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ABSTRACT

The pH-dependent activity of Bacillus circulans xylanase (BCX) is determined by ionization
states of the nucleophile (Glu78, pK, 4.6) and the acid/base catalyst (Glul72, pK, 6.7).
Inspection of the BCX structure shows that Glu78 and Glul72 are in similar environments and
surrounded by equivalent, conserved active-site residues. Hence, there are no obvious reasons as
to why their pK,’s are different. To address this question, a mutagenic approach was
implemented to determine what features establish the pK,’s (measured by C-NMR and pH-
dependent activity profiles) of these two catalytic carboxylic acids and give rise to their
difference in ionization behaviour. Results indicate that all of the conserved active-site residues
act concertedly in establishing the pK,’s of Glu78 and Glul72, with no particular residue being
singly more important than any of the others. In general, residues that contribute positive charges
and hydrogen-bonds serve to lower the pK,’s of Glu78 and Glul72. In contrast, neighbouring
acidic groups can either lower or raise the pK,’s of the catalytic glutamic acids, using direct
hydrogen-bonding interactions or reverse-protonation mechanisms. Analysis of several BCX
structures indicates that Glu78 is preferentially stabilized over Glul72 in part by stronger
hydrogen-bonds donated by rigidly held residues. Furthermore, theoretical calculations show that
Glu78 has a lower pK, than Glul72 due to more favourable local and global electrostatics.
Mutating neighbouring residues within the active-site modifies the BCX pH-optimum, achieving
greater than wildtype levels of activity in isolated cases. However, activity is usually
compromised due to loss of important ground and/or transition.-state interactions. The roles that

specific acidic groups play in the pH-dependent stability of BCX were also assessed by

measuring the pK,’s, using BC-NMR, of all seven aspartates. The pK,’s of all aspartate residues
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are less than corresponding values observed with random coil polypeptides, indicating that their
ionization contributes favourably to the stability of the folded enzyme. Residues that were most
conserved, most buried and most perturbed in pK, contributed the most to the pH-dependent
stability of the enzyme and were stabilized extensively by either hydrogen—borids or salt bridges,

implicating a role for electrostatics in the protein interior of family 11 xylanases.
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Chapter 1

General Introduction

1.1  Electrostatic Interactions

Questions to biological problems can be solved in many ways and at many different
levels. Where possible, explanations that can be made at fundamental levels are often the most
revealing. Structural biology seeks to explain biological phenomena at the most fundamental
level—that of the atom. Protein structures can be viewed in different ways, the most common
being as a static arrangement of interconnected atoms. However, they can also be viewed from
an electrostatic viewpoint as a dynamic and vibrant arrangement of point charges that act
concertedly in carrying out aﬁd contributing to the maintenance of biological function (Figure
1.1). The predominant sources of electrostatic fields within proteins are ionizable groups such as
the side chains of aspartic/glutamic acid, histidine, arginine and lysine to name the most
common. The tendency of a group to be ionized or neutral at a given pH is described by its pK,
value (K, = ([conjugate base (A")] [conjugate acid (H")]) / [acid (HA)]. The importance of
characterizing the pK, values of ionizable groups is emphasized by the widely recognized fact
that almost every property of a protein can vary with changes in pH and mobile ion concentratibn

of the solvent (Matthew, 1985).
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Figure 1.1. Structural and electrostatic representations of Bacillus circulans xylanases (BCX).
For the structural representation (left), side chains are represented in blue, whereas, the backbone
is shown in silver. For the electrostatic representation (right), blue meshed areas indicate an
equipotential region of +1.0 kT, whereas, regions of red mesh show regions of —1.0 kgT
equipotential. The structural representation was produced using the programs Molscript (Kraulis,
1991) and Raster3D (Merrit and Murphy, 1994), whereas, the electrostatic representation was
made using the program GRASP (Nicholls e al., 1991).
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1.1.1 pK, Values of lonizable Groups
Why do we seek to measure pK, values of ionizable groups in proteins when we can just
estimate their values from those observed in model compounds? The reason is that pK, values of
ionizable residues in proteins can often be quite perturbed relative to their values in model
compounds. Furthermore, ionizable groups that function catalytically within active-sites, and
thus are the most interesting, often have the most anomalous pK, values (McIntosh et al., 1996).
For example, the pK, values of the catalytic aspartic acid residues in Escherichia coli
Ribonuclease HI are quite different from the value of ~ 4 observed in model compounds
(Creighton, .1993): Aspl10 has a pKj, value of 6.1, whereas Asp70 has a pK, value of 2.6 (Oda et
al., 1994). Ionization constants of histidine residues (model value ~ 6.5) have also been reported
to be as high as > 10 in superoxide dismutase (Stoesz et al., 1979), 9.2 in bovine protein tyrosine
phosphatase (Tishmack ef al., 1997), and as low as < 2 in Bacillus circulans xylanase (BCX)
(Plesniak et al., 1996a). Furthermore, the pK, values of glutamic acid residues have been
reported to be more than 2 pH units higher than the model compound value of ~ 4.5 (McIntosh et
al., 1996). Given this variance, it is therefore important to characterize accurately the pK, values
of ionizable residues within proteins by experimental or theoretical methods. Many factors such
as proximity to neighboring full or partial charges, hydrogen bonding, dielectric constant of the
protein and medium, solvent accessibility and ionic strength, and conformational fluctuations, to
name a few, contribute to establishing the protonation state of an ionizable residue within a
protein. Hence, prediction of pK, values within proteins is a rather complex undertaking in which

many different computational approaches have been applied with only modest degrees of success

(Antosiewicz et al., 1996; Bashford and Karplus, 1990; Sharp and Honig, 1990).
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1.1.2 Electrostatic Interactions and Enzymatic Function

Ionizable groups in enzymes are frequently involved in catalysis as they have the intrinsic
ability to serve as nucleophiles or general acid/base catalysts. Frequently, the pH-dependent
activities of enzymes follow single or double ionization profiles, implying that only a few key
ionizable groups, out of the many present, are directly responsible for this behaviour (Fersht,
1998). Determination of the apparent pK, values of the groups that are responsible for the pH-
dependent activity of an enzyme can yield information about not only mechanism, but also the
identities of the putative catalytic residues.

An excellent example of an enzyme that uses a multi-faceted approach in carrying out
catalysis is the classic serine protease chymotrypsin (Figure 1.2) (Fersht, 1998). Inactivation
studies using the affinity label tosy/-L-phenylalanine chloromethyl ketone showed that the
activity of chymotrypsin declined at decreasing pH according to a pK, value of ~ 7 (Schoellman
and .Shaw, 1963), which is characteristic of a histidine residue. In addition, the labelling also
revealed that the residue that was modified was His57, located in the active-site of chymotrypsin.
Further NMR measurements confirmed that His57 titrated with a pK, value of 6.8, while
Aspl02, adjacent to His57, has a pK, value of < 2 (Bachovchin et al., 1981). Thus, Aspl102 is
able to stabilize the positive charge that accumulates on the side chain of His57 as well as
position it by hydrogen bonding. According to the mechanism of chymotrypsin, with a pK, value
of ~ 7, His57 is ideally suited to function as either a general acid or a general base at neutral pH.
When it functions as a general base, it serves to enhance the nucleophilicity of Ser195 O' by

abstracting the proton attached to it. On the other hand, when it functions as a general acid, it
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Figure 1.2. Ping-pong mechanism of chymotrypsin for the hydrolysis of esters and amides. In
the enzyme-substrate complex (ES), His57, functioning as a general base, enhances the
nucleophilicity of Ser195 by abstracting its hydroxyl proton. Ser195 serves as a nucleophile in
the acylation step of the reaction (k,) by attacking the carbonyl carbon of the bound peptide. This
process is further enhanced by polarization of the peptide carbonyl by hydrogen bonding
backbone amide groups that function as electrophiles. In the first tetrahedral adduct (TD1) His57
now plays the role of a general acid catalyst by donating a proton to the leaving peptide (P,), thus
facilitating its departure and leading to the formation of the acyl-enzyme complex (EAc). The
acyl-enzyme intermediate is subsequently hydrolyzed in the deacylation step of the reaction (k;)
by attack of a water molecule whose nucleophilicity is enhanced by His57 functioning again as a
general base. In both tetrahedral complexes, an anionic Aspl02 serves to stabilize the positive

charge developing on the side chain of His57 (Figure was modified from Fersht (1998).
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donates a proton to the leaving peptide. Its activity is augmented by other groups, such as
backbone amides, that serve as electrophilic catalysts by polarizing the carbonyl of the peptide
bond and thereby stabilize the tetrahedral intermediates throughout the hydrolysis reaction.
Chymotrypsin, therefore, provides an excellent example of how an enzyme can use many modes
of catalysis in carrying out function. Although the mechanism of this enzyme is widely accepted
as presented here, there is much debate over issues such as the role of the interaction between
Aspl02 and His57 in catalysis (Ash et al., 1997; Lin et al., 1998). Clearly, central to these issues
1s knowledge of the ionization constants of the catalytic residues throughout the reaction cycle.
Parenthetically, I will return to the concept of a residue, such as His57, “cycling” between a role

as a general acid and general base catalyst, in my discussion of BCX.

1.1.3 Electrostatic Interactions and Protein Stability

The overall stability of a protein in its folded state relative to its unfolded state(s) is the
delicate balance of many contributions arising from electrostatic interactions, hydrogen bonding,
van der Waals forces, hydrophobic interactions and configurational entropy (Yang and Honig,
1993). The concept that ionizable groups make important contributions to protein stability was
initially derived from the phenomenon of acid denaturation. The first plausible explanation for
this behaviour was put forth by Linderstorm-Lang, (1924). In this traditional model, acid (and
base) denaturation are attributed to the accumulation of a net excess of charge at extremes of pH.
At low pH, decreased stability is the result of a net repulsion of positive charges, while at high
pH decreased stability results from repulsion of excess negative charges. Although correct in the

first approximation, in this model the protein is treated as a sphere of continuous charge
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distribution, where electrostatic free energy is proportional to the square of the surface charge,
and thus the roles of specific electrostatic interactions are neglected (Yang and Honig,' 1993).

Of course pioneer biophysicists, such as Linderstorrﬁ-Lang, did not know the three-
dimensional structures of the proteins that they studied. Currently held theoretical models treat
proteins as regions of low dielectric constant embedded with point charges that are immersed in
aqueous solvent of high dielectric value (Gilson et al., 1985). In addition, more recent evidence
suggests that a small nﬁmber of groups with unusually shifted pK, values may contribute
significantly to the net electrostatic free energy difference between the folded and unfolded states
of a protein (Anderson et al., 1990; Pace et al., 1990). By thermodynamic linkage, the free
energy of stabilization of the folded state of a protein relative to its unfolded state, due to the
deprotonation of a charged group, is reflected directly by the difference in the pK, values of that
group in these two conformational states (Tanford, 1961). For example, if the pK, Value. of an
acidic residue such as an Asp or Glu is lowered in the folded state of the protein compared to its
pK, value in the unfolded state, then the folded state of the protein stabilizes the ionized form of
the residue and conversely the ionized form of the residue helps to stabilize the folded state of
the protein.

The question then arises as to how the protonation of residues within a protein is linked to
the unfolding-folding equilibrium. Consider a model where there are m binding sites for protons

(H) in the folded (F) and unfolded (U) forms of the protein (Scheme 1.1) (Anderson et al., 1990):
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If the unprotonated forms of the folded and unfolded states of the protein are in
equilibrium, characterized by the equilibrium constant (K), then an apparent equilibrium (Kjpp)
can be defined at any given pH, where ¢, and @5 represent the phenomenological overall
constants that describe the binding of i protons to the unfolded and folded states, respectively

(equation 1.1) (Anderson et al., 1990; Anderson et al., 1993).

Dip[H]
i=0

iUH,. 1+ ii(pui[H+]i
=0 _ i=0

(1.1)

K

ap m

P = m - )
> FH, DipH* ]
i=0 i=0

1+ ip [H'T
i=0

For an individual ionizable group, the apparent equilibrium constant can be expressed as

(equation 1.2):

1+K [H”
LK)

14K [H] (1.2)

AG® =-RTInK,, (1.3)
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At high pH, K, is reduced to K, whereas at low pH, it can be simplified to K,p, = K(KW/K5),
where K, and K¢ are unfolding and folding equilibrium constants. In this case, the difference in
stability between loW and high pH is given by AAG° = 2.303RTApK,, where ApK, = pKr - pK,.
Thus a change of 1 unit in pK, corresponds to a stabilization of ~ 1.4 kcal mol™. In this manner,
the difference in pK, of an ionizable group between the folded and unfolded forms is indicative
of its contribution to the pH-dependent stability of a protein. Therefore, groups whose pK, values
in the folded protein are unperturbed compared to those of model values (which approximate pK,
values in the unfolded protein) contribute little to the protein’s pH-dependent stability whereas
those whose values are highly perturbed contribute significantly (Anderson et al., 1993). (Note,
however, recent studies sug;gest that the pK, values of carboxyl groups in the denatured state are
on average 0.4 units lower than those of model compounds (Elcock, 1999; Oliveberg et al.,
1995) indicating that, as expected for a polymer, inter-residue electrostatic interactions also exist
in the denatured state). An excellent example of direct assessment, using pK, perturbation
comparisons, of the roles that individual ionizable groups confer to the stability of the folded
state of a protein is presented in a study of T4 lysozyme (Anderson et al., 1990). The role that
acid residues play in determining the pH-dependent stability of BCX is examined using a similar

method of pK, perturbation analysis and is presented in Chapter 2.

1.2  Carbohydrates
Carbohydrates are the most abundant biomolecules on earth and feature in a wide variety

of biological roles. Their structures are extremely diverse due to the number of ways and the

nature in which their monomeric substituents can be linked together. Further diversity also exists
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because they are amenable to linkage with other biomolecules such as peptides, proteins and
lipids (Figure 1.3).

Carbohydrates play a role in nutrient storage in animals, plants and bacteria. Glycogen
serves as a primary energy source in animal cells and consists of a(1—4)-linked subunits of D-
glucose branched by an o(1—6)-linkage every 8 to 12 residues. Starch, on the other hand, is a
primary metabolite in plants and consists almost exclusively of a(1—4)-linked subunits of D-
glucose without any branching. Plants synthesize starch in the light and degrade it as an energy
source in the dark.

Carbohydrates also serve important structural functions in terrestrial organisms. In higher

animals, protection is usually conferred by specialized tissue such as skin, while general shape is

. determined and supported by a skeleton (Ginsberg and Robbins, 1981). In contrast, in

arthropods, plants, fungi and bacteria, protection is possible through the use of a cell wall or
shell. Polysaccharides are usually the main components of these entities and their relative
rigidity, due to their tendency to form higher aggregates by hydrogen bonding in fibers, makeé
them excellent structural material. Some common structural polysaccharides include cellulose
(unbranched B(1—4)-linked subunits of D-glucose), chitin (unbranched p(1—4)-linked subunits
of N-acetyl-D-glucosamine), and peptidoglycan (alternating B(1—4)-linked repeating subunits of
N-acetylglucosamine and N-acetylmuramic acid cross-linked by short peptides).

There has also been considerable focus on the role of carbohydrates in cellular signaling
and cell-mediated interactions. Glycosylation of peptides/proteins occurs by attaching the
carbohydrate at the anomeric carbon through a glycosidic bond to the side chain hydroxyl of Ser
and Thr residues (an O-linkage) or through an N-linkage to the side chain amide nitrogen of an

Asn residue. For example, CD59 is an erythrocyte surface glycoprotein that binds to complement
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Figure 1.3. Some examples of carbohydrates. Glycogen, containing two types of linkages, is
extensively branched and plays a role in energy storage in animals. Chitin is a structural
polysaccharide found, for example, in arthropods and, next to cellulose, is the second must
abundant carbohydrate on the earth. It is a linear polymer of N-acetyl-D-glucosamine units.
CD59 is a glycoprotein whose relative orientation on the erythrocyte membrane can be
modulated by the presence of O/N -linked ollgosaccharldes (CD59 illustration adapted from
Rudd et al., 1997).
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proteins C8 and/or C9 in the nascent membrane attack complex. It is believed that the N and O-
linked surface carbohydrates help to orient CD59 on the membrane in the attack complex such
that it is well pbsitioned to bind complement proteins (Rudd et al., 1997). In plants, many classes
of oligosaccharides are able to exert signalling effects. Carbohydrates that can elicit such a
response are termed oligosaccharins (Darvill ez al., 1992). For example, oligosaccharides derived
from chitin have been shown to signal both defense responses as well as growth responses in
certain types of plants (Reviewed in Pome, 1996). Therefore, the roles of carbohydrates in
biology are extremely vast and diverse as are the number of known glycosidases that have

evolved to selectively hydrolyze them.

1.3  Glycosyl Hydrolases
1.3.1 Classifications of Glycosyl Hydrolases

The ubiquitous occurrence of glycosidases in nature is reflected by the fact that over 1500
sequences of these enzymes are currently known (Henrissat, 1998). These enzymes have been
organized into 70 “families” based on amino acid sequence similarities (Henrissat and Bairoch,
1993). Sequence identities within these families can be as low as 10 % provided that
recognizable conserved motifs in the catalytic domains can be identified. The proliferation of the
number of known three-dimensional structures of glycosyl hydrolases solved has led to the
distillation of the seventy families of glycosidases into eight distinct clans (GH-A to H). Clan
classifications are based upon fold conservation, catalytic machinery (type of catalytic residue
and position in the active-site), catalytic mechanism (inverting versus retaining), and
stereochemistry of the substrate (axial or equatorial glycosidic bond) (Henrissat and Bairoch,

1993). Further properties of glycosidases also include the position at which the polysaccharide
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substrate is cleaved. Those that cleave the substrate towards the terminal ends are noted as exo-
acting while those that cleave internally are termed endo-acting. Significant topological features,
such as a tunnel or active-site cleft are known to dictate the ability of a glycosidase to function in

either an exo- or endo- fashion (Davies and Henrissat, 1995).

1.3.2 Mechanisms of Glycosyl Hydrolases

Although defined by sequence, it is now clear that one invariant property within a family
is mechanism (Henrissat, 1998). Glycosidases hydrolyze glycosidic bonds via two main
mechanisms and thus are classiﬁed as either “inverting” (Figure 1.4) or “retaining” (Figure 1.5)
depending on the stereochemical outcome of the reaction (Koshland, 1953; Sinnott, 1990). While
both mechanisms hydrolyze glycosidic bonds using general acid/base catalysis, there are pre-
requisite structural differences between anomer inverting and anomer retaining enzymes. The
most notable factor is the distance between the two catalytic carboxylates (Davies and Henrissat,
1995; McCarter and Withers, 1994). The average distance is ~ 5.5 A (+ 0.5 A) in retaining
glycosidases, whereas it is ~ 10 A (+ 3.0 A) in inverting glycosidases. The greater distance
observed in inverting glycosidases is required to accommodate a water molecﬁle, which serves as
the displacing nucleophile in the single step of the reaction. Some examples of retaining
glycosidases are P-galactosidase (Jacobson et al., 1994) and BCX (Wakarchuk et al., 1994a)
while examples of inverting glycosidases include B-amylase (Mikami et al., 1993) and T4
lysozyme (Kuroki et al., 1995). Interestingly, attempts have been made at éonverting retainers to
inverters by increasing the distance between the catalytic residues but the desired result was not

attained (Lawson et al., 1996). Serendipitously, the converse has been successful, however, in



Chapter 1-General Introduction 14

— i
o
R! :
AN
HO
OH \;
O.
General Acid H/ H
/L Tt 0 O B
HO™ ~O /
R! / ﬁ/
HO 0 N
HO OR
HO B\
-ROH
/o\
W H

Rl o O - O
Geng;gr Base HO
HO
OH

Figure 1.4. Mechanism of inverting glycosidases. This mechanism involves a single chemical
step where one of the two catalytic groups functions as a general acid to protonate the departing
aglycone while the other functions as a general base by abstracting a proton from a water
molecule thus enhancing its nucleophilicity. The reaction proceeds through a single
oxocarbenium ion-like transition state and results in net inversion of the anomeric centre (a—f
or B—a) (Koshland, 1953; Sinnott, 1990). '
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Figure 1.5. Mechanism of retaining glycosidases. The double-displacement retaining
mechanism of glycosidases involves two distinct chemical steps: glycosylation and
deglycosylation. During the glycosylation step, one catalytic group serves as a nucleophile to
attack the anomeric C1 carbon of the saccharide substrate, whereas, the other functions as a
general acid and protonates the leaving aglycone. A glycosyl-enzyme intermediate is formed and
is subsequently hydrolyzed in the deglycosylation step. In the second step, the group that
functioned as a general acid during glycosylation now functions as a general base and removes a
proton from an attacking water molecule. The retaining mechanism involves two oxocarbenium
ion-like transition states and results in overall retention of anomeric configuration (B—p or
a—a) (Koshland, 1953; Sinnott, 1990).
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the case of T4 lysozyme, which was converted from an anomer inverting enzyme to an anomer
retaining enzyme (Kuroki ef al., 1995) by introduction of a new catalytic nucleophile (His26) in

the presence of the original general base catalyst (Asp20).

1.3.4 Xylanases

Xylan is the primary carbohydrate found in the hemicellulosic fraction of plant tissues
and accounts for one third of all renewable organic carbon available on earth (Figure 1.6).
Hence, xylanases have a variety of applications in the pulp and paper, food processing, textile
and other biotechnologically enhanced industries (Prade, 1996). Xylose is slightly different from
glucose in that it is a five carbon pentose instead of a six carbon hexose saccharide. Nevertheless,
it forms a six-membered pyranose ring in solution with all of the ring substituents lying
equatorially. This is similar to glucose, only the CH,OH at position 6 is not present. A majority
of the known xylanases belong to either family 10 (clan GH-A) or 11 (clan GH-C) glycosyl
hydrolases and come from a variety of taxonomic ranges including both prokaryotic and
eukaryotic sources (Henrissat and Bairoch, 1993).

Bacillus circulans xylanase (BCX) is a low molecular mass xylanase (20.4 kDa) that is a
member of the family 11 glycosyl hydrolases (Sung ez al., 1993). The structure of the enzyme is
characterized by 14 B-strands, arranged in a network of three 3-sheets, and a single a-helix. Two
of the B-sheets intersect to form a long binding cleft that is bordered by a flexible loop region
(Wakarchuk ef al., 1994a) (Figure 1.7). This endo-[-(1,4)-glycosidase catalyzes xylan hydrolysis
using a retaining mechanism (Gebler ef al., 1992) that employs two absolutely conserved
catalytic carboxyl groups, namely the nucleophile Glu78 and thé acid/base catalayst Glul72, that

are embedded in a network composed of other highly conserved active-site residues (Miao et al.,
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1994; Wakarchuk et al., 1994a) (Figures 1.8 and 1.9). The enzyme has been the focus of
numerous studies and is thus extremely well characterized from many points of view: structural
(Joshi et al., 2000a; Sidhu et al., 1999; Wakarchuk et al., 1994a), enzymological (Joshi et al.,
2000a; Lawson et al., 1996; Lawson et al., 1997; Mclntosh et al., 1996, Miao et.al., 1994) and
biophysical (Connelly and Mclntosh, 1998; Connelly et al., 2000; Davoodi et al., 1995; Davoodi
et al., 1998; Joshi et al., 1997, Joshi et al., 2000a; Mclntosh et al., 1996; Plesniak et al., 1996a;

Plesniak et al., 1996b; Wakarchuk et al., 1994b). It is therefore an excellent model system to

study glycosidase structure and function.
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Figure 1.6. Xylans are a major constituent of plant cell walls and consist of a backbone of -
(1,4) linked xylopyranosyl residues that are found to be closely associated with cellulose
microfibrils in wood fibre.
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Figure 1.7. Ribbon diagram representation of the crystal structure of BCX (Wakarchuk et al.,
1994a). BCX has predominantly B-sheet (light green) topology with one o-helix (purple). The
two catalytically essential glutamic acid residues, Glu78 and Glul72, are indicated in red.
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Figure 1.8. Sequence alignment of representative family 11 xylanases. Completely conserved
residues are shaded in black, residues with > 75 % identity in dark grey, and those with > 60 %
identity in light grey. Salient active-site residues studied in this thesis are indicated by arrows
(BCX numbering). The two invariant catalytic glutamic acid residues, Glu78 and Glul72, are
underlined. Sequences were aligned using the program CLUSTAL V (Higgins, 1994). Protein
sequences were obtained from the SwissProt database with the following accession numbers:
B.circulans, P09850; T.reesei 11, P36217; A.niger 11, P55330; T.harzianum, P48793; S.commune,
P35809; B.pumilus, P00694; T.reesei I, P36218; and A.niger 1, P55329.
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Figure 1.9. A structural representation of the active-site of BCX showing the network of
conserved residues and hydrogen bonds (dashed black lines) that surround Glu78 and Glul72.
Crystallographically identified bound waters are excluded.
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1.4 Thesis Goals, Significance, and Results

This thesis provides one of the most comprehensive accounts of the pH-dependent
stability, meéhanism, and activity of an enzyme studied to date. Other studies provide selective
analyses of particular pH-dependent behaviours but none collectively examines as many aspects
of pH-dependence as this study. BCX proved to be an excellent candidate for investigating pH-
dependent properties because it was highly amenable to analysis by a number of techniques. A
multidisciplinary experimental approach was hence implemented to assess in detail the roles that
specific amino acids played in determining the pH-dependent behaviours of this enzyme. NMR
was used to site-specifically measure the pK, values of salient ionizable groups, while X-ray
crystallographic techniques were used to determine the structures of various mutant and wild
type BCX proteins. These enzymes were further assessed enzymologically with the use of well-
characterized synthetic substrates and inhibitors in order to bridge structural and biophysical
observations to enzyme activity. A majority of the work presented in this thesis has been
published (Joshi et al., 1997; Joshi et al., 2000a; Mclntosh et al., 1996) or will soon be submitted
_for publication in peer-reviewed journals ( Joshi et al., 2000b; Joshi et al., 2000c).

Specifically, in Chapter 2, I describe a study that highlights the roles that acidic residues
play in determining the pH-dependent stability of BCX. The pK, values of all of the aspartic and
glutamic acid residues were measured in order to identify those that were perturbed relative to
values in model compounds. In general, those with the most reduced or perturbed pK, values
were the least solvent accessible and most highly conserved. These results indicate the key role
that these buried ionizable groups play in stabilizing the structure of BCX as well as how their

energetically unfavourable burial is accommodated and used to the advantage of the enzyme.
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In Chapter 3, I provide an account of the dynamic interplay of electrostatic interactions
in BCX and their effects on mechanism and activity. NMR measurements of the pK, values of
the catalytic glutamic acid residues, Glu78 and Glu172, showed that their ionizations reflect their
catalytic roles and that they are primarily responsible for the pH-dependent activity of the
enzyme. Remarkably, pK, measurements of the acid/base catalyst Glul72 in the free and
glycosyl-enzyme intermediate shc;wed that the pK, of Glul72 changes to match its dual catalytié
function as a general acid in the first step of the reaction and as a general base in the second: we
termed this presumably general phenomenon of retaining glycosidases as “pK, cycling”. The
next challenge was to determine what factors set the pK, values of Glu78 and Glul72 and hence
the pH optimum of BCX. A systematic approach was taken where conserved active-site residues
were mutated. Subsequently, the crystal structures, pK, Valueé of Glu78 and Glul72, and the
activities of the resulting enzymes were determined. The results indicated that hydrogén bonding
and adjacent charges serve to concertedly establish the ionization constants of residues 78 and
172; however,v this is accomplished in a complex manner due to strong structural and
electrostatic coupling in the active-site. In general, while the pH optimum of BCX was modiﬁed
by active-site substitution, this was usually accompanied by a significant reduction in total
activity. A number of implications for engineering glycosidases to function under different
conditions of pH arose out of these studies. Finally, the experimentally measured pK, values
were compared with those calculated theoretically. These studies highlighted the complexities of
electrostatic interactions in proteins and emphasized the need to develop computational méthods
that adequately predict and account for complex hydrogen bonding networks that surround

ionizable residues.
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In the final experimental chapter (Chapter 4), I present a lesson learned from nature in
changing pH optima. By mimicking a naturally occurring substitution in the family 11 xylanases,
we produced a mutant enzyme (N35D BCX) where the pH optimum has been successfully
lowered and activity is maintained compared to wild type levels. Through detailed structural,
biophysical, and enzymological studies, a novel explanation was discovered, based on a reverse .
protonation mechanism that highlights the importance of hydrogen bonding interactions in

catalysis. This study provides a clear solution to a widely documented enigma and can be applied

to explain the pH-dependent activities of numerous glycosidases.
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Chapter 2

The pH-Dependent Stability of BCX

ABSTRACT

Electrostatic interactions inl proteins can be dissected experimentally by determining the
pK., values of their constituent ionizable amino acids. NMR methods were used to measure the
pK, values of the seven aspartic acids and the C-terminus of Bacillus circulans xylanase (BCX).
The pK, values of these carboxyls are all lower than the corresponding values observed with
random coil polypeptides, indicating that their ionization contributes favourably to the stability
of the folded enzyme. In general, the aspartic acids with the most reduced pK, values are those
with limited exposure to the solvent and a high degree of conservation among homologous
xylanases. Most dramaticaily, Asp83 and AsplOl have pK, values < 2 and thus remain
deprotonated in native BCX under all conditions examined. Asp83 is completely buried, forming
a strong salt bridge with Argl36. In contrast, Aspl101 is located near the surface of the protein
and is stabilized in the deprotonated form by an extensive network of hydrogen bonds involving
an internal water molecule and the neutral side chain and main chain atoms of Ser100 and
Thr145. Combined with previous studies of the glutamic acid and histidine residues, these data
provide a complete experimental database for theoretical studies of the ionization behaviour of

xylanase under acidic conditions.
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2.1 INTRODUCTION

The ionizable side chains of the acidic and basic amino acids play important roles in
establishing the structure, stability, and function of proteins (Creighton, 1993). Electrostatic
interactions between charged groups may help stabilize the native conformation of a protein, as
well as define the specificity and affinity of ligand or substrate binding and the pH-depéndent
activity of an enzyme (Discussed in Chapters 3 and 4). To understand the contributions made by
these amino acid residues, it is necessary to determine experimentally their pK, values and hence
protonation states within a given protein. These studies provide key insights into the possible
catalytic functions of an acﬁve-site residue in an enzyme, as well as a direct measure of the
contributions made by electrostatic interactions to the stability of a protein.

By thermodynamic linkage, the free energy of stabilization of the native state of a protein
relative to its unfolded state, due to the deprotonation of a charged group, is reflected directly by
the difference in the pK, values of that group in these two conformational states (Tanford, 1961)
(Discussed in Chapter 1). Accordingly, considerable experimental and theoretical efforts
continue to be directed towards understanding the complex factors that dictate the pK, values of
amino acids in proteins and protein-ligand complexes (Yang and Honig, 1993).

The environment of an ionized group that is freely accessible to solvent (e.g. in a model
compound or on the surface of a protein) is substantially different from one that is buried within
a protein. The dielectric of bulk water is ~ 80, in contrast to that estimated for the interior of a
protein (4-10) where the medium 1is less polarizable (Matthew, 1985). In transferring a charged
residue from a region of high dielectric (ionic aqueous solution) to a region of low dielectric

(non-polar interior of a protein), an energetic penalty must be paid if the residue is to remain

ionized. This energy is known as either the electrical potential “sélf—energy” or the Born energy
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of solvation (van Holde ef al., 1998). Within the protein, the charged residue can interact with
fixed partial charges of neighboring atoms, as well as other ionizable groups. The pK, of the
residue will reflect the sum of these free energy terms. If a buried charge is not adequately
“quenched” by the surrounding protein, it can be extremely destabilizing (Yang and Honig,
1993) and thus will have a pK, shifted to favour the neutral form. Conversely, formation of
strong ion-pairs and charge-stabilizing hydrogen bonds can contribute favourably to the net
stability of a protein, as reflected by a shift in pK, to favour the charged state. For example,
ionizable residues that are less solvent accessible have been shown to contribute as much as 3-5
kcal mol™ to overall stability (Anderson et al., 1990). In contrast, charged groups on the surface
of the protein often contribute little due to high dielectric constant and charge screening (Dao-pin
etal., 1991).

The knowledge of the precise roles that specific ionizable residues play in protein
stability has come from a limited number of studies, since comprehensive sets of site-specific
pK. measurements are available for few proteins (Anderson et al., 1990; Forsyth et al., 1998;
Oliveberg et al., 1995; van Vlijmen et al., 1998). BCX provides an excellent system for studying
the contributions that individual charged residues have upon stability. It is highly amenable to
being studied by NMR (Plesniak et al., 1996b) in addition to belonging to a.well-represented
family of glycosidases from which many homologues are available for sequence comparisons.
Furthermore, a high-resolution crystal structure of the WT protein has been solved (Wakarchuk
et al., 1994a). One of the less fortunate properties of the enzyme is the absence of
thermodynamic data on its stability, due to its irreversible folding curve.

The pK, values of the glutamic acids, which fortuitously are the two catalytic carboxyls,

as well as of the histidines in this protein have been measured. The pK, of the nucleophile,
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Glu78, is 4.6 whereas that of the general acid/base, Glul172, is 6.7 in the free enzyme and 4.2 in a
trapped glycosyl-enzyme intermediate (MclIntosh ef al., 1996). These values agree closely with
the apparent pK, values describing the pH-dependence of the second-order rate constant, ke./Km,
for BCX towards xylobiosyl substrates (Discussed in Chapter 3). The pK, of His156, a surface
residue, is relatively unperturbed at ~ 6.5. In contrast, His149 has a pK, value < 2.3, and thus is
never ionized significantly within the folded protein (Plesniak et al., 1996a). This histidine is
completely buried within the hydrophobic core of BCX and is involved in an extensive network
of hydrogen bonding interactions. The structural importance of His149 is confirmed by the
destabilizing effect of amino acid substitutions at this position. .To complete the characterization
of the ionization behaviour of BCX under acidic conditions, I measured the pK, values of the
seven aspartic acid residues.

The work presented in this chapter was published in a peer-reviewed letter in Protein
Science (Joshi et al., 1997). The original paper was written in collaboration with Dr. Lawrence

MCIntosh. I carried out all experimental work, except for the measurement of the pK, of the C-

terminal residue, which was done by a summer student, Anders Hedberg.
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2.2 MATERIALS AND METHODS

2.2.1 Cloning and Protein Expression

The synthetic gene encoding BCX was cloned into the pCW plasmid system under
control of an inducible fac promoter, as described previously (Mclntosh e al., 1996; Sungvet al.,
1993; Wakarchuk et al., 1994a). Recombinant DNA procedures, such as plasmid isolation and
purification, were performed using é Qiaprep Spin Miniprep Kit (Qiagen Inc., Mississauga ON).
Sequences were confirmed by automated DNA sequencing and plasmids were transformed into
an appropriate strain of E. coli using electroporation.

Proteins were expressed in E. coli strain EA1 (asp’, asn’, tyr, kan”) grown in a synthetic
medium (Anderson et al., 1993; Mclntosh ef al., 1996; Muchmore et al., 1989) containing 275-
325 mg/L 99% L-[y-"*C]-aspartate (Tracer Technology, Cambridge, MA). With lesions in the
asnA, asnB, aspC and tyrB genes, this strain does not metabolically convert aspartic acid to
asparagine (Anderson et al., 1993). Bacteria were grown at 37 °C until the time of induction
(ODggo = 0.5 - 0.6) and thereafter at 30 °C until the cells were harvested 16 hours later. Protein
expression was induced by addition of IPTG to a final concentration of 0.75 mM. Purification
was performed as described previously using SP-Sepharose™ ion-exchange chromatography

(Pharmacia Biotech, Inc.) (Sung et al., 1993). The [y-”C]-Asp enriched xylanases were purified

to > 90% homogeneity as verified by SDS-PAGE with Coomassie Blue staining.
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2.2.2 NMR

All NMR spectra were recorded using a Varian Unity™ spectrometer operating at 500
MHz for protons.

i) Titration curves

The [y-C]-Asp enriched BCX protein was dialyzed or exchanged, using a
microconcentration device, into 25 mM sodium phosphate, 10% D20/90% H,0, at pH* ~ 6.0
with a total sample volume of 2.0 mL. The initial sample concentration was 0.75 mM. One-
dimensional “C-NMR spectra were recorded as a function of pH* at 25 °C and processed as
described previously (Mclntosh et al., 1996). Chemical shifts were referenced to an external
sample of DSS at 0.00 ppm.

Titration curves were generated by recording *C-NMR spectra of [8-"*C]-Asp labelled
xylanases as a function of pH* at 25 °C. Proteins were titrated using microlitre aliquots of either
0.25-0.50 M HCI or NaOH. The pH* of the sample was determined using a Corning G-P Micro
Combo™ electrode. After measuring the acidic limb of the titration curve, the protein was
exchanged into neutral buffer using a micro concentrating device to remove any excess salt and
to avoid aggregation resulting from the addition of a large quantity of base. Titration of the basic
limb was then carried out in a similar manner to that used for the acidic limb. The sample was
also centrifuged periodically to remove any precipitate that formed during the titration. The

assignments of the y-">C resonances were obtained from a variation of the 3D CBCACO(CA)HA

experiment that provides correlations between the Cco/CB, CY, and HP/B' of each Asp residue in a
uniformly "*C/"N labelled sample of BCX (Plesniak ef al., 1996b). pK, values were determined

by nonlinear least squares fitting of the observed data to models involving one or two sequential

ionizations (equations 2.1 -and 2.2) (Shrager et al., 1972) using the program, PlotData (TRIUMF,
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University of British Columbia). The inherent error of the pH measurements is estimated to be +
0.1 pH unit.

NMR-derived titration curves characterized by one or two apparent or macroscopic pK,
values (Appendix I) are described by equations 2.1 and 2.2, respectively. Jys is the chemical
shift of the residue being monitored, and & represents the.chemical shift of the residue in each

macroscopic ionization state of the enzyme:

AT AL IS
107 +10"™

obs

2pH —(pH+pK ) —(PK o1 +pKyy)
5 0107 +5,10 "+ 5107
obs — 10—2pH+1O—(pH-f'pKa|)+10_(PKal+pKa2)

(2.2)

Selection of the appropriate model was based on the criteria of using the minimal number

of ionization events to adequately fit the observed titration data.
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2.3 RESULTS

Shown in Figure 2.1 is the pH-dependence of the chemical shifts of the y-">C nuclei from
the seven aspartic acids in BCX at 25 °C. The upfield change of ~ 3 ppm with decreasing pH
observed for five of these residues is consistent with that expected for the protonation of a
carboxyl group (Gu et al., 1994). The pK, values of these side chains were determined by fitting
of the NMR data to standard equations describing titrations involving one (Aspl1, 106, and 121)
or two ionizable groups (Asp4 and 119) (Shrager et al., 1972). In the latter case, the apparent or
macroscopic pK, associated with the aspartic acid is taken to correspond to the major change in
chemical shift occurring near pH 3. Minor changes near neutral pH are attributed to perturbations
of these residues due to the titrations of other ionizable groups in BCX.

In striking contrast to five of the aspartic acid residues in BCX, Asp83 and Aspl101 have
essentially constant y-">C chemical shifts between pH 2.1 to 9.4 and thus do not titrate over this
measured pH range. The pK, value of these side chains must either be < 2 or > 9. The downfield
chemical shift (184.3 ppm) of Aspl01 is indicative of a deprotonated carboxylate, while the
upfield chemical shift (176.8 ppm) of Asp83 is characteristic of a protonated carboxylic acid.
However, as is evident by the dispersion of aspartic acid y-">C chemical shifts observed in BCX,
the ionization states of these residues cannot be determined reliably based only on the data
presented in Figure 2.1. To resolve this critical question, we also recorded the spectrum of the
selectively labelled protein in 90% D,0/10% H,O buffer at pH* 6.1. Whereas the '°C resonance
of a neutral carboxylic acid experiences a two-bond isotope shift of ~ -0.25 ppm upon
deuteration, that of an ionized carboxylate remains unaffected (Ladner et al., 1975; Yamazaki et
al., 1994). The absence of such a readily measurable isotope shift for either Asp83 or Aspl01
unambiguously demonstrates that both residues exist in the deprotonated form within BCX, and

thus must have pK, values < 2.0 (data not shown). Indeed, if we assume that changes in chemical
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Figure 2.1 (A) PC-NMR spectra of BCX recorded as a function of pH at 25 °C. The peaks
corresponding to the Asp residues are shaded for emphasis. Spectral assignments were based on
previous analysis of BCX (Plesniak et al., 1996b) and pH values are listed above each spectrum.
(B) Apparent pK, values were determined by fitting the data for Asp101 (M), Asp4 (O), Aspll
(@), Aspl21 (A), Aspl19 (<), Aspl06 (@) and Asp83 ([0) to an equation describing the pH-
dependence of the chemical shift of a residue to one or two sequential ionization events.
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shift are detectable at pH values within a unit of the pK, of a carboxyl group, then estimates for
the upper bounds for the pK, values of Asp83 and Asp101 can be set at ~ 1.0.

Finally, based upon the pH-dependence of the amide "N chemical shift of Trpl85
determined using a 2D 'H-"N heteronuclear correlation experiment, the pK, of the a-carboxyl
group of this C-terminal residue is assigned tentatively to ~ 2.7 (data not shown; Bundi and

Wuthrich, 1979). A summary of the measured pK, values of all the carboxyl and imidazole

groups in BCX is presented in Table 2.1.
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Table 2.1. Measured pK, values and structural characteristics of the carboxyl and imidazole
groups in BCX.

Residue pK Hydrogen Bonding Partner” Fractional Solvent Conservation®
Accessible Surface Area®

Asp4d 3.0 Thr43 (N, O") 0.35 15 %
Aspll 2.5 Gly13 (N), Asn35 (N), 0.25 70 %
H,O (244)
Asp83 <20  Tyr53 (O"), Tyrl05 (O"), Argl36 0.00 100 %
(N™)
Aspl01 <2.0  Serl00(O"), Thrl45 (N, 0"), H,0 | 0.08 90 %
(200)
Aspl06 2.7 Arg89 (N") 0.15 80 %
Aspl19 3.2 Arg73 (N5, N") 0.43 50 %
Aspl21 3.6 0.97 15 %
Glu78 4.6 Tyr69 (OM), GIn127 (N%) 0.12 100 %
Glul72 6.7 Asn35 (N%2), Tyr80 (O") 0.13 100 %
His149 <23 Ser130 (O"), H,0 (200) 0.00 100 %
His156 ~6.5 Alal52 (O) 0.33 35%
WI185 (a-C) ~2.7 Alal (a-N), Asn52 (N) 0.00 -

aApparent pK, values of the aspartic acid residues are determined from the data in Figure 2.1, while those of
the glutamic acids were taken from Mcintosh et al., (1996). Histidine pK, values are from Plesniak et al.,

* (1996a), while that of the C-terminus is from a HSQC-titration of '°N-labelled BCX. Errors are estimated to
be £0.1 units.

®Hydrogen bonds were determined from the crystal structure of BCX (RCSB PDB file 1XNB (Wakarchuk et
al., 1994a)) by visual inspection and by using the programs HBPLUS (McDonald and Thornton, 1994) and
VADAR (Wishart et al., 1995). Only internal water molecules are listed. Positively charged groups are
underlined.

“Solvent accessible surface areas are reported for selected atoms of the aspartic acid (C', O, 0"), glutamic
acid (C?, 0%, 0), and histidine (C, C%, N*', C*%, N*) side chains in the PDB file 1XNB relative to those
calculated for the same atoms in a fully extended Gly-X-Gly tripeptide. Calculations were performed with the
program SURFCYV using a probe radius of 1.4 A (Sridharan et al., 1995).

Residue conservation is based on the aligned sequences of 14 family 11 xylanases (Wakarchuk et al., 1994a).
Aspartic acid and glutamic acid residues are considered equivalent.
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2.4 DISCUSSION

The pK, values of an aspartic acid side chain and a C-terminal o-carboxyl group in an
unstructured polypeptide are approximately 4.0 and 3.3 - 3.8, respectively (Creighton, 1993;
Richarz and Wuthrich, 1978). The pK, values of all the aspartic acids and the C-terminus of
BCX are less than these reference values, indicating that the environment of each in the native
protein favours its deprotonation (Figure 2.2). Stated equivalently, the ionization of these acidic
groups contributes to the stability of the folded protein relative to its unfolded state.
Quantitatively, each decrease in the pK, of a given residue compared to its value in the unfolded

state by one unit corresponds to ~ 1.4 kcal mol™ in free energy of stabilization of the native

protein at 25 °C (Anderson et al., 1990; Tanford, 1961). The reduced pK, value of the carboxyl
groups may result from global electrostatic effects, due to the net positive charge of BCX under
acidic conditions, combined with local electrostatic interactions including opposite charge
pairing and hydrogen bonding. BCX displays a very interesting electrostatic surface. The enzyme
has a computed pI of 9.1 (Joshi et al., 2000a) and is a net basic protein with 2 Glu, 7 Asp, 2 His,
7 Arg, and 5 Lys residues. The profile of the electrostatic surface shows a rather asymmetric
charge distribution (Figure 2.3). The front-side of the molecule, where the active-site is located,
is dominated by regions of negative potential (5/9 acidic residues are located on the front face),
whereas, the back-side is marked by substantially positive regions of potential (9/12 basié
residues are located on the rear face). Nevertheless, offsetting the favourable effects of buried
negative charges in a net positively charged molecule is the screening of exposed charged groups
by solvent counterions and the destabilization of ionizabvle groups upon burial within the low

dielectric medium of the protein core. To help in the evaluation of these complex factors, a

summary of the
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Figure 2.2. Aspartic acid pK, shift associated with the folded state. The pK, values of all the Asp
residues in BCX were compared to the pK, value of an Asp residue in an unstructured
polypeptide (pK, ~ 4). The % conservation of the Asp residue amongst the family 11 xylanases is
indicated on the plot. Asp83 and Asp101 have the lowest pK, values (< 2) and are also the most
highly conserved.
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Figure 2.3. Electrostatic represenation of the potential surface of BCX. Regions of negative
potential are shown in red (active-site) while regions of positive potential (a majority of the
molecular surface of BCX) are shown in blue. At the top is the front-side of the molecule, which
shows the active-site, and below is the back-side of the molecule. Figure was generated using the
coordinates of WT (wild type) BCX (Wakarchuk et al., 1994a) (RCSB PDB ID: 1XNB) and the
program GRASP (Nicholls ez al., 1991).
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environments of the Asp, Glu, and His residues observed in the crystal structure of BCX is also
given in Table 2.1.

With pK, values below 2.0, Asp83 and Aspl01 contribute most significantly to the
stabilization of BCX. Indeed, since the stability of BCX decreases with pH such that the protein
unfolds readily under strongly acidic conditions (Davoodi et al., 1995), we conclude that these
two aspartate groups are always ionized within the context of the native enzyme. Based on the
crystal structure of BCX (Wakarchuk et al., 1994a), Asp83 is buried entirely in the interior of the
protein, forming hydrogen bonds with the positively-charged 6-guanido group of Argl36 and the
phenolic O" atoms of Tyr53 and Tyr105 (Figure 2.4). The structural importance of this ion pair
is highlighted by the strict conservation of positions 83 and 136 as Asp/Glu and Arg/Lys
residues, respectively, in all family 11 xylanases. It is intriguing to note that, in bacteriophage T4
lysozyme, Asp10 has a pK, value < 2 yet also shows an unusual upfield y-">C shift characteristic
of a protonated carboxyl. This aspartate is buried within the protein, interacting with the side
chains of two arginines and a tyrosine (Anderson et al., 1993). It is plausible that a strongly
electron-withdrawing ionic hydrogen bond or an electric field effect from an adjacent charged
guanido group leads to the upfield changes in the y-">C chemical shifts of these two aspartates
(Batchelor et al., 1975; Gu et al., 1994). In support of this suggestion, the second and third most
upfield carboxylate resonances in Figure 2.1 arise from Asp106 and Asp119, both of which also
contact arginine side chains in BCX (Table 2.1).

Aspl01 is also a strong acid in this xylanase, yet in contrast to Asp83, it is not adjacent to
any positively charged groups. The carboxyl of Aspl01 is positioned near the surface of BCX,

neifher buried within its hydrophobic core nor exposed fully to the solvent. The charge of this

side chain appears to be stabilized by hydrogen bonding to the amide of Thr145, the hydroxyl of
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Ser100, and an internal water molecule (Figure. 2.4). Consistent with this interaction, the amide
H" resonance of Thrl45 is shifted strongly downfield to 10.58 ppm (Plesniak et al., 1996b).
Furthermore, Asp101, Ser100, and the buried water are well conserved in homologous xylanases
of known structure. Somewhat surprisingly, Aspl01 is hydrogen bonded to the same internal
water molecule as is the buried, neutral His149. This histidine has a pK, value < 2.3, and thus is
never positively charged in native BCX, despite the presence of the adjacent negatively-charged
aspartate (Plesniak ef al., 1996a). Buried ion pairs consistently appear in proteins in low number
and have distinct roles in maintaining structure and providing stability. Furthermore, isolated
charged groups can also be buried in spite of the aforementioned energetic penalty of
desolvation; however, they must be stabilized by hydrogen bonding or salt-bridges. This
emphasizes the complex balance between charge stabilizing and destabilizing interactions within
a folded protein.

Of the five aspartic acids in BCX that show measurable pH titrations, those that are well

conserved in family 11 xylanases (Asp 11 and 106) have pK, value < 3, while those that are not

(Asp 4, 119, and 121) have pK, values > 3. The latter three also have the most exposed carboxyls
of all the aspartic acids in BCX. This is not unexpected as residues involved in stabilizing the
native fold of a protein are often maintained across a family of related proteins and often form
the core of their structures. Both Aspl06 and Aspl119 are hydrogen bonded to arginine guanido
groups in the crystal structure of BCX. However, the more exposed of these, Asp119, has a pK,
of 3.2, suggesting that solvent screening may reduce the stabilizing effect of this salt bridge. In
contrast, neither Asp4 nor Aspl1 is located in the immediate proximity of a charged side chain.
The depressed pK, values of these two residues are attributed to hydrogen bonding interactions

with neutral polar atoms. The side chain of Asp121 is entirely exposed to the solvent, accounting
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Figure 2.4. A stereo-view of the structural environment of Asp83 and Asp101 in BCX. Selected
side chains are shown in dark gray, with potential hydrogen bonds indicated by broken yellow
lines, protein and water oxygen atoms in red, nitrogen atoms in blue and the protein backbone
trace in silver. Both Asp83 and Aspl101 have pK, values < 2.0 and thus are negatively charged
under all conditions examined. Asp83 is buried, yet stabilized by a salt bridge with Argl36.
Aspl01 is nearby on the surface of BCX, forming hydrogen bonds to Ser100, Thr145 and an
internal water molecule. His149, which is also hydrogen bonded to this water molecule, has a
pK, value < 2.3 and thus is neutral within the folded protein. The figure was generated from the
RCSB Protein Databank (Bernstein et al., 1977) coordinate file IXNB (Wakarchuk et al., 1994a)
using the programs Molscript (Kraulis, 1991) and Raster3D (Merrit and Murphy, 1994).
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for its relatively unperturbed pK, of 3.6. Lastly, in the crystal structure of BCX, the a-carboxyl
of Trp185 forms a salt bridge to the a-amino group of Alal, presumably leading to its reduced

pK, of 2.7. Consistent with this interaction, heteronuclear relaxation studies reveal that the

termini of BCX are well ordered in solution and do not display rapid local motion typical of

residues near the ends of many proteins (Connelly et al., 2000).
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2.5 CONCLUSION

In summary, the pK, values of all the carboxyl and imiaazole groups in BCX have been
measured and this study serves to further define the roles that each plays in establishing the pH-
dependent stability of this protein. Conserved charged groups were found to have the most
perturbed pK, values and contributed the most to stability as expected. However, what was not
expected was the observétion that the most buried (least solvent accessible) groups had the
lowest pK, values. Definitely, exposed residues have “nofmal” pK, values, but what about those
that are buried? Traditional texts imply that burying charges is unfavourable, but we see that this
is not the case. Indeed, in a low dielectric medium, a charge pair can interact very strongly and
easily offset the Born energy term. This study therefore provides a database for future
experimental and theoretical studies (Chapter 3) aimed at understanding the factors that
determine the precise pK, values of these residues within the folded and unfolded states of

xylanases and proteins in general.

Measurements of the pK, values of the acidic residues in BCX have provided insight into
the pH-dependent stability of this enzyme. The focus of the next chapter will be on the two
catalytic glutamic acid resides, Glu78 and Glul72, in order to define what factors set their pK,

values and hence the activity and pH optimum of the enzyme.
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Chapter 3

The pH-Dependent Activity
and Mechanism of BCX

ABSTRACT

The double-displacement reaction mechanism of retaining glycosidases necessitates that
the ionization state of the catalytic nucleophile (lower pK,) and the general acid/base catalyst
(higher pK,) be different such that they match their catalytic roles. The difference in ionization
states between the catalytic groups is essential for function and gives rise to the bell-shaped pH-
dependent activity profile of these enzymes. Previous studies of the low molecular mass family
11 xylanase from Bacillus circulans (BCX) show that the ionization state of the nucleophilé
| (Glu78, pK, 4.6) and the acid/base catalyst (Glul72, pK, 6.7) gives rise to its pH-dependent
activity profile. Inspection of the crystal structure of BCX shows that Glu78 and Glul72 are in
very similar environments and are surrounded by several equivalent highly conserved active-site
residues. Hence, there are no obvious reasons as to why their pK, values are different. To address
this question, a mutagenic approach was implemented to deteﬁnine what features establish the
pK, values (measured directly by *C-NMR and indirectly by pH-dependent activity proﬁles) of
these two catalytic carboxylic acids and give rise to their difference in ionization behaviour. The
results indicate that all of the conserved active-site residues act concertedly in establishing the
pK, values of Glu78 and Glul72, with no particular residue being singly more important than
any of the others. In general, residues that contribute positive charges and hydrogen bonds serve

to lower the pK, values of Glu78 and Glul72. The degree to which a hydrogen bond lowers a
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pK, value is largely dependent on the length of the hydrogen bond (shorter bonds lower pK,
values more) and the chemical nature of the donor (COOH > OH > NH,). In contrast,
neighbouring acidic groups can either lower or raise the pK, values of the catalytic glutamic
acids. The mechanism that they use to modulate pK, values is complex and depends upon the
electrostatic linkage of the ionization constants of the residues involved in the interaction.
Analysis of several BCX structures indicates that Glu78 is preferentially stabilized over Glul72
in part by stronger hydrogen bonds contributed by two well-seated residues, namely Tyr69 and
GIn127. In addition, theoretical pK, calculations show that Glu78 has a lower pK, value than
Glul72 due to a lower desolvation energy and more favourable background interactions with
permanent partial charges and ionizable groups within the protein. While the pH optimum of
BCX can be modified (from -1.0 to +0.6 pH units) by mutating neighboring residues within the
active-site, activity is usually compromised due to the loss of important ground and or transition
state interactions. These results suggest that the pH optimum of an enzyme might be best
engineered by making strategic amino acid substitutions at positions outside of the “core” active-

site that electrostatically influence catalytic residues without perturbing their structures.
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3.1 INTRODUCTION

Enzymes catalyze virtually all biochemicai reactions in a bewildering array of organisms,
and often under extremes of environmental conditions. Remarkably, this can be carried out using
a rather limited repertoire of amino acids that serve as nucleophiles, electrophiles, and general
acids and bases. Clearly, enzyme structures have evolved in part to modulate the
physicochemical properties of these amino acids, as required for catalysis of a particular reaction
under a given set of conditions. Since these catalytic amino acids generally have ionizable side
chains, one critical property is their precise pK, value within the context of the native enzyme.
For example, all low-molecular weight xylanases use the same configuration of two catalytic
glutamic acids to hydrolyze xylan. The pK, values of these two residues must, however, differ
considerably within a given enyzme as one must be deprotonated and serve as a nucleophile
while the other must be protonated and function as a general acid. In addition, the relative pK,
values of these catalytic residues must be shifted between individual members of this family aé
some xylanases function optimally under acidic conditions, whereas others function under mofe
alkaline pH values. Accordingly, a major challenge in the field of enzymology is to delineate
experimentally the parameters that establish the pK, values of ionizable groups in proteins and
protein complexes. Knowledge of these factors can be applied to engineer rationally the pH
optima of enzymes for use in biotechnology, as well as to improve their pH-dependent stability.
Furthermore, studies that provide direct experimental information about structural and functional
elec‘fﬁostatic interactions in proteins will also aid in the development and refinement of suitable
algdrithms for the theoretical prediction of the pK, values of their constituent ionizable groups.

The low molecular mass endo-p-(1,4)-xylanase from Bacillu§ circulans (BCX) (Sung et

al., 1993; Wakarchuk et al., 1992) provides an excellent model system to study the pH-
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dependent activity of retaining glycosidases. This 20.4 kDa enzyme has been extensively
characterized kinetically (Joshi et al., 2000; Lawson et al., 1996; Lawson et al., 1997; Mclntosh
et al., 1996) and structurally (Joshi et al., 2000; Sidhu et al., 1999; Wakarchuk et al., 1994) in
both its free and covalent glycosyl enzyme-intermediate states. In additiqn, the NMR spectrum
of BCX has been assigned (Plesniak e al., 1996b) and the pK, values of all of its carboxyl
(Chapter 2; Joshi et al., 1997, MclIntosh et al., 1996) and imidazole (Plesniak et al., 1996a)
groups have been determined.

BCX, like all family 11 glycosidase members (Gilkes et al., 1991), hydrolyzes xylosidic
substrates with net retention of anomeric configuration. This proceeds via a double-displacement
mechanism involving two sequential Sx2 reactions (Gebler ez al., 1992; Koshland, 1953; Sinnott,
1990) (Figure 3.1). A covalent intermediate is formed in the glycosylation step and subsequently
hydrolyzed in the following deglycosylation step. Previous studies have determined that, during
the glycosylation reaction, Glu78 serves as a nucleophile and thus must initially be negatively
charged, whereas Glul72 functions as a general acid and hence must be protonated (MclIntosh et
al., 1996; Miao et al., 1994; Sidhu et al., 1999). Consistent with their catalytic roles, the pK,
values of Glu78 and Glul72, measured directly using *C-NMR spectroscopy, are 4.6 and 6.7,
respectively. These values are in close agreement with those determined from the bell-shaped
pH-acfivity profile of this enzyme and show that the ionization states of Glu78 and Glul72
determine that BCX functions optimally at pH 5.7 (McIntosh et al., 1996).

The double-displacement mechanism of BCX requires that Glul72 plays a dual catalytic
role as a general acid in the first step and as a general base in the second. This requirement places
speéiﬁc demands on the ionization state of Glul72. Remarkably, when the pK, of Glul72 is

measured in a trapped covalent glycosyl-enzyme intermediate, its pK, drops to 4.2, where, at the
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Figure 3.1. The double-displacement anomer-retaining mechanism employed by BCX involves
two distinict steps. In the glycosylation step, Glu78 functions as a nucleophile (pK, 4.6) and
attacks the glycosidic bond of the B-(1,4)-linked xylose polymer while Glul72 functions as a
general acid (pK, 6.7) and donates a proton to the departing aglycone. In the subsequent
deglycosylation step, the glycosyl-enzyme intermediate (with the proximal saccharide distorted
in the >°B conformation) is hydrolysed with the assistance of Glul72 (pK, 4.2), which now
functions as a general base. (R = xylose).
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pH optimum, can function as a general base. The pK, of Glul72 thus “cycles” to match its dual
catalytic role (MclIntosh et al., 1996). A similar pK, (4.2) was measured for Glul72 in a protein
where Glu78 was substituted with a glutamine. This large decrease in pK, of ~ 2.5 units is
consistent with the role of Glul72 as a general base catalyst in the deglycosylation step and
appears to be a consequence of both reduced electrostatic repulsion due to neutralization of
Glu78 and subtle conformational changes in the protein. Therefore, the predominant driving
force for pK, cycling is thé change in ionization state of Glu78 from a negatively charged
nucleophile to a neutral glycosylated residue during the double-displacement reaction. Hence,
this phenomenon is intrinsic to the retaining mechanism of glycosidases.

A major goal of this study of BCX was to delineate the factors that establish the exact
pK, values of these two catalytic glutamic acid residues. As expected, crystallographic studies of
BCX reveal that Glu78 and Glul72 are surrounded by several highly conserved residues within
the active-site of the enzyme (Wakarchuk et al., 1994a). However, upon closer inspection, Glu78
and Glul72 are both found to be hydrogen bonded to primary amides (Gln127 and Asn35,
respectively) and phenolic oxygens (Tyr69 and Tyr80, respéctively) and are approximately
equidistant from the same positively charged arginine (Argl12). Furthermore, both catalytic
residues are in similar environments of secondary structure and exhibit comparable
accessibilities to the solvent (Joshi ef al., 1997). Thus, there is no obvious reason as to why the
pK, values of these two | glutamic acids differ by 2.1 units. To help answer this question, a
systematic mutagenesis study was undertaken in order to determine the effects that specific
hydrogen bonding and electrostatic interactions, contributed by conserved neighboring residues,

have upon the pK, values of Glu78 and Glul72 and hence the pH-dependent activity of BCX.
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In this chapter, I report the kinetic, NMR spectroscdpic, and X-ray crystallographic
analyses of several BCX variants containing substitutions of active-site residues. Proteins were
characterized kinetically in both the pre-steady state and steady state phases of hydrolysis. In
particular, the second-order rate constants k../Ky, for hydrolysis of a xylobiosyl 'derivative were
measured for all of the proteins as a function of pH. From the resultant bell-shaped activity
profiles, the pH optimum of each variant, as well as the apparent pK, values of Glu78 and
Glul72, could be extracted and compared to those of the wild type enzyme. In parallel, NMR
spectroscopy was utilized to measure directly the pK, values of these two catalytic residues in
each mutant protein. Where possible, X-ray crystallographic structures of mutant xylanases were
solved to provide additional structural information. The structure of WT BCX was also
determined under acidic conditions to assess the extent of pH-dependent conformational
changes, which may influence the activity of the enzyme. Finally, the pK, values of the catalytic
glutamic acids were calculated theoretically in order to help dissect the factors contributing to the
differences observed betw.een the WT and mutant enzymes.

A survey of the literature suggests that this work represents one of the most extensive and
detailed accounts of the pH-dependence of activity of any enzyme performed to date. BCX is
highly amenable to being studied by a multitude of biophysical, structural and enzymological
techniques and thus affords us this unique opportunity to examine its pH-dependent activity in
detail. The vast majority of work presented in this chapter was performed by me. Some Qf the
plasmids (Y69F, Y8OF, R112N and Q127A) were created by Dr. Warren W. Wakarchuk, who
aléo cloned the original synthetic BCX gene. However, in some cases I had to regenerate the

plasmid DNA due to problems with the expression system (not discussed in this thesis). The

synthetic substrates were made in the laboratory of Dr. Stephen Withers by Timothy Hiebert, Dr.
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Spencer Williams and Dr. Lothar Ziser. Finally, the pK, calculations were performed by my
supervisor, Dr. Lawrence MclIntosh, while on sabbatical leave at the European Molecular
Biology Laboratory in Heidelberg, Germany in collaboration with a graduate student, Jens E.
Nielsen. A manuscript describing this work is currently in preparation for submission to

Biochemistry (Joshi et al., 2000b).
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3.2 MATERIALS AND METHODS

3.2.1 Cloning, Mutagenesis and Protein Expression

The synthetic gene encoding BCX was cloned into the pCW plasmid system under
control of an inducible tac promoter, as described previously (McIntosh et al., 1996; Sung et al.,
1993; Wakarchuk et al., 1994a). To create the genes encoding the N35A, Y69F, Y80F, R112N
and Q127A variants of BCX, site-directed- mutagenesis was carried out as described previously
(Wakarchuk et al., 1994a) using the Kunkel method (Kunkel et al., 1983). The QuickChange™
Site-Directed Mutagenesis Kit (Stratagene Cloning Systems, La Jolla, CA) was used to create the
gene encoding Q127E BCX. All other recombinant DNA procedures, such as plasmid isolation
and purification, were performed as recommended by the manufacturers. After the sequences
were confirmed by automated DNA sequencing, the mutated plasmids were transformed into an
appropriate bacterial E. coli strain using electroporation or calcium chloride-heat shock.

Proteins used for kinetic studies were expressed in E. coli strain BL21 ( ADE3) or 594

grown in TYP medium at 37 °C until the time of induction (ODggo = 0.5 - 0.6) and thereafter at

30 °C until the cells were harvested 16 hours later. Protein expression was induced by addition of
IPTG to a final concentration of 0.75 mM. Purification was performed as described previously
using SP-Sepharose™ ion-exchange chromatography followed by Sephacryl S-100™ HR size
exclusion chromatography (Pharmacia Biotech, Inc.) (Sung et al., 1993). Fresh column material
was used for different proteins to prevent‘ any possible cross contamination. Proteins were
purified to > 95% homogeneity as judged by SDS-PAGE with Coomassie Blue staining. Further
characterization was performed using a Perkin Elmer Sciex API III electrospray mass
spectrometer with the following results: N35A, observed 20 358 + 3.5 Da (expected 20 _353 Da);

Y69F, observed 20 385 + 4.5 Da (expected 20 380 Da); Y80F, observed 20 385 + 4.5 Da
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(expected 20 380 Da); R112N, 20 359 + 3.5 Da observed (expected 20 354 Da); Q127A, 20 344
+ 4.0 Da observed (expected 20 339 Da); and Q127E, 20 400 + 3.5 Da observed (expected 20
402 Da).

BCX mutant proteins, *C-enriched in the side chain 8-carbonyl of the glutamate and
glutamine residues, were prepared as described previously (Mclntosh et al., 1996). Bacteria were
grown in a synthetic medium (Anderson et al., 1993; Mclntosh et al., 1996; Muchmore et al.,
1989) containing 275-325 mg/L 99% L-[8-"°C]-glutamate (Tracer Technology, Cambridge,
MA). The isotopically labelled proteins were expressed and purified as above, except that the
size-exclusion chromatography step was not performed in order to maximize yield. The [8-">C]-
Glu and -Gln enriched xylanases were purified to > 90% homogeneity as judged by SDS-PAGE
and Coomassie Blue staining. Further characterization was performed using electrospray mass
spéctrometry, yielding the following values: N35A, observed 20 351 £ 3.5 Da (expected 20 360
Da); Y69F, observed 20 391 + 2.0 Da (expected 20 387 Da); Y80F, observed 20 387 + 2.0 Da
(expected 20 387 Da); R112N, 6bserved 20 362 = 2.4 Da (expected, 20 361 Da); QI27A,
observed 20 346 + 3.6 Da (expected 20 346); and Q127E observed 20 408 + 3.2 Da (expected
20 409). The expected mass value was calculated assuming 100% C enrichment of seven
residues. Deviations from observed and expected molecular masses reflects isotopic dilution of

the [8-"*C]-glutamate.

3.2.2 Enzyme Kinetics

(i) Steady State Kinetics
Two aryl B-xylobiosides were used as substrates in the assays described below: 2,5-

dinitrophenyl B-xylobioside (2,5-DNPX3), A€ssonm = 3.57 mM™ cm™ (where Ae is the difference
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in molar absorptivity between the phenol and its corresponding xylobioside at pH 6.0); and
orthonitrophenyl B-xylobioside (ONPX3), Agsoonm = 1.07 mM™ cm™”. All substrates were
synthesized and characterized according to previously published procedures (Lawson et al.,
1997; Ziser et al., 1995). All other materials, unless otherwise stated, were obtained from the
Sigma Chemical Company. Spectrophotometric assays were performed on either a Pye Unicam
8700 or UV4 UV/Vis spectrophotometer, both equipped with a circulating water bath for
temperafure control. Assays were carried out in 200 uL micro black-walled quartz cuvettes with
a 1 cm path length, according to methods described previously (Lawson et al., 1997). The pH
values of assay solutions were measured using a Corning G-P Micro Combo™ electrode. Steady-
state kinetic data were fitted using the programs PlotData (TRIUMF, Univérsity of British
Columbia) and GraFit (Leatherbarrow, 1998).

Assays to determine the Michaelis-Menten steady state parameters, k., and K., utilized
the appropriate aryl B-xylobioside substrate in 20 mM MES, 50 mM NaCl, 0.1 % BSA buffer
(pH 6.0). Typically, substrate concentrations were varied from 0.2K, to 5K;,. After a 15 minute
prein;:ubation time at 40 °C, 10 uL of enzyme at an appropriate concentration (2.0 x 10 mM to
7.0 x 10% mM final) was added to 190 pL of the assay solution. The initial rates of enzymatic
hydrolysis of the aryl -xylobiosides, v, were determined by monitoring the rate of phenol
release at the appropriate wavelength in a continuous assay at 40 °C. Enzyme concentrations and
reaction times were chosen such that less than 10 % of the total substrate was hydrolyzed over
the course of the measurement. Experimental rates measured at each given substrate
concentration were fitted by a non-linear least squares method to the standard Michaelis-Menten
expression (Scheme 3.1 and equation 3.1) to obtain the parameters k., and K. Values of k¢u/Kin

were determined from the slope of a Lineweaver-Burke plot.
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Scheme 3.1: Standard Michaels-Menten scheme used to describe the hydrolysis of xylo-
oligosaccharides by BCX proteins (k; and ks represent the glycosylation and deglycosylation

steps respectively).

_ ko[ Er][S]

v, = T 3.1
=Tk H[S] (3.1
where,
= _koky (3.2)
k, + k,
K. = k,+k, ky (3.3)
k, k, + k,
and

k.
K, _(?J (34)

1

Assays used to determine the pH-dependence of k../K,, employed low concentrations of
ONPX, substrate (0.35 mM), 50 mM NaCl, 0.1 % BSA, and the appropfiate buffer for a given .
.pH range (pH 2-5: 20 mM succinate; pH 5-7: 20 mM MES; pH 7-8: 20 mM HEPES; pH 8-11:
20 mM CHES). After a 15 minute preincubation time at 25 °C, the enzymatic reaction was
initiated by addition of 10 pL of enzyme (3.0 x 10 mM final) to 190 pL of the assay solution.

Progress curves were followed by measuring the release of o-nitrophenolate at 400 nm versus
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time until at least 80 % substrate depletion was observed. The pH of each assay solution was
measured after completion of the reaction. An aliquot of the assay mix was then re-assayed at pH
6.0 to confirm the stability of the enzyme compared to an aliquot of unassayed enzyme which
had not been exposed to assay conditions. Experimental data were fitted to a pseudo-first-order
expression, which upon division by the enzyme concentration yielded k../K. values. This
method obviated the need to correct for the variation of extinction coefficient of ONPX, with pH
and eliminated any errors associated with the determination of substrate concentrations. The
k.a/Km data were then plotted as a function of pH and fitted to a bell-shaped activity profile,
described in equation 3.5, from which apparent pK, values corresponding to the acidic and basic

limbs were determined.

kcal — kca 1
(K—J - (K—j 0 1o | O
m /obs m /max| | 4

107K " 107"

(ii) Pre-Steady State Kinetics

Pre-steady state kinétic measurements were taken for mutant BCX proteins using a
stopped-flow spectrophotometer (Olis RSM-1000) with a 2 cm cell path length and a circulating
water bath, as described previously (Zechel et al., 1998). The dead-time of the instrument was
2.5 ms. Assays consisted of various amounts of 2,5-DNPX; substrate (0.30 mM to 2.20. mM) and
enzyme (1.0 x 10° mM to 2.0 x 16'3 mM) in 10 mM MES, 25 mM NacCl, buffer (pH 6.0) at 25
°C. The limited solubility of 2,5-DNPX, under the conditions described precluded assays
containing higher concentrations of substrate. Phenolate release was monitored at 440 nm by

collecting data at a rate of 1000 spectra/s over a 10 s time period. Pre-steady state bursts were
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observed only for Y80F BCX. For this protein, the resulting time courses were fitted to an
expression with an exponential term (pre-steady state phase) and a linear term (steady state
phase) (equation 3.6).

Ay @) = A1-€e"")+ Bt+C (3.6)
First-order rate constants for the exponential pre-steady state phase (kops) were then fitted to a
linearized form of equation 3.7 that is valid in the absence of saturating conditions ([S] < Kg)
(equation 3.8) (Hiromi, 1979; Namchuk and Withers, 1995; Zechel et al., 1998). The slope of

this plot-yielded subsequent values of k/Ky.

k,[S]
obs T V3 Kd + [S] (37)
k. =k + kLS (3.8)

d

3.2.3 NMR

All NMR spectra were recorded using a Varian Unity™ spectrometer operating at 500
MHz for protons. |
(i) Titration curves

The [6-13C]-Glu and -Gln enriched BCX proteins were dialyzéd or exchanged, using a
microconcentration device, into 10 mM sodium phosphate, 10% D>0/90% H,O, at pH*.~ 6.0
with a total sample volume of 2.0 mL. Initial sample concentrations were: N35A, 1.27 mM;
Y69F, 1.20 mM; Y80F, 1.45 mM; R112N, 0.75 mM; Q127A, 0.37 mM; and Q127E, 0.42 mM.
One-dimensional *C-NMR spectra were recorded as a function of pH* at 25 °C and processed

as described previously (McIntosh et al., 1996). Chemical shifts were referenced to an external

sample of DSS at 0.00 ppm. Titration curves were generated by recording *C-NMR spectra of
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[6-C]-Glu and -Gln labelled xylanases as a function of pH* at 25 °C. Proteins were titrated
using microlitre aliquots of either 0.25-0.50 M HCl1 or NaOH. The pH* of the sample was
determined using a Corning G-P Micro Combo™ electrode. After measuring the acidic limb of
the titration curve, the protein was exchanged into neutral buffer using a micro concentrating
device to remove any excess salt and to avoid aggregation resulting from the addition of a large
quantity of base. Titration of the basic limb was then carried out in a similar manner to that used
for the acidic limb. The sample was also centrifuged periodically to remove any precipitate that
formed over the course of the titration. Individual &-carbon fesonances of glutamate and
glutamine .side chains of mutant xylanase proteins were assigned based on previous analysis of
the WT spectra (MclIntosh et al., 1996; Plesniak et al., 1996b). Macroscopic pK, values were
determined by nonlinear least squares fitting of the observed data to models involving one, two,
or three sequential ionizations (equations 3.9-3.11) (Shrager et al., 1972) using the program,
PlotData (TRIUMF, University of British Columbia) (Appendix I).

5 0107 +38,10"
B (S (Vs

(3.9)

. 5 5a1 O—ZPH + 5b1 O’(PHH’KM) + 561 O—(PK{.1+PK::2)

” _ Y A (3.10)
b | 10 2pH+10 (pH pK,,1)+10 (PKa1#+PKo2)

_ 5a 1 O—(SPH) + 5[)1 O—(pK“ﬂpH) + 561 O‘(PKaz+pKa3+pH) + 5d 1 0-(pKﬂl+pKa2+‘pK¢13)

1 O_(3PH) + 1 O‘(PKa3+2PH) + 1 O‘(PKaz“'PKuS"'PH) + 1 O_(PKul*'PKaZ‘*'PKaJ)

(3.11)
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Here, &b is the chemical shift of the residue being monitored, and & represents its chemical shift
in each ionization state of the enzyme. Selection of the appropriate model was based on the
criterion of using the minimal number of ionization events to adequately fit the observed titration
data as judged by a visual comparison of the observed and calculated plots of s versus pH*.

The error of the pH measurements is estimated to be + 0.1 units.

3.2.4 X-ray Crystallography

Crystals of mutant BCX proteins were grown at pH 7.5 in 17-20 % (NH4),SO4, 10 mM
NaCl and 40 mM Tris HCI as previously described for the WT enzyme (Sidhu et al., 1999). The
crystéls of WT BCX at acidic pH values were prepared by further soaking those grown at pH 7.5
in 1.0 M sodium citrate buffer at pH 5.5 or pH 4.0 for approxiniately four hours. Diffraction data
for each mutant were collected from a single crystal on a Rigaku R-AXIS IIC imaging plate area
detector system using CuK, radiation supplied by a Rigaku RU300 rotating anode generator
operating at 50 kV and 100 mA. Each diffraction data frame was exposed for 20 minutes during
which time the crystal Wés oscillated through 1.2°. Intensity data were integrated, scaled, and
reduced to structure factor amplitudes with the HKL suite of programs (Otwinowski and Minor,
1997) (Table 3.1). Because all types of crystals retained unit cells isomorphous to WT BCX, the
published structure of the parent enzyme (RCSB PDB ID: 1XNB), with the residue at the site of
mutation truncated to alanine, was used as the starting model in each case. These models were
subjected to rigid body, simulated annealing, positional, and individual isotropic thermal .factor
refinement using X-PLOR (Brunger, 1992) and the CCP4 Suite (Collaborative Computational
Project Number 4, 1994). At this point F,-F, difference electron density maps were calculated

and the mutated residue was built into observed density with the program
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Table 3.1. X-ray crystallographic data collection parameters.

Parameters Y8&0F QI27A WTpH 5.5 WT pH 4.0
Space group P212121 P212121 P21212] P212121
Cell dimensions (A)

a 44.0 439 43.8 440

b 52.6 52.7 52.7 52.7

c 78.5 78.2 78.3 78.6
Number ofmeasuréments 157188 157188 157414 121149
Number of unique reflections 24862 17548 24859 15032
Mean l/ol' 28.0 (7.5) 21.8 (6.6) 24.9 (5.4) 30.0 (9.1)
Merging R-factor (%)™ 4.8 (16.2) 5.4 (11.5) 4.8 (21.0) 3.0(11.0)

Resolution range (A) ©-1.6 ©-1.8 ©-1.6 ©-1.9

*Values in parentheses are for data in the highest resolution shell (1.66 — 1.60 A for YS8OF BCX, 1.88 — 1.80 for
Q127A BCX, 1.66 — 1.60 for pH 5.5 WT pH 5.5 BCX and 1.97 — 1.90 for WT pH 4.0 BCX).

Dol i = jhkll
thlz,lo]i"“

meerge =
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O (Jones et al., 1991). The models were then refined further with X-PLOR, with manual
adjustments made periodically during refinement using F,-F,., 2F,-F,, and fragment-deleted
difference electron density maps. The validity of solvent molecules was assessed based on both
hydrogen bonding potential to appropriate protein atoms and refinement of a thermal factor of
less fhan 75 A® (Table 3.2). The r.m.s coordinate errors estimated from Luzzati plots (Luzzati,
-1952) are: 0.20 A for YS8OF BCX, 0.18 A for Q127A BCX, 0.20 A for WT pH 5.5 BCX, and
0.20 A for WT pH 4.0 BCX (Figure 3.2).

Atomic coordinates and related structure factors will be deposited in the RCSB Protein

Data Bank (Bernstein et al., 1977). Structural illustrations using atomic coordinates were
generated using the programs Bobscript (Kraulis, 1991) and Raster3d (Merrit and Murphy,
1994). Potential hydrogen bonds were identified using the programs HBPLUS (McDonald and
Thornton, 1994) and WHAT IF (Hooft et al., 1996), combined with manual inspection of the

structures.

3.2.5 Theoretical pK, Calculations

pK, values for the ionizable groups in the WT and mutant forms of BCX were calculated
essentially as described previously (Nielsen et al., 1999; Nielsen et al., 2000). Briefly, this
involved the use of: (i) a combination of automated and manual scripts implemented in WHAT
IF to construct optimized hydrogen bonding networks for each ionization state of a given
residue, as well as to allow flipping of asparagine, glutarriine, and histidine side chains by 180°
about their 2, x3, or %2 dihedral angles, respectively (Hooft et al., 1996), (ii)) DELPHI to solve
the finite-difference Poisson-Boltzman equation, with uniform dielectric constants of 8 and 80

for the protein and bulk solvent, respectively, an ionic strength of 0.05 M, and a temperature of
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Table 3.2. X-ray crystallographic refinement statistics.
Parameters Y8OF QI27A WTpHSS5 WTpHA4.0
Number of reflections 24156 15042 23836 13847
Resolution range (A) 10-1.6 10-1.8 10-1.6 10-1.9
Completeness within range (%) 95.0 95.0 96.6 93.2
Number of non-hydrogen protein atoms 1447 1444 1448 1448
Number of solvent atoms 196 176 196 129
Average thermal factors (A%
Protein 10.9 9.6 10.4 10.2
Solvent 14.1 13.5 13.4 12.9
Final refinement R-factor (%)* 18.1 16.4 18.5 18.0
Stereochemistry r.m.s deviations
bonds 0.006 0.009 0.006 0.007
angles : : 1.150 0.911 0.721 1.144

‘Refactor = > N Fo,nki— Fe i

D | Fo, nid|
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Figure 3.2. Luzzati plots of the crystallographic R-factor as a function of resolution for the
- structures of BCX proteins. The theoretical dependence of R-factor on resolution for various
levels of coordinate error (indicated on plot) is shown with broken lines. The r.m.s. coordinate
errors are estimated to be 0.20 A for YS8OF BCX, 0.18 A for Q127A BCX, 0.20 A for WT “pH

5.5” BCX, and 0.20 A for WT “pH 4.0” BCX.
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25°C (Yang and Honig, 1993); and (iii) a Monte-Carlo sampling of the Boltzman distribution
describing the interaction of all ionizable groups in order to calculate the fractional protonation
of each as a function of pH. The pK, value of a group is defined as the pH at which it is half-
protonated. Pertingnt model pK, values were Asp (4.0), Glu (4.4), C-terminus (3.8), and His
(6.3).

In the cases of WT BCX, as well as N35D, Y69F, Y80F, Q127A, and the covallently
modified WT-2FXb and N35D-2FXb variants, the crystallographic coordinates determined at pH
7.5 were ﬁtilized directly, without explicit inclusion of bound waters. Generally, the side chains
of Asn54, Asn63, Asnll4, GInl33, Asnl48, and Asnl59 (surface residues, distant from the
catalytic glutamic acids) were ﬂipped.relative to their orientations in the published coordinate
files. In the remaining cases of N35A, E78Q, Q127E, R112N, and E172Q BCX, models were
constructed by direct amino acid replacements into the WT template. Using WHAT IF to select
for the appropriate orientation of the glutamine side chain amides, GIn78 was positioned to

hydrogen bond to Tyr69 via its N*H and Q127 via its O% in E78Q, and GInl72 positioned to

hydrogen bond to Asn35 via its O%* and Tyr80 via its N*H in E172Q BCX.
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3.3 RESULTS

3.3.1 Kinetic Studies
i) Determination of k.,: and K, at pH 6.0

The Michaelis-Menten steady-state kinetic parameters, k..t and Ky, were determined at 40
°C and pH 6.0 for the series of BCX mutants using ONPX; as a substrate (Figure 3.3 and Table
3.3). N35A BCX was the most active mutant with k../Ky, values for hydrolysis of ONPX; double
that exhibited by the WT protein. Although ks was reduced by almost 3-fold for thfs mutant, its
overall activity was increased as a result of a greater apparent affinity for the ONPX, substrate.
A similar, albeit smaller, increase in activity results from the substitution of Asn35 with Asp
(Chapter 4; Joshi et al., 2000a). Other mutants, such as Y80F, R112N, Q127A and Q127E BCX
were still active, but showed significantly impaired catalysis relative to the parental WT enzyme.
Y80F and R112N BCX had k../Kr values that were reduced by > 95 % compared to WT BCX,
mainly due Ito decreases in k. by approximately two orders of magnitude. Substitutions at
position 127 with an Ala (Q127A) and a Glu (Q127E) led to similar reductions in k/Kpy to
about 10% of that of WT BCX. The parameter k., was reduced to a greater extent in Q127E, yet
this was compensated by a favourable change in K, yielding an overall activity comparable to
Q127A. On the far end of the spectrum of mutants was Y69F BCX, with the substitution of a Phe
for Tyr69 resulting in virtual abolition of activity. Thus, with one exception, the overall activities

(based on values of k../K;) of the xylanases with active-site mutations were reduced

significantly when compared to WT BCX, primarily due to reductions in their k¢, constants.
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Figure 3.3. Michaelis-Menten plots for BCX mutant proteins at 40 °C and pH 6.0 reveals that
each enzyme exhibits saturation kinetics towards the synthetic substrate ONPXj,. Furthermore,
Lineweaver-Burke plots (inserted) are linear, indicating a lack of significant transglycosylation
activity at elevated substrate concentrations. For each mutant, k., and K, were extracted by
nonlinear least squares fitting of the initial rates, v, to a standard Michaelis-Menten expression,
whereas the value of k../K, was determined from the slope of the Lineweaver-Burke plot. These
kinetic parameters are summarized in Table 3.3.
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Table 3.3. Steady state kinetic parameters for the hydrolysis of ONPX; by WT and mutant BCX
proteins®.

Protein kcatb Kmb kcat/1<mb ACtiVityc p]<aGlu78d pKaGlu 1 72d pI-Ioptimume
) @mMYH 'mMY (% of WT)
wTtf 958 142 0.70 100 (103) 4.6 (4.6) 6.8 (6.7) 5.7
N35A 3.13 2.2 1.40 200 (207) 4.4 (4.5) 6.9 (6.9) 5.7
Y69F® - - - - - (49 - (8.3) -
Y8OF 0.09 3.5 0.03 4 (4) 4.8 (5.0) 7.7 (1.9) 63
R112N 0.13 7.0 0.02 3(3) 45 (5.0) 7.8 (7.6) 6.2
QI27A 0.51 6.7 0.08 11(11) 4.1 (42) 7.3 (7.3) 5.7
QI27E 0.10 1.5 0.07 10 (12) 3.6 (3.8)  6.5(6.5) 5.1
N35D" 145 256 0.56 85(190) 3.5 (5.7) 5.8 (8.4) 4.7
N35D/E172Q"  0.72 333 0.021 4 j j j
N35D/E78Q®" - - - - - - -
E172Qf 062 83 0.075 11 .1y - )
E172C’ 0.40 2.5 0.16 23 4.0 ik k
E172Df 0.25 7.2 0.03 4 4.2 8.0 6.1
E78Q' - - - - - 4.2y -
E78C' - - - - - - -
E78D' 0.005  14.0 0.0004 - - - -

*Assays were carried out at pH 6.0 and 40 °C.

*Values of k.,/K,, were taken from the slope of the Lineweaver-Burk plot, whereas values of k., and K, were
determined from a non-linear fit of the Michaelis-Menten equation. The differences between the measured k../K,
and those calculated from the latter two parameters are small, reflecting the precision of the data fitting and the lack
of significant transglycosylation activity at elevated substrate concentrations.

‘Based on relative k../K, values, determined at pH 6.0 and 40 °C. Values in brackets are the ratios of the values of
ke/K., interpolated to the pH optimum of each enzyme.

dApparent pK, values were determined by fitting the data to the bell-shaped activity profiles shown in Figure 3.4.
The pK, of the acidic limb is attributed to Glu78 and that of the basic limb to Glul72. Corresponding pK, values
measured by NMR, and listed in Table 3.4, are indicated in parenthesis.

t:pI-IOptimum = (pKaGlu78 + pKaGlu172) /2.

Data were taken from Lawson et al., (1996) and/or Mclntosh et al., (1996).

ENo detectable enzymatic hydrolysis.

f‘Data were taken from Chapter 4 and Joshi et al., (2000a).

'N35D BCX follows a reverse protonation mechanism. See Chapter 4 and Joshi et al., (2000a) for an extensive
discussion.

INMR and/or kinetic data are unavailable.

“The pH-dependent activity profile showed that the basic limb was invariant up to the limit of the assay conditions
(pH 9) and hence the pK, of Cys172 was undeterminable. :

'Data were taken from Lawson ef al., (1996).




Chapter 3-The pH-Dependent Activity and Mechanism of BCX 68

For comparison, Table 3.3 also summarizes kinetic data published previously for variants
of BCX with substitutions at positions 35, 78, and 172 (Joshi et al., 2000a; Lawson et al., 1996;
Lawson ef al., 1997; McIntqsh et al., 1996). As expected, mutation of the nucleophile Glu78 to
glutamine or cysteine abolishes the activity of BCX, while substitution with aspartic acid allows
a very small degree of hydrolysis to occur. In the case of activated substrates with better leaving
groups, such as ONPXj, 'general acid catalysis is not absolutely required, and thus the same

substitutions at position 172 have less dramatic effects.

ii) pH-Dependence of Activity

To characterize further the mutant xylanases, their k../Ky, values for the hydrolysis of
ONPX, were measured as a function of pH at 40° C. There are several advantages for monitoring
this kinetic parameter rather than k., or K, alone. First, since k../Kn, is the second-order rate
constant for the reaction of free enzyme and substrate, we are able to interpret its pH-dependence
in terms of ionization events related specifically to the unbound enzyme. This allows for a direct
comparison of the apparent pK, values, extracted from bell-shaped kca/Km versus pH activity
profiles, with those measured site-specifically for Glu78 and Glul72 by "*C-NMR. The use of
k.at would not have allowed for this comparison, as this .ﬁrst-order rate constant reflects bound
species including the enzyme-substrate, -intermediate and -product complexes. Parenthetically,
however, previous studies have shown that the kq, and kq./Kr, values of the WT enzyme towards
this neutral substrate have similar pH-dependencies due to K being essentially constant.
Second, since k../Ky, always reflects the events up to and including the first irreversible step in
the mechanism (in this case the initial C-O bond cleavage), its value will not be inﬂuénced by

potential changes in the rate-determining step (e.g. from glycosylation to deglycosylation) that
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may result from active-site mutation. Third, and perhaps experimentally most important, it is also
difficult to interpret Ky, and k., values individually when competing transglycosylation reactions
can potentially occur at elevated substrate concentrations. In contrast, the ratio of these kinetié
constants, given by k../Km, may be accurately measured and interpreted from a pseudo-first
order analysis of the reaction velocity under conditions of limited substrate.

Data summarizing the pH-dependence of k./Kp, for the hydrolysis of ONPX, by the
mutant xylanases with measurable activity is presented in Table 3.3 and Figure 3.4. As readily
seen in this figure, each of these enzymes exhibited a classicél bell-shaped activity versus pH
profile. Previous studies of WT BCX have shown that deprotonation of the nucleophile, Glu78
(pK, 4.6), leads to the increase in activity on the acidic limb of this curve, while ionization of the
general acid catalyst, Glul72 (pK, 6.7), causes the loss in activity on the basic limb (Mclntosh et
al., 1996; Miao et al., 1994; Wakarchuk et al., 1994a). As confirmed below using NMR
methods, this assignment of kinetically-determined apparent pK, values to the two catalytic
residues remains valid for each BCX mutant studied herein. Replacement of an Ala for Asn in
N35A BCX resulted in minimal changes in the pK, values controlling both limbs of its activity
profile (pK, Glu78 = 4.4, pK, Glul72 = 6.9). Thus, while the overall activity of N35A was
doubled relative to WT BCX, its pH optimum remained unchanged at 5.7. The activity proﬁle of
Y80F BCX followed apparent pK, values of 4.8 and 7.7 for the acidic and basic limbs,
respectively. This resulted in a change in pH optimum of Y80F from 5.7 to 6.3, due mainly to the
increase in the apparent pK, value of Glul72 by one unit. Similarly, the pH optimum of R112N

BCX shifted from 5.7 in the WT to a more basic value of 6.2. This was also due mainly to an

elevation of the
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Figure 3.4. pH-dependence of k./K., for BCX mutant proteins (®) at 25 °C towards the
substrate ONPX,. As confirmed by NMR spectroscopic studies, the acidic and basic limbs of the
activity profiles follow the ionizations of Glu78 and Glul72, respectively. The pH optima of
N35A and Q127A BCX remained unchanged at the WT value of 5.7 with an approximate
doubling of relative activity of N35A BCX compared to WT. R112N and Y80F BCX functioned
optimally under slightly more basic conditions with pH optima of 6.3 and 6.2 respectively while
Q127E BCX showed optimal activity under more acidic conditions and had an optimum of 5.1.
The data points, shown only for the mutant BCX proteins, were fitted (solid line) as described in
Materials and Methods, and apparent pK, values are listed in Table 3.3. The fitted profile for the
WT enzyme (dashed lines) is characterized by a pH optimum of 5.7 and follows pK; values of
4.6 and 6.7 (Mclntosh et al., 1996). Note the different ordinate scales for the WT (right) and
mutant enzymes (left).
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apparent pK, value of Glul72 from 6.7 to 7.8, combined with a smaller shift of pK, from 4.6 to
4.8 for Glu78.

The two substitutions at position 127, Q127A and Q127E, resulted in similar reductions
in ke/Kin relative to WT BCX, but different pH-dependent activity profiles. The profile of
QI127A followed apparent pK, values of 4.1 and 7.3 for the acidic and basic limbs respectively.
Thus, while its pH optimum did not change relative to WT BCX, its activity profile was
broadened. The Q127E BCX mutant was different from the other mutants discussed so far in that
it was a substitution where a negatively charged residue was introduced into the active-site. This
resulted in a shift of the pH optimum of Q127E from 5.7 to a more acidic value of 5.1. Most
notable was the decrease in the apparent pK, value of the acidic limb, corresponding to the
ionization of Glu78, by 1 pH unit from 4.6 to 3.6, combined with a smaller decrease of 0.3 units
for basic limb (Glul72). Othér studies have shown that the substitution of Asn35 by a negatively
charged Asp also shifts the pH optimum of BCX to a more acidic value of 4.6 (Chapter 4 ; Joshi
et al., 2000a).

In summary, the active-site substitutions altered the pH-activity profile of BCX, both in
terms of pH optima and/or the apparent pK, values of the acidic and basic limbs. In particular,
the mutations Y80F and R112N led to a small elevation in the pH optimum, due primarily to an
increase in the pK, assignable to Glul72. The reverse trend occurred with Q127E, with the pK,
of Glu78 being most influenced. Since the pH optima of the mutant enzymes are shifted relative
to WT BCX, Table 3.3 also provides a comparison of their maximum kcat/Km valués at 40 °C.
These relative activities were comparable to those discussed previously for measurements made
at a fixed pH of 6.0, and indicated that, with the exception of N35A, mutation of active-site

residues generally impaired the catalytic ability of BCX under all pH conditions.
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iii) Pre-Steady State Kinetics

Each of the xylanases was analyzed by rapid stopped-flow methods to determine if the
rate-determining step had changed from glycosylation to deglycosylation as a result of mutation.
Using ONPX, as a substrate, none of the proteins analyzed showed the presence of a diagnostic
pre-steady state burst phase (data not shown). Hence, it appears that glycosylation is the rate-
limiting step for WT BCX and all mutants examined towards ONPX, and that the values listed
for k..t in Table 3.3 correspond to the 4, rate constant in Scheme 3.1.

In addition to ONPX,, the substrate 2,5-DNPX, was tested because its better leaving
group (pK. 7.22 versus 5.15, respectively) (Tull and Withers, 1994) would allov&}
deglycosylation, if rate-limiting, to become more dominant and thus kinetically visible
(Namchuk and Withers, 1995). In the case of Y80F BCX, stopped-flow kinetic studies clearly
indicated a pre-steady state burst with this readily hydrolyéable substrate (Figure 3.5). Thus with
this system, k, (glycosylation) > &3 (deglycosylation), and the formation and accumulation of the
enzyme-intermediate is kinetically observable. This result isl éonsistent with the low K, value
(0.060 mM) (Zechel et al., 1998) observed for this substrate compared to WT (2.2 mM) (Lawson
et al., 1997). Fitting of the first-order rate constants (ko) determined at each substrate
concentration to equation 3.8, yieldéd a value of k»/K4 0of 0.72 mM!' s, This closely matches the
previously measured Valﬁe of 0.70 mM™' s™' for the corresponding second-order rate constant
kea/ K of Y8OF BCX reacting with 2,5-DNPX,; (Zechel ef al., 1998), indicating a rapid binding
equilibrium before catalysis (k.; > k») in Scheme 3.1). The results obtained for Y80F were,

therefore, in excellent overall agreement with those obtained previously by Zechel et al., (1998)
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Figure 3.5. Pre-steady state kinetic analysis of the hydrolysis of 2,5-DNPX, by Y80F BCX at 25
°C and pH 6.0 monitored by stopped-flow UV-vis spectroscopy. This system showed an initial
exponential pre-steady state burst phase, indicating the accumulation of a glycosyl-enzyme
intermediate, followed by a linear steady state phase due to its subsequent turnover (upper plot).
First-order rate constants for the exponential pre-steady state phase (ko»s) were determined at
each substrate concentration by fitting the experimental data in the upper plot, indicated by
minute solid circles, to an expression with an exponential and linear term (—). Values of kobs (@)
were then plotted as a function of 2,5-DNPX, concentration in order to determine the second-
order rate constant ko/Ky of 0.72 mM™' s™ (lower plot).
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in their founding study of the use of time-resolved electrospray ionization mass spectrometry for

the accurate determination of pre-steady state kinetic parameters.

3.3.2 Direct Measurement of the pK, Values of Glu78 and Glu172 by "*C-NMR

To correlate the pH-activity profiles with the ionizations of the cataly;cic residueé, Bc-
NMR was utilized to measure directly the pK, values of Glu78 and Glul72 in each of the mutant
proteins. Specifically, the carbonyl >C chemical shifts of the Glu and Gln sidechains were
monitored in selectively isotopically labelled proteins over the course of a pH titration (Figure
3.6). The assignments of these resonances were based upon previous studies of WT BCX
(McIntosh et al., 1996), and were confirmed by the notable exchange broadening of the
resonance of Glul72 centered at its pK, value. As seen previously for WT BCX, the titration
curves of Glu78 and Glul72 were multiphasic in the case of each mutant xylanase (Mclntosh et
al., 1996). Note that two or more ionizable groups may show coupled or biphasic titration curves
if either the microscopic pK, or the chemical shift of one is dependent upon the ionization stéte
of the other (Appendix I ; Shrager ef al., 1972). The first case is analogous to the classic case of a
dibasic acid in which each carboxyl has two microscopic pK, values corresponding to the neutral
and charged states of its interacting partner. The second case reflects the possibility that the
chemical shift of one residue can be s_ensitive to the ionization state of another, for example,
through electric field effects or structural perturbations. As previously (Joshi et al., 2000a; Joshi
et al., 2000c), 1 fitted the titration curves measured for each mutant to simple equations
describing sequential ionization equilibria in order to extract apparent or mécroscopic pKa
values. The apparent pK, value that corresponded to the largest positive chemical shift change

(ionized versus neutral) of each Glu residue was attributed to reflect its own ionization, while
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those that contributed to smaller chemical shift changes were assigned to the ionization equilibria
of neighboring residues. In parallel, these titration data were also analyzed according to a model
of microscopic pK, values (Appendix I).

The pH-titration of N35A BCX showed that both Glu78 and Glul72 exhibited biphasic
titration behaviour (Figure 3.6 and Table 3.4). Two apparent pK, values were observed for
Glu78. The first, with a major chemical shift change of +3.09 ppm, followed a pK, value of 4.5
and was assigned to the ionization of Glu78 itself. The second, with a minor chemical shift
change of +0.12 ppm, followed a pK, value of 6.8 and reflected the ionization of Glul72.
Similarly, the titration curve of Glul72 followed two apparent pK, values. The first, with a minor
chemical shift change of +0.44 ppm followed a pK, value of 4.9 and thus reflected the ionization
of Glu78. The second, with a major chemical shift change of +2.81 ppm at a pK, value of 6.9,
represented the ionization of Glul72 itself. The pH-dependent spectra of other mutants (Y69F,
Y80F, Q127A and R112N BCX) were assigned and analyzed in a similar manner to N35A. In
each case, the titration curves for Glu78 and Glul72 were consistently biphasic. Although the
magnitudes of the spectral changes varied between mutants, a major positive chemical shift
could always be identified as reflecting the protonation equilibrium of the glutamate whosé
resonance was being followed. Thus, the mutation of Tyr80 to Phe (Y80F BCX) yielded
predominant pK, values of 5.0 for Glu78 and 7.9 for Glul72. In R112N BCX, Glu78 and Glul72
titrated with pK, values of 5.0 and 7.6 respectively. The titration of Q127A BCX yielded a pX,
value of 4.2 for Glu78 and a pK, value of 7.3 for Glul72. Finally, although the pK, values of

Y69F BCX could not be determined from kinetic pH-rate profiles due to the inactivity of the

protein, they were readily measured to be 4.9 (Glu78) and 8.3 (Glu172) by *C-NMR methods.
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Figure 3.6. *C-NMR spectra of mutant BCX proteins recorded as a function of pH at 25 °C. The peaks
corresponding to Glu78, Glul72 and, in the case of Q127E BCX, Glul27 are shaded in black or grey,
respectively, for emphasis. Spectral assignments are based on a previous analysis of WT BCX (Mclntosh
et al., 1996) and pH values are listed above each spectrum (right-hand side). Apparent pK, values were
determined by fitting the data for the two catalytic Glu (®) and five Gln (O) carbonyl groups to an
equation describing the pH-dependence of the chemical shift of a residue to one or more sequential
ionization events. Data used for the fitting of Glul27 in Q127E BCX are also indicated by an open-circle
(O) symbol (continued on next page).
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Figure 3.6. “C-NMR spectra of mutant BCX proteins recorded as a function of pH at 25 °C. The peaks
corresponding to Glu78, Glul72 and, in the case of Q127E BCX, Glul27 are shaded in black or grey,
respectively, for emphasis. Spectral assignments are based on a previous analysis of WT BCX (McIntosh
et al., 1996) and pH values are listed above each spectrum (right-hand side). Apparent pK, values were
determined by fitting the data for the two catalytic Glu (®) and five Gln (O) carbonyl groups to an
equation describing the pH-dependence of the chemical shift of a residue to one or more sequential
ionization events. Data used for the fitting of Glu127 in Q127E BCX are also indicated by an open-circle
(O) symbol (continued from previous page).
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Table 3.4. Experimentally measured apparent pK, values of WT and mutant BCX proteins
obtained from “C-NMR pH titrations.?

Protein PKaGu7s SA° PKaG172 SA° A pKaguzs® A pKaguiz'
WTP 46  +280ppm 4.6  +0.44 ppm 0 0

6.5 +0.33 ppm 6.7 +2.78 ppm
N35A 4.5 +3.09 ppm 4.9 +0.44 ppm -0.1

6.8 +0.12 ppm 6.9 +2.81 ppm +0.2
Y 69F 4.9 +3.21 ppm 5.0 +0.55 ppm +0.3

8.9 +0.33 ppm 8.3 +2.22 ppm +1.6
Y80F 5.0 -+2.58 ppm 4.9 -0.75 ppm +0.4

8.8 +0.06 ppm 7.9 +4.40 ppm +1.2
R112N 5.0 +3.96 ppm 4.8 -0.16 ppm +0.4

7.5 -0.71 ppm 7.6 +3.67 ppm +0.9
QI127A 4.2 +3.52 ppm 4.5 +0.42 ppm -0.4

7.6 -0.06 ppm 73 +3.03 ppm +0.6
QI127E° 3.8 +2.88 ppm 3.8 -0.25 ppm -0.8

6.6  +034ppm  6.5°  +3.08 ppm -0.2

8.65  +0.21 ppm 9.0 +1.74 ppm
N35D" 42  +096ppm 40  +0.76 ppm

5.7 +2.69 ppm 5.5 -0.32 ppm +1.1

8.4 -0.39 ppm 8.4 +3.09 ppm +1.7
N35D-2FXb" 2.9  -0.03ppm  19°  +1.63ppm J .

9.% -0.18 ppm 34"  +0.48 ppm <-5.0'

9.0 +0.10 ppm

WT-2FXb° k k 42  +1.58 ppm K 2.5
E172Q 51 +393ppm 5.1 -0.48 ppm? +0.5 :
E78Q"! k k 42  +3.81 ppm k 2.5

*The major apparent pK,, assigned to the ionization of the given residue is underlined. An error in the pK,
value of £ 0.1 pH units is estimated from the error in pH measurements.

®Data were taken from McIntosh et al., (1996).
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“The A value refers to the magnitude and direction of the chemical shift change upon deprotonation of the
listed residue. The error in chemical shift is estimated to be £ 0.015 ppm.

A pK, = pK, mutant - pK, WT (Differences are calculated using the major pK, values of the mutant and
WT). '

*Data for Glul27 were fit to give pK, values of 3.7 (8A = +0.74 ppm), 6.4 (A = +1.10 ppm) and 8.4 (A =
+1.52 ppm).

The assignment of the major pK, for Glul72 in Q127E BCX is tentative. Simultaneous fitting of the
titration curves measured for Glul72 and Glul27 yields microscopic pK, values of 6.5 and 8.5 for Glu172
and 6.8 and 8.7 for Glul27 (corresponding to ionization in the presence of neutral or charged partner).

EThe third and minor pK,, value of 8.6 for Glu78 was determined from fitting the data from pH 5-10 only.

"Data were taken from Chapter 4 and Joshi et al., (2000a). Asp35 yielded pK, values of 3.7 (8A = +2.13
ppm), assigned to its titration, and 5.6 (8A = +1.07 ppm), attributed to the ionization of Glu78.

'Glul72 and Asp35 are assigned to titrate as a coupled pair, with the first pK, ~ 1.9-3.4 and the second > 9.

A pKygn is relative to the unmodified N35D BCX Chapter 4 and Joshi ef al., (2000a).

’Change in chemical shift does not reflect ionization of the residue itself since it is has either been
substituted with a residue with an unionizable side chain or because it has been modified by covalent
attachment to the inhibitor.

*No observable pH-dependent change in chemical shift.

'E78Q and E172Q are in the background of Bacillus subtilis xylanase, which differs from BCX by the non-
perturbing substitution of T147S on the surface of the protein (McIntosh et al., 1996).

Interestingly, with Y8OF and R112N BCX, minor chemical shift changes due to the protonation
of the adjacent glutamate were negative in sign.

The titration behaviour of Q127E BCX was markedly different than the other proteins
analyzed due to the presence of an additional Glu residue in the active-site. Note that this new
Glu replaces GInl27, which is directly hydrogen bonded to Glu78 in WT BCX. The resonance
assignment of Glu78 was straightforward based on its chemical shift at neutral pH and its
titration behaviour. Althoﬁgh the resonance assignments of Glul72 and Glul27 were difficult to
make from chemical shift and titration behaviour alone, the exchange-broadening observed in all
BCX variants for Glu172 was used to distinquish the signals from these two glutamic acids. The
titration curve of Glu78 was triphasic and followed three pK, values. The first, with a major
change in chemical shift change of +2.88 ppm, fitted to a pK, value of 3.8 and was assigned to
the ionization of Glu78 itself. The second, with a minor change in chemical shift of +0.34 ppm

followed a pK, value of 6.6 and was tentatively attributed to the ionization of Glul72. The third,
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with a minor change in chemical shift of +0.21 ppm, followed a pK, value of 8.4 and was
tentatively ascribed to be due to the ionization of Glul27. The titration curve of Glul72 was
triphasic in nature and reﬂected three ionizations. The first, corresponding to a minor change in
chemical shift of -0.25 ppm, followed a pK, value of 3.8, and likely reflected the ionization of
Glu78. The second, corresponding to the largest change in chemical shift of +3.08 ppm, followed
a pK, of 6.5 and was assigned tentatively to the ionization of Glul72 itself. The third,
corresponding to a change in chemical shift of +1.74 ppm, followed a pK, value of 9.0 and was
attributed to Glul27. The titration curve of Glul27 in QI127E BCX was also triphasi.c and
followed three apparent pK, values. The first pK, value of 3.7, accompanied by a minor change
in chemical shift of +0.74 ppm, likely corresponded to the ionization of Glu78. The second pK,
value of 6.4 was accompanied by a chemical shift change of +1.10 ppm and was assigned to an
indirect perturbation due to Glu172. Finally, the third pK, value of 8.4, accompanied by the
largest change in chemical shift of +1.52 ppm, likely corresponded to the ionization of Glul127
itself. The pK, value for Glul27 of either 9.0, from the titration curve of Glul72, or the pK,
value of 8.4, from the titration curve of Glul127 may be underestimated since no distinct titration
plateau or baseline was observedv in the basic pH range of the titration. We could not
unambiguously assign the pK, values of Glul27 and Glul72 from these NMR data as both
showed titrations near pH 6.5 and > 8 with pronounced chemical shift changes. However, in
support of these tentative assignments, the pH-activity profile of Q127E showéd apparent pK,
values of 3.6 and 6.5 that, by comparison to all other mutants studied herein, can be attributed to
Glu78 and Glul72, respectively.

The “C-NMR resonances of the side chain & carbonyls of all Gln residues were also

detected in the *C-NMR spectra of all of the proteins analyzed. Their presence is due to the
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metabolic interconversion of glutamic acid to glutamine in Escherichia coli. The C chemical
shifts of the non-ionizable Gln residues are pH-dependent due to the influence of other titratable
side chains within the protein. Thus these served as reporter groups to further verify the pK,
values measured for the glutamic acid residues. For example, in Q127E BCX the pH-dependent
chemical shift of GIn7 followed three pK, values, namely 3.51 (6A = 0.67 ppm), 6.40 (A = 1.06
ppm), and 9.04 (8A = 0.27 ppm). These were assigned to reflect the ionizations of Glu78,
Glul72, and Glul27, respectively. Similarly, in R112N BCX, the pH-dependent chemical shift
of GIn7 predominantly followed two pK, values; namely a pK, of 4.9 (6A = 1.90 ppm) due to the
ionization of Glu78, and a pK, of 7.4 (A = 0.20 ppm) due to the ionization of Glul72. In the
WT protein, the resonance of Gln7 followed the titrations of Glu78 (pK, 4.5, 0A = 2.09 ppm) and
Glul72 (pK, 6.6, 6A = 0.47 ppm) (Mclntosh et al., 1996).

In general, the pK, values of Glu78 and Glul72 determined from the pH-dependence of
kea/Km are in close agreement to those directly measured by *C-NMR (Table 3.3). This indicates
that the ionization states of Glu78 and Glul72 (free enzyme) primarily dictate the pH-
dependence of activity in all of the mutant proteins analyzed. In the case of R112N, there is a
small discrepancy of 0.5 units between the kinetically and NMR determined pK, values of
Glu78, which may reflect the scatter in the kinetic data. Nevertheless, the fact that both methods
yield very comparable results allows for detailed interpretation of the pH-dependent mechanism

of BCX and the electrostatic interplay of Glu78 and Glul72 in catalysis.

3.3.3 Structures of Mutant BCX Proteins
The crystal structure of Y69F BCX was solved previously at pH 7.5 to a resolution of 1.5

A with an R-factor of 18.8 % (Sidhu et al., 1999). The structure was found to be very similar to
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WT BCX with an overall r.m.s. deviation of 0.09 A for main chain atoms. Hence, the
substitutioﬁ at position 69 had little effect upon the three-dimensional structure of this protein
(Figures 3.7 and 3.8, Table 3.5). Of the minor changes in the active-site of this mutant, a notable
case is the shift of Wat A to within hydrogen bonding distance to Asn35 O°'. Wat A and Wat B
(arbitrarily named) are solvent atoms observed in the active-site of BCX, proposed to play a rolé
in catalysis (Sidhu ez al., 1999).

The crystal structure of YS8OF BCX was determined at pH 7.5 to a resolution of 1.6 A
;)vith an R-factor of 18.1 %. The structure showed an overall r.m.s difference of only 0.12 A and
0.29 A for main chain and side chain atoms, respectively, when compared to WT BCX. Most of
the changes observed for side chain atoms involved residues located on the surface of the
protein. In the active-site of the enzyme, the phenyl ring of the newly introduced Phe80 is shifted
relative to Tyr80 in the WT protein as a reéult of 4° and 9° rotations in the %, and 3 angles of fhe
side chain, respectively. Other minor changes in the Y80F BCX structure include small rotations
in the side chains of Glul72 (A, = 3°) and Asn35 (Ay. = 7°) compared to the WT protein. More
notably, Wat B, which is held in place in the free WT enZyme by hydrogen bonding interactions
with Tyr80 O" and GIn127 N2 (Sidhu et al., 1999; Wakarchuk et al., 1994a), is no longer
detected in the structure of Y80F BCX. Upon formation of the glycosyl-enzyme intermediate in
WT BCX, this water moves to within hydrogen bonding distance of the general base Glul72 0.82,
and thus appears to acts as a nucleophile in the deglycosylation step of the réaction (Sidhu et al.,
1999). The absence of a corresponding crystallographically-identifiable water molecule in Y80F
BCX provides a simple explanation for the change in the rate-determining step from

glycosylation to deglycosylation with 2,5-DNPX; as a substrate for this
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Figure 3.7. The r.m.s deviations of main chain (thick line) and side chain (thin line) heavy atoms
of Y8OF, Q127A, and WT BCX at apparent pH values of "5.5" and "4.0", compared to the WT
species at pH 7.5. Structures were superimposed by a least-square fitting of the main chain and
side chain atoms of all residues. The site of mutation was excluded from the plot of each
respective mutant. A large majority of the observed side chain deviations, as well as that of the
backbone at the peptide of Asn61/Gly62, are attributed to alternate conformations of surface
residues. Any relevant structural deviations are discussed with the text. The main chain and side
chain r.m.s deviations are respectively: 0.12 A and 0.29 A for Y80F BCX; 0.12 A and 0.23 A for
QI127A BCX; 0.08 A and 0.41 A for WT "pH 5.5" BCX; 0.18 A and 0.42 A for WT "pH 4.0"
BCX.
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Figure 3.8. Stereo-illustrations of the structural conformations of key active-site residues of
BCX mutants superimposed upon those of the WT protein at pH 7.5. The mutant structures are
shown in dark gray, with potential hydrogen bonds indicated by broken yellow lines, protein and
water oxygen atoms in red, and nitrogen atoms in blue. The WT reference structure, including all
atoms and potential hydrogen bonds, is off-white. See Table 3.5 and Figure 3.7 for interatomic
distances and r.m.s.d plots, respectively. Data for Y69F BCX is from Sidhu et al., (1999).
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Table 3.5. Interatomic distances within the active-site of WT and mutant BCX proteins.

Interaction Distances (A)
Active-site residues WT? Y69F* Y80F® Q127A°
Glu78 O% — Asn35 O° 6.4 6.9 6.6 6.8
Glu78 O - GIn127 N¥ (Alal27Ch 2.7 2.7 2.7 (4.0)
Glu78 O% — Tyr69 O" (Phe69 C°) 2.6 (3.1) 2.6 2.6
Glu78 0% — Argl12 N* 6.2 6.3 6.2 5.7
Glu78 0% — Glul172 O% 5.6 6.2 5.6 5.9
Glul72 O — Asn35 N* 3.1 32 3.8 3.2
Glul72 O — Tyr80 O" (Phe80 C°) 2.7 2.8 4.1 2.9
Glul72 O — Argl12 N* 7.1 6.9 7.2 6.9
Asn35 N — Aspl1 O% 6.1 6.0 5.5 5.4
Asn35 N — Argl12 N¢ 7.8 7.8 7.9 7.9

Water molecules

Glu78 O% — Wat A 2.9 3.9 2.8 3.2
Glu78 O°' - Wat B 4.4 4.5 ¢ 5.3
Glul72 0% - Wat A . 3.0 3.1 2.9 2.9
Glul72 0% - Wat B 3.8 3.7 ¢ 3.1
Tyr80 O" (Phe80 C%) — Wat A 3.2 3.9 (3.9) 3.1
Tyr80 O" (Phe80 C°) — Wat B 2.8 2.9 c 3.1
Asn35 0% - Wat A 3.8 3.2 4.4 4.0
Asn35 N¥ — Wat A 4.7 4.4 53 4.8
Tyr69 O" (Phe69 C) — Wat A 4.0 4.7) 4.0 3.8
Glnl127 N (Ala127 CP) - wat A 5.2 6.0 4.7 (4.9)
GIn127 N* (Ala127 C*) - Wat B 3.1 3.2 ¢ 7.3

*Structural coordinates used for distance measurements were obtained from the RCSB Protein Data Bank
(Bernstein et al., 1977), PDB identification number 1XNB for WT BCX (Wakarchuk et al., 1994a) and
2BVYV for Y69F BCX (Sidhu et al., 1999).

®Structural coordinates will be deposited in the RCSB Protein Data Bank.

“Wat B was not present in the crystal structure of YSOF BCX.
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mutant enzyme (discussed later). Wat A, which does not play a role in the second step.of the

reaction in BCX, is, however, present.

The structure of Q127A BCX was also determined at pH 7.5 to a resolution of 1.8 A with
an R-factor of 16.4 %. Theé overall three-dimensional fold of the protein was retained upon
substitution as was evident from a main chain and side chain r.m.s deviation of 0.12 A and 0.23
A, repectively, between Q127A and WT BCX. Changes in the active-site of this mutant were
confined mostly to the region surrounding the substitution. The position of Glu78 was perturbed
as a result of the loss of its interaction with GInl127. Changes of 5° and 7° in 7y; and %>
respectively were primarily responsible for the movement of Glu78 in towards the cavity created
by the alanine substitution at position 127. Also as a consequence of the mutation, a new solvent
molecule (Wat C) was found to rgside within hydrogen bonding distance of Glu78 O°' (3.1 A).
The loss of a hydrogen bonding interaction between Gln127 N and Wat B led to the distance

-between this water molecule and Glul72 being decreased by 0.7 A. Another change that
surrounded the mutation was a rotation of 10° in the 73 angle of Argl12, bringing the positive
charge of its N® atom 0.5 A closer to Glu78 0%,

Crystallization trials were performed under a variety of conditions with N35A, R112N

and Q127E BCX, yet were largely unsuccessful. Should the structures of fhese proteins be

obtained at a later date, their coordinates will be deposited in the RCSB Protein Data Bank.

3.3.4 Structures of WT BCX as a Function of pH
The structure of WT BCX was solved at apparent pH values of “5.5” and “4.0” to assess
the possibility of pH-dependent structural changes within the active-site of the enyzme. To

perform these studies, crystals were grown at pH 7.5 and transferred to a new buffer at reduced
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pH. After allowing approximately four hours for equilibration, data were collected for each
xylanase sample. Thus the exact pH within the crystal was not measured, but assumed to reflect
that of the final buffer. This assumption is denoted by th¢ use of quotation marks. The "pH 5.5"
structure was determined at a resolution of 1.6 A with an R-factor of 18.4 %. The "pH 4.0"
structure was determined at a resolution of 1.9 A with an R-factor of 18.0 %.

At an apparent pH of 5.5, corresponding to the pH optimum of BCX, virtually no
structural changes were present in the active-site as evident by a main chain r.m.s difference of
0.08 A relative to the pH 7.5 WT BCX structure. (Figures 3.7 and 3.9, Table 3.6). This is
somewhat surprising as the ionization state of Glul72 (pK, 6.7) should differ in the two
crystalline states. However, when the pH was lowered further to 4.0, the main chain r.m.s
difference versus the WT increased to 0.15 A, and the active-site showed a number of structural
perturbations. In particular, the Asn35 side chain was rotated almost 22° () such that it was no
longer able to hydrogen bond to Glul72 (Ay, = 5°) since the distance between these two residues
increased by 0.8 A to 3.9 A. The position of the Tyr80 side chain also changed, albeit not so
dramatically, such that the hydrogen bonding distance to the side chain of Glu172 increased from
2.7 A to 3.4 A. Interestingly, the catalytic water (Wat B) pfoposed to function in the second step
of hydrolysis moved almost 2 A such that it formed stronger hydrogen bonds with both Glu78
(2.6 A) and Glu172 (2.9 A). Note that these changes involve primarily Glul72, rather than Glu78
(pKa 4.6). This suggests that the pH values of the crystals may have been slightly higher than
expected such that Glul172 becomes fully protonated in the lowest pH form while Glu78 remains
ionized. In the crystal structure of a family 11 xylanase from Trichoderma reesei (XYNII), a
notable conformational change is observed for the acid/base catalyst Glul77 when the pH of the

crystal is lowered from 6.5 to 4.0 (Torronen and Rouvinen, 1995). The Glul77 side chain flips
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Figure 3.9. Stereo-diagrams of the structural conformations of active-site residues of WT BCX
at apparent pH values of "5.5" and "4.0" superimposed upon those of WT BCX at pH 7.5. The
low pH structures are shown in dark gray, with potential hydrogen bonds indicated by broken
yellow lines, protein and water oxygen atoms in red, and nitrogen atoms in blue. The pH 7.5 WT
reference structure, including all atoms and potential hydrogen bonds, is off-white. See Table 3.6

and Figure 3.7 for interatomic distances and r.m.s.d plots.
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Table 3.6. Interatomic distances within the active-site of WT BCX at different

pH values.
Interaction Distances (A)
Active-site residues pH7.5* "pHS5.5"° "pH 4.0"°
Glu78 0% — Asn35 O°! 6.4 6.6 8.0
Glu78 Of' — GIn127 N*? 2.7 2.7 2.7
Glu78 0% — Tyr69 O" 2.6 2.5 2.9
Glu78 O% — Argl 12 N* 6.2 6.2 6.6
Glu78 0% — Glul72 0% 5.6 5.5 5.8
Glul72 0% — Asn35 N 3.1 3.3 3.9
Glul172 O*' — Tyr80 O" 2.7 3.0 3.4
Glul72 O - Argl12 N° 7.1 70 7.2
Asn35 N — Aspl1 O 6.1 6.0 5.9
Asn35 N — Argl112 N° 7.8 7.8 7.9
Water molecules
Glul72 O - Wat A 3.0 2.8 5.4
Glul72 O - Wat B 3.8 3.7 2.9
Tyr80 O" — Wat A 3.2 3.3 4.3
Tyr80 O" — Wat B 2.8 2.9 2.9
Asn35 0% — Wat A 3.8 3.6 5.7
Asn35N* - Wat A 4.7 4.5 6.6
Glu78 0% — Wat A 2.9 3.1 35
Glu78 O°' - Wat B 4.4 4.5 2.6
Tyr69 O" — Wat A 4.0 . 4.0 5.6
GInl127 N* - Wat A 5.2 5.2 3.8
GInl127 N* - Wat B 3.1 3.2 3.8

“Structural coordinates used for distance measurements were obtained from the RCSB
Protein Data Bank (Bernstein et al., 1977), PDB identification number 1XNB for WT BCX
at pH 7.5 (Wakarchuk et al., 1994a).

®oH values of the buffer into which protein was transferred for four hours after
crystallization at pH 7.5.
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outward in the same manner that Asn35 does in BCX. Tyr88 (analogous to Tyr80 in BCX) also

changes position such that it can hydrogen bond to the nucleophile Glu86.

3.3.5 Theoretical pK, Calculations

In addition to the catalytic glutamic acids, the pK, values of all remaining carboxyl and
imadazole groups in BCX have also been measured (Chapter 2; Joéhi et al., 1997). Using this
reference data, a variety of protocols for theoretical pK, calculations were examined. Overall, the
best agreerﬁent with experimental results was obtained using uniform dielectric constants of 8
and 80 for the protein and solvent, respectively. Values calculated (measured in Chapter 2) were
Glu78: 2.9 (4.6); Glul72: 5.9 (6.7); Asp 4: 3.5 (3.0); Asp 11: 2.5 (2.5); Asp 83: < 0 (< 2); Asp
101: 0.2 (< 2); Asp 119: 3.0 (3.2); Asp121: 3.9 (3.6); His149: 3.8 (< 2.3); His156 5.0 (~ 6.5); and
the C-terminal W185: 0.9 (~ 2.7). Reducing the protein dielectric to 4 yielded a more accurate
theoretical pK, value of 7.2 for Glul72, yet a poorer value of 2.7 for Glu78; increasing the
protein dielectric to 12 had the opposite effect, giving predicted values of 5.3 for Glul72 and 3.0
for Glu78. The use of a dielectric of 8 for well-ordered residues and 16 for those involved in
crystal contacts or with B-values higher than 20 (Nielsen et al., 2000) produced poorer values for
the two glutamic acids, as did explicit inclusion of crystallographically-bound waters. Increasing
the theoretical ionic strength of the solvent from 0 to 150 mM changed the pK, value of Glu78
from 2.4 to 3.4 due to reduced screening of favorable interactions with the positively charged
residues in BCX the increases in the pK, values calculated for Glul72 were about half as largé
due to its titration at higher pH values where the net charge of the protein is less positive.

Although not quantitatively exact, the theoretical and measured pK, values for BCX

generally agree qualitatively. Notably, abnormally low pK, values for Asp83 and Aspl01 are
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predicted. Both residues have pK, values below the practical limit of the NMR titrations,
indicating that each is always charged within the context of the native enzyme. Structurally,
Asp83 is involved in a buriéd ion pair with Argl36, whereas Aspl01 is stabilized in its ionized
state by a network of neutral hydrogen-bonding interactions. In contrast, one discrepancy is seen
with His149, which remains in a neutral state (pK, < 2.3) under all experimental conditions
examined. The pK, value of this buried residue proved difficult to calculate using an automated
protocol as it is hydrogen bonded to an internal water molecule. Inclusion of the water, combined
with manual correction of the tautomerization state of His149 reduced the theoretical pK, value
from 3.8 to < 0, thus emphasizing the importance of correctly defining hydrogen-bonding
networks with a protein for electrostatic calculations. The pK, values calculated for the catalytic
glutamic acids in the WT and mutant xylanases are summarized in Table 3.9 and will be referred

to within the discussion section.
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3.4 DISCUSSION

3.4.1 Structural Roles of Active-Site Residues

Several highly conserved active-site residues are important for the hydrolysis of xylosidic
substrates by BCX. Although synthetic substrates with aryl leaving groups that lack interactions
with the +1 subsite and beyond were used in this study, the results and trends presented here are
consistent with those initially reported in the first major mutational analysis of BCX where the
natural substrate xylan was used (Wakarchuk et al., 1994a). (According to the nomenclature
suggested by Davies et al., (1997), cleavage is defined to occur between the —1 and +1 subsites).
While natural and synthetic substrates can both form potential interactions with the —2 and -1
subsites on the enzyme, the synthetic substrate does not contain the same interaction in the +1
subsite and beyond due to the presence of a single aryl leaving group instead of a chain of xylosé
subunits). For example, Y69F BCX shows no detectable activity on both xylan and ONPXj,
whereas R112N and Y80F BCX show somewhat different results towards natural and synthetic
substrates. Specifically, R112N and Y80F BCX hydrolyze xylan at 12 % and ~ 0.01 % of WT
levels, respectively, whereas their activities towards the synthetic substrate ONPX; are reduced
by 4 % and 3 %, respectively. This difference may reflect additional important interactions
between Tyr80 and xylose subunits occurring beyond the site of cleavage (or ekperimental
difficulties in performing assays with less characterizable substrates such as xylan). The nature
of such interactions remains to be established as no xylanase structure solved to date contains
substrates occupying these subsites (Joshi et al., 2000a; Sidhu et al., 1999; Wakarchuk et al.,
1994a). Nevertheless, the reductions in activity seen for the series of mutants on both substrates,
except at position 35 (discussed later), emphasize the importance of these residues in hydrolysis

and the necessity for their absolute conservation amongst the family 11 xylanases.
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Kinetic analyses of mutants of BCX using well-characterized synthetic substrates,
combined with crystallographic structures of these proteins, allows for delineation of the
individual functions of the active-site residues in this xylanase. The availability of the structure
of a catalytically compromised acid/base mutant of BCX reacted with xylobiose (E172C-Xb)
(Wakarchuk et al., 1994a) provides information regarding potential ground state interactions
between protein and substrate. In parallel, the more recently solved structure of WT BCX bound
to the mechanism-based inhibitor DNP2FXb (WT-2FXb) (Sidhu et al., 1999) yields information
regarding the glycosyl enzyme-intermediate, including an unusual distortion of the sugar ring in
the -1 position that may facilitate formation of an oxocarbeniurh ion-like transition state (Figure
3.10). A comparison of these complexes reveals potential structural interactions that may occur
in the transition states for glycosylation and deglycosylation. To a first approximation, changes
in K, resplting from the mutations studied herein should reflect perturbations more akin to
ground state interactions while changes in k. would be more related to altered interactions
occurring in the transition state. This generalization is not without pitfalls in the case of BCX,
however, since the mechanism by which it hydrolyzes xylosidic substrates involves multiple
steps.

The side chain of Tyr69 is hydrogen bonded to Glu78. Based on the complete inactivity
of the Y69F BCX variant, it was initially concluded that Tyr69 might play a role in positioning
this nucleophilic glutamate (Wakarchuk et al., 1994a). Subsequent elucidation of the crystal
structure of Y69F BCX, however, showed nearly exact superposition of active-site residues, thus
excluding this possibility (Sidhu et al., 1999) (Figure 3.8). However, close structural contacts

observed in the WT glycosyl-enzyme intermediate, WT-2FXb, between Tyr69 O" and both

Glu78 O% and the endocyclic oxygen (O5) of the proximal xylose residue in the —1 subsite,
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indicated a more direct catalytic role for Tyr69 (Figure 3.10 and Table 3.6). It was proposed that
through specific charge rearrangement, Tyr69 considerably stabilizes the oxocarbenium-ion like
transition state via a direct dipolar interaction between its O" and the partially positively charged
OS5 atom of the proximal xylose residue. Absence of this crucial interaction in Y69F BCX results
in severe crippling of the mutant enzyme.

Tyr80 O" is involved in a hydrogen bonding interaction with both Glul72 O°' and Wat B
(Figure 3.8 and Table 3.5). Furthermore, inspection of the crystal structures of WT-ZFXb and
E172C-Xb shows that Tyr80 O" may interact weakly with the O5 atom of the proximal xylose
subunit in the former (distarice = 3.6 A) but not in the latter (distance = 4.6 A) (Figure 3.8 and
Table 3.6). Given this difference, Tyr80 may selectively stabilize the proximal saccharide in the
transition state and glycosyl-enzyme intermediate relative to the enyzme-substrate complex.
Perhaps more importantly, previous studies of WT-2FXb have also revealed that the side chain
of Tyr80 helps position the catalytic water (Wat B) proposed to function as a displacing
nucleophile in the deglycosylation step of the hydrolytic reaction. Indeed, an analogous water
molecule is not detected in the crystallographic structure of YSOF BCX (Sidhu et al., 1999). The
apparent absence of this water is consistent with the observation that deglycosylation is the rate-
limiting step for hydrolysis of the reactive 2,5-DNPX; substrate by this variant xylanase (Figure
3.5).

In addition to Tyr69, the sidechain of Glu78 is hydrogen bonded to the primary amide of
Gnl27 (O°-N distance = 2.7 A) in the WT enzyme (Figure 3.8 and Table 3.5). To probe the
role of this interaction, GIn127 was mutated to an alanine and a glutamic acid. The former
mutation, Q127A, resulted in the movement of the side chain of Glu78 in towards the caVity

formed at the site of substitution. This is the only structure where the side chain of Glu78
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experiences a positional change, albeit small. An additional bound solvent molecule (Wat C) is
also found, satisfying the hydrogen bonding requirements of the Glu78 carboxylate. Examination
of both ligandéd structures indicates a potential hydrogen bonding interaction between GInl127
N** and the O3 atom of the proximal xylose unit (Figure 3.10 and Table 3.6). These interactions
are weaker (3.5 A in WT-2FXb and 3.7 A in E172C-Xb) than those observed for some of the
other residues and therefore may not contribute as much to catalysis. However, when combined
with the change in position of Glu78, these could account for the reduction in activity of Q127A
to 11 % of WT.

Changing the residue at position 127 to a glutamic acid led to a similar overall reduction
in activity to that observed for Q127A BCX. Given that the apparent pK, value of Glul27 is >
6.5 (Table 3.4), it must be protonated near the pH optimum of 5.1 measured for this mutant and
should resemble the WT glutamine in conformation and hydrogen-bonding potential. No crystal
structure was solved, but any structural perturbations of the nucleophile Glu78, which may lead
to the observed reductions in k., and K, due the amino acid substitution, are likely to be subtle.
Alternatively, as discussed below, electrostatic coupling between Glu127 and Glul72 results in a
perturbation of the pK, of the latter. This in turn may also lead to a change in the activity of the
protein, either by altering the ability of Glul72 to serve as a genéral acid/base catalyst or by
changing the population of protein with this residue in its active protonated form.

The primary amide of Asn35 is involved in a hydrogen bonding interaction with the

carboxyl group of the acid/base catalyst Glul72 (Figure 3.9 and Table 3.6). This interaction
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Asn35 ﬁGluleﬂ 72 Asn35 bGIuICysﬁz
Tyr69

2FXb/Xb

Arg112

Gin127

Figure 3.10. A stereo-illustration of active-site residues of WT-2FXb BCX (dark grey)
superimposed upon those of the non-covalent enzyme-substrate complex E172C-Xb BCX (off-
white). The former is a trapped colvalent glycosyl-enyzme intermediate, whereas the latter is a
non-covalent complex of xylotetraose with a catalytically inactive form of the enzyme. Potential
hydrogen bonds between the enzyme and the saccharide (2FXb or Xb) are indicated by yellow
broken lines for WT-2FXb and broken off-white lines for E172C-Xb. Oxygen atoms are shown
in red, nitrogen atoms in blue, fluorine atoms in green and sulfur atoms in yellow. The catalytic
water (Wp) is shown only for WT-2FXb. See Table 3.7 for specific interatomic distances.



Chapter 3-The pH-Dependent Activity and Mechanism of BCX

Table 3.7. Protein-saccharide distances within the active-sites of
WT-2FXb* and E172C-Xb? BCX.

Interaction Distances (A)

WT-2FXb E172C-Xb

Tyr69 O" — proximal xylose O5 3.0 40

Tyr69 O" - distal xylose O2 2.8 2.9
Arg112 N°- proximal xylose O2 (F2) 3.2 3.0
Argl12 N™ — proximal xylose O3 3.3 3.2
GIn127 N*2 — proximal xylose O2 (F2) 3.5 3.7
Tyr80 O™ — proximal xylose O5 - 3.6 4.6
Asn35 O°' — proximal xylose O5 4.5 5.3
Glu78 O — proximal xylose O2 (F2) 2.9 3.4

*Structural coordinates used for distance measurements were obtained from the
RCSB Protein Data Bank (Bernstein et al., 1977) identification numbers IBVV
for WT-2FXb BCX and 1BCX for E172C-Xb (Wakarchuk et al., 1994a).

PAtoms that are substituted at the 2-position in the DNP2FXb ligand are
indicated in parenthesis.
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appears modest, however, as judged both structurally (3.1 A) and by the lack of a significant
perturbation in the pK, value of Glul72 upon its removal by mutation (Table 3.4). Strikingly,
replacement of Asn35 with an Ala leads to a doubling of overall activity of N35A BCX
compared to WT as judged by k../Kn. Substitution of an Asp at this site also leads to a 20%
increase in activity (Chapter 4; Joshi et al., 2000a). Thus, these mutations at position 35 are
distinct in that they do not impair the catalytic ability of BCX. A possible explanation at least for
the reduced K, and k., values of N35A BCX towards ONPX, comes from a comparison of the
crystal structures of WT-2FXb and E172C-Xb (Figure 3.10). In the former (a glycosyl-enzyme
intermediate with a distorted proximal sugar) no direct interactions between Asn35 and the
xylose subunits are observed, while in the latter (an inactive enzyme-substrate complex), the side
chain of Asﬁ35 is displaced outwards. This displacement may be due to the loss of the glutamic
acid hydrogen-bonding partﬁer at position 172 and/or to the avoidance of an unfavourable van
der Waals contact with the bound sugar. That is, when the structure of WT BCX is superimposed
upon that of E172C-Xb, the distance between Asn35 O°' in the former and the O5 atom of the
proximal xylose residue in the latter is 3.2 A. Thus, in the catalytically competent enzyme;
substrate complex, a potentially destabilizing interaction may exist between Asn35 and the
bound substrate. This distance increases to 4.5 A in WT-2FXb as a result of the proximal sugar
adopting a boat conformation. Substitution of an alanine at position 35 would eliminate this
contact, thus improving substrate binding to N35A BCX. This would lead to a favorable decrease
in K, yet an unfavorable reduction in k; predominance of the latter results in the overall
increase in kq/ Ky relative to the WT enzyme.

Argll2 is positioned approximately equidistant from both Glu78 and Glul72 in the

unliganded WT structure and does not make direct contacts with either catalytic residue (Figure
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3.9 and Table 3.6). In the structures of WT-2FXb and E172C-Xb, however, the side chain of
Argl12 is observed to make potential hydrogen-bonding interactions with the O2 (or F2) and O3
atoms of the proximal xylose saccharide (Figure 3.10). Since these interactions are comparable
in the enzyme-substrate complex and glycosyl-enzyme intermediate, I speculate that the
significant reduction in the k., value of R112N BCX mutant results from the loss of preferential
transition state interactions between Argll12 N° and the exocyclic oxygens of the proximal
saccharide. Interactions of this magnitude are reasonable, since an in depth study of
Agrobacterium faecalis B-glucosidase has shown that the 2-position of a dinitrophenyl glycoside
substrate can contribute almost 4.3 kcal mol” and 5.3 kcal mol™ of transition-state binding
energy for the glycosylaﬁon and deglycosylation steps respectively (Namchuk and Withers,
1995), while interactions at the 3-position can contribute another 2.2 kcal mol” at both

transition-states.

3.4.2 pH-Dependent Activity

The pH optima of BCX proteins are set by the pK, values of the nucleophile Glu78 and
the acid/base catalyst Glul72. With the exception of N35D BCX (Chapter 4; Joshi et al., 2000a)
the pK, values determined from the activity profiles matched those determined site-specifically
for Glu78 and Glul72 by NMR (Table 3.3). Hence, the factors that determine the pK, values of
Glu78 and Glul72 primarily dictate the pH-dependent activity of BCX. Any modifications to the

local and global environments of residues 78 and 172 therefore result in changes in the pH

optimum of the enzyme.
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i) Roles of lonizable Residues

The presence of ionizable groups in the active-site of BCX influences the pK, values of
both Glu78 and Glul72. Removal of a positive charge contributed by Argl12 resulted in an
increase in the pH optimum of the enzyme from 5.7 to 6.2. NMR measurements showed that this
shift came about as a result of increases in the pK, values of Glu78 and Glul72 by 0.4 and 0.9
units, respectively (Table 3.4). This was expected as the positive charge on Argll12 could
electrostatically stabilize the conjugate base forms of both Glu residues, thereby serving to lower
their pK, values. What is less obvious, however, is the greater effect that this mutation has upon
the pK, of Glu172 compared to Glu78 in spite of it being closer to Glu78 by ~ 1 A (Table 3.5).

In the case of Q127E BCX, introduction of a negatively charged Glu residue (Glul27)
’ adjacent to Glu78 serves to decrease the pH optimum of this protein from 5.7 to 5.1 units. This
reflects the decrease in pK, value of Glu78 by almost one unit (the largest observed decrease
amongst the series of active-site residue mutants studied here) while the apparent pK, of Glul72
remains essentially unchanged. Since the pK, of Glu78 is significantly lower than that of Glul27,
at its pH optimum a majority of the BCX population is in a state where GIlu78 is ionized yet
Glul27 is neutral. Hence,.Glu127 is protonated and, similar to WT GIn127, can donate a charge
stabilizing hydrogen bond to Glu78. The observation that the pK, value of Glu78 is 3.8 in the
mutant versus 4.6 in the WT enzyme suggests that a neutral glutamic acid provides a more
~ stabilizing hydrogen bond than does glutamine. This behaviour is, however, difficult to examine
further in light of the complexities associated with analyzing the coupled ionization equilibria of
three interacting groups (Chapter 4; Appendix I; Joshi et al., 2000a). Nevertheless, the decrease
in the pK, of Glu78 most likely arises from the donation of a charge-stabilizing hydrogen bond

from the side chain of Glul27, conversely the high pK, value of ~ 8.4 reported for this newly
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introduced Glu residue must reflect the unfavourable juxtaposition of two negatively charged
residues.

In Chapter 4 and in Joshi et al., (2000a) I report that the analogous mutation of Q127E
BCX, namely N35D BCX (i.e. carboxyl adjacent to 172), has a profound influence upon the pX,
values of both the nucleophile and the acid/base catalyst. Instead of placing a negatively charged
residue near the nucleophile, a negatively charged Asp residue was placed beside the acid/base
catalyst Glul72. This resulted in an increase in the pK, values of both Glu78 and Glul72 to 5.7
and 8.4, respectively. Counter-intuitively, however, the pH optifnum had decreased to 4.6 instead
of increasing to the expected value of ~ 7. The pH-dependent activity of N35D BCX followed
the pK, values of the newly introduced Asp residue (pK, 3.7) and Glu78 (pK, 5.7) instead of
Glu78 and Glul72 as in WT BCX. After extensive analysis, it was determined that Glu78 was
still the nucleophile and that Asp35 and Glul72 were functioning together to perform the role of

the acid/base catalyst using a “reverse protonation” mechanism.

ii) Roles of Neutral Polar Residues

The mechanisms by which neutral polar residues (e.g. those which do not ionize within
the pH range studied) influence the pH-dependent activity of BCX appear to be more éubtly
manifested. Removal of a hydrogen bond to Glul72 contributed by Asn35 was achieved through
mutation of this residue to an Ala. The mutation resulted in no change in the pH optimum of the
enzyme nor any perturbations in the pK, values of Glu78 and Glul72. While this observation is
somewhat surprising, it is possible that a new solvent molecule occupies the cavity created by the
mutation and provides a hydrogen bond to Glul172. Nevertheless, this indicates that the hydrogen

bonding interaction contributed by Asn35 is not essential in establishing and maintaining the pK,
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values of Glu78 and Glul72. The position of Asn35 also varies in some of the BCX structures
solved (Y8O0F, WT pH 4.0, E172C-Xb BCX). This may indicate a certain degree of structural
flexibility and suggests that the interaction between Asn35 and Glul72 is relatively weak.

Surprisingly, removal of the hydrogen bond contributed b){ GIn127 to the nucleophile
Glu78 influenced the pK, values of both catalytic residues in opposite directions instead of only
affecting Glu78 as expected. The pK, value of Glu78 decreased from 4.6 to 4.2 while that of
Glul72 increased from 6.7 to 7.3 when GIn127 was mutated to an Ala. This resulted in the pH
optimum remaining the same as WT. The lower pK, observed for Glu78 was somewhat
unexpected as a hydrogen bond to Glu78 should serve to stabilize preferentially the conjugate
base form of the acid. Removal of this stabilizing interaction should lead to either no change or
an increase in the pK, value of Glu78. It is possible that a new solvent molecule (Wat C in Figure
3.8), observed in the structure of Q127A to occupy the position corresponding to the GIn127 side
chain in WT BCX, serves to better stabilize the ionized form of Glu78. Alternatively, removal of
the glutamine side chain may expose Glu78 to the higher dielectric constant of the ionic solvent
and thus reduces the unfavourable (Born energy) partial burial of this residue. Although there
was a minor perturbation in the positioning of Glu78, the precise nature by which the mutation
leads to an increase in the pK, value of Glul72 is difficult to rationalize given the numerous
potential interactions that exist within the active-site of this xylanase.

The side chain of Tyr80 is positioned such that it can donate a hydrogen bond to Glul72
at pH 7.5. Removal of this hydrogen bond by mutation to a Phe results in an increase in the pH
optimum from 5.7 to 6.3 and increases in the pK, values .of Glu78 and Glul72 from 4.6 to 5.0
and 6.7 to 7.9, respectively. As expected from the structure of BCX, the side chain of Tyr80

clearly contributes a charge stabilizing hydrogen bond to Glu172. The smaller increase in the pK,
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value of Glu78 upon mutation of Tyr80 to Phe can be rationalized by examination of the
structure of WT BCX at “pH 4”. At this lowered pH, the side chain of Tyr80 shifts slightly such
that it can weakly hydrogen bond with either Glu78 O%' or O% (distance Tyr80 O" to Glu78 O
or O = 3.4 A), while still interacting with Glul172 O®'. This shift may result from protonation of
Glul72. In this manner, Tyr80 can provide a charge-stabilizing hydrogen bond to both Glu78
and Glul72 when required. The dynamic hydrogen bonding ability of Tyr80 is further enhanced
by its ability to function as either a hydrogen bond acceptor, donor, or both. This residue can
hence adapt to accommodate pH-dependent changes that occur in the active-site of BCX.

The side chain of Tyr69 forms a strong hydrogen bond to the side chain of Glu78. When
this interaction is removed through mutation of Tyr69 to Phe, the pK, of Glu78 rises by 0.4 units
to 4.9 and the pK, of Glul72 increases by 1.6 units to a value of 8.3. The pH optimum of the
enzyme was not measurable, since the Y69F mutant was inactive. As seen for other BCX
mutants, the pK, value of Glul72 is far more sensitive to changes in the active-site than is the
pK, of Glu78. 1t is clear that the. hydrogen bond between Tyr69 and Glu78 can serve to lower the
pKa of Glu78 through direct structural interaction. However, the mode by which Tyr69 lowers
the pKa> of Glul72 is less obvious since the O" atom of Tyr69 is > 5 A away from either Glu172
O% or O%'. Unlike Tyr80, the position of the side chain of Tyr69 does not change with pH such
that it can form a hydrogen bond with Glul72. As mentioned previously, however, the
ionizations of Glu78 and Glul72 are electrostatically coupled and the changes in the pK, of one
partner can influence the ionization of the other via this linkage. Interestingly, Tyr69 and Tyr80
are involved in a m-stacking interac;[ion with each other. They stack in a typical T-shaped

arrangement with their closest inter-side-chain distance being 3.6 A (distance Tyr69 C* to Tyr80

C*2), which is well within the prescribed range for aromatic-aromatic interactions (McGaughey
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et al., 1998). This interaction therefore provides an additional avenue by which Glu78 and

Glul72 can be structurally and hence electrostatically linked.

iii) Hydrogen Bonding

The degree to which a specific hydrogen bond can inﬂuénce the pK, values of Glu78 and
Glul72 is generally dependent on the length of the bond and the identity of the donor (Table
3.8). Removal of hydrogen bonds generally serves to raise the pK, values of the catalytic

residues and the pH optimum of the enzyme, with mutation of residues that donate shorter and

- stronger hydrogen bonds to Glu78 and Glul72 resulting in larger perturbations in pK, values. No

trend was however observed between the ideality of the hydrogen bond donor angle and its
influence on pK, value.

The chemical identity of the hydrogen bond donor is also a factor that can dictate the
relative perturbation of the pK, value of residues 78 and 172. Energies of hydrogen bonds
between uncharged donors and uncharged acceptors range from 1.0 — 1.4 kcal mol™, whéreas,
those involving one charged group in the pair are slightly larger at 1.5 — 2.8 kcal mol™ (Jeffrey
and Saenger, 1991). Hydrogen bonds where both donor and acceptor are charged are yet higher
in energy at ~ 4 kcal mol™' (Fersht ez al., 1985). Based on simple electrostatic models, the energy
of a hydrogen bond reaches a maximum value when ApK, = 0 between donor and acceptor (Shan
et al., 1996). In nonprotic solvents, it is estimated that each pH unit of mismatch between donor
and acceptor weakens the hydrogen bond by a factor of five (Cleland and Northrop, 1999; Shan
and Herschlag, 1996). Using pK, values determined from model compounds (Kyte, 1994), the

order
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Table 3.8. Average hydrogen bonding distances and acceptor angle deviations observed for
Glu78 and Glul72 in all BCX proteins.

Interaction Donor  Average Average ApKiciu7s®  ApKaGiuin'
Type Distance® Acceptor
Angle
Deviation™®

Glu78 O = GIn127 N NH, 27A 33° -0.4 +0.6
Glul72 O — Asn35 N NH, 3.4 A 4° -0.1 +0.2

Glu78 0% - Tyr69 0"  OH 27A 15° +0.3 +1.6
Glul72 O*' - Tyr80 O" OH 294 4° +0.4 +1.2

*Structural coordinates used for average value of distance/angle measurements were obtained from the RCSB
Protein Data Bank (Bernstein et al., 1977), PDB identification number 1XNB for WT BCX at pH 7.5
(Wakarchuk et al., 1994a), 1BVV for WT-2FXB BCX at pH 7.5 (Sidhu et al., 1999) and 2BVV for Y69F
BCX (Sidhu et al., 1999). Structures that were used from this study include WT BCX at “pH 5.5”, WT BCX
at “pH 4.0”, Y8OF BCX (accession number) and Q127A BCX (accession number).

®Hydrogen bond acceptor angles (C*-0"*X) and distances of Glu78 and Glu172 were measured using heavy
atom positions. Ideal acceptor angle for a Glu/Asp side chain carboxyl group is 120° (Jeffrey and Saenger,
1991). Deviations (absolute values) were calculated by subtracting the ideal angle from the measured angle.

‘ApK, = pK, mutant - pK, WT (Differences were calculated using the major pK, values of the respective
mutant and WT; e.g. for the Glu78 O°' — GIn127 N% interaction, the ApK, value listed is for Q127A BCX
where GInl27 is removed).
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of the strengths of hydrogen bonds should, to a first approximation, follow the trend Glu-
Glu/Asp (COOH) > Glu-Tyr (OH) > Glu-GIn/Asn (NH,). According to this criterion, if there is a
correlation between hydrogen bond strength and charge stabilization, then hydrogen bonds
donated by neutral Glu/Asp residues (Glul27 in Q127E) should lower the pK, values of Glu78
and Glul72 the most followed next by Tyr residues (Tyr69 and Tyr 80 in WT BCX) and finally
by Gln/Asn residues (Asn35 and GIn127 in WT BCX). This trend is generally followed in the
active-site of BCX with respect to the ionizations of Glu78 and Glul72.

As mentioned above, the pK, of Glul72 is markedly more sensitive to active-site
substitution compared to that of Glu78 (Figure 3.11). Inspection of Table 3.8 shows that Glu78 is
flanked by two very well seated residues (Tyr69 and GIn127) whose hydrogen bonding distance
remains short (2.7 A) in all proteins studied. This stands in contrast to Glul72, whose hydrogen
bond donors are not as sturdily placed (Asn35 and Tyr80), as judged by the variation in
interatomic distances for the series of mutant structures. This may also account for the greater
degree of charge stabilization afforded to Glu78 and contribute to its intrinsic pK, (discussed
below) being lower compared to that of Glul72. Normalized isotropic thermal factors are also
consistently higher for Glu172 and the residues surrounding if when all of the BCX structures
examined in this study are considered. This can be rationalized by considering the functions of
Glu78 and Glul72. Glu78 must be held rigidly in position in a negatively charged state for the
first crucial step of hydrolysis, while the acid/base catalyst Glu172 performs dual functions and
must be accommodated iﬁ the active-site in either a protonated or deprotonated state. It must be -
positioned such that it can protonate the leaving aglycone in the first step and be held in
proximity to a water molecule for the second step. The flexible nature of its environment thus

complements its dynamic role from an electrostatic as well as structural viewpoint.
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Figure 3.11. Summary of the effects of active-site substitution. Changes in pH optimum (upper
left) are indicated relative to the WT value of 5.7 using data obtained from activity profiles
(Table 3.3). Activity levels (lower left) are shown relative to WT (100 %) and were determined
based on the parameter k_,/K,, (Table 3.3). Changes in pK, values for Glu78 (upper right) and
Glul72 (lower right) are shown for those determined directly using NMR (solid bars) and for
those calculated theoretically (hatched bars). Differences are plotted using only NMR data (solid
= NMR pK, protein- NMR pK, WT) or only calculated data (hatched = calculated pK, protein —
calculated pK, WT) (Table 3.9).
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iv) Theoretical pK, Calculations

Within the context of this study, we were particularly interested in the calculated pK,
values for Glu78 and Glul72 in the free WT enzyme. These two catalytic glutamic acids are in
very similar hydrogen bonding environments with comparable degrees of solvent exposure. This
requires a detailed analysis to explain their different ionization behaviours. As summarized in
Table 3.9, electrostatic calculations indicate that Glu78 has a slightly less unfavourable
desolvation energy than Glul72 (+2.0 vs. +2.3 pK, units), combined with more favourable
background interactions involving the permanent partial charges of the protein (-2.0 vs. -1.5 pK,
units). Together, these shift the "intrinsic" pK, (that is, the pK, in the absence of interactions with
any titratable groups; (Yang and Honig, 1993)) of Glu78 below that of Glul72. Consideration of
favourable interactions with ionizable groups reduces the pK, of Glu78 by a further -1.5 units to
a final calculated value of 2.9. These interactions involve primarily Argll2 (-1.2 units, as
indicated by the effects of removing this positive charge in the R112N mutant), compounded by
contributions from the net positive charge of BCX at acidic pH values. The reason why the
calculated pK, of 2.9 for Glu78 differs from the measured value of 4.6 is not clear, although this
may reflect an inadequate description of the microscopic environment (solvation and dielectric
constant) along the surface of the active-site or subtle differences between the structure of the
protein in solution and in a crystalline environment due to side chain and backbone mobility
(Connelly et al., 2000).

Combined with the calculation of a lower "intrinsic" pK, for Glu78 relative to Glul72,
the most salient aspect of the electrostatic calculations is that the glutamic acids are strongly
coupled with an unfavourable charge-charge interaction of 1.6 units. Thus, with rising pH, Glu78

predominantly deprotonates first, thereby disfavouring the ionization of Glul72 and forcing its
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pK, to a calculated value of 5.9. Thus, the difference in the pK, values of Glu78 and Glul72
results intrinsically from their electrostatic juxtaposition within the active-site of the enzyme.
This key conclusion is supported bofh experimentally (McIntosh ef al., 1996) and theoretically
(Joshi et al., 2000c) by the obsewation and prediction, respectively, of biphasic titration curves
reflecting the coupled microscopic ionization behaviour of these two residues. In addition,
paralleling that observed experimentally, the calculated pK, of Glul72 in the E78Q mutant
decreases by 1.6 units to 4.3 due to removal of the negative charge at position 78. (Conversely,
the pK, of Glu78 in E172Q’ BCX is essentially unperturbed relative to the WT enyzme since, in
both cases, it corresponds to ionization in the presence of é neutral residue at 172). Covalent
modification of Glu78 to form the glycosyl-enzyme intermediate, WT-2FXb BCX, also results in
a similar decrease in the predicted pK, value of Glul72 to 3.7 due to the removal of charge
repulsion, as well as to smaller changes in desolvation and background interaction energies. This
supports the previous conclusion that "cycling"” of the pK, value of Glul72 to match its role as a
general acid and then base during the two-step double displacement reaction results intrinsically
Jfrom the cycling of the nucleophile between its charged free, and neutral glycosylated states
(Mclntosh et al., 1996).

Calculations performed on the active-site mutants also showed some interesting trends
(Figure 3.11). The direction and magnitude of the change in pK, upon mutation is more
accurately predicted for the removal/addition of ionizable residues (N35D, R112N, QI127E,
E78Q, E172Q, and WT-2FXb) in proximity to Glu78 and Glul72 than it is for the mutation of
nd"r;'-;'ionizable residues. that donate hydrogen bonds (N35A, QI127A, Y69F and Y8OF) to the
catalytic pair. The theoretical calculations also do not predict the marked sensitivity of the pK, of

Glul72 to active-site substitution compared to Glu78. The differences between the



Chapter 3-The pH-Dependent Activity and Mechanism of BCX 110

Table 3.9. Theoretical and experimental pK, values in BCX proteins.

Protein Residue pK. A pK, calc./obs.”  desolvation® background ¢ ionizable®
calc./obs.?
WT Glu78 29/ 46 - +2.0 2.0 -1.5
Glul72 59/ 6.7 - +2.3 -1.5 +0.8
E78Q Glul72 43 /42 -1.6 /25 +2.3 -1.5 -0.9
E172Q Glu78 28 /5.1 -0.1 / +0.5 +2.0 2.0 -1.5
Y69F Glu78 57749 +2.8 / +0.3 +2.1 -1.0 +0.2
(4.0,5.9)%/ +1.1)*
Glul72 43 /83 -1.6 / +1.6 +2.0 -1.4 -0.7
(3.7,5.6)%/ (-0.3)°
Y80F Glu78 3.1/50 +0.2 / +0.4 +1.9 -1.7 -1.5
Glul72 62 /79 +03 / +1.2 +2.0 -1.0 +0.9
N35A Glu78 2.6 / 4.5 -0.3 / -0.1 +2.0 2.2 -1.6
Glul72 6.1 /6.9 +0.2/ +0.2 +2.1 -1.2 +0.8
N35D Glu78 4.0 /5.7 +1.1 / +1.1 +2.3 2.4 0.3
Glul72 75/ 84 +1.6 / +1.7 +1.6 -0.9 +2.4
Asp35 1.0 /3.7 +1.7 3.0 -1.7
QI27A Glu78 52/ 42 23/ -04 +2.0 -1.1 -0.1
(3.8,5.6)°/ (+0.9)°
Glul72 48 /73 -1.1 / +0.6 +2.1 -1.5 0.2
(3.8,5.6)°/ (-0.3)°
QI27E Glu78 <0 /38 >-29/-0.8 +2.2 4.8 >-1.8
Glul72 73/ 6.5 +1.4 /-02 +2.3 -1.4 +2.0
(6.1,7.4)/ (6.5,8.5)" (+0.2,+1.5) /
(-0.2,+1.8)f
Glul127 58 / 8.4 +1.6 0.9 +0.7
(5.6,6.9)/(6.8,8.7)
R112N Glu78 4.1/ 50 +12 / +0.4 +1.9 2.2 -0.1
Glul72 6.7 /176 +0.8 / +0.9 +2.2 -1.6 +1.7
WT-2FXb  Glul72 3.7/ 42 22725 +1.3 -1.2 0.9
N35D-2FXb  Glul72 9.0 / 1.9-3.48 +3.1 / >-5.08 +2.3 -1.5 +3.8

Asp35 0.2/ +2.3 -4.2 -1.9

*Calculated pK, values correspond to the pH at which a given residue is 50% ionized (dielectric constants of 8 and 80
for protein and water, respectively; ionic strength of 50 mM; 25 °C)

l’ApKE, values are determined by comparison to the corresponding calculated and observed pK, values for WT BCX.

“Contributions to the calculated pK, values due to desolvation, interaction with permanent background (partial)
charges, and interactions with titratable groups (at pH = pK,), respectively.
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The calculated titration curves of Glu78 and Glul72 in Y69F are highly biphasic. Fitting to a model of two coupled
ionizable groups gives microscopic pK, values of ~ 4.0 and ~ 5.9 for Glu78 in the presence of neutral or charged
Glul72, respectively, and values of ~ 3.7 and ~ 5.6 for the Glul72 in the presence of neutral or charged Glu78,
respectively. For comparison to WT, the corresponding calculated A pK, values are for the first microscopic pK, of
Glu78 and the 2nd of Glul72.

“The calculated titration curves of Glu78 and Glul72 in Q127A are highly biphasic and are treated similarly to Y69F
(footnote d). :

“The calculated titration curves of Glul127 and Glul72 in E127Q are highly biphasic and are treated similarly to Y69F
(footnote d).

£Due to strong hydrogen-bonding in the covalently modified protein, Asp35-Glu172 titrate as a tightly coupled system
with a first pK, value in the range of 1.9-3.4 and the second > 9 (Chapter 4; Joshi ez al., 2000a).

experimentally measured and theoretically predicted pK, values in this regard reflect the need to
accurately define the prec.ise geometry of hydrogen bond networks and proton placement. (This
is certainly not a trivial task). Furthermore, as discussed previously, many additional factors,
which may not be accounted for by computational methods can also serve to influence the ability

of a donated hydrogen bond to stabilize/destabilize the pK, of an ionizable group.

v) Catalysis

At this point in the discussion it would be useful to discuss the microscopic pK, values of
Glu78 and Glul72 (See Appendix I for a description of microscopic/macroscopic pK, analyses)
(MclIntosh et al., 1996). Two ionizable groups may show coupled or biphasic spectral changes
during a pH tiration if (i) the chemical shift or (ii) the microscopic pK, of one group is dependent
upon the ionization state of the other (Shrager ef al., 1972). In the first case, the chemical shift of
the carboxyl may be influenced directly by electric fields that perturb the shielding of the Bc
nucleus or indirectly through conformational changes that, for example, alter hydrogen-bonding
interactions. In the absence of detailed structural information, the expected magnitudes and
directions of these possible pH-dependent chemical shift perturbations are difficult to predict

(Batchelor et al., 1975; Gu et al., 1994). However, inspection of the crystallographic structure of
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BCX reveals that the a-carbons of the two catalytic residues are separated by 6.5 A, and thus,
these glutamates should interact electrostatically, as in the classical example of a dibasic acid
(Edsall and Wyman, 1958). This corresponds to case (ii), in which the microscopic pK, of one
glutamic residue is depeﬁdent upon the ionization state of the other, such that the full chemical
shift change due to protonation occurs only upon the neutralization of both groups. An analysis
of the pH dependence of the >C-NMR spectra of the wild type enzyme using a model of two
coupled ionization equilibria, yet independent chemical shifts for Glu78 and Glul172, yields the
microscopic pK, values summarized in Scheme 3.2. From a simultaneous fitting of the two
titration curves, the pK, of Glu78 is 4.63 when Glul72 is neutral and 5.79 when it is negatively
charged. Similarly, the pK, of Glul72 is 5.50 when Glu78 is neutral and 6.66 when it is charged.
Therefore, in this model, the mutual electrostatic repulsion between the carboxylate groups
elevates each pK, by ~ 1.2 units. The lower ionization pathway in Scheme 3.2 is favoured
significantly, and thus, the microscopic pK, values of 4.63 (Glu78) and 6.66 (Glul72) are

essentially equal to the macroscopic or apparent pK, values assignable to these two groups.
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Scheme 3.2
More specifically, the value of the pK, of Glul72 in the presence of a neutral Glu78 (5.5)

is not as low as the pK, value of Glul72 in the glycosyl-enzyme intermediate (4.2) or in the
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E78Q mutant (4.2). This implies that there must be other structural interactions, in addition to
electrostatic, that help to lower the pK, of Glul72 by an additional 1.3 units (McIntosh et al.,
1996). Nevertheless, the results obtained from microscopic pK, analyses still predict a lower pK,
for Glul172 when Glu78 is neutral, and thus support the concept of pK, cycling for Glu172.

While the pK, values of the nucleophile and the general acid/base catalyst determine the
classic bell-shaped pH-dependent activity profile of retaining glycosidases such as BCX,
electrostatic linkage of their ionization equilibria is crucial to achieving efficient catalysis. A
glycosidase can be engineered such that the pK, values of the nucleophile and the acid/base
catalyst in the free enzyme span a broad range of pH; however, these are not the only pH-
dependent factors that influence catalysis. The pK, value of the general acid/base catalyst must
be able to cycle to match its catalytic function as a general acid and as a general base. If the pK,
values of the nucleophile and the general acid/base catalyst are too far apart (ApK, is large), then
the intrinsic cycling mechanism, driven significantly by the charged/neutral state of the
nucleophile, may not function properly. For example, at the pH optimum of BCX (5.7), the
acid/base catalyst Glul72 cycles its pK, value from 6.7 where it is protonated and can function as
a general acid to a value of 4.2 where it is deprotonated and can function as a general base. If the
pK, value of Glul72 was raised high enough (by some factor other than the repulsive charge of
the nucleophile) such that it was only able to shift in the glycosyl-enzyme intermediate to a value
above its‘ pH optimum instead of below as required, then its function as a general base would be
compromised, since the fraction of enzyme that is protonated at residue 172 would be greater.

As discussed above, microscopic pK, analyses of the titration curves of Glu78 and

Glul72 in WT BCX indicate that the pK, value of the acid/base catalyst should be ~ 5.5 instead

of the observed value of 4.2 if protonation/deprotonation of the nucleophile is the sole driving
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force for pK, cycling. At the pH optimum of 5.7, a«pKal value of 5.5 for Glul72 will impéir its
generalA base function in the second step of hydrolysis. Hence, while elimination of the negative
charge of the nucleophile is a significant factor in driving pK, cycling, its impact is limited by
simple electrostatic constraints. Given these limitations, retaining glycosidases, and by inference
other enzymes that use a similar mechanism, must evolve structurally to be able to lower further
the pK, of the acid/base catalyst if a broad pH profile is desired. Furthermore, since the chemical
step of covalent glycosyl-enzyme intermediate formation is closely coupled to the ionization
behaviour of the key active-site residues, the observed downward shift in the pK, value of the
general acid/base catalyst as it cycles drives the glycosylation step of the reaction by enhancing
proton transfer to the glycosidic bond oxygen (Joshi et al., 2000a; MclIntosh et al., 1996;
Richard, 1998). It is difficult to determine what effects many of the active-site mutations have
upon the efficiency of acid/base catalysis, since most of the residues that were mutated in this
study are involved in putative transition and ground-state binding interactions with the substrate.
Given that reductions in activity were accompanied by changes in the pK, value of Glul72 in the
free enzyme, it is possible that mutation affects the ability of the acid/base catalyst to cycle its
pK, value and has hence adversely affected the efficiency of proton transfer. However, without
direct measurements of the pK, of Glul72 in the glycosyl-enzyme intermediates of these
mutants, it is difficult to assess the magnitude of the effect of the mutation on pK, cycling. A
prime example of an extremely efficient mutant is N35D BCX, where the enhanced ability of the
acid/base catalyst contributes to making the mutant inherently 100-fold more efficient than WT
(Chapter 4; Joshi et al., 2000a). While the pK, shift of the acid/base catalyst of 2.5 units in WT
BCX corresponds to an eﬁergy difference of 3.5 kcal mol™', the significantly higher pK, shift of

5.8 units in N35D BCX provides ~ 8 kcal mol”' of energy at 25 °C (2.303RT ApK,). In the N35D



Chapter 3-The pH-Dependent Activity and Mechanism of BCX 115

BCX protein, the large decrease in the pK, of Glu172 is attributed to the formation of a short and
strong hydrogen bond in the glycosyl-enzyme intermediate, which strongly favours
deprotonation of the acid catalyst. As shall be discussed in Chapter 4, only a small fraction of the
enzyme (~ 1 %) is in the correct ionization state, yet is so efficient that it can achieve WT levels
of activity.

What about situations where the fraction of the enzyme in the correct ionization state is
reduced but catalysis is not as efficient? Q127E BCX is a possible example of this. Although
there is no structure available for this mutant, there is no reason to expect that substitution of a
glutamic acid for a glutamine would cause significant structural perturbations. Furthermore, it is
also unlikely, judging by the WT-2FXb and E172C-Xb structures, that GIn127 makes critical
interactions with the substfate. The activity is reduced significantly, however, in the Q127E BCX
mutant. The answer to its reduced activity may lie in an examination of the microscopic pK,
values and electrostatic linkage of Glu127 and Glul72. Fitting of the titration data, in a similar
manner to Scheme 3.2, in the pH range from 6-11 to extract microscopic pK, values yields a

rather revealing result (Scheme 3.3):
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In the lower ionization pathway Glul72 ionizes first with a pK, of 6.53, which is identical to the

value observed in the basic limb of the pH-dependent activity profile (Table 3.3). Since Glul72
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is well positioned to be the acid catalyst, it must be the group whose deprotonation dictates the
alkaline limb of the profile. However, according to Scheme 3.2, this pathway is followed only ~
50 % of the time given the similar values of pK,; and pK,. The other half of the enzyme
population is in a state where Glul27 ionizes before Glul172. (In WT BCX, pK,; > pKy» and the
lower ionization pathway, corresponding to the correct ionization states for catalysis, is
dominant). This reduces the fraction of the enzyme that is in the correct protonation state for the
first step of the reaction. Further reductions in activity may also occur as a result of Glul72 being
compromised in its ability to cycle or be able to donate a proton to the leaving group.
Coincidently, the value of k../K;, for Q127E BCX is similar to the value obtained for E172Q
BCX, in which the acid catalyst is removed (Table 3.3), emphasizing the possibility of
compromised proton donation.

Therefore, the factors that establish and maintain the pK, values of the acid/base catalyst
in both the free enzyme and the glycosyl-enzyme intermediate are of importance to not only
defining the pH optimum of the enzyme but also the efficiency of acid/base catalysis. These
intricacies are often overlooked when attempting to engineer glycosidases to function over a
variety of pH optima. Furthermore, the effects that these changes have upon the pK, values of the
catalytic groups and other active-site residues in the transition state(s) are even less well

understood.
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3.5 CONCLUSION

The three-dimensional structure of BCX has been finely tuned at the local and global
levels to not only maintain the correct ionization states of the catalytic glutamic acids, but also to
position active-site residues for catalytically optimal protein-substrate interactions. The active-
site residues act concertedly in setting the pK, values of Glu78 and Glul72, with no particular
residue being singly more important than any of the others. As a result of the intricate network of
hydrogen bonds, van der Waals interactions and electrostatic interactions, both catalytic glutamic
acid residues are perturbed in complex ways with active-site substitution (i.e. mutation of the
environment of one éffected the other). In general, positively charged groups serve to lower pK,
values as do residues that contribute hydrogen bonds. The length of the hydrogen bond and the
chemical identity of the donor are also factors dictating the degree of charge stablization afforded
to the ionizable acceptor. Groups that donate shorter hydrogen bonds are more effective in
lowering pK, values than those that contribute longer hydrogen bonds. In contrast, the
mechanism by which adjacently positioned acidic residues lower pK, values is more complex
and i1s dependent upon the microscopic pK, values and electrostatic linkage of the groups
involved in the interaction. In the case of BCX, both acidic substitutions resulted in lower pH
optima; however, the apparent pK, lowering effect was accomplished via different mechanisms
in these two cases. Theoretical pK, calculations provide qualitative insights into electrostatic
interactions occurring in BCX in certain cases. The key conclusion from these studies is that
Glu78 inherently has a lower pK, than Glul72 due to a number of electrostatic interactions that
result from interplay with both the global and local environments surrounding it, in addition to
the dominant, yet unfavourable charge-charge interaction it has with Glul72. However, a

challenge is to correctly account for the effects of hydrogen bonding to ionizable groups.
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Mutations of active-site residues also lead to significant reductions of activity in many
cases. This is not surprising since many of these groups are involved in ground and/or transition
state binding of the saccharide. Active-site substitution generally leads to small structural
perturbations, yet can significantly alter activity, including the rate-determining step and the pH-
dependence of hydrolysis. The pH optimum of BCX can be modified from —1.0 to +0.6 pH units,
albeit at the expense of activity in some cases. Strategies for engineering pH optima can involve
mutations of key active-site residues, although more general approaches would be to change
residues outside the core of the active-site to avoid perturbing the exquisitely balanced network
of complex interactions that surround the catalytic glutamates. Longer-range electrostatic
interactions could be taken advantage of in this manner. Mechanistic considerations are also
central to successful engineering of glycosidases. Further studies should probe the effects that
alterations have upon intrinsic phenomena such as pK, cycling as well as the values of ionization

constants of key residues in the transition states.

Rational approaches can result in the production of glycosidases with altered pH optima.
However, activity is compromised in many cases. In nature, xylanases have a wide range of
activities and pH optima. What lesson can be learned from these naturally occurring examples
that reflect eons of evolutionary selection? In the next chapter I describe a remarkable example

in which nature has changed pH optima within a family of glycosidases.
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Chapter 4

A Novel Mechanism for Requlating the
pH-Dependent Activity of Glycosidases:
Lessons from Nature

ABSTRACT

"'The pH optima of family 11 xylanases are well correlated with the nature of the residue
adjacent to the acid/base catalyst. In xylanases that function optimally under acidic conditions,
this residue is an aspartic acid, whereas it is an asparagine in those that function under more
alkaline conditions. Previous studies of wild type Bacillus circulans xylanase (BCX), with an
asparagine at position 35, demonstrated that its pH-dependent activity follows the ionization
states of the nucleophilev Glu78 (pK, 4.6) and the acid/base catalyst Glul72 (pK, 6.7). As
predicted from sequence éomparisons, substitution of this asparagine with an aspartic acid
(N35D BCX)) shifts its pH optimum from 5.7 to 4.6, with an ~ 20% increase in activity. The bell-
shaped pH-activity profile of this mutant enzyme follows apparent pK, values of 3.5 and 5.8.
Based on *C-NMR titrations, the predominant bKa values of its active-site carboxyls are 3.7
(Asp35), 5.7 (Glu78) and 8.4 (Glul72). Thus, in contrast to the wild type enzyme, thé pH-
activity profile of N35D BCX appears to be set by Asp35 and Glu78. MutationalQ kinetic, and
structural studies of N35D BCX, both in its native and covalently modified 2-fluoro-xylobiosyl
glycosyl-enzyme intermediate states, reveal that the xylanase still follows a double-displacement
mechanism with Glu78 serving as the nucleophile. It is proposed, therefore, that Asp35 and

Glul72 function together as the general acid/base catalyst, and that N35D BCX exhibits a
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"reverse protonation" mechanism in which it is catalytically active when Asp35, with the lower
pK,, is protonated, while GIu78, with the higher pK,, is deprotonated. This implies that the
mutant enzyme must have an inherent catalytic efficiency at least 100 fold higher than that of the
parental wild type because only ~ 1% of its population is in the correct ionization staté for
catalysis at its pH optimum. The increased efficiency of N35D BCX, vand by inference all
"acidic" family 11 xylanases, is attributed to the formation of a short (2.7 A) hydrogen bond
between Asp35 and Glul72, observed in the crystal structure of the glycosyl-enzyme
intermediate of this enzyme, that can substantially stabilize the transition state for glycosyl
transfer. Such a mechanisfn may be much more commonly employed than is generally realized,

necessitating careful analysis of the pH-dependence of enzymatic catalysis.
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4.1 INTRODUCTION

The low molecular weight xylanases (Gilkes et al., 1991) provide a fascinating example
of how the pH-dependence of enzymatic catalysis can be modulated within a family of retaining
glycosidases. Members of the family 11 endo-B-(1,4)-glycosidases derive from both eukaryotic
and bacterial species and share sequence identity varying from 40-90 % (Torronen et al., 1993;
Torronen and Rouvinen, 1997). All members of this family studied to date have strikingly
similar three-dimensional structures and active-site geometries (Torronen and Rouvinen, 1997).
In particular, they all contain two catalytically essential glutamic acid residues that are involved
in an intricate network of hydrogen bonds contributed by highly conserved neighboring residues
(Torronen and Rouvinen, 1997; Wakarchuk et al., 1994a). One catalytic glutamic acid residue
functions as a nucleophile and the other as a general acid/base catalyst in a double-displacement
mechanism whereby hydrolysis of xylosidic substrates proceeds with retention of anomeric
configuration (Gebler et al., 1992; Koshland, 1953; Sinnott, 1990). In spite of all these
similarities, the pH optirria of family 11 xylanases vary widely from acidic values of < 2 to
alkaline values > 7 (Table 4.1).

A comparison of the sequences of these low molecular weight endo--(1,4)-glycosidases
reveals a striking correlation in that the residue hydrogen bonded to the general acid/base catalyst
is an asparagine in so-called "alkaline" xylanases, whereas it is an aspartic acid in those with a
more "acidic" pH optimum (Torronen and Rouvinen, 1997). Th_is seems counter-intuitive since it
might be expected that placement of a negatively-charged residue next to the acid/base catalyst
should electrostatically elevate its pK, and raise the pH optimum of the enzyme to a more
alkaline value. Nevertheless, this correlation has been confirmed by mutational analysis of

Aspergillus kawachii xylanase C in which the single substitution of an Asn for an Asp at this key
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Table 4.1. Properties of family 11 xylanases.

_ Distances (A)
Xylanase pH pI'  Residue at
optimum Position 35 Asx35 N®*/0%-Glu172 O%
B.agaradhaerens (Xyl11)* 7.1° 8.8 Asn k

T.lanuginosus® 6.5° 4.7 Asn 3.0
B.circulans (BCX)° 5.7° 9.1 Asn 3.1
T reesei (XYNII) 5.3° 8.7 Asn 3.6
B.circulans (N35D)° 4.6 8.8 Asp 3.2
T.reesei (XYNI)" 3.5 4.6 Asp 2.9
A.niger (xylanase I)® 3.0 4.0 Asp 2.8
A.kawachii (XynC)" 2.08 3.9 Asp 2.8

*Bacillus agaradhaerens xylanase (Xyl11) structure was solved at pH 5.0, PDB code 1QH7 (Sabini et al., 1999).

*Thermomyces lanuginosus xylanase structure was solved at pH 4.0, PDB code 1YNA (Gruber ef al., 1998).

°Bacillus circulans xylanase (BCX) structure was solved at pH 7.5, PDB code 1XNB (Wakarchuk et al., 1994a).

Trichoderma reesei xylanase II (XYNII) structure was solved at pH 6.5, PDB code 1XYP (Torronen et al.,
1994).

°Bacillus circulans xylanase variant N35D structure was solved at pH 7.5, PDB code 1C5H.

"Trichoderma reesei xylanase I (XYNI) structure was solved at pH 8.0, PDB code 1XYN (Torronen and
Rouvinen, 1995).

Edspergillus niger xylanase I structure was solved at pH 4.7, PDB code 1UKR (Krengel and Dijkstra, 1996).

P dspergillus kawachii xylanase C (XynC) structure was solved at pH 6.5, PDB code 1BK1 (Fushinobu er al.,
1998).

"Theoretical pI was calculated using the "Compute pI/Mw tool" resource located on the ExPASy server (Wilkins
etal., 1998).

'Residue numbering and atom labelling is based on the sequence and structure of BCX.

“Coordinates not released from the Brookhaven Protein Data Bank at time of submission.

'"Measured distances are based on a structure in which the acid/base catalyst, Glu178, is in an unfavourable
conformation and points away from the nucleophile, Glu86 (Gruber et al., 1998).
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position dramatically elevates its pH optimum from ~ 2 to 5 (Fushinobu et al., 1998). Several
studies of these family 11 xylanases have led to proposed mechanisms by which this paradoxical
effect is manifested (Fushinobu et al., 1998; Krengel and Dijkstra, 1996), though none of these
explanations has been entirely satisfactory.

In order to understand how the substitution of a single amino acid can modulate the pH
optimum of an enzyme, We have focused our attention on the "alkaline" xylanase from Bacillus
circulans (BCX) (Sung et al., 1993; Wakarchuk et al., 1992). As discussed in Chapter 3, the pK,
values of Glu78 and Glu172, measured directly using *C-NMR spectroscopy, are 4.6 and 6.7,
respectively. These are in close agreement with those determined from the bell-shaped pH
activity profile of this enzyme and thereby provide a straightforward explanation for its observed
pH optimum near 5.7. Likewise, the pH-dependent activities of the mutants (N35A, Y80F,
R112N, Q127A and Q127E) presented in Chapter 3 all directly follow the ionization states of
Glu78 and Glul72, which dictate the pH optima of the enzymes. An asparagine residue (Asn35),
adjacent to the general acid/base catalyst Glul72 in BCX, was substituted with an aspartic acid.
As predicted by sequence comparisons, this substitution led to a pronounced decrease in the pH
optimum of the enyzme to 4.6. We have thoroughly investigated this phenomenon, combining
kinetic studies using synthetic aryl B-xylobioside substrates, site-specific measurements of the
pK. values of catalytic groups by “C-NMR spectroscopy, electrospray mass spectrometry
(ESMS), and X-ray crystallographic structure determination. Integrating these analyses, we
propose a detailed mechanism to explain the dependence of the pH optima of family 11
xylanases on the nature of the group adjacent (Asn or Asp) to the acid/base catalyst.

This work has been published in Joshi et al., (2000a) and was the result of a collaboration

with two groups. In the labofatory of Dr. Stephen G. Withers, the substrates were synthesized by
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Timothy Hiebert,- Lloyld Mackenzie and David Zechel and the mass spectrometry data was
collected by Dr. Shouming He. In the laboratory of Dr. Gary D. Brayer, the structures of N35D

BCX and the N35D BCX glycosyl-enzyme intermediate were solved by Gary Sidhu. All other

experiments and procedures were performed by me.
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4.2 MATERIALS AND METHODS

4.2.1 Cloning, Mutagenesis and Protein Expression

The synthetic gene encoding BCX was cloned into the pCW plasmid system under
control of an inducible fac promoter, as described previously (MclIntosh et al., 1996; Sung et al.,
1993; Wakarchuk er al., 1994a). To create the genes encoding N35D, N35D/E78Q and
N35D/E172Q), site-directed mutagenesis was performed using a QuickChange™ Site-Directed
Mutagenesis Kit (Stratagene Cloning Systems, La Jolla, CA). The following oligonucleotide
primers were used in the mutagenesis of WT BCX to N35D BCX [based on complementarity to
the synthetic BCX gene (Sung ef al., 1993)]: 5' GG TCT AAT ACT GGG GAC TTC GTA GTC
GG 3' and 5' CC GAC TAC GAA GTC CCC AGT ATT AGA CC 3. The double mutants,
N35D/E78Q and N35D/E172Q BCX, were made by performing further site-directed
mutagenesis on the N35D BCX gene using the following oligonucleotide primer pairs: for
N35D/E78Q, 5 G CGT TCG CCA CTG ATT CAA TAT TAC GTT GTC G 3’ and 5’ C GAC
AAC GTA ATA TTG AAT CAG TGG CGA ACG C 3’; for N35D/E172Q, 5° GTA ATG GCG
ACC CAA GGC TAC CAG AGC 3’ and 5° GCT CTG GTA GCC TTG GGT CGC CAT TAC
3’. All other recombinant DNA procedures, such as plasmid isolation and purification, were
perfomied as recommended by the manufacturers. After the sequences were confirmed by
automated DNA sequencing, the mutagenized plasmids were transformed into bacterial E. coli
strain BL21 ( ADE3) using electroporation or calcium chloride-heat shock.

Proteins used for kinetic studies were expressed in E. coli strain BL21 grown in TYP
medium at 37 °C until the time of induction (ODggo = 0.5 - 0.6) and thereafter at 30 °C until the
cells were harvested 16 hours later. Protein expression was induced by addition of IPTG to a

final concentration of 0.75 mM. Purification was performed as described previously using SP-
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Sepharose™ ion-exchange chromatography followed by Sephacryl S-100™ HR size exclusion
chromatography (Pharmacia Biotech, Inc.) (Sung ef al., 1993). Fresh column material was used
for different proteins to prevent any possible cross contamination. Proteins were purified to >
95% homogeneity as judged by SDS-PAGE with Coomassie staining. Further characterization
was performed using a Perkin Elmer Sciex API 300 electrospray mass spectrometer with the
following results: N35D, observed 20 402 + 3.5 Da, expected 20 402 Da; N35D/E78Q, observed
20 400 + 3.5 Da, expected 20 401 Da; N35D/E172Q, observed 20 401 + 3.5 Da, expected 20 401
Da.

N35D BCX, "*C-enriched in the side chain ‘8-carbony1 of the glutamate and glutamine
residues, was expressed as described previously (McIntosh et al., 1996). Bacteria were grown in
a synthetic medium (Anderson et al., 1993; Mclntosh et al., 1996; Muchmore et al., 1989)
containing 275-325 mg/L.99% L-[8-"*C]-glutamate (Tracer Technology, Cambridge, MA). The
isotopically labelled proteins were expressed and purified as above, except that the size-
exclusion chromatography step was not performed. The [8-"*C]-Glu and -Gln enriched xylanases
were purified to > 90% homogeneity as judged by SDS-PAGE and Coomassie Blue staining.
Further characterization was performed using electrospray mass spectrometry, yielding an
observed mass of 20 406 + 3.5 Da (expected 20 409 Da) for isotopically labelled N35D BCX.
The expected mass value was calculated assuming ~ 100% "*C enrichment of seven residues.
Deviations from observed and expected molecular masses reflects isotopic dilution of the [3-

C]-Glutamate.
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4.2.2 Enzyme Kinetics
(i) Steady State Kinetics

Several aryl B-xylobiosides were used as substrates in the assays described below: 2,5-
dinitrophenyl B-xylobioside (2,5-DNPX3), A€4oonmprs0o = 3.57 mM" cm™ (where Ae is the
difference in molar absorptivity between the phenol and its corresponding xylobioside); 3,4-
dinitrophenyl B-xylobioside (3,4-DNPX;), Ae4oonm,pheo = 11.71 mM™! cm'l; orthonitrophenyl (3-
xylobioside (ONPX,), Aesoonmprso = 1.07 mM™' cm™; and phenyl B-xylobioside (PhX»),
Aerggnmpniz2 = 2.17 mM™ cm’'. Inhibition studies were performed using 2,4-dinitrophenyl 2;
deoxy-2-fluoro-B-xylobioside (DNP2FXb) as a mechanism-based inhibitor. All substrates and
inhibitors were synthesized and characterized according to previously published procedures
(Lawson et al., 1997; Ziser et al., 1995). All other materials, unless otherwise stated, were
obtained from the Sigma Chémical Company. Spectrophotometric assays were performed on
either a Pye Unicam 8700 or UV4 UV/Vis spectrophotometer, both equipped with a circulating
water bath for temperature control. Assays were carried out in 200 pL micro black-walled quartz
cuvettes with a 1 cm path length, according to methods described previously (Lawson et al.,
1997). The pH values of assay solutions were measured using a Corning G-P Micro Combo™
electrode. Steady-state kinetic data were fitted using the programs PlotData (TRIUMEF,
University of British Columbia) and GraFit (Leatherbarrow, 1998).

Assays used to determine the Michaelis-Menten steady state parameters, ke, and K,
utilized the appropriate aryl -xylobioside substrate in 20 mM MES, 50 mM NaCl, 0.1 % BSA
buffer (pH 6.0). Typically, substrate concentrations were varied from 0.2K, to 5K,. After a 15
minute preincubation time at 40 °C, 10 pL of enzyme at an appropriate concentration (2.0 x 10™

mM to 7.0 x 10 mM final) was added to 190 pL of the assay solution. The rates of enzymatic
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hydrolysis of the aryl B-xylobiosides were determined by monitoring the rate of phenol release at
the appropriate wavelength in a continuous assay at 40 °C. Enzyme concentrations and reaction
times were chosen such that less than 10 % of the total substrate was hydrolyzed over the course
of the measurement. In. the case of PhXj, a stopped assay was used to measure enzymatic
hydrolysis rates. After an appropriate time, 600 uL of 200 mM Na3z;PO4 (pH 12.3) buffer waé
added to terminate the reaction. The absorbance of the released phenol was measured at 288 nm
and corfected for both the spontaneous hydrolysis of PhX5 and the background absorbance of the
enzyme. All other conditions were identical to those listed above for assays containing the other
aryl B-xylobiosides. Experimental rates measured at each given substrate concentration were
fitted tq the standard Michaelis-Menten expression to determine the parameters A, and K.
Values of k../Kn were determined from the slope of a Lineweaver-Burke plot. Bronsted plots
were constructed by plotting the log of the rate constant against the pK, of the leaving group,
according to the Bronsted equation: |

logk=4+p,,pK, (4.1)

The Bronsted coefficient, 34, was obtained from the slope of the plot determined by a linear
least squares fitting of the data using the program Grafit (Leatherbarrow, 1998).

Assays used to determine the pH-dependence of k.,/Km employed low concentrations of
ONPX, substrate (0.35 mM), 50 mM NacCl, 0.1 % BSA, and the appropriate buffer for a given
pH range (pH 2-5: 20 mM succinate; pH 5-7: 20 mM MES; pH 7-8: 20 mM HEPES; pH 8-11:
20 mM CHES). After a 15 minute preincubation time at 25 °C, the eﬁzymatic reaction was
initiated by addition of 10 QL of enzyme (3.0 x 10~ mM final) to 190 pL of the assay solution.
Progress curves were followed by measuring the release of o-nitrophenolate at 400 nm versus

time until at least 80 % substrate depletion was observed. The pH of each assay solution was
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measured after completion of the reaction. An aliquot of the assay mix was then re-assayed at pH
6.0 to confirm the stability of the enzyme compared to an aliquot of unassayed enzyme which
had not been exposed to assay conditions. Experimental data were fitted to a pseudo-ﬁrst-order
expression, which upon division by the enzyme concentration yielded k../Kn values. This
method obviated the need to correct for the variation of extinctipn coefficient of ONPX, with pH
and eliminated any errors associated with the determination of substrate concentrations. The
kea/Km data were then plotted as a function of pH and fitted to a bell-shaped activity profile,

described in equation 4.2, from which apparent pK, values were determined.

kcat — kcat ! 1
(K—] B (K—j 107" 107w 42
m / obs m / max 1+

107P% " 107"

(iij) Pre-Steady State Kinetics

Pre-steady state kinetic measurements were taken for mutant BCX proteins using a
stopped-flow spectrophotometer (Olis RSM-1000) with a 2 cm cell path length and a circulating
water bath, as described previously (Zechel et al., 1998). The dead-time of the instrument was
2.5 ms. Data were collected at a rate of 1000 spectra/s over a 10 s time period. Assays consisted
of various amounts of 2,5-DNPX, spbstrate (0.30 mM to 2.20 mM) and enzyme (1.0 x 10> mM
t0 2.0 x 10° mM) in 10 mM MES, 25 mM NaCl, buffer (pH 6.0) at 25 °C. The limited solubility
of 2,5-DNPX; under the conditions described precluded assays containing higher concentrations
of substrate. Since no pre-steady state burst was observed with N35D,‘ N35D/E78Q or

N35D/E172Q BCX, further data analysis was not necessary.
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(iii) Kinetics of Covalent Inhibition

Inhibition studies of N35D BCX were performed using previously described methods
(Miao et al., 1994). Enzyﬁe (1.5 x 10° mM) was incubated at 40 °C in a buffer (pH 4.1)
containing 20 mM succinate, 50 mM NaCl and 0.1 % BSA in the presence of DNP2FXb
inhibitor at concentrations of 1.70 mM, 1.00 mM, 0.65 mM or 0.40 mM. A control in which no
inhibitor was added was also performed. Residual enzymatic activity was determined by
removing 5 uL aliquots of the reaction mixture at- various times and assaying in a solution of
2.89 mM ONPX; in 20 mM MES, 20 mM NaCl, 0.1 % BSA, pH 6.0 buffer by monitoring the
release of o-nitrophenolate at 400 nm. Pseudo-first-order rate constants (kqbs) at each inhibitor
concentration were determined by fitting the residual activity (v/v,) versus time data directly to a
first-order equation as described previously (Miao et al., 1994). Values of 4; (inhibition rate
constant) and K (dissociation constant for the inhibitor) were determined by fitting values of ks
to equation 4.3. The second-order rate constant, ki/K;, was determined from the slope of a
reciprocal plot.

_ k,[DNP2FXb]
°®* K, +[DNP2FXb]

(4.3)

4.2.3 NMR

All NMR spectra were recorded using a Varian Unity™ spectrometer operating at 500
MHz for protons.
(i) Titration curves

The [5-"°C]-Glu and -Gln enriched N35D BCX protein was dialyzed or exchanged, using

a microconcentration device, into 10 mM sodium phosphate, 10% D,0/90% H,0, at pH* ~ 6.0.
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The sample contained 1.20 mM of selectively labelled N35D BCX in a final volume of 2.0 mL.
One dimensional ?C-NMR spectra were recorded as a function of pH* at 25 °C and processed as
described previously (Mclntosh et al., 1996). Chemical shifts were refereﬁced to an external
sample of DSS at 0.00 ppm.

The *C-NMR spectra of [8-'°C]-Glu and -Gln enriched N35D BCX, covalently modified
with DNP2FXb, were recorded and processed as described above for the uninhibited protein.
Solid DNP2FXb (2.00 mM final) was added directly to the *C-labelled protein, initially at 1.20
mM in 2.0 mL of 10 mM sodium phosphate, 10 % D,0/90% H,0O at pH* 6.21. The protein was
completely modified within 30 minutes, as judged by 3C-NMR measurements, and was stable
for thé period over which the measurements were taken. The inhibition was also confirmed by
mass spectrometry (observed 20 677 £ 2 Da, expected 20 675 Da).

Titration curves were generated by recording >C-NMR spectra of [8-">C]-Glu and -Gin
labelled xylanases as a function of pH* at 25 °C. Proteins were titrated using microlitre aliquots
of either 0.25-0.50 M HCI or NaOH. The pH* of the sample was determined using a Corning G-
P Micro Combo™ electrode. After measuring the acidic limb of the titration curve, the protein
was exchanged into neutral buffer, using a micro concentrating device, to remove any excess salt
and to avoid aggregation resulting from the addition of a large quantity of base. Titration of the
basic limb was then carried out in a similar manner to that used for the acidic limb. The sample
was also centrifuged periodically to remove any precipitate that formed during the titration.
Individual d-carbon resonances of glutamate and glutamine side chains of mutant xylanase
proteins were assigned based on previous analysis of the WT spectra (MclIntosh et al., 1996;

Plesniak et al., 1996b). pK, values were determined by nonlinear least squares fitting of the

observed data to models involving one, two, or three sequential ionizations (equations 4.4, 4.5,
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and 4.6) (Shrager et al., 1972) us}ing the program, PlotData (TRIUMF, University of British
Columbia). The inherent error of the pH measurements is estimated to be + 0.1 pH unit.
NMR-derived titration curves characterized by one, two, or three apparent or
macroscopic pK, values are described by equation 3, 4, and 5, respectively (Appendix I). dobs 18
the chemical shift of the residue being monitored, and & represents the chemical shift of the

residue in each ionization state of the enzyme:

_ 5107 +8,10

g -pH -pK
107 +10""

(4.4)

obs

—2pH —(pH+pK,) ~(PKy+pK,2)
81077 +5,107 1 510

é 10—2pH + 1 0—(pH+pK,,1) 4 1 O—(mepKaz)

(4.5)

obs

~(3pH) —(pKa3+2pH) ~(pKa2+pKo3+pH) —(pKa1+pKoa+pKy3)
5 =5a10 +5b10 ’ +5510 i ’ +5d10 I : ’ (4.6)

10—(3PH) 4 1 O—(PK”3+2PH) + 1 0-(PK02+PKa3+PH) + 1 0—(PKa|+Pan+PKaJ)

Selection of the appropriate model was based on the criterion of using the minimal number of

ionization events to adequately fit the observed titration data.

(ii) Deuterium Isotope Shifts

Deuterium isotope shifts of the [8-'>C]-Glu and -GIn side chains of isotopically labelled
N35D BCX were measured for both free and inhibited proteins. Spectra were recorded at 25 °C
and processed as described above. The initial sample conditions for the free protein were IQ mM
sodium phosphate, 10 % D,0 at pH* 6.32, 0.72 mM N35D, while for the inhibited protein the
initial conditions were 10 mM sodium phosphate, 10 % D,O at pH* 5.90, 1.20 mM N35D. After

recording the initial spectra of these proteins in 10 % D,0O, samples were exchanged into 90 %

A
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D,O using a microconcentration device, and the pH* was readjusted to the same value as in the

respective 10 % D,0 sample by addition of 0.1 M HCL.

(iiij) Stereochemistry

The stereochemical course of hydrolysis of N35D BCX was determined by adding 60 pL
of enzyme (0.015 mM N35D final) directly to a 5 mm NMR tube containing 5.4 mM ONPX;, 10
mM sodium phosphate, 50 mM NaCl, 99.9 % D,0O at pH* 4.8 (Lawson et al., 1996). One-
dimensional 'H spectra were recorded at 25 °C as a function of time (t = 5, 10, 20, 25, 210
minutes) after addition of enzyme in order to monitor the hydrolysis and subsequent

mutarotation of the anomeric proton of the xylobiose unit proximal to the departing phenolate

group.

4.2.4 Electrospray Mass Spectrometry

Labelling and identification of the active-site nucleophile was performed as described
previously (Lawson et al., 1996; Miao et al., 1994). N35D BCX (0.50 mM final) was inhibited_at
40 °C in a buffer (pH 4.1) containing 20 mM succinate, 50 mM NaCl, and DNP2FXb (1.50 mM
final). After 8 hours of inhibition, an aliquot of the inhibited sample was analyzed using a Perkin
Elmer Sciex API 300 LC-ESMS system. A major peak corresponding to the mass of the
covalently labelled protein was observed (20 666 + 2 Da) and a relatively minor peak
corresponding to the mass of the unlabelled protein were observed (20 401 + 2 Da). After heat-
denaturing by boiling in a water bath for 2 minutes and subsequent cooling to room temperature,
the covalently modified N35D protein (0.1 mM final) was subject to proteolytic digestion for 7

hours using a solution containing 0.5 mg/mL pepsin and 200 mM sodium phosphate (pH 2.0). A
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control experiment in which no DNP2FXb inhibitor was added was performed in parallel.
Neutral loss MS/MS studies on the labelled peptide were performed as described previously for
WT BCX (Miao et al., 1994). The triple quadrupole neutral loss scan mode was set to detect a
mass loss of m/z 133.5, corresponding to the loss-of 2FXb from a peptide ion in the doubly

charged state.

4.2.5 X-ray Crystallography

Crystals of N35D BCX were grown and soaked with DNP2FXb at pH 7.5 as previously
described for the WT enzyme (Sidhu et al., 1999). Diffraction data were collected from a single
N35D BCX crystal and a single crystal of N35D-2FXb BCX on a Rigaku R-AXIS IIC imaging
plate area detector system using CuK, radiation supplied by a Rigaku RU300 rotating anode
generator operating at 50 kV and 100 mA. Each diffraction data frame was exposed for 20
minutes during which time the crystal was oscillated through 1.2°. Intensity data were integrated,
scaled, and reduced to structure factor amplitudes with the HKL suite of programs (Otwinowski
and Minor, 1997) (Table 4.2). Because both types of crystals retained unit cells isomorphous to
WT BCX, the WT model, with residue 35 truncated to alanine was used as the starting model in
each case. These models were subjected to rigid body, simulated annealing, positional, and
individual isotropic thermal factor refinement using X-PLOR (Brunger, 1992) and the CCP4
Suite (Collaborative' Computational Project Number 4, 1994). At this point F,-F, difference
electron density maps were calculated and both Asp35 and the 2FXb saccharide were built into
observed density with the program‘O (Jones et al., 1991)..The models were then refined further
with X-PLOR. A standard carbohydrate | topology and parameter library was used in the

refinement of the glycosyl-enzyme intermediate (Sidhu et al., 1999). The structural models were
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examined periodically during refinement with F,-F,, 2F,-F,, and fragment-deleted difference
electron density maps. Manual adjustments were made as necessary and solvent molecules were
identified. The validity of solvent molecules was assessed based on both hydrogen bonding
potential to appropriate protein atoms and refinement of a thermal factor of less than 75 A2
(Table 4.3). The coordinate error estimated from a Luzzati plot (Luzzati, 1952) is 0.18 A for
N35D BCX and 0.19 A for N3 5D-2FXb BCX (plots not shown). Atomic coordinates and related
structure factors have been deposited in the Brookhaven Protein Data Bank (Bernstein et al.,
1977) with identification codes 1C5SH for N35D BCX and 1C5I for N35D-2FXb BCX.
(Structural illustrations using atomic coordinates were generated using the programs Bobscript

(Kraulis, 1991) and Raster3d (Merrit and Murphy, 1994).
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Table 4.2. X-ray crystallographic data collection parameters.

Parameters N35D BCX N35D-2FXb BCX
Space group P2,2,2, P2,2,2,
Cell dimensions (A)

a 44.05 43.83

b 52.69 52.74

c 78.61 78.80
Number of measurements 150984 99311
Number of unique reflections 27301 17579
Mean l/cl! 21.1 (7.0) 25.8 (11.1)
Merging R-factor (%)*° 5.7(15.2) 5.7 (14.2)
Resolution range (A) © - 1.55 ©-1.8

®Values in parentheses are for data in the highest resolution shell (1.61 — 1.55 A for N35D BCX and 1.86 —

1.80 for N35D-2FXb BCX).
thlz:'1=0
th1z;1=olf"*’

I —~ jhkll

"Rmerge =




Chapter 4-A Novel Mechanism for Regulating pH-Dependent Activity

Table 4.3. X-ray crystallographic refinement statistics.

Parameters N35D-BCX N35D-2FXb BCX
Number of reflections 25023 16559
Resolution range (A) 10-1.55 10— 1.8
Completeness within range (%) 91.8 94.5
Number of non-hydrogen protein atoms 1448 1448
Number of non-hydrogen ligand atoms 18
Number of solvent atoms 146 129

Average thermal factors (A?)

Protein 13.2 12.3

Ligand 232

Solvent 36.6 34.0
Final refinement R-factor (%)* 19.4 19.3
Stereochemistry r.m.s. deviations
bonds (A) 0.007 0.007
angles (°) 1.210 1.136

zhkllFo,hkl— F: i
thllFo,hkll

*R-factor =

137
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4.3 RESULTS

4.3.1 pH-dependent Activity of N35D BCX

Comparison of the pH-dependence of the second-order rate constant, kc./Km, for the
hydrolysis of orthonitrophenyl B-xylobioside (ONPX;,) by WT and N35D BCX reveals that the
point mutation causes a pronounced shift in the pH optimum of this enzyme from 5.7 to 4.6 and
an increase in its activity by ~ 20 % (Figure 4.1). Therefore, a single substitution at position 35
leads to a decrease in pH optimum by 1.1 units. This is consistent with previous studies of
Family 11 xylanases where there is an Asp at position 35 for those with an "acidic" pH optimum,
and an Asn for those functioning with an "alkaline" pH optimum (Fushinobu et al., 1998;
Krengel and Dijkstra, 1996; Torronen and Rouvinen, 1995).

The activity profile of N35D BCX is characterized by an acidic limb that follows aﬁ
apparent pK, of 3.5 and a basic limb that follows a pK, of 5.8 when fitted to a model involving
two ionizable sites. This is noticeably different from the pH-dépendent activity of WT BCX
whose profile is characterized by two ionizations with apparent pK, values of 4.6 and 6.7 for the
acidic and basic limbs, respectively. Previous studies of WT BCX have shown that the group that
ionizes with a pK, of 4.6 is the nucleophile, Glu78, while that with a pK, of 6.7 is the general
acid catalyst, Glul72 (McIntosh et al., 1996; Miao et al., 1994; Wakarchuk et al., 1994a).
Extrapolation to N35D BCX would lead to the erroneous prediction that Glu78 has a pK, of 3.5
and Glul72 has a pK, of 5.8 in this mutant protein (discussed later). However, on the basis of the
structure, this is counter-intuitive. The presence of Asp35 might be expected to either not change
(in the case of a neutral aspartic acid), or to elevate (a negatively charged aspartate) the pK, of
the neighboring Glul72, relative to that found in the WT protein with Asn35, and thus shift the

pH optimum to a more basic rather than a more acidic value.
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Figure 4.1. pH-dependence of kq/Ky, for N35D BCX (@) at 25 °C towards the synthetic
substrate orthonitrophenyl B-xylobioside (ONPX3). Substitution of an Asp residue at position 35
shifts the pH optimum from 5.7 for the WT protein to 4.6 for the N35D mutant. The activity

profile follows ionizations with pK, values of 3.5 and 5.8 in the N35D enzyme (—) and 4.6 and
6.7 in the WT enzyme (---) (McIntosh et al., 1996). The data points, shown only for N35D BCX,
were fitted as described in the "Materials and Methods" section.
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4.3.2 Structure of N35D BCX

The crystal structure of N35D BCX was determined at pH 7.5 to a resolution of 1.55 A
with an R-factor of 19.4% (Figure 4.2). This structure is highly similar to that of WT BCX
(Wakarchuk et al., 1994a), with an overall r.m.s. deviation of only 0.23 A for all atoms between
these two models. Upon detailed inspection, it is seen that the side chain of Asp35 adopts
approximately the same conformation as that of the WT Asn35, differing only in the 7, dihedral
angle by a rotation of ~ 16°. A small rotation in %3 (~ 8°) of Glul72 is also observed.
Correspondingly, the distance between Asn35 N°/Asp35 0% and Glul72 O% increases very
slightly from 3.1 A in WT BCX to 3.2 A in N35D BCX due to the amino acid substitution at
position 35 (Table 4.4) (Note: as shown below, at pH 7.5, Asp35 is negatively charged and
Glul72 is neutral in N35D BCX, whereas in the WT protein, Asn35 is neutral and Glul72 is
negatively charged). Asp35 O% in the variant structure also forms an additional, albeit bent;
hydrogen bond with the amide nitrogen of Phe36 (bond angle O%...HN = 120°). This interaction
is not possible in the WT enzyme as Asn35 N*? and Phe36 N are unable to hydrogen bond to one
another. The exchange of asparagine for aspartate at position 35 appears to increase the thermal
motion of both residues 35 and 172, as determined from normalized isotropic thermal factors.
The average thermal factor for residue 35 increases from 11 A* to 17 A?, while for residue 172
this parameter increases from 11 A? to 14 A% No significant change in the position of Glu78 is
observed. The only other noteworthy perturbations are small (~ 0.5-0.7 A) shifts in the positions
of the guanido groups of Argl12, which is within the binding cleft of BCX, and Argl22, which
is exposed on the surface of protein. In summary, only subtle structural perturbations accompany

the substitution of Asp for Asn35. Thus, there is no apparent conformational basis for the shift in

pH optimum of N35D BCX to a more acidic value compared to the WT enzyme.
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Figure 4.2. A stereo-drawing of the structural conformations of key active-site residues of N35D
BCX (dark grey) superimposed upon those of WT BCX residues (light grey) (pH 7.5). Potential
hydrogen bonds are indicated by yellow dashed lines, oxygen atoms are shown in red and
nitrogen atoms in blue. The structures are highly similar with an overall r.m.s deviation of only

0.23 A. See Table 4.4 for a listing of selected interatomic distances.
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Table 4.4. Selected interatomic distances within the active-site of WT and N35D BCX.

Interaction Distances (A)
N35D N35D-2FXb  WT*  WT-2FXb*
Asn/Asp35 N*%/0% - Glul72 0% 3.2 2.7 3.1 3.3
Glu78 0% — Asn/Asp35 O° 6.6 6.2 6.4 6.5
Glu78 0% - Glu172 O 5.6 5.5 5.6 5.8
Asn/Asp35 N*%/0% — Phe36 N 2.9 2.9 3.2 3.0
Glul72 O% — Wat” 3.7 3.9 3.8 3.1
Glul72 O%' — Tyr80 O" 2.9 2.9 2.7 2.8
Tyr80 O" — Wat® 2.9 2.8 2.8 2.7
Glu78 0% -~ Tyr69 O" 2.5 2.9 2.6 3.0
Glu78 O%* — GIn127 N 2.7 2.6 2.7 2.6
Glul72 0% — Argl 12 N® 7.0 7.2 7.1 7.2
Asn/Asp35 N*2/0%— Aspl1 0% 6.1 5.9 6.1 6.0
Glu78 O%2 — Argl12 N¢ 5.9 5.9 6.2 6.0
Asn/Asp35 N°%/0% — Argl12 N° 8.1 7.9 7.8 7.9

“Structural coordinates used for distance measurements were obtained from the Protein Data Bank (Bernstein
et al., 1977), PDB identification number 1XNB for WT BCX (Wakarchuk et al., 1994a) and 1BVV for WT-

2FXb BCX (Sidhu et al., 1999).
bSee text for discussion.
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4.3.3 Direct Measurement of the pK, values of the Catalytic Residues of N35D
BCX

To ascertain which groups are responsible for the activity profile of N35D BCX, the pK,
values of the catalytic residues wére measured directly by monitoring the pH-dependence of the
carbonyl *C-NMR chemical shifts of the Glu and Gln sidechains. Analysis of the titration curves
of [8-"*C]-glutamic acid labelled N35D BCX protein shows a noteworthy difference when
compared to WT BCX~ (MclIntosh et al., 1996) (Figure 4.3). That is, the titration curves of Glu78
and Glul72 are triphasic instead of biphasic, indicating the presence of an additional ionizable
group in the active-site. As discussed later, this third titrating group is assigned as Asp35.

The biphasic nature of the titration curves measured previously for Glu78 and Glul72 in
WT BCX has been attributed to electrostatic and/or structural coupling of the ionization
equilibria of these two catalytic residues. As discussed in detail by Shrager et al., (1972), two or -
more ionizable groups may show coupled or biphasic titration curves if either the microscopic
pK, or the chemical shift of one is dependent ﬁpon the ionization state of the other. The first case
is analogous to the classic branched equilibria of a dibasic acid in which each carboxyl has two
microscopic pK, values corresponding to the neutral and charged states of its interacting partner.
The second case reflects the fact that the chemical shifts of one residue may be _dependent upon
the ionization state of the second, for example, through electric field effects or structural
perturbations. (An example of this case is when the chemical shift of a non-ionizable group is
dependent upon the protonation states of nearby titratable groups). Fitting of the titration data for
WT BCX to either model reveals that the predominant pK, values of Glu78 and Glul72 are 4.6
and 6.7, respectively. These arguments also hold for triphasic titration curves involving three

coupled protonatable groups. However, with eight possible ionization states, the data cannot be
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Figure 4.3. (A) "C-NMR spectra of N35D BCX recorded as a function of pH at 25 °C. The
peaks corresponding to Glu78 and Glul72 are shaded in black for emphasis. Spectral
assignments were based on previous analysis of WT BCX (MclIntosh ef al., 1996) and pH values
are listed above each spectrum. (B) Apparent pK, values were determined by fitting the data for
the two Glu (@) and five Gln (O) carbonyls to an equation describing the pH-dependence of the
chemical shift of a residue to one or more sequential ionization events.
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readily fitted to extract the desired microscopic pK, values (Scheme 4.1, Discussion). I therefore
chose to fit the titration curves measured for N35D BCX to simple equations describing
sequential ionization equilibria in order to extract apparent pK, values. We attribute the apparent
pK, value corresponding to the largest positive chemical shift change (ionized versus neutral) of
each Glu or Asp residue to reflect its own ionization, and those corresponding to smaller
chemical shift changes to the ionization equilibria of neighboring residues.

In the case of N35D BCX, the titration curve of Glu78 has three apparent pK, values
(Table 4.5). The first, with a minor chemical shift change of +0.96 ppm, follows a macroscopic
pK, of 4.2 and is attributed to the ionization of Asp35. The second, with a major chemical shift
change of +2.69 ppm, follows a pK, of 5.7 and is assigned to the ionization of Glu78 itself.
Finally a third, with a minor chemical shift change of -0.39 ppm, follows a pK, of 8.4 and
reflects the ionization of Glul72. Similarly, in the titration curve of Glul72, three apparent pK,
values can be observed. The first minor chemical shift change of +0.76 ppm follows a pK, of 4.0
and is due to the ionization of Asp35. The second minor chemical shift change of -0.32 ppm
follows a pK, of 5.5 and is due to the ionization of Glu78. Finally, a third and major chemical
shift change of +3.09 ppm follows a pK, of 8.4 and is assigned fo the ionization of Glul72 itself.
In a similar manner, the ionization of Asp35 was monitored directly in a *C-y-Asp labelled
N35D protein (data not shown). The titration curve of Asp35 is biphasic in nature and reflects
two pK, values: the first major chemical shift change of +2.13 ppm follows a pK, of 3.7 and is
attributed to the ionization of Asp35 itself, whereas the second minor change in chemical shift of
+1.07 ppm follows a pK, of 5.6 and is due to the ionization of Glu78. The pK, of Glu172 was not

apparent in the titration curve of Asp35 because the data used to directly measure the pK, of

Asp35 did not extend beyond pH 8.3.
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Table 4.5. Experimentally measured apparent pK, values of N35D and WT BCX
obtained from “C-NMR pH titrations.*

N35D BCX WT BCX*
Residue pK, 8A° pKs, 3A°
Glu78 4.2 +0.96 ppm 4.6 +2.80 ppm
5.7 +2.69 ppm 6.5 +0.33 ppm
8.4 -0.39 ppm
Glul72 4.0 +0.76 ppm 6.7 +2.78 ppm
55 -0.32 ppm 4.6 +0.44 ppm
3.4 +3.09 ppm
Asp35 3.7 +2.13 ppm
5.6 ~ +1.07 ppm
N35D-2FXb BCX WT-2FXb BCX*
Glu78-2FXb (2.9% -0.03 ppm c e
(9.39 -0.18 ppm
Glul72 _9 +1.63 ppm 42 +1.58 ppm
3.4f +0.48 ppm
9.0 +0.10 ppm

*The major apparent pK,, assigned to the ionization of the given residue, is underlined. An error in the
pK; value of + 0.1 pH units is estimated from the error in pH measurements.

®The A value refers to the magnitude and direction of the chemical shift change upon deprotonation of
the listed residue. The error in chemical shift is estimated to be £ 0.015 ppm.

°Data taken from MclIntosh et al., (1996).

Change in chemical shift does not reflect ionization of the residue itself since it is covalently attached
to the inhibitor.

°No observable pH-dependent change in chemical shift.

fSee text for discussion.
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The resonances of the side chain & carbonyls of all Gln residues are also detected in the
BC.NMR spectra of N35D BCX (Figure 4.3). Their presence is due to the metabolic
interconversion of glutamic acid to glutamine in Escherichia coli. The *C chemical shifts of the -
non-ionizable Gln residues are pH-dependent due to the influence of other titratable side chains
within the protein; thus these serve as reporter groups to further verify the pK, values measured
for residues 35, 78 and 172. In particular, in N35D BCX the pH-dependent chemical shift of
GIn7 predominantly follows two pK, values; namely a pK, of 3.9 (8A =1.37 ppm) due to the
ionization of Asp35, and a pK, of 5.6 (6A =1.17 ppm) due to the ionization of Glu78. In the WT
protein, the resonance of Gln7 follows the titrations of Glu78 (pK, 4.5, 6A = 2.09 ppm) and
Glul72 (pK, 6.5, 6A = 0.47 ppm) (Mclntosh et al., 1996). Similarly, the resonance of GIn127 is
also pH-dependent, following the ionizations of Glul72 (pK, 8.4, 6A = 0.03 ppm), Glu78 (pK,
5.6, 0A = 0.65 ppm) and Asp35 (pK, 3.8, 6A = 0.65 ppm) in N35D BCX and of Glul72 (pK, 6.6,
8A =0.32 ppm) and Glu78 (pK, 4.5, A = 0.76 ppm) in the WT protein (McIntosh et al., 1996).

The analyses of the ionization behaviour of Asp35, Glu78 and Glul72 are further
supported by deuterium isotope shift measurements (Joshi et al., 1997; Ladner et al., 1975,
Yamazaki et al., 1994). An estimate of the protonation state of a carboxyl group can be méde by
observing the difference in its BC chemical shift in H,0 versus D,O solutions. A neutral
carboxylic acid group is expected to show an isotope shift of ~ -0.25 ppm between its protonated
and deuterated forms, whereas a carboxylate would show no such effect. Measurement of the
deuterium isotope shift of the & sidechain carbons of Glu78 and Glul72 in N35D BCX protein
reveals that at pH* 6.32, Glu78 is deprotonated (no apparent isotope shift), whereas Glul72 is
protonated (isotope shift of -0.29 ppm). These data are consistent with the measured pK, values

of the three active-site carboxyl groups in N35D BCX.
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Based on both titration curves and isotope shifts, we conclude that the pK, values
corresponding primarily to the ionizations of Asp35, Glu78 and Glul72 in N35D BCX are 3.7,
5.7 and 8.4, respectively. The small differences in the corresponding pK, values measured from
the multiphasic titration curves of the Asp, Glu and Gln residues (Table 4.5) are attributed to
difficulties in accurately fitting these data and the complex nature of the structural or electrostatic
interactions in this highly coupled network of ionizable sidechains. Regardless, these data clearly
differ from the pK, values of 4.6 and 6.8 measured for Glu78 and Glul72 in the WT enzyme and
confirm the expectation that the substitution of Asn35 by Asp elevates the pK, values of thé

nearby catalytic glutamic acid residues.

4.3.4 Determining the Catalytic Roles of Asp35, Glu78 and Glu172

The directly measured pK, values of Asp35, Glu78, and Glul72 indicate that the pH-
dependent activity of N35D BCX appears to follow the ionizatibn of Asp35 (pK, 3.7) and Glu78
(pKa 5.7). The pK, of Glul72 (8.4) is not apparent in the activity profile. This presents an
interesting problem as the acidic limb of the activity profile, which reflects the deprotonation of
the nucleophile Glu78 in WT BCX, now appears to follow the ionization of Asp35, while the
basic limb of the activity proﬁle,.which reflects the need to have the acid catalyst Glul72
protonated in WT BCX, now appears to follow the ionization of Glu78. These observations
begged the question of whether or not the mechanism of BCX had changed due to the
sﬁbstitution of Asn35 by Asp.

To address this question, several experimental approaches were utilized. FirSt,
determination of the stereochemical course of hydrolysis using 2,5-DNPX, as a substrate

indicated that, as with the WT enzyme, the initial product released was the 3 anomer of the
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xylobiose (Figure 4.4). Hence, both WT and N35D BCX utilize a double-displacement retaining
mechanism to hydrolyze aryl B-xylobiosides.

Second, the role of Glu78 as the nucleophile was ascertained by three methods. The
essential function of Glu78 was coﬁﬁrmed by the observation that the N35D/E78Q double
mutant has no detectable activity on ONPX, (Table 4.6). Similarly, the single (nucleophile)
mutant E78Q BCX is completely inactive. Using electrospray mass spectrometry (ESMS), we
also demonstrated that a mechanism-based inhibitor, 2,4-dinitrophenyl 2-deoxy-2-fluoro-f3-
xylobioside (DNP2FXb), covalently attaches to Glu78. In partic}ular, peptic digestion of inhibited
N35D BCX yielded the same doubly charged covalently modified peptide containing Glu78 (m/z
of 826 in neutral loss mode) as observed in a previous analysis of WT BCX (Miao et al., 1994)
(data not shown). Finally, the crystal structure of the N35D BCX glycosyl-enzyme intermediate
(N35D-2FXb) clearly shows covalent modification at Glu78 by the DNP2FXb inhibitor (details
discussed subsequently).

Third, the role of Glul72 was also probed by site-directed mutagenesis. Analysis of the
activity of the double mutant protein, N35SD/E172Q), indicated that Glul72 still plays a primary
role in functioning as the general acid/base catalyst in N35D BCX. This is not surprising given
the structural similarity of the mutant and WT enzymes (Figure 4.2), and thus the conserved
positioning of the side chain of Glul72 with respect to the binding site for xylosic substrates.
Specifically, similar values of k./K. for hydrolysis of ONPX, were found for both the
N35D/E172Q double mutant protein (0.021 s mM ') and the E172Q single mutant protein
(0.075 s mM ) (Table 4.6). Note that this synthetic substrate has an activated leaving group
that needs less general acid catalytic assistance for departure. Therefore, activity is observed,

albeit at a substantially reduced rate, even with BCX variants lacking their general acid catalyst. -
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Figure 4.4. Stereochemical course of hydrolysis of ONPX; by N35D BCX at 25 °C, 99.9 % D,O
and pH* 4.8. '"H-NMR spectra were recorded as a function of time after addition of ONPX
substrate (R = xylose, R' = 2' dinitrophenyl). The control spectrum of ONPX, with no enzyme
(bottom) shows a doublet at 5.26 ppm (J = 7.0 H,) corresponding to the axial anomeric proton of
the xylose residue nearest to the aryl leaving group (R'), H,i, that is present in the B-anomer of
the unhydrolyzed substrate. Initially (t < 10 min) after the addition of N35D enzyme, the doublet
at 5.26 ppm disappears while a new doublet at 4.59 ppm (J = 7.9 H,) appears. This is due to the
axial proton, H,,, of the initial B-anomeric product released and demonstrates that the mechanism
of N35D BCX involves stereochemical retention of anomeric configuration of the product. As
time proceeds (t = 20-210 min) mutarotation of the initial product occurs as is evident by the
appearance of a second peak at 5.19 ppm (J = 3.5 H;) due to the presence of the a-anomer at the

reducing end of the xylobioside. The distorted peak near 4.8 ppm is due to the residual signal of
HDO.



Table 4.6. Steady state kinetic parameters for the hydrolysis of aryl B-
xylobiosides for N35D and WT BCX.*
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Phenol Substituent pKab Protein keat K.° kcat/ Ko
s @M)  (s'mM?)
2,5-dinitro 5.15 N35D 14.8 5.7 2.6
(2,5-DNPX>) wT? 76 2.2 35
3,4-dinitro 5.36 N35D 8.2 48.1 0.18
(3,4-DNPX;) wT? 8.3 3.4 2.7
2-nitro 7.22 N35D 145 256 0.56
(ONPX>) WT® 9.6 14 0.66
N35D/E172Q  0.72 333 0.021
E172Qf 0.62 8.3 0.075
N35D/E78Q 8 g g
E78Q g g g
unsubstituted 9.99 N35Db 0.14 20.1 0.0070
(PhXy) WT® 0.051 87 0.0050

*Assays were carried out at pH 6.0 and 40 °C.

®Phenol pK, values were taken from Tull and Withers, (1994).

“Values of k., /K, were taken from the slope of the Lineweaver-Burk plot, whereas values of
k.. and K, were determined from a non-linear fit of the Michaelis-Menten equation.

“Data taken from Ziser et al., (1995).

‘Data taken from Lawson et al., (1996).

'Data taken from Lawson et al., (1997).

ENo detectable enzymatic hydrolysis (data not shown).
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4.3.5 Bronsted Analysis of the Activity of N35D BCX Towards Aryl (-
Xylobiosides

The enzymatic activity of N35D BCX was measured using a number of different
synthetic aryl B-xylobiosides of varying leaving group ability (Table 4.6). ONPX, was chosen as
a reference substrate to compare the activities of all the BCX variants considered in this study.
As summarized in Table 4.6, at pH 6, N35D BCX has similar hydrolytic activity toward ONPX,
(keat/ K = 0.56 s mM '1) compared to the WT enzyme (k. Kin = 0.66 s! mM'l). Note, however, \
that the activity of N35D BCX is underestimated in this case because measurements of k., and
K were performed above its pH optimum of 4.6 and closer to the pH optimum of the WT
protein.

Bronsted plots illustrating the dependence of log k.. and log k../Kn versus pK, of the
leaving group showed a similar dependence of rate on the pK, of the departing phenol for both
WT (Big = -0.5, correlation coefficient = 0.88 (Lawson et al., 1997)) and N35D BCX (B, =-0.4,
correlation coefficient = 0.88) (Figure 4.5). The data unfortunately exhibit substantial scatter,
perhaps due to the placement of the nitro substituent, which may differentially influence the
binding of the substrate in the two cases and obscure the electronic effects of interest. However,
the trend is clear and the general dependence of k., on the leaving group pK, indicates that the
glycosylation step is rate-limiting in the hydrolysis of aryl B-xylobiosides, since only the
glycosylation step is inﬂﬁenced by the nature of the leaving group. Also, within the limits to
which we can trust these Brensted coefficients, there is a similar extent of negative charge
development on the departing phenolate oxygen atom for the two proteins. Pre-steady state
kinetic studies of N35D BCX further confirmed that glycosylation is the rate limiting step, since

no observable burst phase was detected under a variety of conditions (data not shown). That is,
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Figure 4.5. Bronsted plots of N35D BCX activity towards aryl B-xylobiosides. Values of the
Brensted coefficient (Big) for general acid catalysis were determined for ke, (@) (Big = -0.4,
correlation coefficient = 0.88) and kca/Ki (O) (B1g = -0.4, correlation coefficient = 0.85).
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no enzyme intermediate accumulated since the initial glycosylation step was slower than the
subsequent deglycosylation step. Together, these data reveal that the rate-limiting step for
hydrolysis of aryl xyloside substrates has not changed as a result of a substitution of Asp for

Asn35s.

4.3.6 Studies of the N35D BCX Glycosyl-Enzyme Intermediate

Use of the mechanism-based inhibitor or "slow substrate", DNP2FXb, has allowed for
trapping and subsequent analysis of the WT BCX glycosyl-enzyme intermediate (WT-2FXb) by
ESMS, X-ray crystallography and NMR spectroscopy (Mclntosh et al., 1996; Miao et al., 1994;
Sidhu et al., 1999). N35D BCX is also readily inhibited in a time-dependent manner by
DNP2FXb (Figure 4.6). The kinetics of inhibition followed a pseudo-first order scheme with
values of the inhibition rate constant, k& = 0.68 min™', and of the inhibitor dissociation constant,
K; =10.5 mM, at pH 4.1 and 40 °C. Since the DNP2FXDb inhibitor has limited solubility under
the conditions employed, saturation of the enzyme could not be achieved, thus, the values of k;
and K are only estimates. However, as has been previously noted, the value of the second-order
rate constant for the reaction of inhibitor and enzyme, 4i/Kj, is reasonably accurate (Miao et al.,
1994). The value of k/K; for N35D was determined from the slope of the reciprocal plot and
found to be 0.065 min™ mM;l. This is reduced by only 5-fold compared to the value obtained for
the WT protein (k/K; = 0.34 min™ mM™, k= 2.2 min™", K; = 6.4 mM at pH 6.0 and 40°C ) (Miao

et al., 1994).
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Figure 4.6. Time-dependent inhibition of N35D BCX by DNP2FXb at pH 4.1 and 40 °C. (A)
Semi-logarithmic plot of residual activity (v/vo) versus time at various concentrations of
DNP2FXb: B, 0.40 mM; O, 0.65 mM; @, 1.00 mM; and O, 1.70 mM. (B) Inverse plot of the
pseudo-first order rates measured in (A) versus inhibitor concentration yielded a value of 0.065
min”' mM! for the second order rate constant, ki/K), determined from the slope of the plot. -
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4.3.7 Structure of the N35D BCX Glycosyl-Enzyme Intermediate

The structure of the N35D BCX glycosyl-enzyme intermediate (N35D-2FXb) was
determ_ined at pH 7.5 to a resolution of 1.8 A with an R-factor of 19.3 %. As seen with WT BCX,
no significant changes occur in the backbone structure of N35D BCX upon formation of the
covalent intermediate, except for a small displacement of the loop region (residues 111-125) over
the active-site cleft (Connelly et al., 2000; Sidhu et al., 1999). The most pronounced change is
the covalent attachment of a 2-fluoro-xylobiosyl (2FXb) moiety to the O atom of Glu78 via an
o-anomeric linkage with the C1 atom of the proximal saccharide (Figure 4.7). The presence of
this covalent attachment confirms that Glu78 functions as the nucleophile in N35D BCX and that
hydrolysis proceeds through a double-displacement mechanism. In addition, the side chain
carboxyl of Glul72 remains positioned to serve as a general acid and donate a proton to the
oxygen of the aglycone leaving group during formation of the glycosyl-enzyme intermediate,
and in turn, as a general base to facilitate deglycosylation by a nucleophilic water molecule. This
providesv strong support for the role of Glul72, at least in part (see Discussion), as a general
acid/base catalyst in both the WT and mutant enzymes. Furthermore, the interactions between
the protein side chains and the 2FXb moiety in the N35D intermediate are also almost identical
to those occurring in the WT intermediate, as discussed extensi\?ely by Sidhu et al., (1999). Most
notably, the distal xylose is stacked against Trp9 and forms hydrogen bonds to Tyr166 and
Tyr69, whereas the proximal distorted xylose residue extensively hydrogen bonds to Tyr69,
Argl12 and Prol16. Finally, the proximal saccharide is distorted to a >B (boat) conformation

whereas the distal saccharide is maintained in the conventional *C; (chair) conformation in the

glycosyl-enzyme intermediate of both WT (Sidhu ef al., 1999) and N35D BCX.
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Asn/Asp35 Asn/Asp35

Glu172 Glu172

Figure 4.7. A stereo-illustration of the structural conformations of key active-site residues of the
N35D BCX glycosyl-enzyme intermediate (N35D-2FXb) (dark grey) superimposed upon those
of the WT glycosyl-enzyme intermediate (WT-2FXb) (light grey) (pH 7.5). Potential hydrogen
bonds are indicated by yellow dashed lines, oxygen atoms are shown in red and nitrogen atoms
in blue. Modified Glu78-2FXb (Glu78%*) is covalently attached to a 2-fluoroxylobiosyl (2FXb)
moiety where the proximal saccharide is distorted to a B conformation in both N35D-2FXb
and WT-2FXb. A crystallographically identifiable water (Wat) molecule that is proposed to
function in the deglycosylation step of the reaction is indicated by a red sphere. The most notable
change is a reduction in the distance between Asn35 N82/Asp35 O and Glul72 from 3.3 A in
WT-2FXb to 2.7 A in N35D-2FXb. See Table 4.4 for a listing of additional interatomic
distances.
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A comparison of the structures of the covalent intermediates of WT and N35D BCX reveals only
two notable differences. Firstly, the distance between Glu172 O%' and a water molecule, that has
been proposed to function as the nucleophile in the deglycosylation step (Sidhu et al., 1999), is
increased by ~ 0.7 A in the N35D complex compared to the WT complex (Table 4.4). Second,
and most significantly, the distance between Asn35 N*/Asp35 O% and Glul72 decreases from
3.3 A in WT-2FXb to 2.7 A in N35D-2FXb. A small rotation of ~ 15° (y3) also increases the co-
planarity of the two carboxyl groups. This is suggestive of a strong hydrogen bonding interaction
between the side chains of Asp35 and Glul72 in the N35D BCX glycosyl-enzyme intermediate

atpH 7.5.

4.3.8 pK, Measurements of the N35D BCX Glycosyl-Enzyme Intermediate

The pK; of Glul72 in N35D BCX inhibited with DNP2FXb was also directly measured
by NMR spectroscopy (Figure 4.8). The *C-NMR spectra of N35D-2FXb BCX are very similar
to those of WT-2FXb BCX (Mclntosh et al., 1996), allowing the carbonyl resonances to be
readily assigned. Comparison to the data in Figure 4.3 reveals that N35D-2FXb and unmodified
N35D BCX are markedly different in both chemical shift and titration behaviour. Upon
formation of the glycosyl-enzyme intermediate in N35D BCX, the 8-"°C resonance of Glul72
moves downfield by 1.4 ppm to 180.41 ppm while the resonance of Glu78 moves upfield by
almost 6.4 ppm to 175.94 ppm at neutral pH. The carbonyl resonance of Glu78 is essentially
invariant with pH and shows no deuterium isotope shift (data not shown), as would be expected

due to its covalent attachment to the 2-deoxy-2-fluoro-B-xylobiose. A minor shift with an

apparent pK, of 9.3 (Ad = 0.18 ppm) is observed for Glu78, which probably reflects a pH-

dependent change occurring at another site on the protein (Table 4.5). In contrast to the situation
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Figure 4.8. (A) pH-dependence of the *C-NMR spectra of N35D BCX covalently inhibited at
Glu78 with 2FXb (25 °C). Resonance assignments were based on previously collected data for
inhibited WT BCX (Mclntosh et al., 1996) and the spectra displayed as in Figure 4.3A. The
resonance of modified Glu78-2FXb (E78*) was distinguished from that of GIn7 by a lack of a
hydrogen-deuterium isotope shift (not shown). The peaks corresponding to Glul172 and modified
Glu78-2FXb are highlighted in black for emphasis. (B) Apparent pK, values were determined for
the two Glu residues (@) (Table 4.5) and the five Gin res1dues (O) by fitting to equations
describing one or more sequential ionization equilibria.
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with unmodified N35D BCX, GIn7 and GInl27 no longer show pH-dependent shifts, thus
confirming the dependence of their resonance frequencies on the charge state of Glu78. After
covalent modification of Glu78, Glul72 is the only titratable glutamic acid in N35D-2FXb BCX
and thus its C-NMR resonance is readily identifiable in the spectra shown in Figure 4.8.
However, the pK, of this residue is difficult to estimate from these data since no titration baseline
is observed in the acidic range, and thus a lower chemical shift limit could not be established.
Nevertheless, fitting the data to a model involving three ionizations yielded very approximate
apparent pK, values of 1.9 (A3 = 1.63 ppm), 3.4 (AS = 0.48 ppm) and 9.0 (AS = 0.10 ppm). A
single pK, of ~2.6 is obtained when these data are analyzed assuming one ionization event in the
acidic range, although the fit is less satisfactory.

To further investigéte the ionization behaviour of Glul72 in the glycosyl-enzyme
intermediate of N35D BCX, deuterium isotope shift measurements were carried out. Comparison
of the spectra of the covalently modified protein in 10% D,0 and 90 % D,0 buffer at pH* 5.90
unambiguously shows that the carbonyl of Glu172 has an isotope shift of -0.16 ppm. This value
is midway between that of O ppm measured for deprotonated Glu78 in the uninhibited form of
N35D BCX and -0.29 ppm for protonated Glul72. Possible interpretations of this result are that,
in the gly_cosyl-enzyme intermediate, Glul72 is either ~ 50% protonated at pH 5.9 or is fully
protonated yet with significantly reduced O-H covalent bond character. This observation poses
an interesting problem, given that Glul172 should be fully deprotonated at pH 5.9 if its pK, value
is indeed less than 3.4, as suggested by the titration data of Figure 4.8. One plausible explanation
of this behaviour is that, upon formation of the glycosyl-enzyme intermediate, the microscopic
pK, of Glul72 drops to a value in the range of 1.9 to 3.4 such that it is approximately equal to

that of Asp35. Although I did not measure the pK, of residue 35 in this system, due to the large
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number of aspartic acids and asparagines in N35D-2FXb BCX (and thus the need to reassign the
d-carbonyl resonances in the modified protein), it is reasonable to assume that its pK, would not
increase significantly from the value of 3.7 found in the uninhibited form of N35D BCX. Given
that these two residues have intimately associated carboxyl groups, as shown crystallographically
(Figure 4.7), as well as comparable pK, values, they may in effect behave as a single coupled
unit. The first proton of the pair can be lost in the titration event corresponding to the apparent
pK, value of 1.9 or 3.4 meashred from the pH-dependent chemical shift of Glul72, or to a single
pK, of 2.6 obtained when these data are fitted to one ionization event in the acidic range. (This
argument recognizes the difficulty in differentiating the effects of the ionization of Glul72 or
Asp35 on the chemical shift of the carbonyl of Glul72, and thus the ambiguity in the
interpretation of the fitted pK, values). Consistent with the observed separation of only 2.7 A
between the O° of Asp35 and the O° of Glu172 (Figure 4.7), this leaves a single proton shared in
an ionic hydrogen bond between two residues at neutral pH values. Thus the deuterium isotope
effect of -0.16 ppm would be attributed to the effects of strong hydrogen bonding, rather than
partial protonation per se. This is reminiscent of the description of .a so-called low barrier
hydrogen bond (LBHB). quever, we did not observe the signal from an unusually downfield
shifted proton in the "H-NMR spectrum of N35D-2FXb BCX at pH* 6.1 and 25°C that is often
attributed to a hydrogen in a LBHB.

To compléte this argument, we must define the pK, for the loss of the second proton from
the Asp35-Glul72 pair of N35D-2FXb BCX. From the titration data shown in Figure 4.8, the
carbonyl chemical shift of Glul72 remains approximately constant in the alkaline pH range up to
a pH of 10.6. Only a small change of 0.1 ppm, fitting an apparent pK, of 9.0, Was observed.

Although not impossible, it seems unlikely that this small shift reflects the deprotonation of



Chapter 4-A Novel Mechanism for Regulating pH-Dependent Activity 162

Glul72, suggesting that the actual pK, value for the loss of t‘he second proton must be > 11.
However, based on this uncertainty, we conservatively conclude that the pK, for the second
ionization of Asp35-Glul72 is > 9. This represents a perturbation of at least 5.5 units from the
value of the first ionization, or an energetic interaction of > 9 kcal mol™ disfavouring the
juxtaposition of Asp35 and Glul72 in their negatively charged forms.

The low pK, of the Asp35-Glul72 pair in the glycosyl-enzyme intermediate of N35D is
consistent with the phenomenon of pK, cycling which occurs in retaining glycosidases
(McIntosh et al., 1996). In a retaining glycosidase, the pK, of the general acid/base cycles to
match its catalytic role as a general acid in the glycosylation step (higher pK,) or a general base
in the deglycosylation step (lower pK,). Previous studies of BCX using DNP2FXb to trép the
glycosyl-enzyme intermediate have shown that the pK, of Glu172 cycles from 6.7 in the free WT
enzyme when it functions as a general acid to 4.2 in the enzyme intermediate when it functions
as a general base (Mclntosh et al., 1996). Hence, a lower pK, measured for the Asp35-Glul72 '
pair in the glycosyl-enzyme intermediate of N35D BCX indicates that this carboxyl pair can play
a dual catalytic role as a general acid and as a general bas¢ in the double-displacement hydrolysis

reaction.
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4.4 DISCUSSION

4.4.1 pK, Values of the Catalytic Residues

Previous NMR studies of WT BCX revealed that Glu78 and Glul72 have coupled
ionization equilibria. Consistent with their catalytic roles, the major pK, values for these two
residues are 4.6 and 6.7, respectively. However, when their biphasic titration curves were fitted
to a model describing the interaction of two ionizable groups, the microscopic pK, of Glul72 in
the presence of a neutral Glu78 was found to be 5.5, and that of Glu78 in the presence of a
charged Glul72 was 5.8 (Chapter 3: Scheme 3.1, p112). Therefore, the electrostatic interaction
between the two nearby carboxyl groups (C? separation = 6.5 A) perturbs their pK, values by ~
1.2 units. This is supported by the observation that upon substitution of Glu78 with Gln, the pX,
of Glul72 drops to 4.2, whereas the reciprocal mutation of Glul72 leads to a slight elevation of
the pK, of Glu78 to 5.0. In both cases, the titration curves become monophasic. The differences
between the pK, values measured for the mutant proteins and those determined from an analysis
of the biphasic titration curves of WT BCX suggest that the coupling between the two glutamic
acids is not purely electrostatic. Conformational changes in the active-site upon ionization or
mutation may also influence the titration behaviour of Glu78 and Glul72.

Substitution of Asn35 to an aspartic acid residue leads to a dramatic change in the
ionization properties of BCX. Most notably, the apparent pK, values of Glu78 and Glul72 are
elevated to 5.7 and 8.4, respectively, and both residues show triphasic titration curves. This
undoubtedly arises from an additional electrostatic interaction with Asp35, wh'iich has an
apparent pK, of 3.7 and thus is predominantly in a negatively charged state at pH values when
Glu78 and Glul72 undergo deprotonation. The greater perturbation of the pK, value of Glul72 is

consistent with the crystal structure of N35D BCX, determined at pH 7.5. That is, the carboxyl
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carbons of Asp35 and Glul72 are separated by 4.8 A, whereas those of Asp35 and Glu78 are 8.5
A apart (Figure 4.2 and Table 4.4).

The multiphasic titration curves recorded for Asp35, Glu78, and Glul72 clearly indicate
a complex network of electrostatic and possibly structural interactions between these three
residues. As outlined in the Results section, the apparent pK, values listed in Table 4.5 were
determined by fitting the .NMR-detected titration curves of the active-site carboxyl groups to a
simple model of sequential ionization events. However, to gain further insight into the
electrostatic interactions between Asp35, Glu78, and Glul72, it is also useful to analyze their
titration data to extract microscopic pK, values. Unfortunately, with eight possible ionization
states, it is difficult to carry out this analysis in full. Using only data recorded in acidic solutions
(e.g. with Glul72 protonated), a simultaneous fit of the titration» curves for Asp35 and Glu78 toa

model of two coupled ionization equilibria yields the microscopic pK, values shown in Scheme
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The upper limb of this scheme shows the predominant ionization pathway of N35D BCX in

which Asp35 deprotonates with increasing pH before Glu78, whereas the lower corresponds to
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the minor population of protein in which Glu78 is negatively charged and Asp35 neutral. Note

that the microscopic pK, of 5.54 for Glu78 along the upper limb of this coupled equilibrium

curve is similar to the apparent pK, value of 5.7 listed in Table 4.5, whereas that of 4.03 for
Asp35 is somewhat higher that the corresponding value of 3.7 determined from a sequential
ionization model. This reflects the difficulty in extracting pK, values for complex binding
equilibria in proteins, as the chemical shifts of involved residues are exquisitely sensitive to both
structural and electrostatic factors. Thus, the equations describing their NMR behaviour are
underdetermined experimentally. However, support for Scheme 4.1 follows from the observation
that the microscopic pK, of 4.49 fitted for Glu78 in the presence of a neutral Asp35 is very
similar to that of 4.6 measured for this catalytic residue in WT BCX, which contains a neutral
asparagine at position 35. Recognizing that the accuracy of these fits is uncertain, Scheme 1
suggests that the ionization of Asp35 elevates the pK, of Glu78 by ~ 1 unit, and vice versa, due
to charge repulsion, with an energetic coupling of 2.303RTApK, = 1.4 kcal mol'. The
implications of this analysis for understanding the catalytic mechanism of N35D BCX will be
discussed below.

Unfortunately, we were unable to extract microscopic pK, values for the coupling of
Glul172 with Glu78 or Asp35 for the following two reasons. First, in contrast to the case of the
WT protein, upon addition Qf acid, the ">C® nuclei of Glu78 and Glul72 in N35D BCX show
small downfield shifts (i.e. opposite to that expected for protonation of a carboxylate) at pH
values corresponding to each other's pK, values. Therefore, it is not possible to fit these data to
the equation describing the pH-dependence of the chemical shifts of two residues with coupled
ionization equilibria (Shrager et al., 1972). Second, NMR data were not recorded above pH 8.3

for 1*CY Asp labelled N35D BCX, thus precluding a mutual fit of the titration curves of Asp35

} ' :
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and Glul72 for microscopic pK, values. However, due to the large difference in their apparent
pK, values, the population of protein with Asp35 protonated and Glul72 deprotonated must be
negligible.

Upon formation of a long-lived glycosyl-enzyme intermediate, the pK, value of Glul72
in WT-2FXb BCX drops from 6.7 to 4.2 (Mclntosh et al., 1996). This pK, cycling allows the
glutamate residue to perform its dual role as a generai acid for the glycosylation step and general
base for deglycosylation. The reduction in the pK, value of Glul72 by 2.5 units is attributed to
the elimination of charge repulsion from Glu78, due to formation of a covalent linkage to the 2-
fluoro-xylobiose, as well as to possible changes in the structure and hydration of BCX (McIntosh
et al., 1996). In a similar fashion, formation of the N35D BCX glycosyl-enzyme intermediate
leads to a dramatic change in the titration behaviour of Glul72. As seen in Figure 4.8, the pH-
dependence of the 8-"°C resonance of Glul72 follows apparent pK, values of 1.9 or 3.4 when
fitted to two sequential titrations or 2.6 when fitted to one ionization event in the acidic range.
The observation of an isotope shift of -0.16 ppm at pH* 5.90 for Glul72 indicates that this
residue is at least partially protonated at pH's above these pK, values.

Based on this measured titration and deuterium isotope shift data, we conclude that
Asp35 and Glul72 are behaving as a highly coupled dicarbbxylic acid system in N35D-2FXb
BCX, with a first pK, in the range of 1.9 - 3.4 and a second estimated to be > 9. This ié
remarkable for two reasons. First, in the case of the WT enzyme, the pK, of Glul72 drops by
only 2.5 units upon covalent modification of Glu78, whereas in N35D BCX, the pK, value
associated with Glul72 falls by ~ 5.8 units from 8.4 to ~ 2.6. Second, assuming that the pK,

values for the first and second deprotonation steps of the Asp35-Glul72 pair are ~ 2.6 and > 9,

| this represents an energetic interaction of > 9 kcal mol™ disfavouring the juxtaposition of the two

o
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carboxylates in their negativély charged forms. A possible explanation for this behaviour is seen
from a comparison of the crystal structures of N35D BCX in its free and modified forms,
determined at pH 7.5. In the free enzyme, the distance between Asp35 0% and Glul72 0% is 3.2
A, whereas in the glycosyl-enzyme intermediate, the separation is reduced to 2.7 A (Table 4.4).
Thebcorresponding values for the WT protein are 3.1 A and 3.3 A. This suggests that a relatively
strong hydrogen bond exists between Asp35 and Glul72 in N35D-2FXb BCX, such that one
proton is shared between the two carboxyls with a net charge of -1. As mentioned previously,
this interaction shares many similarities to a LBHB in that a proton is partitioned somewhat
equally between the two carboxylates with first ionization va('a values that are approximately
matched. However, the signature proton with a downfield shifted resonance commonly attributed
to the presence of an LBHB is not detected. Also, although comparable to the ~ 2.8 A oxygen-
oxygen hydrogen bonding distance observed in water, the Asp35-Glul72 separation is somewhat
longer than the value of < 2.55 A often cited for such a LBHB in model compounds (Cleland et
al., 1998). Regardless, this close interaction between these two active-site residues, which is not
observed in WT-2FXb BCX, could account for the distinct pK, values measured for Glul72 in
the mutant enzyme. By way of comparison, in a study of the ionization of symmetric
dicarboxylic acids, McDaniel tlnd Brown, (1953) reported that the pK, values for cis-caronic acid
were 2.3 and 8.2. This strong energetic coupling was attributed to a highly favourable hydrogen

bond between a carboxylic acid and a carboxylate in this constrained ring system.

4.4.2 Reverse Protonation Mechanism
Based upon the pK, values of Glu78 (5.7) and Glu172 (8.4) determined by *C-NMR, and

by analogy to the WT enzyme, the pH optimum of N35D BCX is expected to be ~ 7.0. However,
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in marked contrast, the observed pH-dependence of 4 ./K:, which reflects ionizations in the free
enzyme, yields a pH optimum of 4.6 and a bell-shaped activity profile with apparent pK, values
of 3.5 and 5.8. Therefore, it appears that the pH-dependent activity of N35D BCX is determined
by the ionization states of Asp35 and Glu78, rather than Glul72 and Glu78 as seen with thé WT
protein. However, siﬁce Glu78 must still be deprotonated to serve as a nucleophile, it follows
that Asp35 must be protonated in the active enzyme. This situation, in which enzymatic
hydrolysis requires that the group with the higher pK, be deprotonated while the one with the
lower pK, remains protonated, has been termed "reverse protonation" (Mock and Aksamawati,
1994). Although somewhat unintuitive, this reversed ionization scheme will also give rise to a
bell-shaped activity profile with apparent pK, values for the acidic and basic limbs closely
matching those of the two ionizable groups (Figure 4.9). However, in contrast to the more
frequently observed cases exemplified by WT BCX, only a small percentage of the enzyme is in
the correct ionization state for catalysis to occur. This kinetic mechanism has been invoked to
explain the pH-dependence of the activities of several enzymes, including thermolysin, urease,
and aspartate transcarbamylase (Karplus et al., 1997; Mock and Aksamawati, 1994; Mock and
Stanford, 1996; Turnbull et al., 1992).

Upon closer examination, several fundamental questions arise in attempting to explain
the activity of N35D BCX, as well as other acidic xylanases, in terms of a reverse protonation

mechanism. First, as is clearly shown in Figure 4.9, based on their spectroscopically-measured
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Figure 4.9. Simulated activity profiles for the proposed reverse protonation mechanism of N35D BCX. In
the upper panel, titration curves are generated for the deprotonation of Glu78 (pK, 5.7, — — — ) and
the protonation of Asp35 (pK, 3.7, ----- ) and Glul72 (pK, 8.4, ----- ). If N35D BCX behaved like the WT
enzyme, optimal activity would be observed at pH ~ 7, where Glu78 is deprotonated and Glul72
protonated. In contrast, to explain the observed pH optimum of 4.6, we propose that Asp35 is protonated
in the active form of the enzyme to function as general acid along with Glul72, while Glu78 is
depronated to serve as a nucleophile. Since the pK, of Glu78, measured by NMR spectroscopy, is greater
than that of Asp35, the required combination of ionization states only occurs in the small region of
overlap between the titration curves of these two residues (arrow). This is illustrated in the lower panel,
where the product of the two titration curves is shown as a solid line and the scale of k. /K, is
logarithmic. Fitting to the standard equation for a bell-shaped activity profile yields apparent pK, values
of 3.7 and 5.7. This verifies that both normal and reverse protonation mechanisms yield bell-shaped
activity curves with apparent pK, values matching those measured for the two groups whose ionization
states dictate the activity of the enzyme. Note, however, with the latter mechanism, N35D BCX has only
~ 1% of the activity that it would have in a theoretical state with Asp35 fully protonated and Glu78 fully
deprotonated. The curves in this figure were scaled to match the observed maximum value k../K,, of 0.43
s mM™" measured with ONPX, at 25 °C (Figure 4.1).
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apparent pK, Valués, the fraction of the enzyme with Asp35 and Glu78 in the correct ionization
states is only ~ 1%. Since the overall activity of N35D BCX is ~ 20% greater than WT BCX at
their respective pH optima, the mutant enzyme in a state with Asp35 neutral and Glu78
deprotonated must have an inherent catalytic efficiency at least 2 orders of magnitude higher
than that of the parental WT. Why, then, is this enzyme species such an efficient cafalyst?
Second, this mechanism implies that N35D BCX is inactive when Asp35 is deprotonated, even
though Glul72 (pK, = 8.4) still bears a proton. Furthermore, Glul72 is positioned structurally to
donate a proton to the aglycone oxygen during the glycosylation reaction and to abstract a proton
from a water molecule during the subsequent deglycosylation reaction (Figures 4.2 and 4.7).
Why can Glul72 not act alone as the acid catalyst under these conditions to allow hydrolysis at
elevated pH values?

A possible answer to these two questions lies with the observation of a short hydrogen
bond betweeﬁ Asp35 and Glul72 in the glycosyl-enzyme intermediate. A series of elegant model
studies carried out by Kirby using small molecule systems to probe intramolecular proton
transfer in the acid-catalyzed hydrolysis of acetals revealed that extremely effective
intramolecular acid catalysis occurs when a strong hydrogen bond is formed between the
departing alcohol and the conjugate base form of the general acid catalyst in systems such as that
shown in Scheme 4.2 (Kirby, 1997). This strong hydrogen bond must exist, at least in part, in the

transition state leading to the product, thereby stabilizing it and facilitating hydrolysis.

) O
/\f\ H\O 0 /H Q 0]
MeQ"y O o)
\
o o

Scheme 4.2
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The situation observed with N35D BCX is directly analogous to these model systems,
since a strong hydrogen bond is formed between Asp35 and Glul72 in the glycosyl-enzyme
intermediate. This hydrogen bond is stronger (shorter) than that in the free enzyme, largely as a
consequence of the remox;al of charge from Glu78 upon formation of the glycosyl-enzyme
intermediate. Stated equivalently, elimination of repulsive Coulombic interactions, by formation
of an ester on Glu78, lowers the pK, value of Glul72 to more closely match that of Asp35,
thereby allowing Asp35-Glul72 to function together as an efficient general acid. Even though
this strong hydrogen bond is not formed between the acid/basé catalyst and the departing
aglycone oxygen, as in the cases studied by Kirby, the effect is the same since the glycosyl-
enzyme intermediate, and therefore the transition states leading to it, are stabilized (Figure .4.10).
Indeed, this situation is preferable in a catalytic system since, were the hydrogen bond formed to
the aglycone oxygen, product dissociation could be significantly slowed.

The question then arises as to whether the hydrogen bond formed is strong enough to
lower the activation energy for glycosyl-enzyme intermediate formation sufficiently to account
for the inherently 100-fold more efficient enzyme. An answer to this lies in the observation made
previously (Richard, 1998), on the basis of our earlier demonstration of pK, cycling in BCX
(McIntosh et al., 1996), that the chemical step of covalent glycosyl-enzyme formation is closely
coupled to the ionization behaviour of the key active-site carboxylic acids. Thus the observed
shift in the pK, value of the acid/base catalyst upon formation of the glycosyl-enzyme
intermediate in éffect drives its formation. The pK, shift of 2.5 units in WT BCX corresponds to
an energy difference of 3.5 kcal mol™. In the case of N35D BCX, the very large pK, shift of 5.8
units from 8.4 to ~ 2.6 for Glul72, which represents an energy difference of ~ 8 kcal mol™, is

indeed sufficient to overcome the fact that only a very small percentage of the enzyme is in the
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Figure 4.10. A reaction-coordinate diagram illustrating how the formation of the highly
favourable N35D BCX glycosyl-enzyme intermediate along the hydrolytic reaction pathway
lowers the activation energy for hydrolysis compared to WT BCX. The formation of a relatively
strong and short (2.7 A) hydrogen bond between Asp35 and Glul72 leads to significant
stabilization of the N35D BCX glycosyl-enzyme intermediate and the neighboring glycosylation
(k) and deglycosylation (ks) transition states (lower trace). In contrast, the longer (3.3 A)
hydrogen bond formed between Asn35 and Glul72 in the glycosyl-enzyme intermediate of WT
BCX does not lead to the same degree of stabilization and rate enhancement (upper trace).
(Energy levels of the free enzyme and substrate (E + S), the enzyme-intermediate (E-S), and the
free enzyme and product (E + P) are relatively indicated).
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correct ionization state for catalysis. It is interesting to also note that the first pK, of the Asp35-
Glul72 system drops from 3.7 in the free enzyme to ~ 2.6 in the glycosyl-enzyme intermediate
due to the removal of the charge on Glu78. Thus, at each point along the reaction coordinate
proton donation becomes more effective. The other question concerns why the monoprotonated
Asp35-Glul72 system could not act as an effective acid catalyst, despite the pK, value of 8.4
measured in the free enzyme. This is the consequence of unfavourable coupling of ionization
behaviour to glycosyl-enZyme intermediate formation in this system since glycosyl-enzyme

intermediate formation results in an increase in the pK, of Glul72 from 8.4 to > 9. In other

words, at each point along the reaction coordinate in this system, proton donation becomes less

effective.

Although the two questions posed above regarding the catalytic efficiency of a reverse
protonation mechanism can be adequately resolved, a rather subtle caveat to this mechanism
should be noted. The current proposal of a reverse protonation mechanism follows from the
similarities of the pK, values determined from the activity profile of N35D BCX and the major
"apparent” pK, values of Asp35 and Glu78 measured by “C-NMR. However, if Asp35 is in a
protonated state when the enzyme is catalytically active, we must in fact consider the
microscopic pK, values of Asp35 and Glu78, rather than their predominant or apparent pK,
values. According to this model, shown in Scheme 4.1, in the presence of a neutral Asp3S5, the
pKa of Glu78 is ~ 4.5 rather than ~ 5.5. Similarly, in the presence of a negatively charged Glu78,
the pK, of Asp35 is ~ S rather than ~ 4. This implies that the pH-dependent activity profile of
N35D BCX should follow apparent pK, values of ~ 4.5 (GIu78) and ~ 5 (Asp35). Since thisbis
not observed, the analysis of the >C-NMR titration data according to Scheme 4.1 may ﬁot be

appropriate for N35D BCX due to the previously mentioned difficulties in interpreting the pH-
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dependent changes in the chemical shifts of carboxyl groups. However, irrespective of the details
of the analysis, the pK, values of Glu78 and Glul72 in the presence of a neutral Asp35 are
expected to differ from those measured from the major pH-dependent change in their *C-NMR
spectra due to electrostatic interactions between their closely juxtaposed side chain carboxyl
groups. Thus, the correspondence between the observed pK, values of 3.5 and 5.8 from the pH-
dependent activity profile of N35D BCX and 3.7 (Asp35) and 5.7 (Glu78) from NMR
measurements is somewhat perplexing. Perhaps this expectation is false and the perturbation of
the pK, value of Glu78 due to the N35D substitution does not arise from electrostatic
interactions, as implied in Scheme 4.1, but rather from very sub‘tle structural differences between
aspartic acid and asparagine sidechains. Thus in the presence of a neutral Asp35, Glu78 may still
have a pK, of ~ 5.7, and in the presence of a charged Glu78, Asp35 may still have a pK, of ~ 3.7,
corresponding to the limbs of the activity profile of N35D BCX. To address this issue,
crystallographic studies of WT and N35D BCX at acidic pH values may be necessary.

In summary, a combination of NMR and kinetic studies demonstrate that the pH-
dependent activity of N35D BCX, and by inference other "acidic" family 11 xylanases, is
dictated by the ionization states of the nucleophile, Glu78, and the Asp35 residue adjacent to the
general acid, Glul72. Although not without concerns, this can be explained by a reverse
protonation mechanism in which Asp35 and Glul72 act together as the general acid and,

subsequently, as the general base in the 2-step hydolysis reaction (Figure 4.11).

4.4.3 Comparison to Other Xylanases
The correlation between the presence of an asparagine or an aspartic acid at position 35

(BCX numbering) and the "alkaline" or "acidic" pH optima of family 11 xylanases, repectively, .
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Figure 4.11. The proposed double-displacement retaining mechanism of N35D BCX. In the
glycosylation step, Asp35 and Glul72 function together in serving the role of the acid/base
catalyst, whereas deprotonated Glu78 is the nucleophile. In the glycosyl-enzyme intermediate,
Asp35-Glul72 interact strongly with coupled ionizations, pK,; 1.9-3.4 and pKa; > 9. Due to this
pKa cycling, they can now serve as a general base in the deglycosylation step of the reaction
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is well recognized. As summarized below, three structural inveétigations aimed at understanding
this phenomenon have been reported.

Torronen and Rouvinen examined two family 11 xylanases from Trichoderma reesei
(Torronen and Rouvinen, 1995). XYNI is an acidic xylanase with an aspartic acid at position 33
and a pH optimum of 3.5, whereas XYNII is an alkaline xylanase with an asparagine at position
44 and a pH optimum of 5.3 (Table 4.1). In XYNI, Asp33 clearly makes a hydrogen bond (2.9
A) to the acid/base catalyst (Glul64). In contrast, in XYNII, Asn44 is involved in a weaker
interaction (3.4-3.7 A) with the acid/base catalyst (Glul77). Without information regarding the
pK, values of the catalytic residues, or the ability to ciirectly detect their protonation states by X-
ray diffraction, the authors suggested that, in XYNI, Asp33 is neutral and involved in a étrong
hydrogen bonding interaction that serves to lower the pK, of Glul64 and thereby reduce the pH
optimum of the enzyme. Based on our studies of N35D BCX, it seems likely that Glul64 in
XYNI actually has a higher pK, than Glul77 in XYNII, and that Asp33 is largely deprotonated
under the experimental conditions used for this study.

In a crystallographic analysis of the acidic xylanase, Aspergillus niger xylanase I,
Krengel and Dijkstra found that Asp37 and the acid/base catalyst (Glul70) were within close
hydrogen bonding distance (2.8 A) of each other, as had been observed for the analogous
residues in T.reesei XYNI (Krengel and Dijkstra, 1996; Torronen and Rouvinen, 1995). Based
on its solvent exposure, they proposed that Asp37 is negatively charged at the pH of
crystallization (pH 8) and therefore serves to elevate the pK, of Glul70. To explain the pH
optimum of 3 measured for this enzyme, they suggested that xylanase I is active when Asp37 is
protonéted and inactive when it is deprotonated. At low pH when Asp37 is protonated, the

proton of the general acid, Glul70 is available for catalysis. However, at high pH, when Asp37 is
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deprotonated, the catalytic proton of Glul70 is suggested to be detained in an ionic hydrogen
bond to this residue, thereby preventing hydrolysis at elevated pH values. Thus, according to this
mechanism, the ionization state of Asp37 primarily dictates the acidic limb of the pH-dependent
activity profile of this xylanase. Although no correlation of activity to the ionization state of the
nucleophile (or measurement of its pK, value) was given, this argument is essentially equivalent
to the reverse protonation mechanism proposed herein to explain the activity of N35D BCX.

In a more recent study of the acidic xylanase from Aspergillus kawachii, xylanase C,
Fushinobu et al. (1998) experimentally confirmed the essential role that an aspartic acid residue
(Asp37) adjacent to the acid/base catalyst (Glul70) has in lowering the pH optimum of this
family 11 xylanase. Xylanase C has a pH optimum of 2, one of the lowest of this family.
Mutation of Asp37 to an asparagine dramatically shifts the pH optimum of Xylanase C from 2 td
5, albeit with an 85 % reduction in xylanolytic activity. (This substitution is the reverse of that in
N35D BCX). In their structural analysis of the WT enzyme, they also observed the same short
distance between Asp37 and Glul70 (2.8 A) as was reported for the other acidic xylanases
(Table 4.1).

A summary of the structural and enzymatic properties of these xylanases, plus those from
Bacillus agaradhaerens and Thermomyces lanuginosus, is presented in Table 4.1. Although each
of these enzymes shares a structurally similar arrangement of fully conserved active-site residues
surrounding two catalytic glutamic acids, they exhibit pH optima spanning a remarkable range
from approximately 2 to 7 While the presence of an aspartic acid or an asparagine at position 35
(BCX numbering) provides a clear division between those with "acidic" (< 5) or "alkaline" (> 5)
optima, additional factors must also contribute to deﬁning their pH-dependent activity profiles.

One trend, evident from Table 4.1, is that, for the "acidic" enzymes, the shorter the distance
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between the acid/base catalyst and the adjacent aspartic acid residue, the lower the pH opﬁmum
of the xylanase. It is plausible that this reflects increasingly stronger hydrogen bonding between
these residues, which would correlate with a reduction in the pK, of the Asp and hence a shift in
the acidic limb of the activity profile of these enzymes to lower pH values. It would be
particularly interesting to extend this analysis to the measurement of the same distances in the
glycosyl-enzyme intermediates of these xylanases to see if the stabilization of the "Asp-Glu"
general base is also correspondingly greater.

A second, albeit imperfect, trend seen in Table 4.1 is that naturally-occuring "acidic"
xylanases have low pl values, whereas "alkaline" xylanases tend to have high pI values. This is
also somewhat counter-intuitive as, for example, a low pl indicates an excess of glutamic acid
and aspartic acid residues, which by charge repulsion, should disfavour low pK, values fér the
active-site catalytic groups. However, with further inspection, we see that xylanases with pH
optima below ~ 6 have theoretical pl values such that they should actually carry é net positive
charge at their respective pH optima (e.g. pI > pH optimum). This may help lower the pK, values
of the catalytic carboxylic acid side chains, and thereby allow activity under acidic conditions. In
contrast, the T.lanuginosus xylanase with a pH optimum of 6.5 has a pl value less than its pH
optimum, indicating that it will carry a net negative 'charge when maximally active. This may
serve to elevate the pK, values of the catalytic glutamic acids, és required for activity near
neutral conditions. The qualitative nature of these arguments clearly highlights the need to .
experimentally and theoretically dissect the role of global and local electrostatic interactions in
establishing the pK, values and hence pH optima of enzymes. In closing, we also note that the

observed trends in the pl values of the family 11 xylanases could simply reflect requirements for
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stability or solubility in the environmental conditions under which these enzymes have evolved

to be active.

4.4.4 Comparison to Other Glycosidases

A similar triad of carboxylates, as present in N35D BCX or acidic xylanases, is seen in
other -glycosidases. However, in cohtrast to the family 11 xylanases, a negatively charged
aspartic acid residue near the acid/base catalyst is proposed to raise the pH optimum (pH 6.0)
(Knegtel et al., 1995) of cyclodextrin glycosyl transferases (CGTase) (Klein et al., 1992;
Strokopytov et al., 1995). In. Bacillus circulans strain 251 CGTase, the nucleophile, Asp229, the
acid/base catalyst, Glu257, and the aspartic acid group adjacent to it, Asp328, all occupy a very
similar geometrical arrangement to that found in BCX. The interaction between these residues is
strong in the unliganded structure (2.7 A separation between Glu257 O* and Asp328 0% and
weaker when the substrate is bound (3.6 A) (Strokopytov e al., 1995). In their analysis of
Aspergillus niger xylanase I, Krengel and Dijkstra suggest a reason for the opposite effect of a
negatively charged aspartate near the acid/base catalyst in lowering the pH optimum of xylanases
while raising it in the CGTases (Krengel and Dijkstra, 1996). Upon substrate binding, Asp328
moves to form a new hydrogen bond with the substrate instead of with Glu257. In this manner,
the proton on Glu257 is available for catalysis at higher pH values because it is no longer bound
by Asp328 (Krengel and Dijkstra, 1996).

A similar arrangement of catalytic residues is also observed in the o-amylases.
Functioning at a neutral pH optimum, pig pancreatic a-amylase (PPA) (Qian et al., 1994)
contains the three residues analogous to those found in both the CGTases (Strokopytov et al.,

1995) and the acidic family 11 xylanases. In PPA, Glu233 is the proposed acid/base catalyst,
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with Asp300 adjacent to it, while Aspl97 functions as the nucleophile. Asp300 is fully

. conserved afnongst a-amylases (Brayer et al., 1995) and, along with a chloride ion (Qian et al.,
1994) that is situated 4.8 A away from Glu233 in the unliganded structure (Machius et al., 1996),
is proposed to play a role in elevating the pK, of the acid/base catalyst (Glu233). In contrast to
the family 11 xylanases, hoWever, the distances between the acid/base catalyst and the adjacent
aspartic acid residue are greater in the o-amylases, being 6.2 A between Glu233 O%* and Asp300
O% in PPA, and 3.9 A in human pancreatic a.-amylase (HPA) (Brayer et al., 1995).

Distinct from PPA and HPA, the acidic a-amylase from Aspergillus niger exhibits
maximal activity at pH ~ 3-4, yet also contains an adjacent aspartic acid residue, Asp297, 3.8 A
away from the acid/base catalyst, Glu230 (Boel et al., 1990). Interestingly, however, fungal a-
amylases do not bind chloride ions in the active-site whereas animal o-amylases do (Brayer.et
al., 1995). This may further implicate the evolutionary role of the negatively charged cﬁloride
ion in shifting the pH optimum of animal a-amylases to neutral pH by elevating the pK, of the
acid/base catalyst. It remains to be seen, however, if the fungal a-amylases from Aspergillus
niger use the same mechanism as the xylanases in lowering the pH optimum of the enzyme

through an aspartic acid residue adjacent to the acid/base catalyst.
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4.5 CONCLUSION

The residue at position 35 piays a significant role in determining the pH optima of the
family 11 Xylanases. Using site-directed mutagenesis, we were able to confirm what was known
from nature and modify BCX, an "alkaline" xylanase, to function under more acidic cor;ditions
without any reduction in its net activity. Counter-intuitively, the presence of an aspartic acid
residue adjacent to the acid/base catalyst serves to lower the pH optimum of N35D BCX, instead
of raising it as would be predicted from simple electrostatic considerations. Furthermore, we
demonstrated with C-NMR that Asp35 indeed elevates the pK, of the acid/base catalyst,
Glul72, significantly from 6.7 to 8.4.

To explain this paradox, we propose that N35D BCX and, by inference, all "acidic"
family 11 xylanases, functions using a reverse protonation mechanism. In this catalytic scheme,
Asp35 (pK, = 3.7) and Glul72 act together to fulfil the role of the acid/base catalyst, donating a
proton to the glycosidic oxygen, while Glu78 (pK, = 5.7) still serves as the nucleophile. Only a
small percentage of the enzyme (~ 1 %) is in the requisite ionization state at this optimal pH.
However, this form functions as a highly effective catalyst since a strong hydrogen bond, formed
between Asp35 and Glul72 in the glycosyl-enzyme intermediate, substantially stabilizes the
transition state for glycosyl transfer. The enzyme becomes inactive at higher pH since loss of the
second proton from the Asp35-Glul72 pair would remove this strong hydrogen bonding
interaction and result in substantial charge repulsion between these active-site residues. This
study highlights the complexity of possible electrostatic interactions within a protein and the

diverse mechanisms by which the pH optima of enzymes <can be set.
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Chapter 5

Concluding Remarks

The primary goals of this thesis were focused on examining the pH-dependent
mechanism and stability of BCX. Achievement of the goals outlined in this thesis was made
possible because a muitidisciplinary approach was used in solving the problems at hand. X-ray
crystallography made it possible to rapidly determine the structures of mény proteins, NMR
studies allowed us to site-specifically measure the pK, values and get to the heart of electrostatic
interactions, while enzymology allowed for an assessment of the actual function of the enzymes.
Each technique complemented the other and allowed for conclusions to be made at the
fundamental level of the atom. In reading this thesis, I hope that the reader will have gained an
appreciation for the overwhelming advantage of not being confined to using one technique. In
my perception of the work pfesented here, significant insight was gained through the use of pK,
measurements made by NMR, albeit, the data would have had little meaning had structural and
enzymological information not been available. The largest value of this work to the scientific
community is that it provides a comprehensive database of information that will aid substantially
to many fields: computational chemistry, by providing a test set to refine algorithms used in
electrostatic calculations, and protein engineering and enzymology, by providing information
regarding the roles that electrostatic interactions play in deﬁriing pH optima and overall activities

of enzymes. Structures, site-specific pK, values for the catalytic carboxyl groups, and functional
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correlations are all now available for many BCX proteins. No other protein existing in the
literature has been characterized in all of these ways to the extent that BCX has.

In the first part of this thesis (Chapter 2), I described the roles that ionizable groups
(acidic) had upon the structural stability of the enzyme. The ones that were the most conserved,
the most buried and most perturbed in pK, value contributed the most to the pH-dependent
stability of the enzyme and were stabilized extensively by either hydrogen bonds or salt bridges.
I was able to estimate the contributions to the stability of the enzyme without mutating residues
and without observing the protein under non-native conditions. The most fundamental problem
in mutating an ionizable residue to examine its effects upon stability is that the properties of a
protein are a function of the entire system, and not the sum of its parts. Hence, the effect of the
mutation can reflect the loss of numerous interactions and not just those due to the substituted
residue itself. Furthermore, double mutant-cycle analysis, used to circumvent this problem, is not
without pitfalls either (Albeck et al., 2000). The pK, value of a given residue is the result of
interactions that occur within the entire protein, hence is representative of many local and global
interactions. Since little is actually known about the roles of buried salt bridges in protein
stability (Tissot et al., 1996; Yang and Honig, 1993), this work further contributes to our
understanding of this type of interaction. Our results on BCX are further supported by
computatfonal studies that show a significant correlation between conserved salt-bridges and
solvent accessibility (Schueler and Margalit, 1995) and substantiate the role of electrostatics in
the protein interior. It is interesting to also note that while conserved buried salt bridges may not
be critical for protein folding, they can stabilize evolutionarily conserved elements of secondary
stucture formed early in the folding pathway, such as in the small ribonuclease, barnase, and

limit the number of available conformations thus accelerating the folding of the protein (Tissot et
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al., 1996). Since the buried salt bridge in BCX is highly conserved, it may also contribute to
facilitating folding in all family 11 xylanases.

In the second major section of this thesis (Chapters 3 and 4), I provided a thorough
examination of the pH-dependent mechanism and activity of BCX. I first determined the factors
that set the p1|<a values of nucleophile Glu78 and the acid/base catalyst Glul72 and gave rise to
the bell-shaped pH-activity profile. I found that a number of conserved active-site residues acted
concertedly in maintaining the ionization states of residues 78 and 172. Positively charged
groups and hydrogen bonds served to lower pK, values and decrease pH optima as expected.
Furthermore, the degree to which hydrogen bonded groups contributed to lowering pK, values
was largely dependent on the léngth of the hydrogen bond and the chemical nature of the donor.
Shorter hydrogen bonds provided more charge stabilization as did interactions where the
difference in pK, between donor and acceptor was smaller. Examination of a number of BCX
structures revealed that Glu78 was preferentially stabilized over Glul72 by shorter and stronger
hydrogen bonds in addition to favourable electrostatic interactions occurring in the protein,
which were determined from electrostatic calculations. The calculations predicted the effects of
charge removal/addition more accurately than they did for mutations involving hydrogen bonded

residues, signifying the need to develop methods to adequately account for complex hydrogen

‘bonding patterns that exist within proteins.

The results from this work have a number of implications for engineering pH optima in
glycosidases as well as other enzymes. While active-site mutations resulted in changes in pH
optima, activity was lost in many instances. In some cases important ground and/or transition
state interactions were lost, whereas in others the population of the enzyme that was in the

correct ionization state was reduced and thus leading to an apparent decrease in activity. This
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highlights the importance of microscopic pK, values and the wealth of information that can be
derived from them. Analyses of BCX proteins using this method provided insights into not only
determining the fraction of the enzyme in the correct ionization state, but also the phenomenon
of pK, cycling that drives both steps of glycosyl hydrolysis. Microscopic pK, analysis has never
been used in assessing the‘ effects of mutations on pH-dependent activities and therefore provides
a new perspective in the way we think about and approach engineering pH optima.

The N35D BCX mutant brings all of these studies together and teaches us a in important
lesson in how nature has devised beautifully intricate, yet highly effegtive methods for
successfully adjusting pH optima. The work described in Chapter 4 provides a solution to the
well-documented enigma of the mechanism by which family 11 xylanases lower pH optirﬁa and
shows how the formation of a single short, strong hydrogen bond can improve catalysis by
almost two orders of magnitude. The reverse protonation mechanism proposed in our solution, in
which a small percentage (1 %) of the enzyme carries all of the catalytic responsibilities, has
never been invoked to explain the pH-dependence of activity of any glycosidase and is probably
much more prevalent than expected, since most analyses do not included site-speciﬁé pK, values
of individual residues.

Future studies on engineering pH optima and activity should focus on a number of
factors. More knowledge is required regarding the features that establish the pK, values of the
catalytic groups in both the free and glycosyl-enzyme intermediate states, since the ApK, value
of the acid/base catalyst as it cycles between its dual roles provides a significant portion of the
driving force for catalysis. Mutations which modify the pK, values of catalytic groups in the free
enzyme and lead to a change in the pH optimum may in fact be adversely affecting ionization

properties in the glycosyl-enzyme intermediate such that catalysis is impaired by the inability of
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the acid/base catalyst to cycle its pK,. Finally, the future of this work should lead in a direction
that will enable us to decipher pK, values of the enzyme and substrate in the transition states of

catalysis—where the most important chemistry is occurring!
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Appendix I

NMR pH-Titration Curve Fitting

Various types of site-specific pH-titration curves of the acidic residues of BCX proteins
require that specific ionization models be used in order to adequately fit the titration data and
extract pK, values. The ionization models used in fitting the data for BCX are described in detail
in this Appendix. Although many cases are discussed, particular emphasis is placed on models
describing pair-wise interactions between ionizable groups, such as those that describe the linkgd

titration behaviour of Glu78 and Glul72.

lonization Models

The analysis of the NMR titration curves for a system of two ionizable groups follows the
formalism of Edsall and Wyman, (1958) and Shrager et al., (1972). Note that one rarely detects
the ionizable proton directly, but rather observes a non-exchangeable nucleus, usually within a
given residue, whose chemical shift is dependent upon the protonation state of that residue. Thus,
in specific reference to this study, we discuss the case of two glutamic (or aspartic) acids whose
titrations are monitored by their side chain carboxyl 8- (or y-) >C chemical shifts. However, this
is general for any pair of ionizable groups, as well as for non-ionizable side éhains whose
chemical shifts are dependent upon the protonation state of two ionizable groups. The carboxyl
groups may interact either "directly”, whereby the ionization constant of one depénds on the
ionization state of the other, or "indirectly" in that the chemical shift of one side chain is

perturbed (e.g. through changes in the protein structure or via electric field-induced shielding
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effects) by the ionization of the other. The equations can be extended to binding phenomenon in
general, although the requirement of knowing the free rather than total ligand concentration
(which is readily provided for pH studies by a proton-sensitive glass electrode) often introduceé
additional complications into the data fitting procedures (Johnson, 1994; Li et al., 1995).

Consider the general Scheme 1 for acidic groups at sites 1 and 2 in a protein P:

“ PH, 4
— _COOH / 2 X
Ite =
P Site2 (@)PHiH, : o P~ (d)
“cooH \ _ /

Protonation at site 1 is dénoted as H,; and site 2 as H,. The microscopic or site-specific acid
dissociation constants are defined relationships of the form K; = [PH,][H'] / [PH,H,), with K,
and K4 corresponding to the loss of a proton from site 1 and K, and K3 from site 2. (Note that the
microscopic ionization constants are indicated by lower case characters, whereas macroscopic
ionization constants, defined subsequently, are indicated in upper case letters). Molar
concentrations are assumed to accurately reflect thermodynamic activities. Overall K K3 =.K2K4.
In the absence of any interaction between the two sites, K; = K4 and K, = K3. Otherwise, if the
lonization constant for one carboxyl group is influenced by the ionization state of the other, then
K4 = oK; and K3 = aK;, where a is an interaction or cooperativity factor (o < 1 for electrostatic
repulsion). This may arise from diréct electrostatic interactions or indirectly via conformational
changes. The fraction of the protein in states a, b, ¢, and d is given by:

fi=[HT/X

f,=K\[H7/X
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f.=KjH]/X%
fd = K1K3 / Z
where,

Y =[HP+K[H]+K[HH] +KK; (1)

Under the commonly observed conditions of fast exchange, the measured chemical shift of the
carboxyl group at site 1, 8, is the weighted average of the chemical shifts of this group (8.1, dv1,

dc1, O41) 1n the four possible states of the enzyme shown in Scheme 1:
Oy = fa 0a1 + fp Sp1 + £c Oc1 + £4 641 (22)

The change in chemical shift, (3y; - 8,1) and (84; - dc1), of the site 1 carboxyl is attributed directly
to its own ionization. The "indirect" effect of the ionization of the carboxyl at site 2 on the
chemical shift of the group at site 1 results in the changes (3¢; - 0,1) and (84; - 0p1). Similarly, for

the carboxyl at site 2:
82 = f; Baz + £y Op2 + £ Oz + 4 842 (2b)

The pH-dependence of the chemical shift of each carboxyl is potentially a function of 4 chemicai
shifts and 3 independent microscopic dissociation constants. However, as noted by Shrager et al.
(1972), titration curves for Scheme 1 can be completely defined by five variables (e.g. two
baselines,. one intermediate chemical shift, and two apparent pK values corresponding to
inflection points), and thus equations (2) are experimentally underdetermined. Since the titrations

of sites 1 and 2 share common pK values, simultaneous analysis can improved the accuracy of
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the fit parameters, but does not fully resolve this problem (e.g. eight shifts and three pK values
versus ten measurable parameters). Accordingly, several limiting cases must be considered in
order to extract the desired ionization constants from pH-dependent NMR spectra by non-linear

least squares analysis (Shrager et al., 1972).

Case 1: Independent, non-interacting sites.
In the simplest case where the two carboxyl groups titrate independently (o = 1) and the
chemical shift of each is independent of the other, then for site 1, K| = K4, 841 = 8¢1, Op1 = da1. In

terms of the measured sample pH, equation (2) becomes the familiar expression for the titration

curve of a single ionizable group:

5 - 5,107 +5, 10775
T 107 11076

€)

A similar expression can be written for site 2, with K, = K3, 825 = 8y, 0¢c2 = 842.

| Case 2: Coupled titrations: Inter-dependent microscopic pK values with chemical
shifts depending only on the individual ionization state of a carb'oxyl group.
In the case where the two carboxyl groups interact such that the microscopic acid
dissociation constant of each residue depends on the ionization state of the other, then o # 1, and
1 K # K4 and K; # K;. However, if the chemical shift changes exhibited by each carboxyl result

only from its own ionization, then for site 1, 8,; = &.) and &y, = 841, and for site 2, 8., = Oy and

dc2 = 042. The pH dependence of the chemical shift of the carboxyl at site 1 is given by:

O
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5]

5 = 2 (T + K [H D +6, (K [H ]+ K K;)

x

(4)

From a non-linear least squares fit of the observed chemical shift 3; versus pH to this equation in

the form:

_ 8, (107 107 Y 1 5, (107D 410 KRy
l 10_2PH + 10_(pH+pK2) + 10‘(PH+PK1) + 10—(pK|+pK3)

(5a)

two baseline chemical shifts and three microscopic pK values are extracted. The fourth is

obtained from the relationship K ;K3 = K»K4. Similarly for site 2:

5 5a2(10-2pH +10—(PH+PK|))+5C2(10—(PH+PK2)+10—(Pk2+PK4)) (5b)
2 1072PH 1 10~(PH+PK) 4 1Q~(PH+PK2) | 1 (~(PK2+PKL)

Although deriving two chemical shifts and three pK values from a biphasic or apparent 2-step
titration curve may seem non-intuitive, note that the "plateaus" correspond to fractional chemical

shift changes of:

( K :
0, =0, =(0y _501)(K1 +1K2j (site 1) (6a)
0,-6.,=(0,-0_) K, (site 2) (6b)
2 a2 — c2 a? I<1 +K2
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Thus the fit is exactly equivalent that obtained using three chemical shifts and two pK values, as

for cases 3 and 4 below.

Case 3: Séquential titrations: Independent microscopic pk values with chemical
shifts depending on the ionization states of both carboxyl groups.

In the case where the two carboxyl groups titrate independently (a0 = 1), K; = Ksand K =
K;. This can be described as a sequential titration of non-interacting groups. However, if the
chemical shift of each carboxyl depends upon not only its own ionization state, but also on that
of the second carboxyl, then for site 1, 8,1 # 8.1 and 8y # d41, and for site 2, 8, # dvr and 8. #

d42. The pH-dependent chemical shift of site 1 is given by:

(8,107 4.5, 10" PHK) 4 5 107K 4 5 10 PRk

>

5 @)

This equation is still underdetermined with six variables and generally cannot be fitted robustly,
unless additional restraints are included. These include independent knowledge of the chemical
shifts of the carboxyl in the various ionization states of the protein, or by assuming additive
chemical shift effects, e.g. 8.1 = da1 + (841 - Ob1). However, if one titration pathway in above
scheme is preferred significantly, for example with pK; > pKj, then the equations for sites 1 and

2 reduce to the commonly used expressions for the analysis of "sequential" titration curves:

B 6a110—2pH +5bllo—(pH+pK1)+é‘c]10—(pH+pKz)+5d110—(pK1+pK2) 5
N 10277 4 10-PHPKD 4 1(-(PH+PKD) | 10-(PKirPKD) (8a)

S
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8,107 45,1070 4 5 107D 4 5 1070
2o —2pH -(pH+pK,) -(pH+pK,) ~(pK,+pK3y)
10777 +10 +10 +10

(8b)

Non-linear least squares fitting of the observed titrations to these equations yield three limiting
chemical shifts for each carboxyl groups and the two ionization constants. "Plateaus” in these
titration curves occurs at Op; and Jy, for this pathway. However, as shown below, the acid

dissociation constants derived from fitting to equation (8) are in fact macroscopic pK values.

Case 4: Macroscopic Model.

The most general approach to fitting multiphasic titration curves is to consider
macroscopic or net ionization constants, which describe the overall behavior of a system. For the
titration of the two carboxyl groups, K corresponds to the net dissociation of the first proton and

Kg to the second. In terms of the previously defined microscopic ionization constants,

KA = (K] + Kz) (93)
and

(Ks)"' =[(Ky"" +(Ka)'] (9b)

Clearly KaKp = K|K3 = K,K4, regardless of whether the groups interact (o # 1) or not (o = 1). If

we define state i as that corresponding to a net single deprotonation of the enzyme, then:

fi=(Ki+K)[H]/Y = Ka[H+]/Z (102)
where,

Y'=[H'] + Ka [H] + KaKs (10b)
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The pH-dependence of the chemical shifts of sites 1 and 2 are given by the expressions:

—-2pH —-(pH+pK ) -(pK 4+pK3p)
_ 85,1077 +5,10 D48, 107PKarrKs
! 1072PH L1 PH+PK) | 10~ (PKa+PKS)

(11a)

B 5{1210-211” +5’_210—(pH+pK4) +5d210—(pKA+pKa)
- 10—2PH +10-(pH+pKA)+10-(PKA+PKB)

6, (11b)

Here, i1 and i, correspond to the chemical shifts of the two residues after the first net titration
step. With five variables, these equations will accurately describe the titration curve of one
ionizable group in the presence of another. In addition to Ka and Kp each being composites of
two microscopic dissociation constants, from a comparison to the expanded form of equation (2),
we see that d;; and d;; are weighted chemical shifts of the two possible singly protonated species,

e.g. for site 1 (cf. equation 6):
i1 (K1+K3) = 8p1K1 + 601K, (12)

Intuitively, this means that changes in the chemical shift of a carboxyl can depend upon both
ionization events, and thus in the most general case, we measure the macroscopic or averaged
properties of the system by NMR spectroscopy. As noted above, expressions (11) have the
identical form as for the simplified versions of Case 3 (equations 8), which were derived
assuming a significant difference in microscopic pK values and hence sequential ionization of
one carboxyl befofe the second (e.g. pK; ~ pKa and pK; ~ pKB). The difference between the two
equations is one of physical interpretation, with (11) applying macroscopically to all cases of

Scheme 1 and (8) to a selected microscopic example.
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The utility of fitting titration curves to macroscopic equilibria can be seen in the easy
extension of equations (11) to systems involving more than two ionizable groups. For example,

with three carboxyls, one can describe the pH-dependence of the chemical shift of site 1 as:

53 10—3PH +52110—(2pﬂ+ph)+5”10-(pljl+pl<4+pl<s)+50110—(pKA+pKB+ch)
_ 31 , , ,
[ 1073PH 110 CPH+PKD | 1 (PH+PK+PKs) 4 1 () (PK4+PKs+PKC)

(14)

where K, is the sum of the three microscopic K values governing the net dissociation of the first
proton, K. is the inverse of the sum of the inverses of the three microscopic K for net dissociation
of the third proton, and KaKp is the sum of the products of the first and second dissociation
constants for the three pathways leading to net loss of two protons. 831, 82,1, 81,1, and &g are
weighted values of the chemical shifts of site 1 in the triple, double, single and zero protonateci
form of the protein, respectively. Although straightforward in form, the physical interpretation of
these macroscopic pK values and chemical shifts in terms of specific or microscopic events can
be difficult, except for simple cases such as a single predominant ionization pathway with

sequential loss of protons from carboxyls at well separated pH values.
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