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Abstract: Acidic mammalian chitinase (AMCase) is a mammalian chitinase that has been
implicated in allergic asthma. One of only two active mammalian chinases, AMCase, is

distinguished from other chitinases by several unique features. Here, we present the novel

structure of the AMCase catalytic domain, both in the apo form and in complex with the inhibitor
methylallosamidin, determined to high resolution by X-ray crystallography. These results provide a

structural basis for understanding some of the unique characteristics of this enzyme, including the

low pH optimum and the preference for the b-anomer of the substrate. A triad of polar residues in
the second-shell is found to modulate the highly conserved chitinase active site. As a novel target

for asthma therapy, structural details of AMCase activity will help guide the future design of

specific and potent AMCase inhibitors.
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Introduction

Allergic asthma is a chronic inflammatory disorder of

the airways. The incidence of allergic asthma has

increased dramatically over the last 2 decades in wes-

ternized countries. The immune responses that cause

elements of asthma mirror beneficial immune

responses to helminth infection. Acidic mammalian

chitinase (AMCase), a member of family 18 glycosyl

hydrolases, is expressed in lung and stomach tissue1

and is up-regulated in human asthma,2 as well as mu-

rine asthma models.2–4 Inhibition of AMCase by either

a small molecule antagonist or an anti-AMCase anti-

body ameliorates airway inflammation and hyper-

responsiveness in murine asthma models.2 Certain

polymorphisms and haplotypes of AMCase are associ-

ated with bronchial asthma in humans.5 Additional

polymorphisms of the AMCase gene are associated

with atopic asthma and total serum IgE levels in the

Indian population.6 These observations suggest that

AMCase may be an important target for the treatment

of human asthma.

Here, we describe the experimentally determined

high resolution crystal structures of AMCase, in the

apo form as well as in complex with the broad

spectrum chitinase inhibitor methyllallosamidin. We

compare this structure with other chitinase structures

and explore the structural basis of characteristic fea-

tures of AMCase. Chitinase enzymatic activity is well

understood from extensive studies in other systems, as

well as mutational analysis and homology modeling in

AMCase.7 These structures expand our understanding
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of the structural basis of characteristics unique to

AMCase, the most striking of which is the low pH op-

timum for catalysis. A triad of polar residues in the sec-

ond-shell is found to modulate the highly conserved

chitinase active site. An intricate network of hydrogen

bonds linking surrounding charged residues to the key

active site acidic residues is observed. The derived con-

tacts are consistent with amino acid residues His-208,

His-269, and Arg-145 most likely accounting for the

low pH optimum of the enzyme. The structural basis of

AMCase’s preference for the b-anomer of short chitin-

like sugars is also elucidated. As the only chitinase

implicated in asthma, the information derived from its

crystal structure will provide valuable insights in the

potential discovery of drugs that will specifically target

AMCase and the abnormalities causing allergic asthma.

Results

Structure determination
The structure of the AMCase datalytic domain was

determined to a resolution of 2.0 Å in the apo form

and to 1.7 Å in complex with methylallosamidin by

molecular replacement using human chitotriosidase a

search model (Table I). The construct that was suc-

cessfully crystallized was a C-terminal truncation

including the catalytic domain, from the natural N-ter-

minus at amino acid 22 through amino acid 408. We

chose to mutate the Ser originally at position 354 to

Phe, a polymorphism that is at least as common as the

Ser, to avoid N-linked glycosylation. The apo protein

crystallized in space group P21, and contains four mol-

ecules of AMCase in the asymmetric unit, implying a

solvent content of 39.5%. The resulting map showed

good electron density for the residues 22 to 400

(monomer A, B, C, and D, with the exception of amino

acids 231–236 in molecule B). Residues C-terminal to

400, including the His tag, are not seen in the electron

density maps and are presumably disordered. AMCase

in complex with methylallosamidin crystallized in

space group P212121, and contains two molecules of

AMCase in the asymmetric unit, implying a solvent

content of 39.7%. The resulting map shows good elec-

tron density for residues 22 through 398 in both mole-

cules A and B, as well as for the bound methylallosa-

midin (Fig. 1). Residues C-terminal to 398, including

Figure 1. Methylallosamidin and surrounding |2Fo�Fc|

electron density map contoured at 1.0 r.

Table I. Data Collection and Refinement Statisticsa

Apo AMCase AMCase þ methyallosamidin

Wavelength (Å) 1.000 1.000
Resolution range of data (Å) 50.0–2.0 20.0–1.7
Rmerge

b (%) 12.7 (45.3) 10.1 (59.8)
Completeness (%) 97.9 (91.4) 90.0 (91.1)
Redundancy 3.8 6.3
Total reflections 343,748 406,206
Unique reflections 91,479 64,057
I/r(I) 9.77 (2.04) 15.21 (2.1)
Resolution range of refinement (Å) 30.0–2.0 20.0–1.7
No. of molecules in asymmetric unit 4 2
No. of atoms in asymmetric unit 24,391 12,570
No. of water molecules in asymmetric unit 497 582
B average
Protein atoms (Å2) 5.2 6.4
Water molecules (Å2) 12.4 21.4

MALLO (Å2) – 10.0
Rwork

c (%) 19.71 17.48
Rfree

d (%) 22.84 19.39
RMS deviations from ideal geometry for:
Bonds (Å) 0.008 0.008
Angles (�) 1.060 1.058

a Values in parenthesis are for the highest resolution shell.
b Rmerge¼ |Ih�<Ih>|/Ih, where <Ih> is the average intensity over symmetry equivalents. Numbers in parentheses reflect statis-
tics for the last shell.
c Rwork ¼ ||Fobs|�|Fcalc||/|Fobs|.
d Rfree is equivalent to Rwork, but calculated for a randomly chosen 5% of reflections omitted from the refinement process.
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the His tag, are not seen in the electron density maps

and are presumably disordered.

Overall structure and interaction

with methylallosamidin

The structures of AMCase alone and in complex with

the inhibitor methylallosamidin reveal an eight

stranded beta-barrel structure (TIM-barrel) with an a/
b lobe inserted between b-sheet 7 and a-helix I, that is

composed of a 5-stranded anti-parallel beta sheet and

an alpha-helix [Fig. 2(A)]. The overall tertiary struc-

ture is very similar to the structure of the related

human chitotriosidase8,9 (PDB accession codes 1HKK,

1GUV, 1LG1, 1LG2). A long cleft, which is lined with

solvent-exposed aromatic residues, including Trp-71,

Tyr-34, Trp-31, Trp-360, Trp-99, Trp-218, is the site

of chitin binding8–10 [Fig. 2(B)]. These aromatic resi-

dues are highly conserved across species.11 In the

Figure 2. (A) A ribbons diagram of the AMCase catalytic domain is color-ramped blue to red, looking down the central

b-barrel. Methylallosamidin is show in pale cyan, bound at the top of the barrel. A disulfide bond between Cys-49 and

Cys-394 can be seen near the back, connecting the C-terminal end (in red) to an N-terminal loop (in blue). (B) A surface

rendition in the same orientation as 2A shows the aromatic residues implicated in chitin binding in red. Methylallosamidin is

shown in pale cyan, the subunits of which correspond to subsite positions �1, �2, and �3, from left to right. Positive subsite

positions extend towards the left in this view, with subsite þ1 just under Trp-99 and subsite þ2 just above Trp-218.

Figure 3. (A) A ribbons diagram of the AMCase active site depicts side chains of significant residues. Asp-136, Asp-138,

Glu-140, Asp-213, and Trp-360 are highly conserved active site residues. Arg-145, His-208, and His-269 are residues specific

to AMCase. Dotted pink lines indicate hydrogen bonds, with the distance in angstroms indicated. (B) Arg-145 is shown in the

context of the active site. Arg-145 affects substrate binding via a network of hydrogen bonds mediated by Trp-99, Asn-100,

and Glu-140.
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liganded structure presented here, methylallosamidin

is bound in part of this groove [Figs. 2(A and B)]. The

active site is dominated by the acidic residues featur-

ing the common chitinase motif DXXDXDXE [Figs.

3(A and B)]. Disulfide bonds are observed between

Cys-26 and Cys-51, Cys-307 and Cys-372, and Cys-49

and Cys-394. The disulfide bond between Cys-49 and

Cys-394, which does not have an equivalent in chito-

triosidase, affixes the C-terminal to the base of the

beta-barrel [Fig. 2(A)] and likely contributes to the

overall stability of the catalytic domain.

Allosamidin and its variant methylallosamidin are

broad-spectrum natural product inhibitors. They are

pseudo-trisaccharides with two NAG sugars coupled to

allosamizoline. In the complex structure with methyl-

allosamidin, the inhibitor is well defined, with the allo-

samizoline binding in the active site at the �1 subsite,

and the attached NAG sugars reaching into the �2

and �3 subsites [Figs. 2(A,B), 3(A,B), and 4]. The

methyl group, differentiating this inhibitor from allo-

samidin, is clearly seen in the electron density maps

(Fig. 1). As it is solvent-exposed and not making sig-

nificant contacts with the protein, methylallosamidin

is not expected to bind differently than allosamidin.

An ordered water molecule (HOH-346 and HOH-84

for AMCase chains A and B) is observed 3.5 Å from

allosamizoline C17 and 2.8 Å from Glu-140. This inter-

action mimics that of the water which effects the hy-

drolysis of the oxazolinium ion intermediate during

the final step of chitin cleavage.12

In the apo AMCase structure, we see an invasion of

the active site of one molecule by the C-terminal tail of a

neighboring molecule (Fig. 5). There are four molecules

in the crystallographic asymmetric unit, and the exact

position taken on by the invading tail is slightly different

between two molecules from the other two (molecules A

and C are nearly identical, as are B and D). In either

case, Gln-399 roughly occupies the �2 subsite and

reaches towards the �1 subsites, and Pro-400 roughly

occupies the �3 subsite. It is likely that this interaction

is not physiologically relevant, but is a result of the pack-

ing in this particular crystal form.

Comparison of apo and methylallosamidin

bound structures

Overall differences between APO and MALLO-bound

structures are minimal in the aC trace, including a

small movement around loop 98–102 (between b-

Figure 4. A summary of interactions between

methylallosamidin and AMCase active site residues.

Figure 5. A space-filled representation of AMCase

molecules shows the crystal packing of Apo AMCase. The

C-terminal end of one molecule binds in the active site cleft

of the neighboring molecule.

Figure 6. The modeled binding of the a-anomer versus the

b-anomer of a chitin fragment (chitopentose) shows the

structural basis of the preference for the b-anomer of

the substrate by AMCase. The terminal hydroxyl of the

a-anomer, shown in dark gray, makes an unfavorable

electrostatic interaction with the ANH of the indole ring of

Trp-218 because of partial charges on the atoms, and thus

binding of the b-anomer (shown in red) is energetically

more favorable.
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strand 3 and a-helix), which accommodates the move-

ment of Asn-100 to form hydrogen-bonds with meth-

ylallosamidin in multiple places through both main

chain and side chain atoms. The most striking differ-

ence between these structures is the rotamer of Asp-

138. In the unliganded enzyme, Asp-138 is in a

rotamer that allows a hydrogen bond with Asp-136. In

the methylallosamidin-bound enzyme, the Asp-138

side chain swings nearly 180� around, breaking the

bond with Asp-136 and taking up a position within 2.6

Å of Glu-140 and forming H-bonds with Glu-140 and

methylallosamidin at the same time [Fig. 3(A)]. These

alternative rotamers of equivalent Asp residues have

been well documented in other chitinase structures.

Furthermore, there is a rotation of the Glu-140 side

chain from the apo-structure where it is pointing

towards the main chain N of Trp-99 (3.3 Å) and the

side chain hydroxyl of Tyr-141. Upon binding of meth-

ylallosamidin, Glu-140 rotates about 60� to form

hydrogen-bonds with Asp-138 and with the allosami-

zoline N. It is the protonation of Glu-140 that is the

final step of chitin hydrolysis.

Preference for b-anomer of substrate

Models of a-and b-chitopentose bound to AMCase,

respectively, are in agreement with and provide an ex-

planation for the previously reported preference of

AMCase for the b-anomer of the substrate.13 In studies

with hexa-, penta- and tetra-saccharide substrates,

AMCase has been shown to cleave disaccharide and tri-

saccharide units from the nonreducing end.13 This indi-

cates that a penta-saccharide substrate can productively

occupy subsites �3 to þ2, as well as subsites �2 to þ3.

Alpha- and b-chitopentose were modeled into

AMCase occupying subsites �3 through þ2, and eluci-

date the structural basis for a preference for the b-
anomer at the þ2 subsite. In the models, the fourth

and fifth N-acetylglucosamine (NAG) units of chito-

pentose pack between Trp-99 and Trp-218 (Fig. 6).

The substrate NAG in the þ2 position is packing

against Trp-218, and the þ1 position NAG packs

against Trp-99. This stacking presumably limits the

mobility of this part of the substrate. In this position,

the terminal hydroxyl of the alpha anomer makes an

unfavorable electrostatic interaction with the ANH of

the indole ring of Trp-218, whereas the equatorial

position of the terminal hydroxyl of the beta anomer

does not. On the basis of the models, the interaction

energy of b-chitopentose with AMCase is 2.95 kcal/

mol more favorable than that of the a-chitopentose.
This offer a structural basis for AMCase’s preference

for the b-anomer of chitopentose at the þ2 subsite.

The structural basis of a preference for the b-anomer

at the þ3 subsite is not clear from these structures,

however, given the presence of both a-and b-anomers

in both the 2-mer and 3-mer hydrolysis products,13 it

is possible that there is no additional preference at the

þ3 position.

Chitotetrose is cleaved exclusively into 2-mers,

positioning the terminal reducing-end NAG at the þ2

subsite, thus the above arguments are equally applica-

ble in the structural basis of the preference for the b-
anomer in chitotetrose.

Although there is no apparent reason for a prefer-

ence in anomer for a chitohexose bound at the �2 to

þ4 position, a hydrolysis and processivity event places

the reducing end at the þ2 subsite. As the b-anomer is

clearly preferred in that position, it is possible that

this drives the hydrolysis of b-anomers of chitohexose

and retards the hydrolysis of a-anomers of chitohex-

ose, translating into an apparent preference for the b-
anomer of chitohexose.

Labeling analysis
In an attempt to determine the role of the conserved

histidines found within the active site of AMCase,

labeling studies done with diethyl pyrocarbonate

(DEPC) were initiated. DEPC is shown to react in a

selective manner with histidines, but reactions with

other amino acids, such as tyrosine, are possible.14 Dif-

ference spectrum of 1 lM AMCase and AMCase treated

with DEPC show an increase in absorbance at 245 nm,

in accordance with labeling of histidines. A lack of a

decrease in absorbance at 278 nm demonstrates that

very few if any tyrosine are labeled. From this data, it

has been determined that �3 histidines are labeled.

The number of modified histidines is based on the

maximum absorbance of the difference spectrum at

245 nm using the extinction coefficient of 3200 M�1

cm�1 for a modified His.

Treatment of AMCase with varying amounts of

DEPC inactivated the enzyme, but complete loss of ac-

tivity was not achieved. This lowering of AMCase ac-

tivity without complete loss suggest that histidine is

not essential for activity, but may be required for opti-

mum activity at low pH. However, assays were done a

pH range of 5 to 6. AMCase activity has been demon-

strated at a pH of 3. Assays done at lower pH, such as

3, may give more insight into the function of the histi-

dine at lower pH. The pH dependence on DEPC inacti-

vation shows a pKa of 6.9, corresponding to an imidaz-

ole group of histidine. Kinetics analysis of AMCase

that was labeled with DEPC show a decrease in Vmax,

consistent with activity data, but no change in the Km

for the substrate, indicating that the observed lower

activity is not due to interference in substrate binding

(Table II). Together these enzymatic data support the

Table II. Effects of DEPC Labelinga

AMCase (un-labeled) DEPC labeled AMCase

Km 11.1 � 3.1 lM 12.2 � 2.2 lM
kcat 8.8 min�1 3.5 min�1

a Concentration of AMCase used in the assay was 2.25 nM.
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hypothesis that His-208 and His-269 are playing a

role in the activity of this enzyme.

Discussion

Comparison of AMCase and

chitotriosidase: pH optimum

Interestingly, although both AMCase and the other

human chitinase, chitotriosidase, are secreted en-

zymes, only AMCase is implicated in asthma. Among

the most notable differences between AMCase and

human chitotriosidase are three residue differences

near the active site. Two of these three residues, His-

208 and His-269, are conserved in AMCase genes

across species11 but are different in human chitotriosi-

dase, suggesting that they together have an important

structural role in AMCases. An a-carbon alignment of

other chitinase/allosamidin complex structures avail-

able in the PDB including Chitinase A from Serratia

marcescens (ChiA-PDBID 1FFQ), Chitinase B from S.

marcescens (ChiB-PDBID 1E6R), Chitinase 1 from

Coccidioides immitis (Chi1-PDBID 1LL4) and Hev-

amine from Hevea brasiliensis (Hev-PDBID 1LLO)

reveals that the interactions made by these three resi-

dues influencing the active site are not duplicated in

any of the other structures. One of these residues, His-

208, has previously been proposed to have a role in

determining the pH optimum of this enzyme.7 We

postulate that rather than this His alone, it is the three

together that are in position to address the structural

basis of AMCase’s low pH optimum as compared with

chitotriosidase. It is well established that the pKa val-

ues of active site residues can be modified by adjacent

residues. Two additional resides are observed to influ-

ence the active site’s key acidic residue system (the

Asp-138/Glu-140 system). His-208, His-269, and Arg-

145 all contact key conserved residues within the

active site and are in a position to change the pH

optimum of the enzyme by influencing the pKa of the

Asp-138/Glu-140 system.

In both apo and liganded structures, AMCase His-

208 is a hydrogen-bonding partner of the conserved

Asp-136 [Figs. 3(A) and 4], part of the DXXDXDXE

motif common to all chitinases. By contrast, human

chitotriosidase has an Asn at this position. ChiB and

Chi1 also have an Asn at the equivalent position

whereas ChiA has a Phe and Hev has a Trp. Mutation

of this His-208 to Asn in AMCase has been shown to

play an important role in the acidic pH optimum of

AMCase.7 These studies suggest that a protonated His

in this position contributes to the destabilization of

the Asp-136/Asp-138 H-bond, which must take place

to allow the binding of substrate. The destabilization

of this bond allows Asp-138 to shuttle back and forth

(rotating about the CaACb bond) between Asp-136 in

the unliganded enzyme and the catalytic Glu-140 when

methylallosamidin, and presumably substrate, is

bound. On the basis of the studies in ChiB,15 the pKa

of Asp-136 is extremely low, ensuring that Asp-138

carries the H as it swings from Asp-136 in the apo

protein to Asp-138 in the liganded structure. The pro-

tonated Glu-140 then participates in the cleavage at

the b(1,4) linkage between NAG sugars. In AMCase

His-208 is 2.8/2.9 Å from Asp-136 and is well within

H-bonding range. Although the position of chitotriosi-

dase’s Asn-208 is very similar, the respective H donor

and acceptor atoms slightly further apart 3.2/3.4 Å

apart. The other residues contacting Asp-136 are

essentially identical between AMCase and chitotriosi-

dase; H-bond donor groups from Tyr-27 and Thr-181

(Ser-181 in chito).

His-269 has not previously been remarked upon,

yet represents another key difference between

AMCase and chitotriosidase. His-269 is observed to

form a hydrogen-bond with Asp-213, a conserved and

essential residue in the active site [Figs. 3(A) and 4].

Asp-213 lies on the bottom of the active site and

coordinates the boat conformation of the substrate

sugar in the �1 subsite by accepting a hydrogen bond

from a hydroxyl of the substrate sugar in the �2 sub-

site, in preparation for hydrolysis. In studies in ChiB

it has been shown to play a role in increasing the

pKa values in the Asp-138/Glu-140 system.15 It the

ChiB system, Asp-215 (the equivalent to 213 in

AMCase) has a very low pKa in part due to its salt-

bridge with the Arg present in both the ChiB and chi-

totriosidase at the position equivalent to AMCase’s

269. ChiA and Chi1 also have an Arg at this position,

whereas in Hev the comparison can’t be make as this

section of the chain is very different. In AMCase we

see replacement of this Arg with His-269, with the

side chain N of His being positioned to H-bond with

Asp-213 as the Arg side chain guanidyl group does.

As a result of coordinating with a weaker base, the

pKa of Asp-213 is likely not as low. This, conse-

quently, would render Asp-213 less able to increase

the pKa of the Asp-138/Glu-140 system. The net

result of a lower pKa in the Asp-138/Glu-140 system

would be manifest as a lower pH optimum for activ-

ity. This amino acid change is likely to play a signifi-

cant role in this difference between AMCase and

other chitinases with pH optimums closer to neutral

pH. In an alignment of vertebrate chitotriosidase and

AMCase genes, His at this position tracks perfectly

with low-pH optimum enzymes.11

Another novel feature revealed by these struc-

tures is the packing of Arg-145 side chain against

Trp-99, one of the key aromatic residues coordinating

substrate binding. The charged Arg-145 side chain

forms H-bonds with the main chain carbonyls of Trp-

99 and Glu-140. Glu-140, Trp-99, and the neighbor-

ing Asn-100 in turn H-bond with methylallosamidin

(and by extension, the substrate) in five separate pla-

ces, transmitting the effects of Arg-145 [Fig. 3(B)].

Having a strongly basic residue influencing these

active site residues would have the effect of lowering
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the pKa of the Asp-138/Glu-140 system, again lower-

ing the optimal pH of the enzyme. By contrast, in

human chitotriosidase the Gln at this position is not

spatially within range to make these contacts; thus a

water molecule makes the equivalent interactions with

the exposed main chain atoms of these active site resi-

dues in that enzyme. The chitotriosidase gene of some

other species, however, also have an Arg at this posi-

tion.11 Thus, this residue most likely serves to modulate

the pKa of the Asp-138/Glu-140 system rather than

being the primary determinant responsible for the pH

optimum. ChiA, ChiB, Chi1, and Hev are all also

absent residues that makes H-bonds with the main

chain carbonyls of Trp-99 and Glu-140 in this way.

In conclusion, the structure determination of unli-

ganded and methylallosamidin-bound AMCase has

allowed further insights into the activity of this

enzyme. We have presented a detailed analysis of the

active site and comparison with the related enzyme

chitotriosidase, and have concluded that three second-

shell amino acid residues (His-208, His-269, and Arg-

145) modulate the highly conserved chitinase active

site, and establish the low pH optimum of this

enzyme. We have presented enzymatic data supporting

the hypothesis that these two histidines play a role

in the activity of this enzyme. Finally, we have eluci-

dated the structural basis for the observed preference

of the enzyme for the beta-anomer of the substrate,13

finding that the indole ring of Try-218 has an un-

favorable interaction with the terminal hydroxyl of

alpha-pentose, but not with the terminal hydroxyl of

beta-pentose. Together these findings elucidate the

complete mechanism of achieving specificity for low

pH while guarding an active site that is highly con-

served among all chitinases, and broaden our under-

standing of this enzyme. These structures will help

guide the future design of AMCase inhibitors for the

potential treatment of asthma.

Materials and Methods

AMCase human cloning

A nucleotide sequence encoding truncated human

AMCase, starting at amino acid #1 with the natural

leader sequence and ending at amino acid #408,

including a mutation at position 354 to replace a serine

by a phenylalanine (S354F) was cloned into pTMED

vector. A histidine tag is attached at the C-terminal

end to facilitate protein purification. The amino acid

sequence of the mature truncated human AMCase pro-

tein used for the crystallization corresponds to AMCase

amino acids 22-408, and is as follows:

The S354 mutated human AMCase was generated

because the cloned human cDNA had a serine residue

at position 354, which resulted in an N-linked glycosy-

lation site. In examining other cDNA encoding human

AMCase, it was discovered that position 354 is a poly-

morphism, and that a phenylalanine at that position is

at least as prevalent as the S. Therefore, when the

truncated form was made for crystallization, the serine

was changed to a phenylalanine at position 354 to

avoid an N-linked glycosylated protein.

CHO cell development

As described previously.13

Purification of AMCase

As previously described.13

Methylallosamidin production and isolation

A strain of streptomyces from the proprietary Wyeth

culture collection was grown in 10-L fermentation ves-

sels on a medium containing nutrasoy (12.5 g/L),
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dextrose (12.5 g/L), N-Z amine (12.5 g/L), NH4Cl (1.5

g/L), andCaCl2 (1.0 g/L) with the pH adjusted to 6.8,

to produce mainly methylallosamidin and other allosa-

midins16 at titers of �5 mg/L after 5 days. The titers of

the allosamidins and the progress of methylallosamidin

isolation and purification was followed by LCMS using

positive ion ms-peaks in the 609–637 range (details of

this method will be published elsewhere).

Because of the occurrence of methylallosamidin in

both the medium and pellet, the fermentation batch

was stored at 4�C for 3 to 5 days following fermenta-

tion. The mash was then centrifuged to remove the

pellet cell paste. The pH of the supernatant was subse-

quently adjusted to pH 9.2 using NH4OH and passed

over an open HP-20 column (4 � 36 cm) and the col-

umn was washed with 2 L of 0.01M NH4OH. A meth-

ylallosamidin-rich fraction was then eluted from the

column using 1 L of 0.01M CH3COOH solution con-

taining 20% methanol. This fraction was concentrated

under vacuum to remove methanol. The pH of the

concentrated fraction (�250 mL) was adjusted to pH

8 with NaOH and this was added to a prepared bulk

C18-silica-gel column (3 � 13 cm) and washed with

100 mL water. Absorbed methylallosamidin was then

eluted with 0.1% CH3COOH. Cuts of 40 mL fractions

were taken with the bulk of the methylallosamidin

eluting in fractions 5 and 6. These were pooled and

concentrated to ca. 5 mL and added to a prepared LH-

20 column (3 � 30 cm) packed in a methanol/water

50:50. The column was developed with the same sol-

vent system yielding methylallosamidin in fractions 7

and 8. Methanol was evaporated and the aqueous so-

lution was freeze-dried to yield 27.1 mg of a white,

fluffy powder, containing mostly methylallosamidin

(87% by LCMS).

Crystallization

Apo AMCase crystals were grown by hanging drop

vapor diffusion at 18�C in drops containing 1.0 lL pro-

tein stock solution (21 mg/mL protein, 25 mM TRIS

pH 7.5, 50 mM NaCl) mixed with 1.0 lL well solution

(15% PEG 3350, 120 mM ammonium sulfate, 60 mM

sodium acetate pH 4.6) and equilibrated against 0.5

mL well solution. Rectangular crystals grew in 1 week,

measuring �80 lm across.

AMCase/MALLO crystals were grown by hanging

drop vapor diffusion at 18�C in drops containing 0.2

lL protein stock solution (21 mg/mL protein, 25 mM

TRIS pH 7.5, 50 mM NaCl, 1 mM methylallosamidin

from a 10 mg/mL solution in PBS) mixed with 0.2 lL
well solution (20% PEG 3350, 200 mM ammonium

formate) and equilibrated against 0.2 mL well

solution. Slate-like crystals grew in 1 week, measuring

�80 lm across.

Data collection and processing
Apo AMCase crystals belong to the space group P21
with unit cell parameters a ¼ 69.94 Å, b ¼ 92.36 Å, c

¼ 111.67 Å, a ¼ c ¼ 90�, b ¼ 95.92�, and contain four

molecules of AMCase in the asymmetric unit, implying

a solvent content of 39.5%. Crystals were drawn

through a solution of 25% glycerol and 75% well solu-

tion, and cooled rapidly in liquid nitrogen. Diffraction

data were recorded at ALS beamline 5.0.1 on a q-210

ccd camera. Intensities were integrated and scaled

using the programs Denzo and Scalepack.17

AMCase/MALLO co-crystals belong to the space

group P212121 with unit cell parameters a ¼ 63.69 Å, b

¼ 89.29 Å, c ¼ 126.69 Å, and a ¼ b ¼ c ¼ 90�, and
contain two molecules of AMCase in the asymmetric

unit, implying a solvent content of 39.5%. Crystals

were drawn through a solution of 25% glycerol and

75% well solution, and cooled rapidly in liquid nitro-

gen. Diffraction data were recorded at ALS beamline

5.0.1 on a q-210 ccd camera. Intensities were inte-

grated and scaled using the programs Denzo and

Scalepack.17

Phasing, model building, and refinement

The apo structure was determined by molecular

replacement using the protein model of the human

chitotriosidase8 (PDBID 1GUV, 55% sequence identity)

as the search model. After several iterative cycles of

refinement using CNX18 and Refmac5,19 and model

improvement in Coot,20 final Rwork and Rfree values of

19.71% and 22.84% were obtained (Table I). The

AMCase/MALLO co-structure was determined by the

same procedure using the apo protein as a starting

molecular replacement model, and obtaining final

Rwork and Rfree values of 17.48% and 19.39% for

AMCase/MALLO.

Molecular modeling

Models of a-and b-chitopentose bound to AMCase,

respectively, were generated using the docking pro-

gram Glide and the MacroModel eMBrAcE minimiza-

tion procedure in Maestro (Schrodinger, New York,

NY, 2007). In a first step, one NAG unit was docked

into the active site of the AMCase þ MALLO protein

structure using GlideSP version 4.5. Next, the struc-

ture of Chitinase B with a pentamer bound12 (PDBID

¼ 1E6N) was superimposed onto the AMCase þ
MALLO protein structure by aligning the sequences in

Maestro. The þ2 and þ1 NAG units were built into

the AMCase structure based on their positions in the

Chitinase B structure and the �1 and �2 NAG units

were added based on their position in the allosamidin

bound to AMCase. Beta-chitopentose with central

NAG unit in a boat-like conformation mimicking the

transition state12 was then minimized using eMBrAcE

with the OPLS force field21 and implicit water sol-

vent.22 More specifically, the substrate and all residues

with an atom within 3 Å of the ligand were subject to

up to 1000 steps of full minimization, the next shell of

residues within 5 Å of the ligand was subject to
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harmonic constraints during the minimization, and a

second shell of residues within 7 Å were fixed.

Labeling with diethyl pyrocarbonate

difference spectrum
A large excess of DEPC, 200 lM, was added to 1 lM
AMCase and allowed to incubate for 10 to 15 min in a

citric acid/phosphate buffer pH 6.9. The spectrum of

unlabeled AMCase was compared with spectrum of la-

beled AMCase. A spectral change at 278 nm represents

modifications of tyrosines whereas a spectral change at

242 nm represents modified histidines. Modified His

has extinction coefficient of 3.2 � 103 M�1 cm�1. The

change in absorbance at 242 nm is 0.059 AU, corre-

sponding to 18 lM His labeled.

Enzyme assays
Assays were done with 3 nM enzyme in Assay Buffer

(35 mM Citrate, 128 mM sodium Phosphate pH 6.0,

0.005% Brij-35) in a volume of 40 lL. Results were

read on Tecan Safire on kinetics mode with Ex wave-

length of 319 nm and Em wavelength of 441 nm. Rates

were determined from the first several minutes of the

linear part of the curve.

Inactivation activity analysis
The activity of AMCase was determined after incuba-

tion with varying amounts of DEPC (0 to 1000 lM).

Inactivation was done at pH 6.9 with 0.75 lM AMCase

in which the reaction was quenched by dilution

(1:200) in buffer pH 6.0. Activity was measured with

30 lM substrate and change in activity (Ao/A) was

plotted against ratio of DEPC to AMCase ([DEPC]/

[AMCase]). Reaction time was 5 and 15 min. This

shows that there is a 40% loss in AMCase activity after

15 min even at 1000 lM DEPC.

pH of inactivation
This was done to confirm that the loss in activity seen

was due to labeling of His. The pKa of the imidazole of

His is 6.9, therefore the pH dependence of inactivation

should mirror the pKa of His. The inactivation assay

was done with 0.75 lM AMCase and 200 lM DEPC at

varying pH from 5.7 to 7.8 and quenched at different

times from 0 to 15 min in assay buffer pH 6.0. The

rate of inactivation at each pH was determined and fit

to the pH dependence equation [v ¼ Vmax/(1 þ
10^(pKa�pH))].

The pKa determined was 6.9 � 0.1, which corre-

sponds to a His.

Effect of DEPC labeling on the

kinetics of AMCase
The kinetic constants of the di-sugar substrate were

determined for labeled and non-labeled AMCase. This

will show what effect the labeling of AMCase has on

the enzyme. In this labeling reaction 10 lM DEPC was

used with 0.75 lM AMCase. The reaction was

quenched by dilution and the kinetics was determined.

Resulting data was plotted in a double-reciprocal plot

and shows that there is an effect seen on Vmax but not

on Km. The values are for control (Vmax ¼ 380 � 38

RFU/min with a Km ¼ 11.1 � 3.1 lM) while the labeled

AMCase (Vmax ¼ 153 � 11 RFU/min with a Km ¼ 12.2

� 2.2 lM). This represents a loss in activity of �59%.

pH rate profile: labeled versus
unlabeled AMCase

The pH dependence of the kinetic parameters was

determined for the labeled and non-labeled AMCase.

The samples were treated the same with the exception

of the addition of 250 lM DEPC in the inactivation

assay. The inactivation assay was performed at pH 6.9

and then quenched by dilution into buffer at varying

pH (pH 2.8 to 7.3). The steady state kinetic parame-

ters were then determined at each pH and the log

Vmax and log V/K were plotted against pH. There was

no significant difference observer in the pK values for

the labeled and un-labeled AMCace. The log (Vmax)

versus pH did show the loss in activity in AMCase

when the enzyme is labeled. Detailed kinetic analysis

will have to be done to determine the mechanism

behind the loss in activity when AMCase is labeled.

Data Deposition

The atomic coordinates have been deposited in the

Protein Data Bank, Research Collaboratory for Struc-

tural Bioinformatics, Rutgers University, New Bruns-

wick, New Jersey (3FXY and 3FY1).
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