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Glycoside hydrolase (GH) enzymes apply acid/base chemistry to
catalyze the decomposition of complex carbohydrates. These
ubiquitous enzymes accept protons from solvent and donate them
to substrates at close to neutral pH by modulating the pK, values
of key side chains during catalysis. However, it is not known how
the catalytic acid residue acquires a proton and transfers it effi-
ciently to the substrate. To better understand GH chemistry, we
used macromolecular neutron crystallography to directly deter-
mine protonation and ionization states of the active site residues
of a family 11 GH at multiple pD (pD = pH + 0.4) values. The
general acid glutamate (Glu) cycles between two conformations,
upward and downward, but is protonated only in the downward
orientation. We performed continuum electrostatics calculations
to estimate the pK, values of the catalytic Glu residues in both
the apo- and substrate-bound states of the enzyme. The calculated
pK, of the Glu increases substantially when the side chain moves
down. The energy barrier required to rotate the catalytic Glu res-
idue back to the upward conformation, where it can protonate the
glycosidic oxygen of the substrate, is 4.3 kcal/mol according to free
energy simulations. These findings shed light on the initial stage
of the glycoside hydrolysis reaction in which molecular motion
enables the general acid catalyst to obtain a proton from the bulk
solvent and deliver it to the glycosidic oxygen.
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lycoside hydrolases (GHs) catalyze the cleavage of the gly-
cosidic bond, one of the most stable linkages in biological
macromolecules, with rate enhancements on the order of 107 to
10" relative to the uncatalyzed reaction in neutral solution (1),
placing them among the most efficient biochemical catalysts known.
GHs naturally decompose billions of tons of organic matter
worldwide annually, and they produce commercially valuable
chemicals from lignocellulosic plant biomass (2, 3). They are also
important targets for the development of therapeutic agents
against bacterial and viral infections, diabetes, and other diseases
(4, 5). Understanding their catalytic mechanisms and ligand
binding characteristics requires knowledge of the protonation
states and hydrogen bonding at the atomic level, which is of par-
amount importance for protein engineering and drug design (6).
Glycosides are acetals that are spontaneously cleaved through

a specific acid hydrolysis mechanism involving protonation of the
glycosidic oxygen of the scissile C-O bond by H;O™ to generate
an oxocarbenium cation intermediate, followed by the nucleo-
philic attack of a water molecule that leads to a racemic hemi-
acetal product (7). GH enzymes enhance the rate of this slow
hydrolysis reaction using a general acid, usually the carboxylic
acid of a Glu residue, which donates a proton to the leaving group
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oxygen in the rate-limiting step (8-10). Two models for the cata-
lytic mechanism of B-glycoside hydrolases have been proposed:
({) a double displacement pathway first proposed by Koshland,
essentially proceeding as an SN2 reaction (11, 12) and (ii) an
oxocarbenium ion intermediate pathway originally proposed by
Phillips (13), occurring as an Sy1 reaction (Fig. S1) (14, 15). The
Koshland mechanism suggests a glycosylation step, in which a
covalent glycosyl-enzyme intermediate bearing inverted stereo-
chemistry at the anomeric Cl1 is formed, followed by the degly-
cosylation step, in which the latter is hydrolyzed by an incoming
H,O activated by the first Glu residue and switched its role to act
as a general base. This canonical double-displacement mecha-
nism has been challenged by proponents of the oxocarbenium
ion intermediate mechanism, in which the general acid-assisted
departure of an aglycon leaving group leads to a short-lived, planar
carbocation on C1 of the glycon, which is then hydrated by an in-
coming H,O with an estimated rate constant of 10'* s~ (16). Each
mechanism draws support from different types of experimental
and computational evidence (17-22), with the double-displacement
mechanism being generally accepted.

Significance

Most enzymatic reactions involve hydrogen or proton transfer
among the enzyme, substrate, and water at physiological pH.
Thus, enzyme catalysis cannot be fully understood without ac-
curate mapping of hydrogen atom positions in these macromo-
lecular catalysts. Direct information on the location of hydrogen
atoms can be obtained using neutron crystallography. We used
neutron crystallography and biomolecular simulation to charac-
terize the initial stage of the glycoside hydrolysis reaction cata-
lyzed by a family 11 glycoside hydrolase. We provide evidence
that the catalytic glutamate residue alternates between two
conformations bearing different basicities, first to obtain a pro-
ton from the bulk solvent, and then to deliver it to the glycosidic
oxygen to initiate the hydrolysis reaction.
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Two catalytic Glu residues, one serving as an acid/base catalyst
and the other as a nucleophile, are nearly ubiquitous in GH
enzymes (23). Such a scenario necessitates the former being a
weaker acid than the latter and implies that, in the reactant state,
the general acid must be protonated and neutral (i.e., -COOH),
with a pK, greater than 6, and the nucleophile must be depro-
tonated and negatively charged (i.e., -COO™), with a pK, less
than 5 (24). However, the protonation states of the key residues
in the active site as well as the distribution of hydrogen bonds
have not been directly observed in GH enzymes. Thus, the changes
in protonation predicted by the reaction mechanism have been
inferred only from indirect measurements. H atoms are difficult
to visualize by X-ray crystallography, even in structures determined
at sub-dngstrom resolution. Whereas X-rays are scattered from
electron density, neutrons are scattered by atomic nuclei through
the strong force, which is independent of atomic number. The
smallest atom, H, and its heavy isotope deuterium (D) scatter
neutrons as well as other atoms constituting biological mole-
cules. As a result, locating H and D atoms in macromolecular
neutron structures is straightforward even at medium resolutions
of 2.0-2.5 A (25).

Family 11 GH (GH11) enzymes are small (~20-kDa) proteins
called xylanases, with a conserved jelly-roll fold, that catalyze the
hydrolysis of the most abundant component of hemicellulose,
xylan, into smaller oligosaccharides (26-29). The active-site cavity
of xylanase, Xynll, from Trichoderma reesei adopts a half-pipe
shape and is sculpted by an extensive p-sheet that twists on itself
(Fig. S2). On the basis of previous X-ray structures (30), the active
site cleft has six subsites that bind the xylose units of xylan, span-
ning positions —3 to +3, with hydrolysis occurring between sub-
sites —1 and +1 (31). Two catalytic Glu residues, Glul77 and
Glu86, face each other from opposite sides of the cleft, and their
side chains are strategically positioned within about 6 A from
each other (32). Glul77 is believed to serve as the acid/base cat-
alyst and must be protonated before the reaction whereas Glu§6
is the nucleophile and must be deprotonated.

To directly determine protonation states in a GH, and spe-
cifically to locate the H atom on carboxylic acid of the catalytic
Glu, we obtained five neutron structures of WT and mutant
(N44D) XynlI at high resolutions of 1.7-2.0 A in the apo- and
2-(N-morpholino)ethanesulfonic acid (Mes)-bound forms. The
N44D mutant displays altered pK, values of key residues in the
active site. These structures were obtained from H/D exchanged
crystals formed at pD values from 4.8 to 8.9, spanning the range of
xylanase activity and the pK, values of key residues (pD = pH +
0.4; see SI Methods). To provide additional insight into active site
protonation states, selected structures were further characterized
with pK, calculations and free energy simulations.

Results

Apo-Xynll at Different pD Values. Structures of the native XynII
and N44D variant at pD values 6.2 and 6.4 (Table S1), re-
spectively, which are close to the optimum pD for XynlI activity,
were expected to confirm protonation of Glu177 and the lack of
proton on Glu86. Surprisingly, in the neutron structure of native
XynlII at pD 6.2, named pD6.2 henceforth, the side chains of
both Glul77 and Glu86 are deprotonated and therefore are
negatively charged. Glu177 is in the upward conformation facing
Glu86, with the closest distance between the side chains being
5.9 A. The carboxylates of Glu177 and Glu86 accept D atoms
from the phenolic oxygens of Tyr88 and Tyr77 in two hydrogen
bonds with D. ..O distances of 1.9 A and 1.7 A, respectively (Fig.
1A4). Tyr88 is also hydrogen bonded to a water molecule whereas
Tyr77 makes a weak interaction with Trp79. Glul77 accepts two
more hydrogen bonds with nearby water molecules but is 4.4 A
away from the side-chain amide of Asn44. The Glu86 carboxyl-
ate in pD6.2 forms a 1.9 A hydrogen bond with the adjacent
GIn136 side chain and is also exposed to the bulk solvent.
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Fig. 1.

Neutron scattering length density maps for the active sites in Xynll
structures. (A) pD6.2, (B) N44D, (C) pD8.9, and (D) pD4.8. 2F5 — Fc maps are
shown as green meshes contoured at 1.2 6. Fo — Fc omit maps are shown as
red meshes contoured at 3.0 6 in A, B, and C, and at 2.5 ¢ in D. Hydrogen
bonds are shown as blue dotted lines. D atoms are dark cyan whereas H
atoms are light gray. Distances are in A.

Previous ">C-NMR experiments using the homologous Bacil-
lus circulans xylanase suggested that replacing an Asn residue
with Asp near the acidic Glu residue increases the pK, of Glu
due to the possibility of formation of a short hydrogen bond (33).
Therefore, we expected that an equivalent N44D variant of the
T. reesei enzyme would have a Glu177 pK, above 8. However, we
still did not observe a D atom on the carboxylate of Glul177. The
active site of the N44D variant at pD 6.4 (N44D) is very similar
to that in pD6.2 (Fig. 1B). In both structures, Asp44 remains over
4 A away from the deprotonated Glul77 positioned in the up-
ward conformation. The omit Fo — F¢ neutron scattering length
density maps clearly demonstrate that the D atoms of the Tyr88
and Tyr77 phenolic groups are covalently bound to the oxygen
atoms, indicating normal hydrogen bonds with Glul77 and
Glu86 in both pD6.2 and N44D (Fig. 1 A and B).

In the neutron structure at the basic pD of 8.9, pD8.9 (Table
S1), the omit Fo — F¢ nuclear density map showed that the D
atom taking part in the hydrogen bond between Glul77 and
Tyr88 is located halfway between the two oxygens, with D...O
distances of 1.5 and 1.6 A, respectively (Fig. 1C). This observa-
tion indicates the possible presence of a low-barrier hydrogen
bond induced by the increased pD. These changes in the hy-
drogen bonding at the active site might explain low catalytic
activity of XynlII in basic conditions.

Under acidic conditions, a significant change occurs in the
XynlI active site of the neutron structure at pD 4.8, pD4.8 (Fig.
1D). The Glul77 side chain rotates ~90° about the y2 dihedral
angle so that the carboxylate moves away from Glu86 to assume
a downward conformation. The distance between the side chains
of Glul77 and Glu86 increases to 9.3 A. In this conformation,
the Glul77 side chain is protonated and positioned in a pocket
lined by the backbone of Ser72 and Gly178, and by the side chain
groups of Trpl8, Asn44, Val46, Asn71, Tyr73, Tyr96, Alal7s,
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and Tyr179, but makes no hydrogen bonding contacts with any of
them. The COOH is hydrogen bonded at a distance of 1.5 A to a
D,0 molecule, which is quite mobile as indicated by its high B-
factor of ~60 A% In pD4.8, Asn44 is located closer to Glul77
than in pD6.2, with the side-chain amide N being 3.7 A away
from the carboxylate O, but this distance is still too long for a
hydrogen bond. There is a concerted movement of the aromatic
rings of Tyr73, Tyr77, and Tyr88 in the opposite direction of
Glul77 rotation upon decreasing the pD (Fig. 2). Surprisingly,
the hydroxyl group of Tyr88 is oriented similarly in both the
pD4.8 and pD6.2 even though its phenol group moves closer to,
and is positioned within, hydrogen bonding distance of the Glu86
carboxylate in pD4.8 (O...O distance = 3.2 A). The atomic po-
sitions are very similar in the low-temperature X-ray structures at
low pH of the recombinant WT Xynll at pH 4.0 and N44D
variant at pH 4.6 (Table S2) (the rmsd of the main-chain atoms
for the two structures is 0.1 A). Interestingly, in the pH 4.0 X-ray
structure, an Na* cation was found instead of a water molecule
observed in pD4.8 between Asn71 and Glul77 in the downward
conformation. This observation can be explained by the large
amount of NaCl (~1 M) used in the crystallization conditions for
the recombinant enzyme. Na™ is coordinated to the oxygen of the
amide side chain of Asn71 and a water molecule and is 3.75 A
away from Glul77.

Complexes with Mes. We were not able to grow large crystals of
an Xynll complex with a bound substrate (30); however, we
obtained a neutron structure with Mes to mimic proton donation
by Glul77 to the glycosidic oxygen of the substrate in the first
step of glycoside hydrolysis. A Mes molecule was found in the
active site of the native Xynll neutron structure at pD 6.4,
denoted WT-Mes, and in the X-ray structure of N44E variant at
high concentrations of Mes buffer (>0.5 M). The active sites of
WT-Mes and N44E-Mes superimpose almost perfectly, with the
ligand occupying almost identical positions. The only difference
is in the orientation of the side chain of Glu44 relative to Asn44
in the two structures. Asn44 is oriented toward Glul77 in WT-
Mes. The longer side chain of Glu44 cannot be accommodated
in the same orientation. Thus, it rotates about 90° around the y2
dihedral angle to face the bulk solvent, making a short C-H...O
contact of 3.1 A with the morpholinic ring of Mes (Fig. S3). In
WT-Mes, Mes forms three hydrogen bonds with the active-site
residues. The morpholinic nitrogen is protonated and donates its
D atom in a strong hydrogen bond with O¢2 of Glul77 (D...O

Fig. 2. Superposition of pD4.8 (atoms colored by atom type: carbon is
cyan) and pD6.2 (atoms colored by atom type: carbon is magenta).
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distance = 1.7 A) (Fig. S3). The sulfonate makes two hydrogen
bonds with the side-chain groups of Tyr73 and GIn136 (D...O
distances = 1.9 A). Additionally, the CH, group vicinal to the
nitrogen of the morpholinic ring makes a C-H. ..O contact with
the Glu86 carboxylate. These interactions are similar to those
made by xylohexaose substrate in E177Q-X6 (30). Oel of Glu177
is hydrogen bonded to Tyr88 whereas Glu86 forms two hydrogen
bonds with Tyr77 and GIn136 in a similar fashion as in pD6.2.
These two complexes are good proxies for the substrate-bound
Xynll protein, illustrating the upward conformation of the
deprotonated Glul77 residue.

HID Exchange Analysis. Fig. S4 depicts the hydrogen/deuterium
(H/D) exchange pattern for the main-chain amides in pD6.2 (see
Fig. S5 for the analysis of the other neutron structures). Overall,
xylanase exhibits moderate levels of H/D exchange, with about
half of the residues showing full exchange and the rest being fully
nonexchanged. Only a few residues are partially exchanged.
Notably, p strands B3-B6 close to the catalytic glutamates are
almost fully nonexchanged. B-sheets are rigid structures, stabi-
lized by extensive hydrogen bonding between the strands, which
typically undergo very little H/D exchange (34). The sole a-helix
in the XynlI structure contains fully exchanged amides on the
outer side whereas those on the inner side facing p strands B7
and B8 are completely nonexchanged. The H/D exchange pat-
terns in all other neutron structures are similar to that in pD6.2,
except for pD8.9 with slightly higher exchange in the A2-AS5
B-strands and the a-helix. This observation suggests that pD8.9 is
more dynamic than the other structures, which may be due to the
increased pD. The H/D exchange patterns for the studied
structures are indicative of an enzyme whose backbone is well
ordered (Figs. S4 and S5), in agreement with the previous NMR
measurements (35).

pKa, Calculations and Molecular Dynamics Simulations. Using Pois-
son-Boltzmann continuum electrostatics calculations (see S/
Methods for details), we observed a conformational dependence
in the pK, of Glul77, with the downward state bearing a higher
pK, than the upward state. We used pD4.8 and pD6.2 to esti-
mate the pK, values of selected ionizable residues (Tables S3—
S5). To investigate the dependence of the computed pK,s on the
internal dielectric constant (g;,;), we computed their values with
€ine = 10 and &, = 4. The pK, of Glu86 with &;,, = 10 is similar for
both pD4.8 and pD6.2, with values of 3.5 and 3.9, respectively.
Reducing &;, to 4 had a minor effect for both structures, low-
ering the pK, by only 0.6 and 0.2 units, respectively, indicating
that Glu86 is relatively insensitive to the choice of &, The
computed pK, values are consistent with the assumption that
Glu86 is deprotonated throughout the reaction.

The pK, values of Glu177 in pD4.8 and pD6.2 were computed
to be 6.0 and 5.3, respectively, when &;,, was set equal to 10. For
pD4.8, the Glul77 carboxylate occupies a relatively buried, hy-
drophobic site when oriented downward, as evidenced by the
computed desolvation penalty of ~2.0 pK units. The desolvation
penalty for the same residue in pD6.2 is 1.35 pK units, indicating
that the carboxylate occupies a more hydrophilic site when in the
upward conformation. To account for the apparent hydropho-
bicity increase of the Glul77 side chain in the downward state,
we reduced the internal dielectric constant from 10 to 4 and
recomputed the pKgs. The result is a relatively large shift of +2.4
pK units, increasing the pK, of Glul77 in the downward con-
formation to 8.3. However, when the same procedure was carried
out for pD6.2, the pK, was perturbed upward by only 0.6 pK
units, indicating a noticeable difference in hydrophobicity be-
tween the two conformations. Thus, on the basis of the upper
and lower limiting values considered here for the internal dielectric
constant, we estimate that the pK, of Glul77 is 0.7-2.4 pK units
higher in the downward than in the upward orientation.

Wan et al.
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To investigate whether a bound substrate alters the pK, of
Glul77, we computed pK,s using the 1.15-A resolution X-ray
crystal structure E177Q-X6 (Tables S3-S5). We replaced Gln
with Glu and positioned its side chain in an energy-minimized
downward conformation to mimic the Michaelis complex. The
pK. of Glul77 calculated with &;,, = 4 increased by 3.7 pK units
relative to the apo-enzyme whereas the pK, of Glu86 shifted down
by —1.9 pK units. Although we expect errors in the absolute pK.s,
the direction of the pK, shifts should be meaningful. Thus, in the
Michaelis complex, the substrate seems to perturb the pK,s of
Glul77 up and of Glu86 down relative to the apo-enzyme.

We used the same Michaelis complex model to estimate the
free energy profile for converting the side chain of Glul177 from
a downward to an upward conformation by performing classical
umbrella sampling molecular dynamics (MD) simulations (see S/
Methods for details). The y, dihedral of the Glul77 side chain was
used as the reaction coordinate in the simulations, and Glul77 was
modeled in the neutral, protonated state. Consistent with pD4.8,
these simulations revealed a free energy minimum at y, = —78°
(Fig. S6), which corresponds to the downward conformation of
Glul77. For the rotation of y, toward the upward conformation,
we obtained a free energy barrier of 4.3 kcal/mol with a maxi-
mum at y, = —135°. A second minimum at y, of —177°, corre-
sponding to the upward state, was located at 1.4 kcal/mol above
the first minimum.

Discussion

Enzymes function much more efficiently than hydronium (H;0™)
or hydroxide (OH™) acid/base catalysts (36). GHs achieve their
rate enhancements by converting the specific acid-catalyzed bi-
molecular hydrolysis of glycosides in solution into a unimolecular
general acid catalysis in the active site of the enzyme (10). In GH11
enzymes, the general acid catalyst is a glutamic acid (Glul77 in
XynlII), which is initially protonated; a second Glu residue (Glu86
in XynlI) serves the role of the nucleophile and is supposed to be
negatively charged. To date, the protonation of the general acid
catalyst has not been directly observed in any GH enzyme.

The interplay of the two catalytic Glu residues is crucial for
initiating the hydrolysis reaction. As a consequence, the general
acid must be a significantly weaker acid than the nucleophile,
with a microscopic pK, above 6. The apparent pK, values for
Glu177 and Glu86 in Xynll have been estimated to be around
7 and 4 on the basis of the pH dependence of activity (37). The
pK. values of corresponding Glu residues in B. circulans xylanase
(BCX) have been determined using infrared spectroscopy and '*C
NMR spectroscopy to be very similar to those in XynlI, at 6.7
and 4.6, respectively (33, 38, 39). The active site residues are
conserved in both enzymes; therefore, similar pK, values are
expected. These pK, values indicate that, in slightly acidic con-
ditions (pH < 6), the protonation of Glul77 can be anticipated.
Surprisingly, we did not observe a D atom on Og¢2 of Glul77 in
pD6.2 when the side chain adopts the upward conformation (Fig.
1A4). The other oxygen of the carboxylate, Oel, accepts D atoms
in two hydrogen bonds with Tyr88 and a D,O and therefore
cannot be protonated. We note that GInl177 occupies the same
position in the E177Q-X6 Michaelis complex mimic, in which Ne2
of the side-chain amide makes a hydrogen bond with the glycosidic
oxygen (30). Therefore, O¢2 of Glul77 must be the oxygen atom
that accepts a proton from the bulk solvent and delivers it to the
glycosidic oxygen. Furthermore, no protonation of Glul77 was
found in N44D at pD 6.4 (Fig. 1B), which is even more surprising
because NMR measurements indicated that the pK, of the gen-
eral acid increases by about 1.5 pK units in the equivalent N35D
variant of BCX relative to the WT enzyme (33, 40).

To reconcile the apparent inconsistencies between the ex-
perimental pK, values of the catalytic Glu residues requiring
Glul77 protonation in XynlI at pD ~6, and the lack of D atoms
on this glutamate in the pD6.2 and N44D neutron structures, we
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analyzed in more detail how the surroundings of both Glul77
and Glu86 may affect their pK, values. Both carboxylates are
exposed to solvent and are similarly hydrated. Glu86 makes weak
interactions with nearby mobile water molecules and is tightly
hydrogen bonded to Tyr77 and GIn136. The hydrogen bonding
lowers the pK, of Glu86, as does the 5 A proximity to the pos-
itively charged Argl22, as was previously proposed (41). In the
upward conformation, Glul77 is hydrogen bonded to two D,O
molecules, makes weak contacts with several mobile waters, and
is hydrogen bonded with Tyr88. The hydrogen bond between
Tyr88 and Glul77 is an important feature of the catalytic site.
Site-directed mutagenesis experiments demonstrated that
substituting the equivalent Tyr80 in BCX with Phe crippled en-
zyme activity (33). In addition, the strength of the Glul77
Tyr88 hydrogen bond seems to be pH-dependent, with Tyr88
possibly having a pK, lower than the standard value of ~10.
When the pD was increased to 8.9, this interaction transformed
into a possible low-barrier hydrogen bond, as observed in pD8.9,
with the D atom of the phenolic oxygen situated halfway between
the latter and Oel of Glul77 (Fig. 1C). Glu86 and Glul77 have
comparable hydrophobic surroundings. Glu86 has hydrophobic
interactions with Trp79 and Phel34 whereas Glul77 contacts
Val46 and Tyr73. Consequently, the reason for the very different
experimental pK, values of Glu86 and Glul77 (and the equiva-
lent residues in other GH11 enzymes) seems unclear. The only
features that set the carboxylates apart are one versus two hy-
drogen bonds made by Glul77 and Glu86, respectively, with
enzyme residues, and the proximity of Argl22 to Glu86. Our pK,
calculations revealed that, when Glul77 is in the upward con-
formation, its pK, is below 6, which would explain why pro-
tonation was not observed in our neutron structures, whereas
Glu86 is expectedly more acidic than Glul77 (Table S3). The
same trend in computed pK, values was found for the catalytic
residues in BCX and Bacillus agaradhaerens xylanases (41).
Torronen and Rouvinen previously proposed that Glul77
changes its conformation downward at pH < 6 by rotating about
x2, placing it in a different environment that can alter its pK, (28,
29). We have directly observed that Glul77 is indeed protonated
when it occupies the downward conformation in the pD4.8
neutron structure, and we argue that the downward conforma-
tion is functionally relevant. In this orientation the side-chain
carboxylic group is positioned in a hydrophobic pocket, where it
donates a D atom in a short hydrogen bond with a mobile D,O
but makes no other hydrogen-bonding interactions (Figs. 1D and
2). Its computed pK, increases by 0.7-2.4 pK units relative to the
value in the upward conformation, demonstrating that the car-
boxyl is more basic when positioned downward. The pK, of
Glu86 is decreased by 0.4-0.8 pK units due to the negative
charge on Glul77 moving away from it, which weakens their
electrostatic interaction. Thus, the apparent pK, value of the
general acid catalyst measured previously by NMR can be con-
sidered as an average of the intrinsic pK,s of the two glutamate
conformations. Sequence analysis of GH11 enzymes reveals that
residues are highly conserved in the pocket surrounding the
downward conformation of Glul77 (42). In acidophilic xylanases
active well below pH 5.0, the Asn71, Gly178, and Tyr179 residues
from this pocket are frequently replaced by Ser, Ala, and Trp,
respectively, whereas Asn44 is universally substituted with Asp.
Based on the neutron structures and pK, calculations reported
here, we propose that Glul77 obtains a proton from the solvent
when in the downward conformation. In our X-ray structure of
the recombinant WT XynlII obtained using a high concentration
of NaCl, an Na™ cation is located in the site occupied by the D,O
hydrogen bonded to the protonated Glul77 in pD4.8. It is pos-
sible that this site specifically binds cations and could be occu-
pied by an H3O" ion that protonates Glul77 when it rotates
downward. The side chain then rotates up to assume the upward
conformation, in which Glul77 can act as a general acid catalyst
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to transfer its proton to the glycosidic oxygen of the substrate
(Fig. 3). This conformational change requires ~4 kcal/mol of free
energy according to umbrella sampling simulations of the Michaelis
complex, with the protonated Glul77 being slightly more stable in
the downward than the upward conformation (Fig. S6). The energy
barrier is low enough, however, that the downward and upward
conformations of the side chain of Glul77 are in dynamic equilib-
rium before the hydrolysis reaction begins. Interestingly, upon
downward rotation of Glul77, there is a significant movement of
nearby tyrosine residues Tyr73, Tyr77, and Tyr88, whose side chains
shift in the opposite direction to that of the glutamate motion
(Fig. 2). This movement brings the phenolic oxygen of Tyr88
within hydrogen bonding distance of the carboxylate of Glu86
(OO distance = 3.2 A). However, the O-D group of Tyr88 does
not rotate toward Glu86 but remains oriented toward Glul77.
This behavior of Tyr88 would ensure that, when Glul77 returns
back to the upward conformation, there is no extra energy cost
associated with breaking a hydrogen bond with Glu86 and that
Tyr88 always stays correctly positioned to quickly capture the
moving Glul77 in the correct orientation for the reaction to be
initiated.

Changes in the computed pK, values of the catalytic gluta-
mates due to the rotation of Glul77 in the Michaelis complex are
similar to those calculated for apo-Xynll (Table S3). Glul77
becomes a stronger acid and Glu86 a weaker acid when the side-
chain orientation of Glul77 changes from the downward to the
upward conformation. In the WT-Mes neutron structure, Glu177
forms a short hydrogen bond with the protonated amino nitrogen
of Mes whereas Glu86 is 3.3 A from the carbon atom vicinal to
the nitrogen (Fig. S3). These two contacts represent interactions
that the catalytic glutamates would make in the real reactant
complex although the hydrogen would be donated by Glul77 to
the glycosidic oxygen. In WT-Mes, Ocl of Glul77 makes an
identical hydrogen bond with Tyr88 to that in pD6.2. Asn44
moves 0.7 A closer to Og2 relative to its position in pD6.2 but
does not form a hydrogen bond with Glul77 as observed in
E177Q-X6 (30). Repulsive interactions of Asn44 with the mor-
pholinic ring, whose orientation is different from the xylose unit
at position —1, may be responsible for its inability to slide closer
to Glul77 in WT-Mes.

It has been previously demonstrated that a single amino acid
substitution of Asn35 to Asp in BCX reduces the pH optimum of
activity from 5.7 to 4.6 (40). It was proposed that the N35D
variant follows a reverse protonation mechanism (43). In that
scenario, the catalytically active state of the enzyme would con-
tain the minor protonated species of Asp35 with a pK, of 3.7,
acting as the general acid instead of Glul72, and the minor
deprotonated species of the nucleophilic Glu78 with a pK, of 5.7.
Because the pK, of the general acid Glul72 was measured to be
8.4 in the N35D variant, both residues Asp35 and Glul72 were

nucleophile nucleophile

T wX =
! i}ﬁ _Ho substrate 0&0
Cj general acid : (- general acid

“ypward” “downward” -
deprotonated protonated general 3

low pK, high pK,
Fig. 3. Proposed cycling of the general acid between two conformations
controlling pK, values in GH11 enzymes that ensure Glu protonation and
delivery of the proton to the substrate’s glycosidic oxygen. A Tyr residue that
is hydrogen bonded to the general acid moves toward the nucleophile when
the general acid changes its conformation downward, but the phenolic
group of the Tyr makes no hydrogen bond with the nucleophile.
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considered to be protonated in the catalytic site, serving the role
of the general acid in unison because Glul72 would be too weak
an acid to function alone. We did not observe protonation of the
corresponding general acid Glul77 in our N44D neutron struc-
ture, indicating that the upward conformation has a pK, lower
than 6.0, as it does in the native XynII. We suggest that, in N44D
(corresponding to N35D of BCX and other similarly substituted
xylanases), Glul77 can still act as the general acid catalyst, while
maintaining dynamic equilibrium between the downward con-
formation with the higher pK, and the upward conformation
with the lower pK,. The downward conformation may have a
higher pK, than that in the native enzyme due to the presence of
a nearby negative charge on the Asp, explaining the value of 8.4
for the general acid determined by NMR in the B. circulans
N35D variant. With the general acid being able to cycle its pK,
by adopting two different conformations, and its intrinsic pK, in
the upward conformation being close to that in the native en-
zyme according to our neutron structure, a reverse protonation
mechanism is unnecessary to explain the activity of the Asn-to-
Asp variant at pH values above 5. However, protonation of this
Asp may become important at pH values below 5 when the
population of the neutral species can be sufficient to affect the
rate of catalysis.

Conclusions

To our knowledge, this study is the first to report direct de-
termination of proton positions in a GH enzyme using neutron
crystallography. We have obtained five neutron structures of a
GHI11 xylanase at different pD values in the apo- and ligand-
bound forms and performed pK, calculations and free energy
simulations. Our findings have led us to propose that, in GH11
enzymes, the Glu general acid side chain dynamically moves
between the downward conformation, with its high pK, facili-
tating its protonation, and the upward conformation, with its low
pK. facilitating the delivery of a proton to the glycosidic oxygen
(Fig. 3). We believe that our findings resolve decades of confu-
sion surrounding the question of why the general acid and nu-
cleophilic glutamates in GH11 enzymes, while having similar
hydrogen-bonding interactions and solvent accessibilities, exhibit
very different pK, values and assume their corresponding cata-
lytic roles. On the basis of the H/D exchange analysis of XynlI
and the dynamics of BCX measured with NMR, we hypothesize
that GH11 enzymes do not require palm dynamics for function,
but the conformational flexibility of the thumb and fingers may
be crucial for substrate binding and product release.

Methods

For neutron diffraction, single crystals of Xynll and recombinant N44D variant
of 2-4 mm? in volume were obtained using vapor diffusion methods in sit-
ting drops. Neutron crystallographic data were collected at the Protein
Crystallography Station (PCS), the Los Alamos Neutron Science Center
(LANSCE), the Los Alamos National Laboratory (LANL), BioDiff [Forschungs-
Neutronenquelle Heinz Maier-Leibnitz (FRM I1I)], and the Macromolecular
Neutron Diffractometer (MaNDi) [Spallation Neutron Source (SNS), Oak
Ridge National Laboratory (ORNL)]. Corresponding room-temperature X-ray
diffraction data for joint X-ray/neutron refinement were collected in-house.
Low-temperature X-ray data were obtained on beamline ID19 at 100 K at
the Advanced Photon Source (Argonne, IL). The neutron structures were
refined in nCNS and PHENIX using joint X-ray/neutron refinement. The H++
web server version 3.1, which uses a Poisson-Boltzmann continuum elec-
trostatics approach to approximate the electrostatic environment of bi-
ological macromolecules, was used to compute the pK,s of ionizable residues in
the pD 4.8 and pD 6.2 neutron structures of xylanase, pD4.8 and pD6.2,
respectively. Methods are described in detail in S/ Methods.
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