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Abstract

Endog-N-acetylglucosaminidase H hydrolyzes tBe(1-4)-glycosidic link of the N,N'-diacetylchitobiose core of
high-mannose and hybrid asparagine-linked oligosaccharides. Seven mutants of the active site residues, Asp130 and
Glul32, have been prepared, assayed, and crystallized. They include single site mutants of each residue to the corre-
sponding amide, to Ala and to the alternate acidic residue, and to the double amide mutant. The mutants of Asp130 are
more active than the corresponding Glu132 mutants, consistent with the assignment of the latter residue as the primary
catalytic residue. The amide mutants are more active than the alternate acidic residue mutants, which in turn are more
active than the Ala mutants. The structures of the Asn mutant of Asp130 and the double mutant are very similar to that
of the wild-type enzyme. Several residues surrounding the mutated residues, including some that form part of the core
of the B-barrel and especially Tyr168 and Tyr244, adopt a very different conformation in the structures of the other two
mutants of Asp130 and in the Asp mutant of Glu132. The results show that the residues in the upper lay@-bafitsle

can organize into two very distinct packing arrangements that depend on subtle electrostatic and steric differences and
that greatly affect the geometry of the substrate-binding cleft. Consequently, the relative activities of several of the
mutants are defined by structural changes, leading to impaired substrate binding, in addition to changes in functionality.

Keywords: B-barrel; endoglycosidase; glycohydrolase; site-directed mutagenesis

Endo3-N-acetylglucosaminidase FEndo H) is a 28.8 kDa gly-  of family 18 of the glycohydrolasegHenrissat, 1991; Davies &
cohydrolasg Tarentino et al., 1974; Trimble & Maley, 1984e-  Henrissat, 1995; Henrissat & Davies, 199Dther members of
creted byStreptomyces plicatuJarentino & Maley, 1974 thatis  this family include chitinases from various origins. All enzymes of
widely used as a biochemical tool for the characterization andamily 18 have similan 8/a)g-barrel folds in which the catalytic
functional analysis of oligosaccharides and glycoprotéifemen-  residues are located at the carboxyl enggestrand 4 and act with
tino & Plummer, 1994; Maley et al., 1989; O’Neill, 1996The retention of configuration. Unlike the chitinases, which all process
enzyme hydrolyzes the centr@i-(1-4) bond of the N,N'- chitin, a linear chain of3(1-4)-linked GIcNAc residues, the en-
diacetylchitobiose core, GIcNAB{1-4)GIcNAc, of asparagine- doglycosidases process branched oligosaccharides and have spec-
linked oligosaccharides, leaving one N-acetylglucosarf@ieNAc) ificities for distinct forms of asparagine-linked oligosaccharides.
attached to the protein while the other forms the reducing end oEndo H and Endo fonly process high-mannose oligosaccharides,
the released oligosaccharide. Endo H and three related endoglyequiring the following minimum substrate for activity: Man
cosidases secreted Bjavobacterium meningosepticyiando F, (1-3 Mana(1-6[Mana(1-3 |ManB(1-4) GIcNAcB(1-4) GIcNAc-
Endo R, and Endo E(Tarentino et al., 1992, 1993are members Asn (Trimble & Maley, 1984. In contrast, Endo fand Endo k&
preferentially process biantennary and triantennary complex oli-
gosaccharide§Tarentino & Plummer, 1994
Reprint requests to: Patrick Van Roey, Wadsworth Center, Empire State As part of our studies of the mechanism of action and the
Plaza, P.O. Box 509, Albany, New York 12201-0509; e-mail: vanroey@ Substrate specificities of these enzymes, the three-dimensional struc-
wadsworth.org. tures of Endo H and Endo,Rvere previously reporte@Van Roey
Abbreviations:Endo, endg3-N-acetylglucosaminidase; FPLC, fast pro- gt al., 1994; Rao et al., 1995The structures of the two enzymes

tein liquid chromatography; GlcNAc, N-acetylglucosamine; HEWL, hen . . e
egg white lysozyme; HPLC, high-performance liquid chromatography: Man &€ Very similar and show the following characteristicg:laairpin

mannose; MBP, maltose binding protein; PEG, polyethylene glycol; wT,in the loop ofg-strand/loop/a-helix unit 2 that includes several
wild-type. highly conserved polar residues; absencerdfelices in units 5
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and 6; and, a shallow, curved cleft that runs from the loop 2 regionTable 1. Relative activity of Endo H mutants at pH 5.5
to the area of units 5 and 6, across the carboxyterminal surface of

the B-barrel. The loop 2 area was proposed to be the primary RNase B gel shift HPLC assay
substrate recognition site, on the basis of the structural and fun(:'\-/mt‘r’mt % wt activity % wt activity
tional similarity of this area in the two enzymes. This was further 5,39y 1.95 3.14
confirmed by the structure of hevamine, a family 18 chitinase, inp130g 0.1 0.21
complex with N, N’, N"-triacetylchitotriose, in which the central p130A 0.1 0.04
GIcNAc was located in contact with g-hairpin loop in unit 2 E132Q <0.05 0.05
(Terwisscha van Scheltinga et al., 1994 E132D 0.05 0.03
Schmidt and Lad1994, on the basis of site-directed mutagen- E132A Nondetectable Nondetectable
esis experiments in which every acidic residue of Endo H wadP130NE132Q Nondetectable Nondetectable

converted to the corresponding amide, identified Asp130 and Glu132
as the putative catalytic residues. They proposed a catalytic mech-
anism, analogous to that of hen egg white lysozyH&WL), in
which Glu132 would function as the general gqidbton donor

and Aspl30 as the oxocarbenium ion intermediate stabjlizer - . .
. . . 1994). The activity levels obtained from both assays are very sim-
nucleophile. McCarter and Withek4994 have determined that : L : -
ilar, confirming that the MBP component of the fusion protein does

suc_h a mechanism requires relative locations .Of th_e two ac'd'&gt affect the activity. The activity levels of the D130N and E132Q
residues at average carboxylate oxygen separation distances of 5.

and 9.5 A, depending on whether the glycohydrolase functions bﬂgglgti;;engegyl;Tli;;%tfcgae reported by Schmidt and Lad

an inverting or retaining mechanism. However, the crystal struc- All mutants of Asp130 are more active than the corresponding
f E H E . . .
tures of Endo H and Endo,Showed that Asp130 and Glu132 are Glul32 mutants. This confirms that the Glu plays a more impor-

in hydrogen-bonding contact with one another, at an average cal-

. . ant role in the mechanism of action than the Asp. D130N is much
boxylate oxygen separation distance of 4.2 for Endo H and 3.8 A .
. S more active than all other mutants. The results of the HPLC assays,
for Endo R. On the basis of the structure of hevamine in complex

with allosamidin(Terwisscha van Scheltinga et al., 1998 tran- which are more accurate than the gel shift assays, suggest a slightly

L S L . 8reater activity for the amide mutants compared to the alternate
sition state analogue inhibitor of chitinases, it has been proposed ;. . L .
cidic residue mutants, which in turn appear to be more active than

that the family 18 glycohydrolases function via a substrate-assiste S - .
. : . - . . e Ala mutants. This is surprising because, on the basis of the
mechanism, involving only one acid residi@rwisscha van Schel- . o . )
chemical nature of the substitutions alone, the alternate acid resi-

tinga et al., 1996; Tews et al., 1997n this mechanism, G|U132. due mutants might have been expected to be more active than the
acts as the proton donor, and the N-acetyl group of the Ieavm%lmide and Ala mutants

GIcNAc acts as the nucleophile. Asp130 would stabilize the pos- Our attempts to measure enzyme kinetic data for Endo H and

itive charge on the nitrogen of the N-acetyl group in the transition . N
; . - related enzymes have failed, apparently due to product inhibition.
state intermediate. As part of our efforts at determining the respec- . P ) .
vidence for product inhibition has been obtained from competi-
i

tive role of the two residues, we prepared additional mutants of; L o | )
the two acidic residues and determined their crystal structures. The'© binding assays and by cocrystallization of En h oli-

activities of the mutants are consistent with Glu132 playing thegosaccharldes under conditions that include very low excess

role of the acid in a substrate assisted hydrolysis mechanism b&oncentratlons of the oligosaccharil¥addling & Van Roey, un-

. . . . gubl. obs). In the absence of enzyme kinetics results, which can
are affected in several cases by conformational changes in residugs

. i . . - Separate enzymatic activity from substrate binding, determination
In the upper layers of thg-barrel that impair substrate binding. of the three-dimensional structures was required to correlate these

variations in activity with possible conformational effects of the
Results mutations.

Relative enzymatic activities of Endo H mutants

Mutants of Endo H were prepared by site-directed mutagenesigryStamzat'on and structure determination

and expressed using the pMAL fusion protein syst&iggs, 1994. The crystallization conditions and cell parameters are listed in
Seven mutants of the two putative catalytic residues were preTable 2. Only D130N crystallized under the same conditions and in
pared. Asp130 was replaced by Asn, Ala, and Glu, generating ththe same space group and unit cell, as the WT enzyme. In this
D130N, D130A, and D130E variants, respectively. Similarly, Glu132crystal form, Glul32 is involved in a crystal packing contact,
was replaced by GIn, Ala, and Asp, resulting in the mutants E132Qgonsisting of a water-bridged contact with Glu135 of a symmetry-
E132A, and E132D, respectively. In addition, both acidic residuegelated molecule. Mutations of this residue destabilize this crystal
were replaced by their amide analogs in a double mutant DA30Npacking, leading to inability to crystallize in this crystal form. Two
E132Q. Table 1 lists the relative enzymatic activity of each of theof the Asp130 mutants, D130A and D130E, also did not crystallize
mutants compared to that of the wild-type enzytWeT ). Gel shift  in the WT form, despite a lack of changes in residues that are
assays, measuring the deglycosylation rate of RNase B under ifrvolved in intermolecular contacts. All crystallization solutions
creasing concentrations of the enzyme, were performed with thenclude polyethylene glycdlPEGQ as the precipitant, but differ in
purified fusion proteins prior to processing with Factor Xa. The the size and concentration of the PEG and in the presence or type
HPLC assays for the fully processed and purified enzymes weref buffers and other additives. E132Q crystallized in space group
performed according to published procedures, using dansylatedll with two molecules in the asymmetric unit. In total, four dif-
Asn{GIcNAc),-(Man)s_g as the substrat€Tarentino & Plummer, ferent crystal forms have been obtained. The crystal structures of
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Table 2. Crystallization conditions for the seven mutants of Endo H

V. Rao et al.

Mutant Crystal form Unit cell Drop Reservoir

D130N Tetragonal | P£2,2 4 ulL protein 100 mM cacodylate, pH 6.5
a=b=840A 3 ul buffer 200 mM Zr(Ac),
c=882A 1ul 20 mM OBG 17% PEG8000

4 ul water

D130E Monoclinic P2
a=442Ab=552A  2ul protein 100 mM cacodylate, pH 6.1
c=462A,8=1038 2 pul buffer 30% PEG1000

D130A Tetragonal Il P42 2 uL protein + chitobiose(50%) 100 mM cacodylate, pH 6.5
a=b=614A 100 mM ZrAc),
c=1409 A 2 ulL buffer 25% PEG1000

E132Q Triclinic P1 4ul protein 100 mM cacodylate, pH 6.5
a=479A b=543A  3uL buffer 100 mM Zn(Ac),
c=476A 1ul 20 mM OBG 19% PEG1000
a = 89.7, B =109.2 4 pl water
y =84

E132D Tetragonal Il P£2,2 2 uL protein + chitobiose(50%) 100 mM cacodylate, pH 6.5
a=b=614A 100 mM ZrAc),
c=1403 A 2 ulL buffer 15% PEG1000

E132A Monoclinic P2 3 ulL protein 24% PEG1500
a=442A b=555A  4ulL buffer
c=46.8A,8=104.7

D130N/E132Q Monoclinic P2 3 ulL protein 34% PEG1500
a=443Ab=555A  6uL buffer

c=46.7A,8=1045

aBuffer refers to the reservoir solution. Chitobiod#0X) refers to the addition of solidN,N’-diacetylchitobiose to the protein
solution to a concentration that is approximately 50 times that of the protein.

the new tetragonal form and the monoclinic and triclinic forms Figure 1A shows the fold of Endo H, @a)g-barrel with the

were determined by molecular replacement methods. All structuresatalytic residue, Glul32, at the carboxy terminal end of
were refined to 2.1 or 2.0 A resolution. The data collection andg-strand 4. Figure 1B shows the superposition of the mutant struc-
refinement statistics are listed in Table 3. tures onto the WT structure by least-squares fitting of the main-

Table 3. Data collection and refinement statistics

D130N D130E D130A E132Q E132D E132A D13pR132Q

Resolution A 2.1 2.0 2.0 2.1 2.1 2.1 2.1
Completeness % 95.35 96.10 98.8 91.0 87.6 93.34 96.52
Completeness %dast shell 74.4 92.7 96.2 88.0 83.0 90.2 92.3
Redundancy 6.60 3.09 3.11 3.00 1.89 3.84 3.15
Rsym 0.052 0.080 0.061 0.076 0.066 0.051 0.093
(F¥o(F?)) last shell 3.22 2.38 4.29 5.64 7.09 3.57 4.48
R 0.218 0.197 0.209 0.212 0.215 0.218 0.205
Water molecules 255 152 288 319 203 156 125
Bave

Main chain(A?) 25.15 14.92 16.78 15.91 20.38 25.66 17.27

Side chain(A?) 27.07 16.23 18.23 17.16 22.19 26.70 18.31

Water (A?) 41.93 22.68 33.03 23.45 34.84 35.58 26.34
RMSD bond lengthA) 0.011 0.012 0.010 0.013 0.011 0.012 0.013

Bond angle(deg 1.613 1.725 1.586 1.655 1.609 1.682 1.685

Dihedral (deg 25.14 25.42 24.88 25.18 24.98 25.69 25.73

Impropers(deg 141 1.58 141 151 1.36 1.52 1.46
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conformation of loop 4 does not significantly alter the position of
the side chain of Glu132 relative to other active site residues but is
correlated with a smaller and a larger change in the side-chain
conformations of Tyr133 and His94, respectively. Because these
two residues are at the edge of the substrate binding cleft, the
flexibility of the loops may be of importance for substrate binding.

Active site conformation

Figure 2 compares the conformations of all residues in the active
site area, including the mutated residues, the upper layer of the
B-barrel, and the surrounding residues that form the walls of the
cleft above the barrel. The side-chain dihedral angles of the resi-
dues that show the largest variation in their conformation are listed
in Table 4. The geometry of residue 130, which is confined within
the upper level of the barrel, is not affected by mutation to Asn or
by any mutation of residue 132. The carboxylate group of Glu130,
in D130E, extends slightly above the upper layer of the barrel and
swings away from Glul132 to form a hydrogen bond witly 6f
Ser89. Residue 132, as a Glu or GIn, adopts two distinct confor-
mations. The conformation seen in the WT enzyme and mutants
D130N, E132Q, and D130NE132Q allows a weak hydrogen bond-
ing interaction with the side chain of 130, with a distance of 2.9 to
3.4 A. In the mutants D130A and D130E, the Glu132 side chain
lacks its hydrogen-bonding partner and is rotated away. As an Asp,
in E132D, residue 132 also rotates away from Asp130.

Asp130 and Glu132 are surrounded in the substrate binding cleft
by several aromatic residues, Tyrl4, Phe44, Tyrl33, Tyrl68, Tyrl96,
and Tyr244. The side chains of several of these residues adopt
different conformations in the structures of the mutants, resulting
in two distinct active site geometries. In the first, which is seen in
the WT structure and mutants D130N, E132A, and D130N
E132Q, the plane of the phenyl ring of Tyrl68 is parallel to the
Fig. 1. A: Ribbon diagram of the structure of Endo H with the catalytic plane of the barrel and that of Tyr244 is perpendicular, with its

residue Glu132 shown. The location of the amino- and carboxy-termini and!Ydroxyl group pointing upward. In the second geometry, seen in
several residues on loops are shown to assist in orient&ioBuperposi- ~D130E, D130A, and E132D, Tyr244 is parallel to the barrel sur-

tion of the a-carbon tracings of the nine molecules of Endo H and its face while Tyr168 is perpendicular, and it hydroxyl group points
mutants. Figures 1, 2, and 3 were prepared with MOLSCRIPT, VerSiorUpward out of the cleft. The two remaining molecules, the two
2.1.2.(Kraulis, 199]. independent observations of E132Q, adopt a conformation that is
intermediate between the two groups. Both molecules have Tyr244
in the WT conformation. The plane of the phenyl ring of Tyr168 is
chain atoms. The fit results in root-mean-square deviati@MSD9 perpendicular to the barrel plane in both molecules, as in the
in the range of 0.34 to 0.62 A, with the smallest ones observed fostructures of the second class, but its hydroxyl group points into
D130N and E132Q and the largest one for D130E. As anticipatedthe cleft in molecule E132Qa and out of the cleft in molecule
all the larger differences between the structures are found in th&132Qb.
amino- and carboxy-termini and in loops on the surface of the Two other residues that are part of the binding cleft, Glu16 and
molecules and result from differences in the crystal packing.  Leu91, adopt different conformations in the nine molecules. How-
Two loops adjacent to the substrate-binding cleft, those follow-ever, the variation in the conformations of these two residues can-
ing B-strands 3 and 4, undergo significant changes in conformatiomot be correlated directly with electrostatic or steric hindrance
as a result of differences in the crystal packing. In the WT form,effects of the mutations. These residues are located in a more
these loops are involved in intermolecular interactions. The mosexposed area of the substrate binding cleft. Consequently, their
specific contacts are a salt bridge between Hig@bp 3 and conformations are determined by a combination of effects related
Glu217 of a symmetry-related molecule and an indirect contactto the mutations and to crystal packing effects, such as the change
bridged by a water molecule or a metal ion, between the catalytién the loop 3 conformation.
residue Glul32loop 4) and Glul35 of a symmetry-related mol-
ecule. In the other crystal forms, intermolecular contacts in thisDiscussion
area are limited to weak, less specific contacts of loop 3 residues
in the monoclinic and triclinic forms. Main-chain atoms of resi-
dues 92 to 98 and 132 to 143 are displaced by up to 2 A. Mos
noteworthy are the 18(lips of the peptide links between Ser93 The (B/a)g-barrel proteins represent one of the most commonly
and His94 and between Glul32 and Tyrl33. The change in thebserved folds, and the geometry of tBebarrel has been re-

Farrel packing
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E132A E132Qa E132Qb

Fig. 2. Conformations of the active site residues and the top layer of the barrel in the nine molecules of Endo H and the mutants. The
mutated residues 130 and 132 are colored pink. The aromatic residues surrounding the active site are colored green. Three additional
residues in the substrate binding cleft are colored blue. Residues, in clockwise order from the top center of the figure, are: Glul7, Tyrl4,
Tyr244, Tyr196, Tyrl68, Slu132, Asp130, Tyrl33, Leu9l, Ser89, and Phe44.

viewed extensively(Farber & Petsko, 1990; Lesk et al., 1989; arranged in a regular pattern or include smaller residues that re-
Raine et al., 1994; Sergeev & Lee, 199%he barrel is composed duce the packing density.

of eight parallel3-strands connected by a tight hydrogen-bonding Endo H has four layers of regularly packed side chains and two
network. Every other residue on a strand extends its side chain intadditional irregular layers, one below and one above the barrel, as
the core of the barrel. These core residues tend to be large, hydrshown in Table 5. Pro194 and Pro213 introduce kinkg-strands
phobic residues and are arranged in layers, with each layer cor& and 7, respectively, disrupting the regular alternating residue
taining four residues from alternating-strands. At least three pattern of these strands, but not the packing. Residue 130 is located
layers are ordered in a sufficiently regular manner to define then the upper barrel layer, and its carboxylate group forms part of
core of the barrel. Additional residues at either end ofgfstrands  the bottom of the substrate binding cleft. It is therefore not sur-
frequently extend the height of the barrel but are not necessarilprising that mutations that affect the size of this residue allow
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Table 4. Side-chain conformations of residues in the substrate binding cleft and upper layer @ftueel

Residue WT D130N D130A D130E E132Qa E132Qb E132A E132D DY8E182Q
Asp130

x1 —172.8 —169.5 — —69.6 —171.0 —174.2 —167.2 178.9 —173.9

X2 -5.3 19.6 — -177.1 -10.5 -21.4 —13.6 =79 -3.8
Glul32

x1 —115.0 —-95.5 —166.3 —165.4 —67.8 —80.2 — —137.4 —55.7

X2 —163.0 —163.3 172.2 1705 —174.2 —169.1 — 169.0 —159.3

x3 110.3 —64.6 —163.5 —166.4 93.5 108.7 — — —104.9
Phel4

x1 —86.8 —83.1 —92.8 —90.9 —86.1 —-90.5 —88.2 —90.9 —86.9

X2 —114.5 —109.4 —120.9 —-111.2 —113.6 —70.4 —111.3 —123.2 —-122.4
Tyrd4

x1 —165.1 179.3  —1655 1780 -—-172.1 —-174.1 —158.0 —163.8 —166.9

X2 78.5 91.7 80.9 88.8 95.1 84.5 70.7 77.6 97.7
Tyrl33

x1 -37.1 —49.4 —49.7 —46.2 —55.0 -52.4 —44.8 —47.2 —41.0

X2 133.7 129.9 121.6 124.9 126.2 117.9 130.2 130.8 140.1
Tyrl68

x1 —101.5 —125.3 177.8 1725 —136.3 175.1 —90.9 171.6 —98.0

X2 —69.7 —58.0 76.6 87.0 —120.8 77.2 —80.9 —94.2 —89.0
Tyrl96

x1 —50.6 —52.7 —38.6 —40.3 —53.3 —52.9 —48.4 —39.9 —52.8

X2 106.2 115.0 —27.2 158.1 119.8 106.7 1256 —30.5 130.0
Tyr244

x1 171.2 172.8 —67.6 —-67.5 164.5 152.3 162.8 —69.2 167.2

X2 73.8 81.6 96.5 97.1 87.6 91.5 81.6 94.5 85.0
Glul6

x1 —59.0 —66.9 —-67.1 —63.5 —76.7 —75.4 —157.9 —67.2 -62.4

X2 —140.5 —168.3 1734  —-1755 —87.9 —98.5 70.7 162.0 —118.9

x3 -117.7 313 9.3 -75.1 175.8 172.0 57.5 6.5 20.1
Leu9l

x1 76.0 56.0 —173.6 —113.6 80.2 80.2 —122.8 178.3 —105.3

X2 176.4 100.8 725 —170.5 162.5 167.2 —168.8 76.0 174.4

packing of this layer in a different conformation. Interestingly, the upper layer of the barrel is most dense. Consequently, this
lengthening and shortening the side chain of residue 130 havsubstitution reduces the steric constraints within the layer in a
identical effects. Although Glu is a larger residue than Asp, it issimilar fashion as the Asp to Ala mutation, resulting in similar

less bulky around €, which is at the level where the packing in packing. Glu130 does form an additional hydrogen-bonding con-

Table 5. Residues in the core layers of tgebarrel of Endo H'

Strand
Layer 1 2 3 4 5 6 7 8
5 Glul6 Leu9l Glu217
4 Phe44 Aspl30 Tyrl96 Tyr244
3 Tyrl4 Ser89 Tyrl68 Ala215
2 Val42 Aspl28 Trpl92 Leu242
1 Vall2 Leu87 Serl66 Ser212
0 Val40 Gly126 Tyr190 Val240

aLayers 1-4 are have regular packing, while layers 0 and 5 are more irregular or incomplete.
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tact with Ser89; however, this contact is made above the upper Despite the flexibility of Tyrl68, it is very unlikely that the
layer of the barrel. It is more difficult to explain why a Glu to Asp folded protein can exchange between the two conformations ob-
mutation at residue 132 would have a similar effect on the barreserved for the other residues. Transformations in the conformations
packing as the changes in the size of residue 130. Glu132 is thef Tyr196 and Tyr244 require movement by several other residues,
first residue of loop 4 and extends into the binding cleft from theespecially, Tyr44, Glul6, and Glu217. Therefore, the observed
side wall. It does not interact with any residue in the upper layerconformations are most likely defined during protein folding.
of the barrel, other than the weak hydrogen bond with Asp130 in
the WT enzyme or with Asn130 in D130N. . .
. . . .. Structure—activity correlation

The residues that undergo major changes in conformation in-
clude one residue from the second layer, Tyr168. The remaining he rearrangement of the residues in the base of the substrate
residues in the lower layers of the barrel are unchanged, excefinding cleft greatly alters the surface geometry within the cleft
for Trp192, which is one layer below but close to Tyrl68 and and changes the position and orientation of tyrosine rings and their
which differs by rotation of about Tbetween the two packing hydroxyl groups, which are contact points for substrate binding
arrangements. through hydrophobic interactions and hydrogen bonding, respec-

These results suggest that a slight reduction in the packing deriively. The differences in the geometry of the binding clefts of the
sity in the upper layer of th@-barrel of Endo H allows the resi- WT enzyme and the D130E mutant are shown in Figure 3. The
dues in this layer to pack in a different manner, largely independentleft in the WT conformation is deeper in the areas of residues
from changes in the conformations of the residues in the othePhe44 and Tyr168. In the conformation of D130E, the hydroxyl
layers. Both packing arrangements are probably very similar irgroup of Tyr244 is unavailable for hydrogen bonding with the
energy, in view of the fact that the E132D mutant has the conforsubstrate, while that of Tyr196 is displaced by more than 1.0 A.
mation of the D130A and D130E mutants and that Tyr168, but nofTherefore, it is unlikely that the substrate can bind efficiently in the
Tyr244, is observed in the mutant conformation in E132Q. Inbinding cleft of the mutants with alternate packing arrangement.
addition, no evidence of cavities, strain in the main-chain confor- The variation in the activities of the three mutants of Asp130 can
mation, or loss of hydrogen bonding contacts is observed. Tyr16®&e correlated with the effects of the mutations on the conformation
and Tyr196, although very different in conformation, are in hy- of the surrounding residues. D130N has the highest activity of all
drogen bonding contact in both packing arrangements. mutants. This mutation does not affect the protein conformation,

Comparison with the packing of the equivalent residues in Endamaintains a polar residue at this position but removes the negative
F1 (Van Roey et al., 1994 the closest analog to Endo H, shows charge. The activity of this mutant is significantly higher than that
that Tyrl71 and Tyrl99, the equivalents of Tyr168 and Tyr196,of the Asn mutant of HEWL Asp52Matsumura & Kirsch, 1996
respectively, are not exactly in the same location. Both residues arthe nucleophilgoxocarbenium-stabilizing residue. This high ac-
displaced by about 1.00 A, with Tyr171 closer to the conformationtivity of D130N indicates that Asp130 of Endo H plays a lesser
observed for Tyr168 in D130E than to the WT conformation. Onrole than Asp52 of HEWL. This evidence, combined with the
the other hand, Phe249, the equivalent of Tyr244 is in the WTsimilarity of the Endo H active site to that of hevamine rather than
conformation. This, together with the conformations of Tyrl68to that of HEWL, suggest that Endo H functions by the substrate
observed in the E132Q mutant structures, suggests that Tyr168 &ssisted hydrolysis mechanism. In this mechanism, Asp130 does
indeed more flexible, and it is possible that the alternate confornot take a direct role in the mechanism, but stabilizes the inter-
mation of this residue is the one most suitable for substrate bindingnediate through interaction with a positively charge nitrogen. Ac-

Fig. 3. Space-filling model of the active site area of Endo H in the WT form and in the D130E mutant. Residue colors: Phe44, green;
Tyrl4, purple; Tyr244, light blue; Tyr196, orange; Tyrl68, yellow; Glu132, beige; Tyrl33, violet.
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tivity levels of D130E and D130A are affected by the conformational Rigaku RU-200 rotating anode source equipped with WMgle
changes that interfere with substrate binding and likely lower tharmirror optics. All the crystals were flashcooled in the cold nitrogen
they would be in absence of this conformational change. gas stream of a liquid nitrogen low-temperature devi#sC) to

Likewise, the low activity of the E132D mutant is, in part, approximately—150°C immediately after addition of 5 to 106L
caused by the altered substrate-binding surface, while inactivity obf cryoprotectant to the crystallization drop. Twenty percent glyc-
the E132A mutant is a purely catalytic effect. Although Tyr168 erol or 30% PEG1500 was used as the cryoprotectant for the
adopts two non-WT conformations in the two structures of theD130N, E132A, E132Q, and D130®132Q mutants, and the crys-
E132Q mutant, all other residues in the substrate binding cleftallization buffer supplemented with 20% PEG1000 was used for
are in the WT conformation, suggesting that this conformation isthe D130A and E132D mutants. No additional cryoprotectant was
equally accessible, and the low activity is consistent with catalyticused for the D130E mutant because the crystallization buffer al-
effects only. The low but measurable activity of E132Q is, con-ready contained 30% PEG1000. All the crystals diffracted to 2.0 or
sidering the inability of a GIn, to function, as the acid in the 2.1 A. The monoclinic and triclinic crystals are much thinner than
mechanism is somewhat surprising, but may be a result of sporthe tetragonal crystals but due to the smaller unit cell and the
taneous deamination. higher density diffract equally well.

Materials and methods Structure determination

The refined WT structure was used as the starting model for the
refinement of D130N. All refinements were started by a cycle of

Site-directed mutagenesis was carried out using the Kunkel methoidgid body refinement followed by simulated annealit®ringer
(Kunkel et al., 1991 The DNA encoding for Endo H was cloned €t al., 1987; Briinger, 1988The structures of E132fmonoclin-
into the BanH | and Hind Il site of PMAL-p2 plasmid. The ic), D130A(tetragonal I}, and E132Qltriclinic) were determined
required mutation in the Endo H gene was introduced by siteby molecular replacement methods, using the WT structure as the
directed mutagenesis using 39 base-pair synthesized oligonucleBodel. The molecular replacement routines of X-PLOR, version
tides with the site of mutation at positions 19 to 21 for the Asp1303.1(Brilinger, 1990 were used to determine the structure of E132A,
mutants and 25 to 27 for the Glu132 mutants. All mutations werevhile AMORE (Navaza, 199% as implemented in the CCP4 pack-
confirmed by DNA sequencing. Expression of the gene productfge, version 2.15CCP4, 1994 was used to determine the struc-
was carried out using the method described by Rig§94. The tures of D130A and E132Q. After partial refinement, the D130A
fusion proteins were purified over an amylose column and digeste@nd E132A structures were used as the starting models for the
with 1% factor Xa overnight. The Endo H mutant proteins were Other mutants that crystallized in the corresponding crystal forms.
separated from MBP and Factor Xa by FPLC on a Mono Q columnAll structures were refined by simulated annealing, as imple-
Enzymatic activity of the MBP-Endo H mutant fusion proteins mented in X-PLOR 3.1. After the initial slow-cooling protocol
was determined by enzyme—concentration-dependent gel-shift aicluding data to 2.8 A, further refinement was carried out using
says of the deglycosylation of denatured RNase B. The activities oflternating cycles of standard positional and individual restrained
the fully processed and purified mutant proteins were compared téemperature factor refinement as well as model building using
that of the wild-type(WT) enzyme by an HPLC assay with dan- CHAIN (Sack, 1988 Sites of mutation were examined using omit

sylated Asn(GIcNAc),-(Man)s_g as the substratéTarentino &  Maps, for which all residues within a spherfe8AA radius around
Plummer, 1994 the mutated residue were removed and the rest of the model sub-

jected to refinement. The stereochemical parameters of the models

o were evaluated with the geometry analysis features of X-PLOR
Crystallization and the program PROCHECH askowski et al., 1998 The final
Crystals were grown by hanging-drop, vapor-diffusion methods afmodels of all the structures contain 265 of the 271 residues. Elec-
room temperature. Initially, crystallization experiments for all the tron density could not be seen for five amino-terminal residues and
mutants were set up under conditions similar to those used for théor one carboxy-terminal residue in all structures. Ala45 is @isa
WT enzyme, but only the D130N mutant crystallized under theseconformation in all structures. No nonglycine residues fall outside
conditions. Sparse matrix sampling methddsncarik & Kim, the “additionally allowed” region of the Ramachandran plots. Atomic
1991), with Crystal Screen Kit (Hampton Research, Laguna Niguel, coordinates have been deposited with the Protein Data Bank
California), were used to identify initial conditions for crystalliza- under accession codes 1C3B130N), 1C8X (D130B), 1C8Y
tion of the remaining mutants. The precipitation buffers used for(D130A), 1C90 (E132Q), 1C91 (E132D, 1C92 (E1324), and
the mutants D130A, E132Q, and E132D are related to the WT1C93(D130N/E132Q).
conditions but with a lower zinc acetate concentration and PEG1000
in place of PE_GSOOO. All _ot.her_ crystallization conditions includ(_egl Acknowledgments
PEG as the primary precipitating agent. In several cases, addition
of low concentration n_octyB_D_gmcopyranoside or h|gh concen- We thank T.H. Plummer, Jr., for performing the HPLC assays. Research

trations ofN,N -diacetylchitobiose was beneficial to the growth of supported by grant GM-50431 from the National Institute of General Med-
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