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Abstract

Human phosphoglucomutase 1 (PGM1) plays a central role in cellular glucose homeostasis,
mediating the switch between glycolysis and gluconeogenesis through the conversion of glucose
1-phosphate and glucose 6-phosphate. Recent clinical studies have identified mutations in this
enzyme as the cause of PGM1 deficiency, an inborn error of metabolism classified as both a
glycogen storage disease and a congenital disorder of glycosylation. Reported here are the first
crystal structures of two disease-related missense variants of PGM1, along with the structure of the
wild-type enzyme. Two independent glycine to arginine substitutions (G121R and G291R), both
affecting key active site loops of PGM1, are found to induce regions of structural disorder, as
evidenced by a nearly complete loss of electron density for as many as 23 amino acids. The
disordered regions are not contiguous in sequence to the site of mutation, and even cross domain
boundaries. Other structural rearrangements include changes in the conformations of loops and
side chains, some of which occur nearly 20 A away from the site of mutation. The induced
structural disorder is correlated with increased sensitivity to proteolysis and lower resolution
diffraction, particularly for the G291R variant. Examination of the multi-domain effects of these
G—R mutations establishes a correlation between interdomain interfaces of the enzyme and
missense variants of PGM1 associated with disease. These crystal structures provide the first
insights into the structural basis of enzyme dysfunction in PGM1 deficiency, and highlight a
growing role for biophysical characterization of proteins in the field of precision medicine.

Introduction

The enzyme PGML1 is well known for its central role in human metabolism, where it
mediates the switch between glycolysis and gluconeogenesis. It catalyzes the
interconversion of glucose 1-phosphate and glucose 6-phosphate, which also serve as
precursors for the nucleotide sugar, galactose, and pentose phosphate pathways. In 2014, a
landmark study identified PGM1 deficiency as a hereditary genetic disorder, with
characteristics of both a glycogen storage disease (GSDXIV, MIM 612934) and a congenital
disorder of glycosylation (CDG) of types | and Il [1]. Affected individuals show varying
clinical phenotypes, including hepatopathy, dilated cardiomyopathy, hypoglycemia, muscle
weakness, exercise intolerance, growth retardation, and congenital malformations of the
head such as cleft palate. PGM1 deficiency is autosomal recessive in inheritance, and
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associated with various types of mutations, including frame shifts, aberrant splicing, and
missense variants. To date, the number of affected patients identified is small (~35) but
growing [1-7]. Due to the recent characterization of this inherited condition, a biochemical
understanding of the disease is not complete, and many questions remain regarding patient
prognosis and possible treatments [8].

PGML1 is a cytoplasmic protein with 562 amino acids and is expressed in many human
tissues. It belongs to the ubiquitous a-D-phosphohexomutase superfamily, members of
which are found in organisms from all kingdoms of life [9]. The catalytic mechanism of
phosphoglucomutase from rabbit (97% sequence identity to human) was extensively
characterized over several decades by Ray and coworkers ([10] and references therein), who
proposed the scheme shown in Fig. 1. The reaction entails two consecutive phosphoryl
transfers and proceeds via a bisphosphorylated intermediate. The first phosphoryl transfer
takes place from a conserved phosphoserine residue (Ser117) to substrate, creating glucose
1,6-bisphosphate. The intermediate reorients in the active site, and the second phosphoryl
transfer occurs from the intermediate back to the protein, creating product and regenerating
the active (phosphorylated) version of the enzyme. The reaction is highly reversible,
facilitating the role of the enzyme as a metabolic switch.

The identification of PGM1 deficiency as an inherited disease provides new opportunities
for understanding this critical human enzyme and its role in metabolism. A number of
disease-related missense variants have been biochemically characterized, showing effects on
key regions/residues with proposed roles in enzyme function [11]. To date, however, no
structural information is available for these mutants, leaving open questions regarding the
nature and extent of their impact on protein structure. Here, we address this for the first time
by solving crystal structures of two missense variants of PGM1, both of which contain a
single Gly— Arg substitution. Previous work had shown that recombinant versions of these
proteins, G121R and G291R, are well behaved in solution, but have significant catalytic
defects [11]. Through comparison with the high-resolution crystal structure of wild-type
(WT) human PGML1, also reported here, we find that both mutant enzymes suffer from
regions of induced structural disorder and other effects resulting from the dramatic change in
physicochemical characteristics at the site of mutation. The structural impacts of the
mutation include both local and longer-range (i.e., >10 A away) effects, and in some cases
extend across domain boundaries. We also establish a correlation between the location of
other known missense variants and interdomain interfaces of PGM1. These studies provide
the first insights into the molecular origin of enzyme dysfunction responsible for PGM1
deficiency, and may have relevance for future /n vivo and clinical studies of this inborn error
of metabolism.

Overview of the wild-type structure

The high-resolution structure of human WT PGML1 is reported here for the first time.
Previous models of human PGM1 relied on the known structure of the rabbit enzyme, which
has been refined to a nominal resolution of 2.4 A (PDB code: 3PMG) [12]. Our 1.85 A
structure (Table 1 and Materials and Methods) confirms many of the features of this model,
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but provides additional detail on inter-residue interactions, as well as solvent and sulfate
binding sites. We first describe the overall structure of the enzyme, and then the context of
the glycines affected by the disease-related mutations G121R and G291R. Although the two
copies of the polypeptide chain found in the asymmetric unit are chemically identical, chain
A is more highly ordered in the crystals, and is used as the reference in structural
descriptions below, unless otherwise noted.

Human PGML1 is a monomeric protein that shares the four-domain architecture common to
all enzymes in the a-D-phosphohexomutase superfamily [9]. Its four domains are of roughly
equal size, and arranged in an overall heart-shape (Fig. 2a). As noted in the structure of
rabbit PGM [13], domains 1-3 share a common mixed a./p core, with a central 4-stranded f-
sheet flanked on each side by an a-helix. The active site of PGML1 is located in a large
central cleft, formed at the confluence of its four structural domains. This cleft has a
molecular surface area of 1670 A2 as calculated by CASTp [14], and involves 64 residues. It
is quite hydrophilic, with nearly 70% of residues being charged or polar (including 11
arginines and lysines), as would be expected for binding of the phosphosugar substrates.

Proposed functional roles of four critical loops within the active site of PGM1 have been
previously described (for detailed review see [15]). These loops are from domains 1-4 (D1-
D4), respectively, and contain: i) phosphoserine 117 that participates in phosphoryl transfer;
ii) the metal-binding loop including the three coordinating aspartates (residues 290, 292 and
294); iii) a sugar-binding loop; and iv) the phosphate-binding site that interacts with the
phosphate group of the substrates. Fig. 2b shows a close-up view of these regions in the
active site of PGM1; their context in the structure is described below.

Loops i and ii—The phosphoserine and metal binding loops in D1 and D2 are found in
close proximity to one another, as required for their joint function in catalysis: Mg2* serves
as an electron-withdrawing group to facilitate phosphoryl transfer from phosphoserine 117
(Fig. 1). Phosphoserine 117 resides within a highly conserved TASHNP sequence motif
(residues 115-120), and forms an Q loop that is partially exposed to solvent. Ser117 is found
in its dephosphorylated state in the crystal structure, and its side chain O+ provides one
ligand to the bound Mg?* ion. The metal ion is coordinated in octahedral geometry: in
addition to Ser117, ligands include three aspartates (residues 288, 290, and 292) and two
water molecules. Other nearby residues with proposed roles in phosphoryl transfer include
Arg23, which is strictly conserved in the enzyme superfamily, and a potential candidate for
the general acid in the reaction [16]. Lys389 is a candidate for the general base: it is
analogous to Lys409 of S. typhimurium PGM, which when mutated to alanine shows a
3000-fold reduction in Agy; [16].

Loop iii—Residues in this loop of D3 are proposed to make key contacts with the O3 and
04 hydroxyl groups of the phosphosugar substrates. The GEESF motif (residues 375-379)
is highly conserved in phosphoglucomutases [17], with both Glu376 and Ser378 of human
PGML1 proposed to make direct interactions with the O3 and O4 sugar hydroxyls (see model
of ligand in Fig. 2b). These residues are precisely oriented such that they can contact the
hydroxyl groups of either glucose 1-phosphate or glucose 6-phosphate, which bind in two
different orientations in the active site [18]. This dual-binding mode is essential to the
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reversibility of the PGM1 reaction, allowing it to use either glucose 1-phosphate or glucose
6-phosphate as substrate.

Loop iv—This region contains residues from two B-strands and a loop in D4 that are
proposed to interact with the phosphate group of the substrate/product when bound in the
active site. In the crystal structures of WT enzyme and both mutants, a sulfate ion derived
from the crystallization buffer is found in this location (Fig. 2b). This sulfate acts as
structural mimic for the phosphate group of the substrate, and confirms the identity of key
residues involved in direct phosphate contacts, including the side chains of Arg503, Ser505,
and Arg515, as well as the backbone amide of Gly506. Several residues in this loop (507—
509) are missing from the electron density maps, suggesting they are mobile. This would be
consistent with motion of the loop during the catalytic cycle, whereby it closes upon
substrate binding and opens to release product.

Context of glycines 121 and 291 in the WT structure

Gly121 is located immediately following loop (i), just after the highly conserved TASHNP
motif. In the WT structure, Gly121 is in a partially buried region between two turns, and has
¢/ angles of ~130/175°, which are uncommon except for glycine. Gly121 makes no direct
contacts to other residues, but is located at the interface between D1 and D2 of the protein
(Fig. 2b), adjacent to a short helix (residues 257-259) and extended region (residues 260-
269) in D2.

Gly291 is found within loop (ii), the metal binding loop of PGML1. This loop is deeply
buried within the active site cleft, and adjacent to residues from both D1 and D3 (Fig. 2b).
Gly291 is the intervening residue between Asp290 and Asp292, both of which coordinate
the metal ion. Its ¢/ angles are ~80/10°, values preferred for glycine. Gly291 makes several
interactions with other residues, including a hydrogen bond between its backbone amide
proton and the side chain of Asp288, and two hydrogen bonds from its backbone carbonyl to
the amide of Gly391 and a water-mediated interaction to the backbone amide of Leu393.

Structure of the G121R missense variant

The crystal structure of the G121R missense variant was determined to 2.35 A (Table 1;
Materials and Methods). Fig. 3a,b show an overview of the structure of the mutant,
superimposed with that of WT enzyme. While the two structures are quite similar with an
overall root-mean-square-deviation (rmsd) of 0.51 A for 540 C, pairs), the mutation
produces both local and longer-range structural changes in the enzyme. In the vicinity of
residue 121, the introduced arginine displaces the side chain of a nearby residue, Phe257,
which packs in the interface between D1 and D2 in the WT structure (Fig. 3c). In its place,
Arg121 makes adventitious hydrogen bond interactions with the backbone carbonyls of
Leu254 and Asp62 (Fig. 3d). These fortuitous interactions appear to compensate for the
introduction of the polar, positively charged side chain of the arginine, which would
otherwise be unfavorable in this buried environment. Despite the proximity of the G121R
mutant to active site loops (i) and (ii), few changes to this region are observed, at least in
chain A in the crystal structure. In chain B, which is less well ordered, neither the side chain
of Arg121 nor loop (i) is clearly observed.
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In addition to this local structural rearrangement, longer-range changes also occur,
particularly in the adjacent region of D2. Electron density for the displaced side chain of
Phe257 cannot be located in the maps, and subsequent to this residue, density for the entire
polypeptide chain disappears and does not clearly reappear until approximately residue 265,
presumably due to dynamic disorder in the crystal. A comparison of this area in the G121R
and WT enzyme structures is shown in Fig. 3c. Although these residues have limited regular
secondary structure in the WT enzyme, a number of well-defined inter-residue interactions
involving this region are evident, all of which are lost in the structure of the mutant. The
induced structural disorder appears to originate from the steric rearrangement of Phe257
forced by the arginine substitution, and subsequent accommodation of its side chain in the
D1-D2 interface. Despite the extended region of disorder in the middle of the sequence, the
polypeptide chain eventually returns to its proper course, adopting an essentially WT fold
following residue 270. In total, the propagated effects of the G121R substitution extend
more than 17 A from the site of the mutation, with induced disorder of seven amino acids
(Table 2).

Structure of the G291R missense variant

The crystal structure of the G291R missense variant was determined to 2.75 A (Table 1;
Materials and Methods). Despite crystals of similar size, diffraction data collected from
these crystals were noticeably lower in resolution compared to WT (1.85 A) and the G121R
mutant (2.5 A). The structure of the G291R missense variant superimposed with that of WT
enzyme is shown in Fig. 4a,b. As is the case for G121R, the overall structure of G291R is
quite similar to that of WT (C, rmsd of 0.83 A for 525 residues). Nevertheless, the single
arginine substitution causes widespread structural changes, including induced disorder in
three loops near the active site, as well as conformational rearrangements and differences in
residue packing (Fig. 4c), as detailed below.

In the G291R structure, loop (ii) shows changes in the conformation of both its polypeptide
backbone and side chains. The corresponding areas of the WT and G291R structures are
displayed in Fig. 4d,e. The backbone angles of the polypeptide chain of G291R have altered
to accommodate the introduced arginine side chain and the less flexible backbone of this
residue relative to glycine, moving the loop to a more solvent-exposed position in the active
site cleft. Accompanying the backbone changes are significant differences in the orientations
of the three metal-coordinating aspartates, with concomitant destruction of the metal-binding
site. Aspartates 290 and 292, in particular, reorient dramatically: Asp290 becomes fully
solvent exposed, while Asp292 makes a novel hydrogen bond interaction with Thr93 (Fig.
4e). The introduced arginine side chain is apparent in the electron density maps of chain A,
where it points directly toward the center of the positively charged active site cleft. This
unfavorable electrostatic environment may be mitigated by interactions with a sulfate ion
and the high pH of the crystals (see Materials and Methods), which would tend to
deprotonate Arg291 and/or other nearby positive residues.

Another apparent outcome of the conformational rearrangement of loop (ii) is induced
disorder in the phosphoserine loop (i) of D1. As can be seen by comparing Fig. 4d and e, the
native conformation of this loop would be in steric conflict with the rearranged position of

J Mol Biol. Author manuscript; available in PMC 2018 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stiers et al.

Page 6

loop (ii) in the mutant. Consequently, residues 117-125 are disordered in the electron
density maps of the G291R mutant. In an apparent series of propagated changes, several
other nearby loops are also disordered, including another in D1 (residues 64-65) and a larger
region in D2 (residues 256-267). In total, 23 residues in two domains are affected by
induced disorder in the structure of G291R mutant (Table 2), including some that are nearly
20 A away from the site of the mutation. Other structural effects include changes in the
packing of residues, such as Trp359 (Fig. 4c), which is one of several residues near loop (ii)
that appear to have adjusted in response to its rearranged conformation. Thus, while the
overall structure of the enzyme remains largely intact, changes due to this single residue
substitution propagate across the protein, affecting multiple residues and domains.

Correlation between structural and biochemical data

The crystal structures of the G121R and G291R missense variants provide a valuable
opportunity for understanding biochemical data on these disease-related mutants [11].
Previous work on G121R showed that this protein is well expressed in £. coli, soluble, and
its apparent molecular weight in solution is similar to WT enzyme. Likewise, its near-UV
circular dichroism spectrum and Ty, (only 1° lower) are quite similar to those of WT,
although its interaction with the fluorescent dye 1-anilinonaphthalene-8-sulfonic acid (ANS)
shows a moderate increase. Its catalytic activity is nevertheless significantly compromised,
with Aot / K only 0.4% of WT (Table 2), although Ser117 in the mutant protein can still be
phosphorylated by the activator glucose 1,6-bisphosphate. The structural studies of this
variant, showing various perturbations near the active site cleft, are consistent with its
catalytic impairment, which is significant but not complete. At least in chain A of the crystal
structure, the position of Ser117 and the metal-binding loop are quite similar to WT,
implying the mutant should be competent for catalysis. Disorder of loop (i) in chain B of the
crystals, however, suggests that the mutant protein may exist as an inactive conformer more
frequently than the WT enzyme. Together with other effects, including many small changes
in/near the active site environment due to the disordered regions, it is not difficult to
rationalize an overall decrease in the catalytic efficiency of G121R.

In the case of G291R, the structural disruption is more extensive, and this is reflected in the
extreme catalytic defect of this mutant, which is the most impaired of all the PGM1
missense variants characterized to date (activity below detection in /n vitro kinetic assays;
Table 2) [11]. The inactivity of G291R is consistent with structural effects of the mutation on
key loops within the active site, perturbing both metal binding and phosphoryl transfer, two
essential features of the reaction. Defects in these processes are also reflected by the
inability of the G291R variant to be phosphorylated under the conditions tested. While not
directly linked to catalysis, the disordered loop containing residues 64—65 disrupts a
conserved salt-bridge between Asp62 and Arg64, which in turn makes multiple interactions
with loop (i) in the WT structure. Absence of these anchoring interactions with the critical
phosphoserine loop would be a further impediment to phosphoryl transfer by this mutant
protein.

The structural effects of the G291R missense variant are also interesting to consider in light
of other biochemical data on this protein [11]. The mutant is generally well expressed in £.
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coliand soluble, although not quite at WT levels. In solution, the purified protein is well
behaved with a similar apparent molecular weight to WT enzyme, while its T, is a bit lower
(~3°). Notably, however, its binding to ANS is significantly increased, and the G291R
mutant is also more susceptible to limited proteolysis. These results make sense based on the
observed changes in the crystal structure, particularly the regions of induced disorder, which
could be easily proteolyzed. Similarly, the perturbation of the 3-way domain interface in
which this residue is involved, and concomitant changes in residue packing (Fig. 4c), can be
easily envisioned to allow enhanced binding of ANS, which typically occurs in apolar
crevices in protein structures [19]. In the future, it may be informative to conduct studies
such as ANS-binding and limited proteolysis in the presence and absence of ligand, to
determine whether ligand binding can mitigate the disordered regions of structure in mutants
such as G121R and G291R.

Missense variants of PGM1 cluster in domain-domain interfaces

In light of the multi-domain effects of the G121R and G291R mutants, we analyzed other
disease-related missense variants of PGML relative to the interdomain interfaces of the
protein. The conserved four-domain architecture of PGM1 and the location of the active site
cleft at the juncture of these structural domains (Fig. 2A) imply that mutations in these
regions could be disproportionately disruptive to enzyme function. Moreover, in addition to
the 13 originally characterized [11], several new missense mutants of PGM1 associated with
disease have recently been identified [6]. These include G230E, T337M, P336R, R422W,
R503Q, and R515L (Fig. 5). It can be seen that these new variants expand the structural
regions associated with enzyme dysfunction: while many are near the active site cleft,
others, such as G230E and R422W, are more distant from known regions of functional
importance.

To assess the potential correlation between domain interfaces and the pathogenicity of
missense variants, residues in the structure of WT PGM1 involved in each possible domain-
domain interface were identified using LigPlot+ [20] and are detailed in Supplementary Fig.
S1. Of the six potential interfaces, four have contacting residues in the crystal structure: D1-
D2, D1-D3, D2-D3, and D3-D4. Each interface includes at least one known disease-related
mutation, although most are in either the D1-D2 or D3-D4 interface (see following
paragraph). Notably, only one of the known missense variants resides in two distinct domain
interfaces: G291R, which contacts residues in D1, D2, and D3 (see also Fig. 4c). Although
not affected by known mutations, 13 other residues in PGM1 are also involved in 3-way
domain interactions (Supplementary Fig. S1) and might also be expected to be especially
sensitive to structural perturbation by mutation.

As many of the known missense mutations localize to the D1-D2 and D3-D4 interfaces, it is
convenient to consider domains 2 and 3 (residues 192-421) as a single structural unit (D2/3),
and the interface between this unit and the rest of the enzyme as a single, extended surface
(blue in Fig. 5). This large interface contains 101 residues out of 562 in the protein (18%),
including much of the active site cleft, but also extends to include regions between D1-D2
and D3-D4 that are relatively far from the catalytic center. Using this convention, it can be
seen that the interface with the D2/3 unit encompasses 11 of the 18 residues affected by
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missense variants of PGM1, while four others are immediately adjacent (a combined total of
83%). Thus it appears that mutations in this interface account for a striking proportion of the
currently recognized disease-related variants of PGML1. It remains to be seen whether this
distribution will change as new missense mutants are identified.

In addition to G121R and G291R, these interdomain mutations include many previously
categorized as deleterious to catalysis (D62H, T115A, G121R, G230E, D263G/Y, G291R,
T337M, and R503Q) [6,11]. However, several also appear to cause folding problems
(P336R, E377K, E388K, and R422W) [6,11]. This suggests that a gradation of effects can
occur due to substitutions at this interdomain interface, with the functional outcome
dependent on factors such as the physicochemical change of the mutation and the structural
interactions of the WT residue. It should be noted that several missense variants of PGM1
fall well outside of the D2/3 interface, suggesting the presence of additional “residue
clusters” (e.g., residues 38 and 41, Fig. 5) with distinct functional roles, perhaps in protein
folding. Mutants affecting residue 38 and 41 also tend to have milder clinical phenotypes
than those affecting the interface residues [6], although the heterozygous backgrounds and
limited number of patients prohibits a definitive analysis.

DISCUSSION

Missense mutations are the most common genetic variation associated with monogenic
disease, with >70,000 examples currently found in the Human Gene Mutation Database
[21]. Decreased stability and folding problems are estimated to account for the pathogenicity
of more than two-thirds of these [22,23], resulting in problems such as aggregation,
improper trafficking, and rapid degradation. Less frequently, missense mutants are identified
that directly impact function, i.e., affecting key catalytic residues or causing discrete
structural changes like disruption of hydrogen bonding networks. While biochemical studies
have been conducted on hundreds of missense variants responsible for human disease,
parallel structural studies are not nearly as common, particularly for mutants with effects on
protein folding/stability. Hence, while the importance of missense variants in human disease
is well appreciated, a molecular understanding of the results of the mutation is often elusive
[24], with many studies relying on modeling or other computational methods to predict
likely effects.

Here we provide direct structural insights into the molecular basis of enzyme dysfunction for
two Gly— Arg missense mutations associated with PGM1 deficiency. The structural studies
of these two variants reveal multiple changes as a result of the single amino acid
substitution, including the complete loss of previously ordered regions of the polypeptide
chain. In lieu of structural information, biochemical data on the G121R and G291R variants
suggested they be categorized as a “catalytic mutants” rather than defective in protein
folding. The crystallographic studies reveal that induced structural disorder affecting key
residues in/near the active site is likely involved in this catalytic impairment, along with
other structural changes such as conformational rearrangements. In essence, this blends the
two previously suggested categories of enzyme dysfunction [11], suggesting that small
regions of disordered structure may be one source of catalytic defects in missense variants of
PGML.
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The G—R substitution in the G121R and G291R mutants is one of the more dramatic
physicochemical changes among the disease-related variants of PGML1 [15], and is also one
of the two variants most frequently associated with human disease in general [25,26]. Given
the obvious differences between glycine and arginine, structural repercussions on the
enzyme are not unexpected. Indeed, it may be more surprising that the overall tertiary fold of
PGM1 remains largely intact, despite the structural impacts of the mutation. It appears that
the structural scaffold of PGM1 has a high threshold of robustness, i.e., an excess of stability
that buffers the destabilizing effects of mutations [23], which may be a testimony to the long
evolutionary history of phosphoglucomutases. Also, as established in other systems [27], the
multi-domain architecture of the enzyme could offer advantages, allowing individual
domains “fold up” around the site(s) of structural disruption, despite their internal locations
in the polypeptide chain. For several related proteins ([28,29] and PDB code: 1WJW),
isolated versions of D4 fold correctly, supporting the notion of independent domain folding
in this enzyme superfamily.

As is true for many enzymes, the active site of PGML1 is formed at the juncture of its
structural domains, and this cleft includes many of the known disease-related mutants.
However, by considering the D2/3 interface, a larger area of high mutational density is
defined, that includes several additional missense variants. This perspective appears to
connect disparate structural regions of PGM1 with the observed pathogenic effects of the
mutations, and thus may have potential utility for predicting clinical phenotypes as new
missense variants of PGM1 are identified. Moreover, we expect this theme could be relevant
to many human diseases, given the preponderance of multi-domain proteins in the proteomes
of higher organisms [30]. Several other proteins involved in inherited disorders also have
missense variants that localize to interdomain interfaces [31-33], although their distribution
across the 3D-structure is much wider overall, perhaps due to the larger number of mutations
identified.

By combining the insights gained from the crystal structures of PGM1 with previous
biochemical data [11], it is possible to assess, in retrospect, the utility of various assays used
to characterize these mutant proteins. On one hand, assays monitoring global changes in
protein behavior, like circular dichroism or dynamic light scattering, were not informative, at
least with regard to the presence of induced structural disorder. On the other hand, methods
such as the binding of ANS and limited proteolysis, appear to correlate well with the
structural data. Accordingly, we can propose that several other disease-related PGM1
mutants may also suffer from induced structural disorder. This would include D62H and
T115A, two mutants with profiles that fall between those of G121R and G291R in ANS-
binding spectra [11]. In contrast, other missense mutants, such as D263Y and T19A, show
little change from WT enzyme in this assay, suggesting that their defects discretely affect
catalysis/ligand binding, rather than protein structure. As many other proteins have missense
variants that show differences in such assays (e.g., [34-36]), it is possible that induced
disorder is a common outcome of disease-related mutations, which is underappreciated due
to lack of structural information.

Overall, it seems that a combination of structural, kinetic, and other biochemical assays
should be considered to fully describe the biochemical phenotype of the PGM1 missense
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variants. These characterizations may help direct and interpret future /n vivo studies. For
example, it will be intriguing to see whether “slightly misfolded” variants of PGM1, such as
G121R and G291R, are targeted for degradation by the proteasome in human cells. Such
studies have not yet been conducted, but if this turns out to be the case, use of these assays
on newly identified variants might help suggest patients who would benefit from treatment
with proteasome inhibitors. Proteostasis regulators have proven useful in the treatment of
other inherited diseases associated with variants that affect protein folding and or stability
[37].

Due to the recent recognition of PGM1 deficiency in the clinical literature, and the mild
phenotypes of some patients, the number of individuals confirmed with this disorder is still
quite small. To date, only one person with the G121R mutation in PGM1 has been identified,
who was homozygous for the mutation and deceased at age 8 with end stage dilated
cardiomyopathy [1]. In the case of G291R, two unrelated patients are known, both
heterozygous for other mutations in PGML1 (either a nonsense or different missense mutant),
and who have mild-moderate phenotypes [1,2,6]. Our structural studies therefore represent
“personalized” crystal structures, a new tool in the growing field of precision medicine
[38,39]. Such structures are likely to have a growing role in the understanding and treatment
of inherited disease. In the case of PGM1 deficiency, structural studies may be especially
relevant given difficulties in correlating /n vitro enzyme activity with patient phenotype [6].
Additional crystal structures of other missense variants PGM1 will likely provide further
insights into the molecular bases of enzyme dysfunction. In combination with future clinical
and /n vivo studies, this should help unravel the multiple patient phenotypes associated with
PGML1 deficiency.

Material and Methods

Protein expression, purification, and crystallization

Human WT PGM1 and the G121R and G291R missense variants were expressed
recombinantly in £. coli and purified to homogeneity via an N-terminal histidine tag, as
previously described [11]. Prior to crystallization, the histidine tag was removed by cleavage
with tobacco etch virus (TEV) protease as follows. Proteins were dialyzed into Buffer 1 (0.3
M NaCl and 50 mM Tris, pH 8.0), then mixed at 10-20 fold ratio (w/w) with TEV protease
(Buffer 1 with 0.5 mM DTT and 0.5 mM EDTA) and glycerol (10% v/v final). The mixture
was incubated at room temperature for 3—4 hours, kept overnight at 4° C, and extensively
dialyzed into Buffer 1 before loading onto a pre-equilibrated Ni-NTA column. Cleaved
protein eluted in the flow through; TEV and any residual His-tagged proteins were retained
on the column, and eluted with Buffer 1 plus 300 mM imidazole, pH 8.0. Successful
cleavage was confirmed by electrospray ionization mass spectrometry; all proteins were the
expected molecular weight with no indication of proteolysis. The purified, cleaved proteins
were dialyzed into a solution of 50 MM MOPS, pH 7.4, with 1 mM MgCl,, and
concentrated to ~10 mg / mL or higher. If not used immediately, samples were flash-frozen
in liquid nitrogen and stored at —80° C. Prior to crystallization, the protein was diluted as
desired and 0.22 um filtered.
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Initial crystallization screens were set up with Crystal Screen kits 1 and 2 (Hampton
Research) and Wizard screen kits 1 and 2 (Emerald BioSystems Inc.) at protein
concentrations ranging from 10-18 mg / mL using the hanging drop vapor diffusion method
at 20° C. Drops containing 2 pl protein solution and 2 pl crystallization buffer were sealed
over a 0.5 mL reservoir. The WT protein crystallized successfully in a range of conditions
from ammonium or lithium sulfate (1.35 — 1.85 M) with either 0.1 M buffer of MES, pH 6.0,
or Tris HCI, pH 7.5 — 8.5. Crystals grew in approximately one week. The G121R mutant
crystallized in ~1.5 M ammonium sulfate with lithium sulfate (0.12-0.18 M) and 0.1 M
CAPS, pH 10.5. The G291R mutant crystallized in ~1.0 M sodium citrate with 0.1 M CHES
buffer, pH 9.7.

All crystals were cryoprotected using a solution of well buffer supplemented with 30%
glycerol (v/v), mounted on Hampton loops, and flash cooled in liquid nitrogen. WT and
mutant proteins crystallized in space group P41212 with ~60% solvent (V = 3.04 A3/Da).
The asymmetric unit contains two copies of the polypeptide chain.

X-ray Diffraction Data Collection and Refinement

Diffraction data were collected at a wavelength of 1.00003 A from single crystals on
beamline 4.2.2 of the Advanced Light Source using a Taurus-1 CMQOS detector in shutterless
mode. The data were processed using XDS [40] and AIMLESS [41] via CCP4i [42]. Data
processing statistics are listed in Table 1. Values of CCy, > 0.30 [43] and Ryim [44] were
considered when determining the high resolution cutoff, due to the large number of images
(1800-3600 per data set) and high redundancy obtained with the shutterless data collection.
In addition, all data sets were anisotropic, especially those of G121R and G291R, which
contributes to poor Rmerge Statistics at high resolution for these two data sets, although CCy/,
is acceptable in the chosen range.

Crystallographic refinement calculations for the WT enzyme were initiated using
coordinates derived from the 2.4 A resolution structure of rabbit PGM (PDB code: 3PMG),
which crystallizes isomorphously with human PGM1 (97% sequence identity). Refinement
was performed with REMAC 5.0 [45] and PHENIX [46]; progress was monitored by
following R free With 5% of each data set was set aside for cross validation. The B-factor
model consisted of an isotropic B-factor for each atom; TLS refinement was used as
automated in PHENIX. COOT [47] was used for model building. Additional details of the
refinement are on Table 1. The structures of the G121R and G291R missense variants were
determined using the model of WT enzyme, starting with molecular replacement using
MOLREP [48] or rigid-body followed by restrained refinement. The R data sets for both
mutants were constrained to match those of the WT data. The structures were validated
using MolProbity [49]. Refinement statistics are listed in Table 1. Structural figures were
prepared with PYMOL [50]. Coordinates and structure factor amplitudes have been
deposited in the PDB under the accession numbers listed in Table 1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

A schematic of the catalytic reaction of PGML1, showing the reversible conversion of glucose
6-phosphate to glucose 1-phosphate. The bisphosphorylated intermediate undergoes a 180°
reorientation (indicated by blue arrow) in the active site prior to the second phosphoryl

transfer.
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Fig. 2.
The crystal structure of wild-type human PGML. (a) A ribbon diagram of PGML1 colored by

domain. Domain 1 (residues 1-191) is shown in blue, domain 2 (residues 192-304) in green,
domain 3 (residues 305-421) in gold, and domain 4 (residues 422-562) in pink.
Phosphoserine 117 is highlighted with dots, and Mg2* is shown as an orange sphere.
Glycines 121 and 291 are highlighted in magenta. For clarity, the three metal-binding
aspartates (residues 288, 290 and 292) are not labeled. Missing residues in the D4 acNve site
loop are shown with a doPed line. N- and C-termini are shown with red lePers. (b) A close-
up view of the acNve site WT PGM1 showing the four regions (i-iv) discussed in text; side
chains of key acNve site residues are shown as sNcks. Colors as in panel (a). The sulfate ion
from the crystallizaNon buffer that binds in the phosphate-binding site is shown with
spheres. A model for the proposed binding of substrate glucose 1-phosphate is shown in thin
lines (yellow), based on a structural superposiNon with a related enzyme-ligand complex
(PDB code: 1P5D).
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Fig. 3.

O\?erall structure and detailed views of the G121R crystal structure. (a) A superposiNon of
the G121R missense variant (colored by domain as in Fig. 2) and WT PGM1 (white)
showing their overall structural similarity. Arg121 is shown in magenta; the region of the
WT enzyme corresponding to the disordered residues in the G121R structure is in yellow.
(b) The G121R mutant shown with a surface, and superimposed with WT enzyme (yellow),
to highlight the patch of disordered residues in the mutant. (c) A close-up view comparing
the vicinity of residue 121 in the WT and the G121R structures. The side chain of Phe257
(yellow), which lies in the interface between D1 and D2 in the WT structure, is displaced by
Arg121 (magenta), causing disorder from residues 258-264 (between red circles). (d)
AdvenNNous hydrogen bonds made between Arg121 and the backbone carbonyl groups of
several residues in the D1-D2 interface.
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Fig. 4.
Overall and detailed views of the G291R crystal structure. (a) A superposition of the G291R

missense variant (colored by domain as in Fig. 2) and WT PGML1 (white) showing their
overall structural similarity. Arg291 is shown in magenta; regions of the WT enzyme
corresponding to the disordered residues in the mutant structure are highlighted in bright
colors: residues 64—65 in orange; residues 116-125 in green; and residues 253-268 in blue.
(b) The G291R mutant shown with a surface, and superimposed with WT enzyme as in (a).
(c) The vicinity of Arg291 showing its location in the 3-way interface of domains 1, 2, and
3, and locations of the three disordered loops in the mutant structure (dashed lines). The
metal binding loop from WT PGML1 is shown in yellow; the position of Trp359 in the WT
and G291R structures shows its rearrangement in packing. (d) The metal-binding loop of
WT PGM1, showing the bound Mg2* ion, its coordinating aspartates, and location of
Ser117. Hydrogen bonds made between Asp288 and other residues in the loop are in dashed
red lines; coordinating interactions to the Mg?* ion are in black dotted lines. (e) The region
corresponding to (d) in the G291R structure, showing the rearrangement of the three
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aspartates and loss of the bound Mg2*. Hydrogen bond interactions of Asp288 and Asp292
are shown with red dashed lines.
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Fig. 5.

Reglationship of the known PGM1 missense variants to domain interfaces of the enzyme. A
backbone trace of PGM1 showing the interface (blue surface) between the D2/3 unit (cyan)
and the rest of the enzyme, i.e., domains 1 and 4 (gray). Most of the known disease-related
missense variants cluster in (magenta spheres) or very near (orange spheres) to this extensive
interface. The four missense variants that fall outside of this region are shown in green.
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Table 1
Data collection and refinement statistics
WT G121R G291R
space group P4y2,2 P4y2,2 PA2,2

unit cell parameters (A)
resolution (A)
observations

unique reflections
Rmerge())

Rpim()

Mean /o (/)

Mean CCyj,
completeness (%)
multiplicity

no. of protein residues

no. of atoms

a=b=1726, c=99.8
61.1-1.75 (1.88-1.85)
4273578

162886

0.150 (1.959)

0.035 (0.558)

18.5 (1.6)

0.999 (0.885)

100.0 (99.9)
33.4(25.9)

1118

9413

no. of SO4/glycerol molecules  8/9

no. of water molecules
Reryst
Rfree
rmsd bond lengths (A)
rmsd bond angles (°)
Ramachandran plot 4
favored (%)
outliers (residues)
MolProbity score (%-tile)
Average B (A?)
protein
water
coordinate error ()9

PDB code

819
0.170 (0.309)
0.198 (0.351)
0.007
0.998

98.0

100

40.0
44.7
0.19

5EPC

a=b=1714, c=99.79
54.2 - 2.50 (2.58-2.50)
740313

51905

10.5 (1.618)

0.041 (0.663)

19.6 (1.5)

0.999 (0.859)

100.0 (99.9)

14.3 (13.3)

1066

8196

8/2

80

0.192 (0.337)

0.243 (0.328)

0.008

1125

95.8

95

77.0
53.0
0.34

5F9C

a=b=1708, c=99.3
60.5-2.75 (2.87-2.75)
544355

38736

0.098 (1.566)

0.039 (0.640)

20.0 (1.6)

0.999 (0.751)

100.0 (100.0)

14.1 (13.4)

1063

7463

5/0

38

0.210 (0.313)

0.271 (0.407)

0.010

1.167

80.4
69.8
0.45

5HSH

Values for the outer resolution shell of data are given in parentheses.

a . Lo A
Ramachandran plots generated with Molprobity via the PDB validation server.

bMaximum likelihood-based coordinate error estimate reported by PHENIX.

J Mol Biol. Author manuscript; available in PMC 2018 February 07.

Page 21



Page 22

Stiers et al.

Author Manuscript

"U0N98913p MOJaq “p'q ‘[TT] Woly ale sieraweled o1BUIY 8INONAS [BISAID IS JO W UIBYD Ul pUNOy Se aWAZUS | A\ 01 SAIIR|8) PaIsI] 8Je Sanpisal paispiosia,

4 (21) L92-952
T (6) GeT-LTT
- P Py T (¢) s9-v9 z d1629
70 €¥9S  ¥00°0¥89€°0 Z (2) v9z-85¢ T 3] x4 %3)
00T y¥08 ZFerT - - - 1M
IM RIS/ ™0 (AW (-S)™  urwog (0OU)¢SNPSAIPRREPICSIA  yopeinw jo urewoq  UBIOId

“TINDd LM 01 AIR|3J SIUBLIEA 3SUSSSIWL HTEZO PuUe HYTZTO aU1 J0J siglawieled onsuly pue senpisal paiaplosiq

¢ dlqeL

Author Manuscript

Author Manuscript

Author Manuscript

J Mol Biol. Author manuscript; available in PMC 2018 February 07.



	Abstract
	Introduction
	Results
	Overview of the wild-type structure
	Loops i and ii
	Loop iii
	Loop iv

	Context of glycines 121 and 291 in the WT structure
	Structure of the G121R missense variant
	Structure of the G291R missense variant
	Correlation between structural and biochemical data
	Missense variants of PGM1 cluster in domain-domain interfaces

	DISCUSSION
	Material and Methods
	Protein expression, purification, and crystallization
	X-ray Diffraction Data Collection and Refinement

	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Table 1
	Table 2

