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Abstract

Aspartylglucosaminuria (AGU) is a lysosomal storage disorder caused by defects of the hydrolase
glycosylasparaginase (GA). Previously, we showed that a Canadian AGU mutation disrupts an
obligatory intra-molecular autoprocessing with the enzyme trapped as an inactive precursor. Here,
we report biochemical and structural characterizations of a model enzyme corresponding to a
Finnish AGU allele, the T234lI variant. Unlike the Canadian counterpart, the Finnish variant is
capable of a slow autoprocessing to generate detectible hydrolyzation activity of the natural
substrate of GA. We have determined a 1.6 A-resolution structure of the Finnish AGU model and
built an enzyme-substrate complex to provide a structural basis for analyzing the negative effects
of the point mutation on Ky, and kcat of the mature enzyme.
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1. Introduction

Aspartylglucosaminuria (AGU) is a lysosomal storage disease which is caused by mutations
in the gene encoding for an enzyme called glycosylasparaginase (GA) or
aspartylglucosaminidase (AGA) [1] [EC # 3.5.1.26]. GA is involved in protein degradation
by cleaving Asn-linked glycoproteins in lysosomes, and is widely distributed in vertebrate
tissues [2], insect cells [3], as well as in bacteria [4]. GAs are conserved in primary
sequences, tertiary structures, and activation mechanism for the hydrolase activity through
an intramolecular autoproteolysis [5-9]. The enzyme is initially synthesized as an inactive
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single-polypeptide precursor in which a and p-subunits are joined together via a surface
loop (called precursor- or P-loop) that blocks the catalytic center of the hydrolase [7]. A
subsequent autoprocessing results in a main-chain cleavage at the P-loop by a self-catalyzed
peptide bond rearrangement via an N — O acyl shift [10, 11]. This autoproteolysis event
results in an active form of the hydrolase with separate a and B-subunits [12]. During the
metabolic turnover of Asn-linked glycoproteins, autocleaved GA hydrolyzes
glycoasparagine N4-(B-N-acetylglucosaminyl)-L-asparagine (NAcGlc-Asn) that connects a
carbohydrate to the side chain of an asparagine [13].

Deficiency of this enzyme causes accumulation of glycoasparagines in lysosomes of cells
[14], resulting in a genetic condition called aspartylglucosaminuria (AGU) [1, 15]. AGU
mutations impair autoproteolysis of GA precursor and/or impair its hydrolase activity in
lysosomes [16-18]. This deficiency results in progressive mental decline of the patients [19],
and leads to a lifelong condition affecting patient’s appearance, cognition, adaptive skills,
physical growth, personality, anatomical structure, and health [1]. Early indicators of AGU
include growth spurts in infants and the development of macrocephalia associated to hernias
and respiratory infections [1, 20].

Close to 30 different AGU alleles have been reported around the world [13, 21, 22]. About
half of these AGU alleles are independent missense mutations, the rest are frameshifts
and/or polypeptide truncations/extensions. Due to a founder effect, AGU incidence in
Finland is unexcelled, with one major allele (denoted AGUFy) found in 98% of the AGU
patients. The AGUgy allele carries two concurrent substitutions R138Q+C140S. Mutational
studies have shown that the C140S substitution is the causative mutation for GA deficiency,
whereas a single mutation R138Q does not affect either GA autoproteolysis or its hydrolase
activity [23]. Data also show that, in addition to preventing the disulfide bond formation
between C140 and C156, the C140S substitution also causes destabilization of the unique/
longer loop structure in the human sequence and thus prevent dimerization of GA essential
for autoproteolytic activation [24]. Another Finnish allele, the subject of this study, has a
point mutation of nucleotide C to T that changes residue 234 from a threonine to an
isoleucine (named T234I variant, Table 1) [21]. Last year a new AGU variant was discovered
in two male siblings in the US. Wherein, there was a large genomic deletion in the GA gene
of maternal origin, while the paternal allele carried a single C to A base exchange at position
365 of the GA coding region [17]. This new AGU mutation results in substitution of Thr-122
(including the signal peptide) by a charged residue Lys (named T122K variant).

The first crystal structures of an AGU model enzyme have recently been determined by our
group, corresponding a AGU allele with a single amino acid change from a glycine to an
aspartic acid [16, 18]. This model enzyme (called G172D model) is reconstructed on the
Flavobacteril homolog, corresponding to a Canadian AGU allele named in the literature as
either G203D or G226D variant; these numbering differences are due to omitting or
including the signal peptide, as well as different lengths of the P-loop that connects a and 8
subunits in the precursors (Table 1). The structural studies revealed that the G172D model
variant appears to cause local conformational change, which in turn disrupts the requisite
autoprocessing step to generate metabolically functional mature hydrolase. Nonetheless, vast
biochemical information in the literatures indicate that each AGU variant behaves differently
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in regard to autoprocessing, substrate hydrolysis, and/or thermal stability [13, 21],
suggesting that detailed structural and catalytic consequences of different AGU variants
could vary widely. For example, inherent to the Canadian AGU allele, the point mutation is
located outside of the hydrolase substrate site, and thus does not have direct impact on the
downstream hydrolase activity. Instead, it causes a local conformational change at the
autoprocessing site, subsequently trapping the protein in the inactive precursor form. On the
other hand, the second Finnish mutation (T2341 variant) is located at the rim of the substrate
binding site, and its precursor appears to have a detectible level of autoprocessing capability
[16]. Such dissimilitude between these variants points to the need for more structural and
biochemical characterizations of other AGU variants. In this study, we generated another
AGU model enzyme, named T203I model (Table 1), corresponding to the Finnish allele
T2341 variant. This model enzyme allows us to study the detailed biochemical and structural
consequences of this particular AGU variant. Results indicate that replacement of the
conserved threonine with an isoleucine has negative impacts on both Ky, and, to a greater
extent, kcat of hydrolase activity. We also report here a 1.6 A-resolution crystal structure to
enable structure-function analyses of the second Finnish AGU mutated hydrolase.

2. Materials and Methods

2.1. Protein expression and purification

Wild-type GA and AGU T203lI variant proteins, constructed on a Flavobacterial homolog,
were over-expressed and purified using previously published protocols [25].

2.2. Hydrolase activity assay

Hydrolase activity was measured by a method modified from a previously described
approach [26]. To monitor hydrolase activity of /in vitro autoprocessed samples, purified
protein was incubated at 37°C to initiate the autoproteolysis in a buffer solution of 2000mM
Tri, pH 7.5, 50 mM NaCl, 10 mM EDTA. At various time points, 50ul of /n vitro
autoprocessed protein samples were removed to add aspartic acid p-(p-nitroanilide) to a final
concentration of 1.5 mM in a 100pul reaction mixture, which was then incubated at 37°C for
an additional hour. The release of p-nitroaniline was subsequently monitored at 405nm using
Spectramax-M2 spectrophotometer.

The Ky and k4 values of wild-type and variant T2031 were determined by measuring the
release of NAcGlc (AM-acetylglucosamine) using NAcGlc-Asn as substrates. A series of
reactions were set up in 13 different concentrations of NAcGlc-Asn from 0.001 to 0.5 mM.
Each reaction was in 20 pl of 20 mM sodium phosphate buffer, pH 7.5, incubated with 0.04—
0.08 ug of enzyme for an appropriate time at 37 °C [27]. The reactions were stopped by
adding 50 pl of 250 mM sodium borate buffer, pH 8.8, followed by boiling for 3 min.
Released of NAcGlc was assayed by the Morgan-Elson reaction [28].

2.3. Crystallization and data collection

Hanging-drop vapor diffusion technique was used in the initial crystallization screenings.
Needle-like crystals of the T203I variant grew in the screens using purified variant protein.
Micro-seeding method was used to improve crystal quality. The best looking crystals were
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formed above a well solution containing 0.2M NaCl, 0.1M Bis-Tris pH 6.5, 25% PEG 3350,
and a protein concentration of 2mg/ml.

For data collection, the crystal was cryoprotected in solution containing 100 mM Tris-HCI
buffer pH 8.0 and 20% glycerol. X-ray data were collected at 100K using the beamline X29
at the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory. The
data were processed with the Mosflm29 and the CCP4 suite [29]. The crystal has P2;
symmetry with two protein molecules in the asymmetric unit.

2.4. Structure determination and refinement

The structures of T203I variant were determined by molecular replacement method, using
the previously published structure of the GA wild-type enzyme (PDB code 2GAW) as the
starting model [6]. To avoid model bias, the initial MR phases were calculated by omitting
several residues juxtaposing the T203I substitution, residues 200-206. Molecular
replacement was performed with Molrep and refinements were carried out with the Refmac
program, with 5% of the total reflection data excluded from the beginning of refinement
cycles and later used to calculate the free R-factor (Rsree) for monitoring refinement
progress. This partial model was further subjected to rigid body and restrained refinements,
with model rebuilding done in COOT [30] to obtain the final structure. The final model
contains 285 residues (2-142, 152-295) in molecule 1 and 281 residues (2-138, 152-295) in
molecule 2, and 224 water molecules, and is refined to crystallographic Ryork/R#ree Of
16.9%/19.7% at 1.6 A resolution. The X-ray data collection, processing, and structure
refinement statistics are summarized in Table 2. All the figures were drawn using PyMOL
(DeLano Scientific) and labels were added using Adobe® Photoshop.

2.5. Complex model building

T2031-NAcGlc-Asn complex was generated by superimposing secondary structure of T203lI
mature structure with the previously published T152C GA-NAcGIlc-Asn complex (GA-
substrate structure, PDB code 2GL9) [31]. The coordinates of the NAcGlc-Asn substrate
were then placed into the substrate binding site of current apo-T203I structure.

2.6. Protein Data Bank accession codes

3. Results

The atomic coordinates and structure factors have been deposited in the Protein Data Bank
under the accession number 6DEY.

3.1. Generation of a T203| variant as a model enzyme for the AGU T234l variant

Studies of AGU variants in human GA is hindered due to difficulty in obtaining sufficient
amounts of recombinant enzyme for /in vitro biochemical or structural analyses [32]. A HelLa
culture system has been reported recently for biochemical and cellular characterization of
human AGU variants [17]. But it is not likely to produce crystallographic amount of purified
protein for structural studies. In contrast, a Favobacterial system has been shown to be an
excellent model system for these studies. The Flavobacterium GA shares the same appa
fold as the human enzyme [5-7, 33]. The human and Flavobacterial GA share highly
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significant sequence homology, with an overall 36% identity plus 53% conserved similarity,
and an Expect value 1e-48 in BLAST [34]. They both utilize the autoproteolytic process to
cleave the single-chain precursor in order to form the mature form for the hydrolase activity
[8, 35]. More importantly, all the amino acids around the catalytic center, those within 4 A
of the bound substrate NAcGlc-Asn, are 100% identical between these two enzymes [31],
suggesting suitability of using the Flavobacterium homolog to study effects of AGU
mutations on GA catalysis. To this end, we employed an MBP-GA fusion protein expression
system that allowed us to obtain highly purified protein in crystallographic amounts [25].
Taking advantage of this recombinant system, we have generated a model enzyme to analyze
consequence of a Finnish AGU allele, the T2341 variant, on GA structure and functions.
According to the structure-based alignments [6], Thr203 in Flavobacterium GA is equivalent
to Thr234 in human counterpart. We had thus generated an AGU model with a Thr-to-lle
substitution at residue 203 of Flavobacterium GA, named T203I variant (Table 1), as a
model enzyme to study the Finnish T2341 AGU allele. T2031 model and wild-type (WT)
enzyme were purified according to the previously described protocols [25].

3.2. Hydrolase activities of the T203I model enzyme

Purified T203I variant protein was first characterized by its autoproteolytic and hydrolytic
activities, and compared them to the WT enzyme. As shown in Fig. 1A, WT GA
autoproteolyzed spontaneously into the functional mature form with the a and § subunits. In
contrast, the purified T203I variant remained as a single-chain precursor, indicating a
deficiency in its autoproteolytic processing. The hydrolytic activities of the T203I variant
was also examined using a substrate analog, aspartic acid p-(p-nitroanilide). Hydrolysis was
then monitored by measuring absorbance at 405nm for the hydrolysis product, p-
nitroalinine. As expected from the autoproteolysis analysis above (Fig. 1A), T203I has a
negligible hydrolysis activity since it stayed mainly as an inactive precursor, ~1% as
compared to that of the WT enzyme (Fig. 1B).

3.3. Structure determination of the T203l variant

To study the effects of the Thr to Ile point mutation on enzyme structure, we carried out
structure determination of the T203I variant by X-ray crystallography. To this end, purified
T203I protein was subject to multiple crystallization screens. Some initial conditions gave
promising needle-like crystals, which were further improved by micro- and macro-seeding
techniques to obtain diffracting quality crystals. Before X-ray data collection, crystals were
soaked with 20% glycerol as a cryo-protectant for data collection at 100K. Crystal structure
of the T203I variant has now been determined and refined to 1.6 A resolution. The space
group and cell constants of T203I crystals are: P2;,a=45.9,b=96.5,c=61.7A; B =
90.3°, with an Rfree of 0.197 and a Rwork of 0.169. Other crystallographic statistics are
summarized in Table 2.

Although protein samples of T203I used for crystallization are essentially in the precursor
form (Fig. 1A), electron density maps calculated from the diffraction data clearly indicated
that the P-loop (residues 142-151) linking a and B subunits in the precursor had been
autocleaved into the mature form in both molecules of the asymmetric unit (Fig. 2). This
crystallographic interpretation is based on quality of electron density (Fig. 2), as well as
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real-space correlation coefficient (0.94) and B factor (13.9 A?) for the autocleaved N-
terminal amino group at Thr-152, and comparing various type of difference and omit maps
with various contour levels [29]. Figure 2B shows a contrast between the well resolved
density at Thr-152 of the autocleaved T203l, and the continuous density for the P-loop
(Asn149-Thr152) of a precursor variant [16]. In the T203I structure (Fig 2B, left panel), a
surface loop (Arg49-Gly54) moves closer to Thr152, suggesting the P-loop had been
autocleaved and released out of the space. Altogether, the results indicates that the T203I
variant was able to slowly undergo autoproteolysis over the several days’ process of crystal
growth. Previously we have shown that precursor and mature forms of GA would grow into
different forms of crystals in the space groups P1 and P24, respectively [25]. We have also
shown that some GA variants could grow P1 crystals as precursors, but then slowly
autoproteolyzed into the mature form inside the P1 crystals [16, 18]. However, the T203I
variant crystallized in the P24 space group, suggesting that this variant protein was first
autoproteolyzed in solution during several days’ crystallization process, before growing into
the P2, mature form crystals. We previously also showed that GA dimerization is essential
to facilitate the autoprocessing of protein precursor [24]. This notion is consistent with a
recent report that co-expression of WT GA can reduce the autoprocessing defect of some
AGU variants [17], suggesting inter-molecular interactions are involved in the
autoactivation. It is thus plausible that the autoproteolysis of the T203I precursor could have
been facilitated by its attachment onto the P24 crystal surface, resulting in addition of an
autoproteolyzed/mature T2031 molecule onto the growing P24 crystal (which could only
pack mature form protein).

3.4. Structural comparisons between the autocleaved T203I and the wild-type GA enzyme

Structures of the mature T2031 and the wild-type (WT) GA enzymes (PDB code 2GAW) [6]
were compared to study effects of the Thr to Ile point mutation on enzyme structure.
Overall, structure of the T203I variant is very similar to that of WT enzyme, with the typical
apPa-sandwich fold. The rmsd of all main-chain atoms of 275 residues is 0.24 A, indicating
a well-folded GA protein with no gross conformational changes or misfolding. Interestingly,
the main-chain trace of the mutated residue 203 is also very similar to the WT GA, with an
average displacement of 0.18 A. The similarity in structure highlights the only change from
a hydroxyl to an ethyl group in the T203I variant, thus confirm the critical role of the
hydroxyl group of Thr-203 (see below). There are however small local shifts observed, by an
average of 0.322 A and 0.429 A deviations in residues 133-138 and 286-290, respectively.
These shifts do not appear to be due to the T203I mutation since they are more than 23 and
10 A away from the mutated residue, respectively, thus make no direct contact. Both shifted
segments are located at the C-terminal ends of the a and B subunits, respectively. These
small but significant displacements appear to be due to a static disorder or dynamic
flexibility, indicated by an elevated B factors (23.15 A2 vs an overall average of 11.6 A?).
Throughout the structures, there are two peptide bonds flipped when compared to the WT
structure, at residues Tyr53 and 11e187; these flips are plausible since both peptide bonds are
followed by a glycine residue, thus with less structural constraints. Similar to the apo-
structure of the WT enzyme, the T203I variant acquires a wide opening near the substrate-
binding site [6]. This suggests that T203I has its substrate-binding site fully opened through
the autoproteolysis and is ready to accommaodate the substrate NAcGlc-Asn.
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3.5. Slow autoactivation of the T203I variant

The initial autoproteolysis analyses (Fig. 1A) indicates that the T203I variant remains
primarily as a single-chain precursor, even after two-days’ protein purification process at
4°C (Fig. 1A). Consistent with results in the literature [21], this finding indicates the T203lI
variant is deficient in autoactivation. Nonetheless, x-ray diffracting data clearly showed that
mutated enzyme inside the crystals is mainly in its autoprocessed form with autocleaved a.
and B subunits (see above). Together, these results suggest that the T203I variant is still
capable of autoprocessing into the mature form over the several days’ process of crystal
growth. To analyze this slower autoprocessing activity of the T203I variant, we monitored its
progress by incubating the purified T203I variant protein at 37°C for up to 32 hours, and
analyzed its autocleavage by the SDS-PAGE (Fig. 3A). Meanwhile samples at corresponding
time-points of the thermal incubation are also assayed for their hydrolase activities (Fig.
3B). As shown in Fig. 3A, the T203I precursor was able to slowly autoproteolyze into the
mature form with the a and B subunits. The ty/, of autoproteolysis for the T2031 variant is
~4 hours, compared to < 1 min for the WT [35]. Meanwhile, there is a small but significant
increase of hydrolase activities for the T203I variant, ~7% of the wild-type activity after 16-
hr in vitro autoactivation (Fig. 3B), correlating to a concurrent increase of the autocleaved
variant protein (Fig. 3A). In Figure 3B, the t score is 9.46 with a p-value 0.0007 when
comparing the 16-hr activities of T203I variant with the O-hr control. In contrast, the wild-
type GA actually had a small decrease of hydrolase activities over the same period of time,
probably due to a thermal denaturation. Further incubation at 37°C beyond 32 hours resulted
in a loss of hydrolase activity for both the wild-type and the T203I variant, again likely due
to enzyme denaturation and/or degradation during the thermal incubation.

3.6. Kinetic characterization of the T203l variant and wild-type enzyme

As shown in Figure 3A, vast majority of T203I variant precursor was able to complete
autoprocessing after 16-hr thermal incubation. This allows us to prepare T2031 mature
enzyme for measuring kinetic parameters of its hydrolysis activity. As demonstrated in
Figure 1A (lane T203l.1¢), after 16-hour /n vitro thermal incubation, vast majority of T203lI
precursor had been converted into the mature form with the a and B subunits. There was
however a residual fraction of sample recalcitrant to autoprocessing into the mature enzyme
even with a longer incubation, probably due to thermal denaturation (Figs. 1A and 3A).

Using the /n vitro autoprocessed sample of the T2031 variant shown in Figure 1A, we carried
out kinetic studies of the mature form of T203I variant and compared them to the WT GA.
Kinetic parameters Ky, and kgq¢ Of the variant and WT GA were determined using the
natural substrate NAcGlc-Asn. Typical Kinetic analyses of the initial rates as a function of
substrate concentration are shown in Figure 4. Wild-type enzyme had a Ky, for the natural
substrate NAcGlc-Asn of 0.090 mM, and the Acat was 14.18 s™1. These kinetic parameters
are similar to previously reported values for human and bacterial GA [28, 36]. Substitution
of the Thr-203 by lle greatly reduced the enzyme activities; both Ky, and Acat were
adversely affected (Table 3). The T203I variant had about 200-fold decreases in the Acat.
Relative to WT enzyme, the Ky, of T203I variant for the natural substrate was much less
affected than Acat, by only about two-fold. As a result, the specificity constant (Acat/Ky,) of
T203I variant was decreased by more than 300-fold when compared to the WT GA.
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3.7. A T203I-substrate complex model for structural analyses

As demonstrated in the SDS-PAGE above (Fig. 3A), T203I variant is capable of
autoprotolysis. However, the autoprocessed variant only has a low level of hydrolase activity
when compared to the WT enzyme. To analyze structural basis for the deficiency of T203lI
variant in hydrolysis, we modeled a T203I-substrate complex based on previously published
structure of the WT GA-substrate complex (2GL9) [31]. After a superimposition by all the
secondary structure elements, the substrate model from the WT-substrate complex was
placed into the apo-T203I variant enzyme structure, to build the T2031-substrate complex
structure. In this complex model (Fig. 5A), T203I has a slightly wider substrate-binding site.
Such a wide opening resembles the so-called “open conformation” that was also observed in
the apo-WT GA structure [6]. However, for the WT enzyme, binding of a substrate molecule
resulted in a narrower substrate site, called “closed conformation” [31] (Fig. 5A). In the
T203l1-substrate complex model, all the previously identified substrate binding residues
(W11, F13, S50, T152, R180, D183, G204, G206) are in close contact distances (less than 4
A) from the substrate model, except the mutated residue 11e203 (Fig. 5A).

Previously we have proposed that during hydrolysis of the substrate by the WT GA, the
side-chain hydroxyl group of Thr203 makes a hydrogen-bond contact with the carbonyl
oxygen atom of the substrate, to serve as the oxyanion hole to stabilize the reaction
intermediate [31]. However, as shown in Fig. 5A, substitution of the Thr-203 with an
isoleucine in the T203I variant would prevent such hydrogen-bond interactions into the
“closed conformation” to grasp the substrate. As a result, substrate hydrolysis is impeded
even after prolonged incubation at 37°C (Fig. 3B), likely due to the lack of an appropriate
oxyanion hole to stabilize the hydrolysis intermediate.

On the other hand, although the Acat values were adversely affected, small but detectible
reaction rates remained for the T2031 mature variant. It thus appears that the variant-
substrate complex is still capable of hydrolyzing the substrate slowly through a negatively
charged transition state. But the mutation of Thr-203 to a non-polar side chain lle appears to
abolish the original hydrogen-bond networking proposed for the oxyanion hole for
stabilizing the negatively charged reaction intermediate. To explain this low hydrolase
activity, we found, within the crystal structure of the variant enzyme, a nearby bound water
molecule that might fill in the role of the oxyanion hole. In the crystal structure, a bound
water molecule (#217) is located near the mutated Ile-203 (Fig. 2A). Upon substrate binding
to the variant enzyme, this water molecule could probably adjust slightly to form a
hydrogen-bonding interaction (~2.6 A) with the scissile carbonyl oxygen of the substrate
(Fig. 5B). Thus during the substrate hydrolysis by the T203I variant, this modeled water
molecule could be polarized to stabilize the negatively charged transition state. However,
even though the water molecule is located at an appropriate distance from the scissile
carbonyl, it is tilted away (by50°) from the carbonyl direction and therefore is not with an
ideal geometry to serve as an optimal oxyanion hole. This might explain why the T203I
variant is still capable of hydrolysis, but with a greatly reduced kcat.
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4. Discussion

Defective GA is produced in AGU patients due to various missense mutations or deletions,
mostly in the Finnish population but also found in other parts of the world. These variants
affect the activity of GA either by preventing its autoprotolysis activity and/or by affecting
hydrolysis of its natural substrate NAcGlc-Asn. In this study, the T203I variant, which is a
model enzyme for the Finnish AGU T234I variant, was found to be defective in its
autoproteolysis and is thus purified as an inactive single-chain precursor. We have previously
showed that GA precursor protein has structural constraints near the scissile peptide bond at
Thr152, with presumably a less stable conformation [7, 9, 37]. It thus requires a break by
autoprocessing at the scissile peptide-bond to relieve these structural constraints, for
conversion to a more energetically stable conformation. It is plausible that the T203lI
mutation results in a less constrained precursor conformation and therefore was trapped in
the pre-autoproteolysis precursor form [37]. This has been shown to be the case for another
Canadian AGU model G172D [16]. Structural studies of the T203I precursor protein are
necessary to confirm the lack of structural constraints as the cause of autoproteolysis
deficiency for the Finnish AGU variant.

This study also showed that the T203I variant precursor is still capable of a slow in vitro
autoprocessing into its mature form (Figure 3A), consistent with previously published data
[16]. Such a slow autoprocessing can happen either after several days’ crystallization at 4°C,
or by several hours’ thermal incubation at 37°C. Furthermore, hydrolysis activity of the
T203I variant appears to correlate with the amount of autocleaved T203I protein. Hence, it
appears that even though with a lower level of hydrolase activity relative to the wild-type
enzyme, the T203I variant is still capable of hydrolyzing the natural NAcGlc-Asn substrate
once the enzyme is autocleaved into the mature form. As demonstrated in this study (Figure
1A and Sections 3.5 & 3.6), one would need to be very careful about whether the kinetic
studies of GA or AGA hydrolysis are carried out using the mature form of enzyme. Even
though some kinetic characterization of a T203A variant had been reported before [28], it
appears that those data were based on its purified precursor protein, making data
interpretation complicated. In this study, we have characterized kinetic parameters of this
mature T2031 enzyme. Data indicate that replacement of the conserved Thr-203 with a
nonpolar side chain of isoleucine has negative impacts on both Ky, and kcat. The T203I
variant had about 200-fold decreases in Acat, whereas the Ky, of T203I variant was increased
to about two-fold relative to wild-type enzyme. All together, the specificity constant
(kcat/Kypy) of T2031 variant was reduced by more than 300-fold relative to the wild-type GA.

To study the mechanistic consequences of the Thr to Ile mutation, a T203I-substrate
complex model was generated. Residues W11, F13, S50, T152, R180 and D183 of the
variant all interact with the substrate similarly to the WT enzyme [31]. Figure 5A shows the
most significant interactions of the T2031 and WT GA with the substrate molecule. In the
variant complex model, residue G204 and 1203 acquired a wider opening (in the “open
conformation™) as compared to the WT-substrate complex (in the “closer conformation”).
For the wild-type GA, the proposed catalytic reaction mechanism of a substrate processing
is initiated by a Thr152 nucleophilic attack. The negatively charged intermediate is
stabilized by an oxyanion hole which is likely comprised of the hydroxyl group of Thr-203
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and main-chain nitrogen of Gly-204. For the T203I variant, after substrate binding, even if
main-chain nitrogen of Gly-204 can interact with the substrate, the side chain of Ile-203
lacks a hydroxy! group to make a hydrogen-bond contact and grasp the substrate into the
“closed conformation”. As a result, the hydrogen-bond network seen in the WT-substrate
complex to serve as the oxyanion hole is impaired. Nonetheless, presence of a nearby water
molecule (adjusted from the bound water# 217, Fig. 5B) might fill in the gap for a partial
stabilization of the reaction intermediate. This would explain the residual hydrolysis activity
of this variant after it becomes autoproteolyzed /n vitro. The complex structure model also
correlated well with the kinetic analyses using the NAcGIlc-Asn as substrate. The T203lI
variant showed an about 2-fold increase in Ky, with a more dramatic 200-fold reduction of
kcat. The relatively small change in Ky, by this variant appears to result from inability of the
non-polar lle-203 side-chain to grasp the substrate into the “closed” conformation. On the
other hand, the more dramatic reduction in kcat is consistent with the proposed mechanism
utilizing side-chain hydroxyl of the conserved Thr-203 to serve as the oxyanion hole. These
results are consistent with previous studies on T203A variant [28]. All these variants had
more dramatic impacts on kcat than Ky, confirming the roles of Thr-203 in substrate
hydrolysis more than on substrate binding.

Small molecule activators have been described to be able to enhance autoprocessing of
certain AGU-like variant precursors that were trapped in the inactive precursor form due to
some local misfolding. For example, glycine was reported to be able to increase the
autoprocessing of a GA D151G variant, resulting in a significant increase of hydrolase
activity [35]. Similarly, glycine and Betaine had been identified as small molecules that are
capable of enhancing autoprocessing of an US AGU variant T122K or the AGUgy variant
[17]. Thus, small molecule activators appear to be promising agents to treat autoprocessing
deficiency of some AGU-variants. However, it is worth noting that this approach might not
be suitable for other types of AGU variants. For example, some AGU mutations result in a
truncated polypeptide, which would need to be rescued by reagents other than an
autoproteolysis activator [38]. Furthermore, mutations at the catalytic site, such as the T203I
variant studied in this report, would likely require more than an autoprocessing activator to
rescue its defective oxyanion hole for substrate hydrolysis. Further studies are essential to
fine-tune appropriate treatments for different types of AGU variants.
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NAcGIc-Asn N4-(B-N-acetylglucosaminyl)-L-asparagine
Ntn N-terminal nucleophile
rmsd root mean square deviation/displacement
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Figure 1. Autoproteolysis and hydrolysis activities of AGU T203I variant relative to the wild-type
GA

(A) SDS-PAGE analysis of T203I variant. Lane M represents a mixture of molecular weight
markers. Lanes WT and T203lI are purified wild-type GA and AGU variant, respectively. To
generate mature form of the T203I variant for kinetic studies (in Figure 4), freshly purified
T203I precursor protein (lane T2031) was autoprocessed further 7 vitro by incubating for 16
hours at 37°C (lane T203l.4¢) in a solution of 100 mM Tris, pH 7.5, 50 mM NacCl, and 10
mM EDTA. The precursor (a-p), and autocleaved subunits (a and ), are marked.

(B) Hydrolysis activity. The activity of wild-type GA is normalized to 100%. Data are
average of three repeats with standard error shown as an error bar.
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Figure 2. Electron density maps at the catalytic site of the T2031 variant and another precursor
variant

(A) Electron density map of the T203I variant. The cyan electron density corresponds to a
2F,-F¢ type map at 1.6 A resolution contoured at the 1.2-o level. The hydrolytic nucleophile
is the side-chain hydroxyl group of Thr152. Side chains of a few key active site residues are
shown by atom type: yellow for carbon atoms, blue for nitrogen atoms, red for oxygen
atoms. A bound water molecule (H,O 217) is shown as a red sphere.

(B) Side-by-side comparison of electron density maps between the autocleaved T203lI
variant (left panel) and a precursor G172D variant published before (right panel) [16]. Color
schemes are the same as in (A). Note the contrast between the well resolved density at T152
of the left panel, and the continuous density in the right panel for the P-loop (N149-T152).
In the left panel, a surface loop (R49-G54) moves closer to T152, suggesting the P-loop had
been autocleaved and released out of the space.
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Figure 3. Time course of autoprocessing and corresponding hydrolysis activities of the T203I
variant

(A) In vitro autoproteolysis analysis of the T203I variant. Autoproteolysis of purified T203I
precursor protein was initiated by incubating the precursor at 37°C in a solution of 100 mM
Tris, pH 7.5, 50 mM NaCl, and 10 mM EDTA. Aliquots were then removed at various time
points, as indicated, and analyzed by SDS-PAGE. The precursor (a+p), autocleaved subunits
(a and B) are marked. Lanes M and WT are a mixture of molecular weight markers and the
wild- type GA, respectively.

(B) Enzyme hydrolysis assays. Purified AGU variant or wild-type GA proteins were
incubated at 37 °C for 0-32 hours before measuring their hydrolase activities. See
Experimental Procedures for detailed assay conditions. Activity of wild-type GA at 0 hr is
normalized to 100%. Data are averages of 3 repeats + standard errors.
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Figure 4. Kinetic analyses of the T2031 mature hydrolase and the wild-type GA
Purified and /n vitro autoprocessed T203I1 (Figure 1A, lane T203l.1¢) as well as wild-type

GA (0.04 pg) were used to determine the catalytic parameters Ky, and kcat of hydrolysis of
NAcGIc-Asn as substrate. Initial rates (V) were calculated based on reactions at three
different time points, and are expressed in unit of nmoles/min/ug-protein for T2031 variant
(—®@—) and the wild-type GA (inset, —O—).
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Figure 5. Model of T203I-substrate complex, and its hydrolytic mechanism
(A) Model of T203I-substrate complex. Hydrogen-bond contacts between the T2031 variant

and the modelled substrate NAcGlc-Asn. Active site residues of the T2031 enzyme are
shown in green, whereas NAcGIlc-Asn substrate is shown in magenta. For comparison, the
wild-type structure in complex with the substrate [31] is also shown in blue. Dash lines
indicate the hydrogen-bond interactions with distances in angstroms (A).

(B) The proposed catalytic mechanism. Hydrolysis of a substrate by T203lI is carried out via
Thr152 nucleophilic attack and an oxyanion hole made up with a nearby water molecule.
Dashed lines represent hydrogen bond interactions with distances designated in angstroms.
Large dotted circle represents the speculative oxyanion hole, and small red sphere represents
a modeled water molecule slightly adjusted from the bound H,O #217 (see Fig. 2).
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Table 1

Different numbering schemes of two selected AGU variants and the model GAZ4.

Finnish AGU in this study  1st published AGU structure

- signal peptide T2341 G203D
+ signal peptide T2571 G226D
model GA (- signal peptide) T203I G172D

aNumbering differences are due to whether counting signal peptide and/or different lengths of the P-loop that connects the a and B subunits in the
precursors.
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Table 2

Crystallographic data collection and refinement statistics.

Resolution (A)2

61.8-1.60 (1.63-1.60)

Space group P2,
Cell dimensions

a, b, c(A) 45.9, 96.5, 61.7

a, By () 90.0 90.3 90.0
No. of molecules per asymmetric unit 2
I/sigma-1 16.8 (7.6)
Completeness (%0) 97.3 (94.9)
Reym (%)? 6.8 (20.0)
Structure refinement Resolution (A) 20.0 - 1.60
No. of reflections 65,359
Ruori’ 0.169
Riree? 0.197
R.m.s. deviations®

Bond-lengths (A) 0.02

Bond-angles (°) 2.13
Ramachandran plot

Most favored regions (%0) 97.1

Additional allowed regions (%) 25

Outliners (%) 0.4
B-factors (A?)

Main chain 11.6

Side chain 15.8

Water 20.4

a . . L
Numbers in parenthesis refer to the outermost resolution bin.

b . . . . .
Rsym = ZhZi | Ini = In |/ ZhZilni for the intensity (I) of i observation of reflection h.
chork =X | Fobs — Fcalc |/ Z | Fobs |, where Fgps and Fcalc are the observed and calculated structure factor amplitudes, respectively.

a A . . ]
Rfree Was calculated as Ryyork, but with 5% of the amplitudes chosen randomly and omitted from the start of refinement.

e o o .
R.m.s. deviations are deviations from ideal geometry.
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Table 3
Kinetic parameters of wild-type GA and the AGU variant.

Enzyme wild-type GA  AGU T203I variant
Ky (MM) 0.090+0.018  0.166+0.029

Keat (seC71) 14.18+0.99 0.08+0.01

Keat! Km (sec™'mM™) 160 0.48

FEBS Lett. Author manuscript; available in PMC 2019 August 01.

Page 20



	Abstract
	1. Introduction
	2. Materials and Methods
	2.1. Protein expression and purification
	2.2. Hydrolase activity assay
	2.3. Crystallization and data collection
	2.4. Structure determination and refinement
	2.5. Complex model building
	2.6. Protein Data Bank accession codes

	3. Results
	3.1. Generation of a T203I variant as a model enzyme for the AGU T234I variant
	3.2. Hydrolase activities of the T203I model enzyme
	3.3. Structure determination of the T203I variant
	3.4. Structural comparisons between the autocleaved T203I and the wild-type GA enzyme
	3.5. Slow autoactivation of the T203I variant
	3.6. Kinetic characterization of the T203I variant and wild-type enzyme
	3.7. A T203I-substrate complex model for structural analyses

	4. Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1
	Table 2
	Table 3

