species, chitosan can account for as
much as 30% of the dry weight of the cell wall’. Inter-
estingly, chitosan oligomers inhibit the growth of a
variety of fungal species’. In addition, chitosan
oligomers induce disease response genes, such as endo-
chitinase and endo-[3-glucanase, in many plant species
including pea, tomato and wheat’,

An estimated 1-7% of heterotrophic soil bacteria, as
well as certain plants and fungi, express protein chi-
tosanases capable of degrading chitosan®. Multiple chi-
tosanase forms have been found in several plant
species, where they are believed to aid in the defense
against invading fungal pathogens by destroying the
integrity of their cell walls”. In addition to direct
destruction of fungal cell walls, chitosinases have other
anti-fungal effects—for example, the production of
chitosan oligomers. These bring to bear their own
fungistatic effects, as well as increasing recruitment of
other anti-fungal proteins to the area by activation of
plant disease response genes.

The Streptomyces N174 chitosanase is a 238 amino-
acid protein that represents up to 60% of the extracel-
lular protein produced by strain N174. Naturally
occurring chitosans often have a small fraction of N-
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acetylated residues, and N174 chitosanase hydrolyses
chitosans of 1-60% acetylation in an endo fashion.
N174 chitosanase shows no hydrolysis of two closely
related polysaccharides®: chitin (fully acetylated chi-
tosan) and carboxymethylcellulose (CM-cellulose)
which differs from chitosan in having a hydroxyl,
rather than amine, substituent on the sugar C2 posi-
tion, as well as having an acetylated O6 group. Unlike
other sugar-cleaving enzymes that often hydrolyse chi-
tosan to some extent, the chitosanases are the only
enzymes active against fully deacetylated chitosan®,
The N174 enzyme has been cloned and expressed to
very high levels in Streptomyces lividans>'%, making it
amenable to biophysical analyses. Initial examinations
of the protein sequence led us to believe that this chi-
tosanase was homologous only with a chitosanase (gly-
cosyl hydrolase family 46; ref. 11) from Bacillus
circulans'?, and not with other sugar-cleaving enzymes.
Qur interest in the mechanism of chitosanase’s precise
specificity and its potential relationship to other sugar-
cleaving enzymes led us to solve the enzyme’s struc-
ture.

SIRAS phasing and model statistics

The crystallization of the protein was reported earli-
erl3, The initial solvent-flattened SIRAS 3.0 A map
allowed identification of boundaries for the two mole-
cules of the asymmetric unit. Averaging across the
non-crystallographic two-fold symmetry axis pro-
duced an electron density map of sufficient quality to
build most of the two molecules. This model had a
crystallographic R-factor of 37%. After 22 rounds of
crystallographic refinement, the R-factor is 18.1% at
2.4 A resolution (R, =23.6%, R orking=17-5%, where
Rg.. represents 10% of the data) with 51 water
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Fig. 1 a, A sample of the original 3.0 A SIRAS solvent-flattened electron density
map, displayed with the final model (residues 122-134) superimposed, is com-
pared with b, the final 2.4 A 2F_-F_ electron density map for this region. The
electron density maps are contoured at 1.5 6.
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molecules included in the final model. The quality of
the final 2F, -F, map is shown in Fig. 1.

The final model, consisting of the entirety of both
molecules in the crystallographic asymmetric unit,
deviates from ideal bond lengths with an r.m.s. devia-
tion of 0.016 A and from ideal bond angles with an
r.m.s. deviation of 3.118°. No residues lie in disallowed
Ramachandran regions. For convenience, we refer to
the two molecules of the asymmetric unit as a and b.

The approximate non-crystallographic two-fold axis
was initially difficult to refine, and is distorted from
ideality by asymmetric crystal contacts between
residues 176-195 of molecule a with residues 2240,
198-202 and 230-232 of a crystallographically related

molecule b. The two molecules of the asymmetric unit
can be aligned with an r.m.s. deviation of 0.8 A for
backbone atoms and 1.2 A for all non-hydrogen atoms.
The molecules are essentially identical in fold except
for residues 198-202 (Fig. 2). These residues are
involved in the asymmetric crystal contacts in mole-
cule b and are in non-equivalent environments in the
two molecules. This immediate region also receives
low Eisenberg-Bowie 3D-1D scores'?, suggesting non-
standard conformation whereas the rest of the model
has reasonably high scores (overall scores are 107.0 for
molecule a and 109.2 for molecule b, reasonable for
proteins of this size). However, the region comprising
residues 198-202 is a surface loop bordering the puta-
tive active site of the molecule—a site likely to be
mobile in the absence of substrate. Electron density for
amino acids 198-202 is poor, so this region was ulti-
mately built using OMIT maps calculated from models
that had undergone a round of simulated annealing
with the residues removed to minimize model bias
from the OMIT phases. In this paper, all analyses were
performed with molecule a.

Structure of N174 chitosanase

The chitosanase molecule (Fig. 3) is dumbbell-shaped
and ~55 A long, containing two globular domains
connected through a bent 27-residue backbone helix.
The domains form a pronounced cleft, 10 A wide and
12 A deep, spanning the width of the molecule
between the two domains. The cleft is bordered on
one face by a three-stranded B-sheet. The molecule
contains 10 o-helices, which compose 64% of the
structure. Table 1 lists the secondary structure ele-
ments determined from hydrogen- bonding patterns
and protein backbone ¢—y angles observed in the chi-
tosanase structure.

During the solution of the chitosanase structure, we
noted a similarity to the structure of bacteriophage T4
lysozyme!® (T4L). Although the two proteins share
essentially no sequence homology, they have a roughly
similar three-dimensional topology. The 74 residues of
chitosinase, which have no structural correlates in T4L,
are found in surface loops and insertions (Fig. 4). In
fact, only about 45% of the amino acids in chitosanase
can be considered to be in regions structurally equiva-
lent to regions of T4L. When these 106 equivalent
residues are considered in a structurally based
sequence alignment, the identity is only 13%. T4L is
also known to be structurally homologous to hen egg
white lysozyme!®!” (HEWL) and goose egg white
lysozyme!® (GEWL). Previously, we solved the X-ray
structure of a barley endochitinase!®, and a similar
structural homology to the lysozyme family has been
found?%2!, In short, this hydrolase superfamily can be
divided on the basis of shared structural motifs into
prokaryotic and eukaryotic families sharing a con-
served core. Both families contain the structurally
invariant core but have differing N- and C-terminal
domains. The active sites of these enzymes can be
aligned, and this equivalence has allowed us to form
hypotheses about the minimal sugar-cleaving enzy-
matic unit as well as hypotheses about the chitosanase
enzyme and its mode of action. A complete descrip-
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Fig. 2 A least-squares superposition of the two molecules of the chitosanase asymmetric unit. The
molecules differ significantly only at residues 198-202. Molecule a is shown in bold blue lines; mole-

cule b is shown in thin red lines. Only a-carbons are shown.

tion of the similarities between chitosanase, chitinase
and lysozymes is presented in an accompanying
manuscript?2.

Modelling of chitosan binding

In an attempt to directly study substrate binding,
native crystals of wild-type chitosanase were soaked
with chitosan monomers through tetramers. In no case
was electron density attributable to chitosan found in
difference Fourier electron density maps (data not
shown). In the absence of crystallographic observation
of a chitosanase—substrate complex, substrate binding
was modelled by taking advantage of the structural
homology of chitosanase to lysozymes, which have
previously been co-crystallized with substrate24,
Given the apparent structural similarity between chi-
tosanase and lysozyme, it is reasonable to assume that
polysaccharide substrates are bound in a similar fash-
ion. Chitosans are chemically similar to the peptido-
glycan attacked by lysozymes and the chitin attacked
by chitinase, but they differ in being polycationic, as
compared with the anionic lysozyme substrate or neu-
tral chitinase substrate. Fig. 5 shows the charge distrib-
ution in the active-site cleft of chitosanase and
chitinase. The surface of chitosanase is dominated by
the electronegative substrate binding cleft, appropriate
for binding a positively charged substrate. By compari-
son, the analogous cleft of chitinase is considerably

Fig. 3 A ribbon representation of the X-ray structure of
Streptomyces N174 chitosanase. The putative active-site
cleft is visible on the right side of the model. The side chain
of the putative catalytic acids Glu 22 and Asp 40 are
shown in blue bonds. Ribbon diagrams were produced
using the program MOLSCRIPT>".
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more neutral. In all, at least 12 car-
boxylates contribute to the elec-
tronegative cleft of chitosanase
(residues 22, 36, 37, 40, 57, 60, 117,
155, 197, 201, 202 and 232).
Aligning  chitosanase  with
HEWL2>%6 and its crystallographi-
cally determined substrate ana-
logues®>?* suggests an initial model
for chitosanase’s substrate binding
and specificity. Substrate binding in
T4L and HEWL is mediated pri-
marily by hydrogen bonding
between the enzyme and substrate,
and even involves contacts between
peptide-bond heteroatoms and the
saccharide substituents?’. Six sub-
sites are present in the HEWL
active-site cleft for binding of up to
six monosaccharide units of a poly-
(N-acetylglucosamine-N-acetylmu-
ramic acid) substrate (abbreviated
NAG-NAM). These pockets are
labelled A-F from the sugar non-
reducing end, with catalysis occur-
ring at the glycosidic bond linking
sugars bound in the D and E sites.
Model building suggests barley chitinase also may
form similar hydrogen bonds with the chitin sub-
strate’!. Model building of hexaglucosamine (chi-
tosan) bound to the putative chitosanase active site
suggests that substrate binding and the catalytic mech-
anism may be similar to these other glycohydrolases.
Six sugar binding sites (A-F) can be identified in a
fashion similar to lysozyme, with cleavage probably
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This model of binding provides
one explanation for chitosanase’s
inability to cleave chitin: N-acetyl
groups would face steric crowding in
sites A, B, C and D. Chitosanase’s
inability to cleave CM-cellulose may
stem from steric crowding between
the O-acetyl groups and side chains
in the D, E, and F sites. The model
does not prohibit catalysis of cellu-
lose, but predicts reduced recogni-
tion of the uncharged substrate.
Hydrogen bonds formed between
protein carboxylates and cellulose are
probably weaker than the corre-
sponding ion pairs formed, in the
desolvated cleft, with chitosan.
Therefore, catalysis of cellulose,
while not ruled out by the structure,
may occur at levels lower than those
of chitosan.

Fig. 4 A superposition of N174 chitosanase (red) and T4 lysozyme (cyan), displayed as a divergent Chitosan hydrolysis

stereo pair. Molecules are oriented as in Fig. 3; only a-carbons are drawn. Residues of chitosanase The similarities discussed in the pre-
are labelled with the prefix C, those of T4L with the prefix T. In spite of the low sequence identity, an vious section between the binding
overall topological similarity can be observed.
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pockets of HEWL and chitosanase
may initially suggest that the catalytic

occurring at the glycosidic bond between the D and E  mechanisms of the two enzymes are similar: this is not
sugars. Fig. 6 shows a schematic representation of the case. For HEWL, Glu 35 is believed to act as a general
bonding between chitosanase and hexaglucosamine in acid protonating the glycosidic oxygen between sugars D

an energy-minimized model. Sev-
eral enzyme-substrate hydrogen
bonds are made that are not specific
for the polysaccharide chitosan.
Bonds from Arg 120, Asp 57, Tyr
122, Ile 49 and Asp 201 are found to
chitosan sugar 06, O4 and O3
groups and could possibly be
formed with common glucose
derivatives. The model building
suggests that chitosanase’s prefer-
ence for chitosan is mediated by
bonding to the amines of sugars
bound in sites A, B, C and D. Glu 60
may form an ion pair with the A
sugar amine. The Pro 152 backbone
carbonyl forms a hydrogen bond to
the B sugar amine. Asp 57 forms an
ion pair with the C sugar amine,
while the backbone carbonyl oxy-
gen of Gly 50 and possibly of Ile 49
may hydrogen bond to that group.
Glu 197 may form an ion pair with
the D sugar amine. Few
enzyme—substrate interactions are
noted for the putative E and F sites.
Asp 201 may interact with O6 of the
F sugar. The hydroxyl group of Tyr
34 is positioned 4.9 A in our model
from the amine of the E sugar and
could interact if binding-induced
conformational change occurs to
bring it closer.

Fig. 5 Stereo diagram of molecular surface renderings of chitosanase (top) and
barley chitinase (bottom). Surfaces are colored according to their electrostatic
potentials as calculated by the program GRASP5C The surface potential is dis-
played as a color gradient from red (electronegative) to blue (electropositive),
showing the relatively strong electronegative character of the putative active
site cleft of chitosanase as compared to chitinase.

nature structural biology volume 3 number 2 february 1996
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Table 1 Secondary structure of N174 and E. A second carboxylate, Asp 52,

chitosanase

is located to potentially afford stabi-

Residues

7-23
28-33
34-36
42-47
50-54
56-69
74-85
94-107
107-125
125-134
136-150
158-170
178-197
203-217
225-229
232-236

secondary structure

lization of a putative resultant oxo-
carbonium ion intermediate?®%.
The completion of the reaction

QObserved

a-helix

a-helix occurs by attack on the oxocarboni-
B-strand um ion by a water molecule which
B-strand replaces the E sugar when the prod-
B-strand uct leaves. The reaction described is
a-helix Syl and results in retention of the
a-helix sugars anomeric configuration ();
a-helix HEWL is thus classified as a retaining
a-helix glycosidase. An alternative mecha-
a-helix nism invokes a transient covalent
a-helix intermediate between Asp 52 and the
a-helix D sugar. Such a covalent intermedi-
a-helix ate has been trapped in the case of
a-helix another retaining glycosidase, B-glu-
B-strand cosidase, using 2-fluoro sugar deriva-
B-strand tives™® (reviewed in ref. 31).

A number of glycohydrolases pro-
ceed by an inverting mechanism. It
has been suggested that unlike HEWL, T4 lysozyme may
be an inverting enzyme®. Chitinase from yam has
recently been shown to invert the B-anomeric form of
the substrate into an oi-anomer product®, and this has
been suggested as a possible mechanism for barley chiti-
nase?!. In an inverting enzyme, the glycosidic bond, and
therefore the leaving (E) sugar, is protonated by a car-
boxylic acid. This protonation is accompanied by an
attack from water on the opposite face of the D sugar.

The X-ray structure of Streptonyces chitosanase sug-
gests that it is likely to be an inverting enzyme, with
Glu 22 as the acid and Asp 40 as a base to polarize the
attacking water molecule. The distance between the
two active site carboxylates of glycohydrolases has been
correlated with retaining and inverting mecha-
nisms*+%°, The distance between chitosanase Glu 22
and Asp 40 (13.8 A in the apoenzyme, 12 A in the
enzyme—substl ate model) corresponds more closely to
what is observed in inverting B-glycosidases (~9.5 A)
than that of retaining B-glycosidases (~5 A). Our sub-
strate model has room between Asp 40 and the o face
of sugar D to accomodate an attacking water molecule.

In our static model, it is difficult to position the sub-
strate so that Glu 22 is hydrogen bonding to the D-E
glycosidic oxygen while the Asp 40-H,0-C1 (of sugar
D) network also form strong hydrogen bonds.
Although the geometry is good, the putative hydrogen-
bond distance is long. The binding of substrate must
alter the conformation of chitosanase somewhat to
bring these key groups closer together. It is likely that
Asp 40 on the B sheet loop is most mobile, while Glu

Fig. 6 Schematic representation of the potential interac-
tions between chitosanase and a modelled chitosan hexa-
mer. Residues numbered in italic type appear to confer
specificity for the glucosamine polysaccharide, while those
numbered in plain type make contacts appropriate for
binding common glucose derivatives. The relative positions
of a catalytic water and of the putative catalytic residues
Glu 22 and Asp 40 are indicated.
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22 is probably fixed on the long central helix. Exami-
nation of the loops containing Asp 40 of chitosanase
and Asp 22 of T4L (Fig. 4) shows the conformational
variability of this loop between related glycohydrolase
structures and reveals a potential movement of the chi-
tosanase loop.

A likely mechanism for chitosanase hydrolysis is by a
single displacement reaction mechanism (Fig. 7). Asp
40 is well positioned to act as a base and activate a
water molecule to attack the D sugar’s C1 carbon from
the o side of the sugar. Because of steric hindrance by
the D sugar ring’s peri hydrogens {not drawn), it is
likely that the D sugar must distort to a half-chair con-
figuration to allow the proposed nucleophilic attack to
proceed. This substrate distortion has been crystallo-
graphically observed in mutant T4L—substrate com-
plexes®?, as well as in HEWL-substrate complexes
(modeled by Tmoto et al.2%), HEWL—tetrasaccharide
lactone  inhibitor  complexes®* and  mutant
HEWL-substrate complexes®®, although this distortion
was not seen in a recent GEWL-trisaccharide com-
plex*’, Glu 22 may help to promote the attack, serving
to protonate the leaving group E sugar from the B side.
The reaction proceeds until only di- and tri-glucosamines
remain, with trace amounts of free D-glucosamine, sug-
gesting that the minimal substrate is the tetrasaccharide®,
with low levels of hydrolysis of the trisaccharide.
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The distance observed between Asp 40 and the mod-
elled D sugar’s Cl carbon is similar to the spacing
observed between Glu 89 of barley chitinase and its
model substrate. As seen in chitosanase, the distance
between the two chitinase active site carboxylates is
also fairly long (11 A). To bring the acid closer to the
D-E glycosidic bond, a conformational change must
occur on substrate binding. Such a change seems to
occur in barley chitinase; crystals of barley chitinase
initially dissolve in the presence of tetraNAG substrate,
presumeably due to adopting a conformation incompati-
ble with crystal contacts, and re-form following substrate
hydrolysis?’.

The above structural assessment is supported by
biochemical evidence that chitosanase is an inverting
enzyme (T. Fukamizo, personal communication). Also,
site-directed mutagenesis of either Glu 22 or Asp 40
appears to abolish chitosanase’s activity in preliminary
screens (R.B., unpublished results) confirming the
importance of these two residues to the catalytic mech-
anism of chitosanase.

Methods
Protein preparation and crystal-

crystals in artificial mother liquor consisting of 25% PEG
8000 and 0.2 M potassium phosphate and supplemented
with 1 mM CH;Hg(C,H;0,) for 18 h. Two mercury sites were
obtained, establishing the handedness of the molecules
and corresponding to single mercury atoms bound at Cys 52
in each of the two molecules in the asymmetric unit of the
crystal. Differences in the occupancies of the two supposedly
equivalent mercury sites are attributable to the dissimilar
environments around Cys 52 caused by non-crystallo-
graphic symmetry contacts.

SIRAS phasing. Statistics for X-ray diffraction data col-
lected from native and derivatized chitosanase crystals
are summarized in Table 2. Phasing and heavy-atom para-
meter refinement were performed using the programs
PHASEPROG and REFINE obtained from G. Petsko. Iso-
morphous and anomalous difference data from the
methyl mercury derivative were used to calculate a
10-3.0 A SIRAS map. Solvent flattening performed with
the Wang algorithm#! produced a 10-3 A electron densi-
ty map of sufficient quality to build a significant portion
of the backbones of both molecules in the asymmetric
unit using the programs TOM and FRODO*2.

These models were used to identify an approximate
non-crystallographic two-fold operator, allowing map
averaging across the two-fold operator using the method
of Bricogne?3. This operator matched fairly minor peaks

lization. Streptomyces N174 chi-

Table 2 Crystallographic data

tosanase was isolated and prepared
as described previously®. Crystals

Space group: P2, (a=56.3, b=59.3, ¢=85.4 A, p=96.2°)

were obtained as described previous- - streptomyces N174 chitosanase Native CH,Hg(CH;0,)
ly's. Crystal growth was sensitive t0  ng of ohservations 121,478 104,156
vibration, and the largest crystals . .
were obtained when this was con- No. of unique observations 21,903 29,288
trolled. Completeness (%) 98.70 91.08

To combat extreme crystal slippage Resolution limit A 2.40 2.68
problems, crystals had to be prepared Rierge (%) 8.85 6.04
as follows for data collection. Crystals (9%)2 18.09

. . . f Rcrysta[lo raphxc(/") .

were fixed by painting with a viscous o (%9) 23.60
solution of polystyrene dissolved in Rf"ee % 17' 48
benzene. Rapid evaporation of sol- “working f’). .
vent left a crystal and some residual R-m-s. deviations fronl
mother liquor embedded in a hard, ideal bond lengths (A) 0.016
clear shell of polystyrene glued to the  jdeal bond angles 3.118°
g\ner v::all of tr:\e mountin[g capil|ar)(/j. Mean fractional

ata from these crystals merge : o 17.78
favorably with incomplete unfixed isomorphous change (%) ’
native data sets and with unfixed- . 5 .
heavy atom data sets. No significant Phasing power i (A) Phasing power Anom
changes in unit cell parameters were 6.7 43 1.7
observed and evidence of included 5.5 43 1.7
benzenes was not seen during the 4.7 35 13
refinement, implying that the crystals 42 27 13
were essentially unaffected by this 3'9 2.6 08
treatment. . . .

3.6 2.5 1.0

Data collection and reduction. 34 2.4 0.8
Three-dimensional diffraction data 3.2 2.5 0.8
were collected on a San Diego Multi- 3.0 2.4 0.6

wire Systems area detector?® with a
Rigaku RU-200 X-ray source operat-
ing at 50kV, 100mA with a graphite
monochromator. Data were collected
from 50 to 2.4 A using the method of
Xuong et al.3% and reduced and eval-
uated using the University of Califor- 2
nia, San Diego (UCSD) software
system?0.

CH,HG(C,H30,)
1

Heavy-atom sites

(fractional coordinates) Occupancy

X Y z (arbitrary units)
0.201 0.000 0.084 0.427

0.986 0.252 0.316 0.321

Mean figure of merit following solvent flattening = 0.80

The presence of a single cysteine in 15
chitosanase suggested that a free
thiol might be present. The sole

merge

=XI-<I>|/ £ <I> where ], is the intensity of an individual reflection and <i>
is the mean intensity of that reflection. Friedel mates were merged in the native
data set and unmerged in the derivative data set.

heavy atom derivative was obtained
by soaking pre-formed chitosanase

chryst.a[lographic'_‘Z lFobs,nat_Fca[c [ /x [Fobs,nat[
3Phasing power=<fy, >/<e>, <f," >/<e">.
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Fig. 7

A postulated
single-displace-
ment reaction
mechanism of
chitosanase.

Glu22

OH

Asp40

from a rotation function search?. The operator was later
improved by rigid-body refinement using CORELS*> and
FRODO real-space refinement, and eventually by X-
PLOR%. However, because of the apparent inequality of
the two chitosanase molecules (the SIRAS/solvent-flatten-
ing-phased electron density of the two molecules could
not be directly superimposed), the operator was not used
for phase improvement by iterative symmetry averaging,
but instead served only as a guide for resolving electron-
density map ambiguities.

Structure refinement. Refinement proceeded by sequen-
tial rounds consisting of hand rebuilding into no electron
density (NED) maps and OMIT 2F_-F_ maps followed by
simulated annealing refinement with X-PLOR4748, NED
maps, calculated by an in-house program NEDFFT, are
loosely analogous to OMIT maps, but are systematically
created for the entire unit cell. To generate NED maps, the
asymmetric unit is divided into at least 10 slabs. The start-
ing electron density in one slab is set to zero, along with
bordering map sections, and the electron density in the
resultant unit cell is back-transformed to produce new
calculated structure factors (F_.) and phases. These
phases are combined with [2ewe|F,, .J-IF ;I structure
factor amplitudes, where ® is the Sim weight®, to
calculate a slab of density corresponding to the slab that
was initially zeroed but containing less model bias. This
process is repeated on consecutive slabs, which are then
assembled to produce the complete NED map. By rebuild-
ing the model into NED maps, model-induced phase bias is
removed at each round of refinement. Also, as phases
improve with refinement, NED maps become strong indi-
cators of model error®.

Eighteen rounds of refinement were performed. Each
included simulated annealing using terms to the resolution

nature structural biology volume 3 number 2 february 1996
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limit of that round. Four rounds of energy minimization
refinement followed the final simulated annealing refine-
ment round. Water molecules with good geometry, differ-
ence map electron density and NED map electron density
were included at 2.5 A resolution. The two molecuies in
the asymmetric unit were refined initially imposing non-
crystallographic symmetry restraints. When the number of
reflections included in the refinement provided sufficient
overdeterminacy (at 2.6 A resolution), the two molecules
were refined independently. Coordinates of the refined
2.4 A structure of chitosanase have been submitted to the
Brookhaven protein data bank; accession number 1CHK.

Chitosan hexasaccharide model building. Coordi-
nates were available for the trisaccharide NAM-NAG-
NAM as solved crystallographically in the active site of
HEWL23 (9LYZ) as well as for the tetra-N-acetyl-glu-
cosamine-8-lactone crystallographically determined in the
HEWL active site?%. A hexa-B-(1,4)-D-glucosamine mole-
cule was built based upon the tri- and tetra-saccharide
models and positioned into the putative N174 chi-
tosanase active site by the alignment of structurally con-
served core residues of HEWL with those of N174
chitosanase (fitting chitosanase residues 12-22, 45-51
and 110-119 with HEWL residues 25-35, 52-58 and
91-100; r.m.s. deviation for 28 Co positions=1.1 A). The
model position was hand adjusted to maximize comple-
mentary enzyme-substrate contacts. Positional energy
refinement was performed upon the chitosanase-hexa-
glucosamine model with X-PLOR. The protein backbone
was held fixed during the refinement. Electrostatic mod-
eling was performed with the program GRASP, including
only ionizable atoms>.
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