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ABSTRACT 

 

Human phosphoglucomutase-1 (PGM1) belongs to the α-D-

phosphohexomutase superfamily, an ancient lineage of enzymes critical for 

carbohydrate metabolism. PGM1 catalyzes the interconversion of glucose-1-

phosphate and glucose-6-phosphate, acting as the pivot between energy storage 

and utilization. Recently, PGM1 has been implicated as the monogenic cause of 

an inherited metabolic disease in humans, called PGM1 deficiency. The disease 

presents with highly variable phenotype in patients and is difficult to diagnose. 

Furthermore, genotype-phenotype relationships remain unclear -even in siblings 

with the same missense variants, no obvious correlation exists. PGM1 deficiency 

is a unique research opportunity due to the lack of clear rationale for varying 

effects of missense variants, availability of patient data, favorable in vitro 

behavior of recombinantly expressed PGM1, and the limited number of structural 

studies characterizing individual missense variants. In this work we have 

characterized multiple molecular mechanisms of disease through X-ray 

crystallography and biochemistry. Thus, this work provides a foundation for 

physicians to make much more accurate prognostic decisions when advising 

patients, identifies variants with possible therapeutic interventions, and informs 

us of key dynamics and structural features required for proper functioning of 

human PGM1.  

 



Chapter I 

Introduction 

 

I.1 Phosphohexomutase superfamily and human PGM1 

 The α-D-phosphohexomutase (PHM) superfamily is a ubiquitous group of 

enzymes found in every kingdom of life. These enzymes function in many cellular 

processes including carbohydrate metabolism, peptidoglycan synthesis, sugar 

nucleotide biosynthesis, as well as glycolipid and exopolysaccharide synthesis. 

Despite a long evolutionary history and highly variable sequences, all enzymes in 

the superfamily appear to share a conserved four domain architecture and similar 

active sites, located at the confluence of these four domains [1,2].  

Enzymes in the PHM superfamily catalyze the reversible conversion of 

phosphosugar substrates, typically in the cytoplasm of the cell [2]. The reaction is 

an intramolecular phosphoryl transfer that proceeds through a bisphosphorylated 

intermediate (see detailed mechanism in subsequent Chapters). The conversion 

is normally between the 1- and 6-phospho forms of a hexose, such as glucose-1-

phosphate and glucose-6-phosphate (Figure I-1). Catalytically active enzyme 

requires a phosphorylated serine, and a divalent metal ion such as Mg2+. To 

complete the catalytic cycle, the bisphosphorylated intermediate undergoes an 

unusual 180° rotation within the active site in between phosphoryl transfer steps 

[2].  
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The human genome contains five distinct PHM genes, that differ in their 

substrate specificity and distribution in tissues.  Of these, phosphoglucomutase-1 

(PGM1) is the most widely distributed and is responsible for the vast majority of 

phosphoglucomutase activity in human cells [2,3]. PGM1 is well known due to its 

function at the critical pivot point between energy storage and mobilization in the 

form of glycogen. Its role is particularly critical in tissues with high metabolic 

requirements, such as heart and skeletal muscle.  

 

I.2 Human phosphoglucomutase-1 deficiency 

In 2014, mutations in human PGM1 were identified as the cause of an 

inherited metabolic disease, PGM1 deficiency [4]. PGM1 deficiency is autosomal 

recessive in inheritance, and associated with various types of mutations, 

including frame shifts, aberrant splicing, and missense variants. In the latter 

category, 13 different mutations were originally identified, affecting 12 residue 

positions in the protein [4,5]. Since the original study, 9 additional missense 

variants have been associated with this inherited condition [6–8].  PGM1 

deficiency is categorized as both a glycogen storage disease (GSD) and a 

congenital disorder of glycosylation, due to downstream effects on protein N-

glycosylation [4].  

 

Figure I-1. Generic reaction of the α-D-phosphohexomutase superfamily. Conversion of a hexose-1-

phosphate to hexose-6-phosphate proceeds through a bisphosphorylated intermediate. 

α-D-Hexose-1-Phosphate α-D-Hexose-6-Phosphate
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Because of the function of PGM1 in glucose metabolism, and its 

ubiquitous expression in tissues throughout the body, widespread effects from 

PGM1 mutations are expected [3]. Indeed, patients with PGM1 deficiency have 

symptoms including dilated cardiomyopathy, exercise intolerance, hepatopathy, 

hypoglycemia, muscle weakness, and developmental abnormalities such as 

delayed puberty and cleft palate. However, patient phenotypes are highly 

variable, even in siblings with the same underlying mutations. The highly variable 

nature of patient phenotypes makes diagnosing PGM1 deficiency difficult without 

full exome sequencing as patients may show substantial overlap in symptoms 

with McArdle disease and other GSDs [4,6,9,10].  

I.3 The molecular basis of enzyme dysfunction in PGM1 

deficiency 

Characterizing the biochemical and structural effects of missense variants 

of PGM1 has potential implications for individuals affected by this inherited 

disease.  First, such studies can provide a baseline for correlating patient 

genotype and clinical phenotype, as clinical studies have been done using 

samples from patients with heterozygous genotypes.  Second, knowledge of the 

biochemical phenotypes of the missense mutants may help target appropriate 

therapies to patients with PGM1 deficiency. For example, as shown for some 

other inherited enzyme deficiencies, therapeutic approaches that increase 

protein folding/stability may be of benefit for PGM1 variants with folding defects 

[11–18]. Finally, categorization of the underlying biochemical defects may 

improve predictions of patient prognosis, which range from early childhood death 
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to adults affected mostly with exercise intolerance.  Knowledge of the most 

detrimental mutations could help target patients for aggressive supportive 

treatments at an early age [19,20]. 

In addition to possible benefit for patients, PGM1 has the potential to 

serve as model system for studying the impacts of missense variant on protein 

structure and function. Studies of individual disease-related mutants are often 

complicated by detrimental effects of the mutation on protein expression or 

stability [16–18].  Also, characterizing crystal structures of missense variants can 

be time-consuming and frustrating, if suitable crystals cannot be obtained.  

Because of such difficulties, it is typical for the effects of missense variants to be 

predicted using computational methods that rely on sequence conservation of the 

mutated position, the nature of the physicochemical change, calculated steric 

conflicts from homology modeling, the use of very short molecular dynamics 

simulations, or some combination of these approaches [21–24]. However, the 

predictions of these methods are typically not verified experimentally, making 

their utility questionable. 

In this thesis, I present detailed studies of multiple missense variants of 

PGM1 deficiency, which have proven amenable to detailed biochemical and 

structural studies.  The protein is well expressed from a recombinant system, and 

many missense variants are soluble and well behaved in solution [25].  

Importantly, many of them also crystallize allowing detailed analysis of their 

structural impacts. Initial biochemical characterization classified missense 

variants as either catalytic or folding mutants [25]. However, structural 

4



information has deprecated this classification because even soluble, well-

behaved PGM1 mutants vary in their impacts, which include induced structural 

disorder, co-opting of key catalytic residues in the active site, and disruption of 

loop dynamics necessary for ligand binding and catalysis [26–28]. Thus, PGM1 is 

a rare, tractable system where many mutants at positions both proximal and 

distal from the active site can be investigated on a biochemical, structural, and 

dynamics scale. 

In addition to the biochemical and structural studies of PGM1, I include a 

chapter on the use of principal component analysis of protein coordinates.  This 

one of several computational approaches I developed during the course of my 

graduate studies. 
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Chapter II 

Induced structural disorder as a molecular mechanism 

for enzyme dysfunction in phosphoglucomutase 1 

deficiency 

Adapted with permission from Kyle M. Stiers, Bailee N. Kain, Abigail C. Graham, 

Lesa J. Beamer, Journal of molecular biology 428 (8), 1493-1505. Copyright 

2016 Elsevier 

 

II.1 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 Å 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 
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multi-domain effects of these GR 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. 

II.2 Introduction 

The enzyme PGM1 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 I and II [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 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]. 
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 PGM1 is a cytoplasmic protein with 562 amino acids and is expressed in 

many human tissues.  It belongs to the ubiquitous α-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 Figure II-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, 

Figure II-1. A schematic of the catalytic reaction of PGM1, 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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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 GlyArg 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 PGM1, 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 Å 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 
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dysfunction responsible for PGM1 deficiency, and may have relevance for future 

in vivo and clinical studies of this inborn error of metabolism.   

II.3 Results 

II.3.1 Overview of the wild-type structure 

 The high-resolution structure of human WT PGM1 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 Å (PDB 

code: 3PMG) [12].  Our 1.85 Å structure (Table II-1 and Materials and Methods) 

confirms many of the features of this model, 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 PGM1 is a monomeric protein that shares the four-domain 

architecture common to all enzymes in the α-D-phosphohexomutase superfamily 

[9]. Its four domains are of roughly equal size, and arranged in an overall heart-

shape (Figure II-2A).  As noted in the structure of rabbit PGM [13], domains 1-3 

share a common mixed α/β core, with a central 4-stranded β-sheet flanked on 

each side by an α-helix.  The active site of PGM1 is located in a large central 

cleft, formed at the confluence of its four structural domains.  This cleft has a 
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molecular surface area of 1670 Å² 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.  Figure II-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 (Figure II-1).  Phosphoserine 117 resides within 

a highly conserved TASHNP sequence motif (residues 115-120), and forms an Ω 

loop that is partially exposed to solvent.  Ser117 is found in its dephosphorylated 

state in the crystal structure, and its side chain Oγ provides one ligand to the 

bound Mg2+ 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 
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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 kcat [16].     

Values for the outer resolution shell of data are given in parentheses. 
aRamachandran plots generated with Molprobity via the PDB validation 

server.  bMaximum likelihood-based coordinate error estimate reported by 

PHENIX. 

 

Table II-1. Data collection and refinement 

statistics 
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Figure II-2. The crystal structure of wild-type human PGM1. (a) A ribbon 

diagram of PGM1 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 active site loop are shown with a dotted line.  N- and C-termini are 

shown with red letters. (b) A close-up view of the active site WT PGM1 

showing the four regions (i-iv) discussed in text; side chains of key active site 

residues are shown as sticks.  Colors as in panel (a). The sulfate ion from the 

crystallization 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 superposition with a 

related enzyme-ligand complex (PDB code: 1P5D). 
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 Loop iii.  Residues in this loop of D3 are proposed to make key contacts 

with the O3 and O4 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 PGM1 proposed to make direct 

interactions with the O3 and O4 sugar hydroxyls (see model of ligand in Figure II-

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 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 β-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 (Figure II-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.  
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II.3.2 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  φ/ψ 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 (Figure 

II-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 PGM1.  This loop 

is deeply buried within the active site cleft, and adjacent to residues from both D1 

and D3 (Figure II-2B).  Gly291 is the intervening residue between Asp290 and 

Asp292, both of which coordinate the metal ion.  Its  φ/ψ 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.   

II.3.3 Structure of the G121R missense variant 

 The crystal structure of the G121R missense variant was determined to 

2.35 Å (Table II-1; Materials and Methods).  Figure II-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) 
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of 0.51 Å for 540 Cα 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 (Figure II-3C).  In its place, 

Arg121 makes adventitious hydrogen bond interactions with the backbone 

carbonyls of Leu254 and Asp62 (Figure II-3D).   

 

Figure II-3. Overall structure and detailed views of the G121R crystal structure.  

(a) A superposition 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) Adventitious hydrogen bonds made between 

Arg121 and the backbone carbonyl groups of several residues in the D1-D2 

interface.   
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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.  

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 Figure II-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 Å from the site of the mutation, with induced disorder of seven amino acids 

(Table II-2). 
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Table II-2.  Disordered residues and kinetic parameters for the G121R and G291R 

missense variants relative to WT PGM1. 

Protein Domain of 
mutation 

Disordered 
residuesa (no.) 

Domain kcat 

(s-1) 
Km 

µM) 
% kcat / Km  

rel. WT 

WT - - - 143±2 80±4 100 
G121R 1 258-264 (7) 2 0.368±0.004 56±3 0.4 
G291R 2 64-65 (2) 1 b.d. b.d. - 
  117-125 (9) 1    
  256-267 (12) 2    
aDisordered residues are listed relative to WT enzyme as found in chain A of each 

crystal structure.  Kinetic parameters are from [11];  b.d., below detection.   

 

II.3.4 Structure of the G291R missense variant  

 The crystal structure of the G291R missense variant was determined to 

2.75 Å (Table II-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 Å) and the G121R mutant (2.5 Å).  The structure of the 

G291R missense variant superimposed with that of WT enzyme is shown in 

Figure II-4A,B.  As is the case for G121R, the overall structure of G291R is quite 

similar to that of WT (Cα rmsd of 0.83 Å 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 (Figure II-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 Figure II-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 
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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 (Figure II-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 Figure 4d and e, the native conformation of this loop would be in 

steric conflict with the Figure II-4D and E, the native conformation of this loop 

would be in steric conflict with the rearranged position of 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 II-2), 

including some that are nearly 20 Å away from the site of the mutation.  Other 
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structural effects include changes in the packing of residues, such as Trp359 

(Figure II-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. 

 

 
Figure II-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 PGM1 (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 PGM1 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 Mg
2+

 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
2+

 ion are in black dotted lines.  (e) The region corresponding to (d) in the G291R 

structure, showing the rearrangement of the three aspartates and loss of the bound Mg
2+

.  Hydrogen 

bond interactions of Asp288 and Asp292 are shown with red dashed lines.  
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II.3.5 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 E. coli, soluble, and its apparent molecular weight in solution 

is similar to WT enzyme.  Likewise, its near-UV circular dichroism spectrum and 

Tm (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 kcat / Km only 0.4% of WT (Table II-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 
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impaired of all the PGM1 missense variants characterized to date (activity below 

detection in in vitro kinetic assays; Table II-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 E. coli and 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 Tm 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 (Figure II-4C), can be easily envisioned to allow enhanced 

binding of ANS, which typically occurs in apolar crevices in protein structures 
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[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. 

II.3.6 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 PGM1 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 (Figure II-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 

 

Figure II-5.  Relationship 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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with disease have recently been identified [6]. These include G230E, T337M, 

P336R, R422W, R503Q, and R515L (Figure II-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 Figure II-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 Figure II-4C).  Although not affected by known mutations, 13 other 

residues in PGM1 are also involved in 3-way domain interactions 

(Supplementary Figure II-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 Figure II-5).  This large 

interface contains 101 residues out of 562 in the protein (18%), including much of 
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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 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 PGM1.  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, Figure II-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. 
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II.4 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 GlyArg 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. 
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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 PGM1.  

 The GR substitution in the G121R and G291R mutants is one of the 

more dramatic physicochemical changes among the disease-related variants of 

PGM1 [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.   
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 As is true for many enzymes, the active site of PGM1 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 
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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 variants.  These characterizations may help 

direct and interpret future in 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 
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G291R, two unrelated patients are known, both heterozygous for other mutations 

in PGM1 (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 in 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 in vivo studies, this should help unravel the multiple patient phenotypes 

associated with PGM1 deficiency. 
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II.5 Materials and Methods 

II.5.1 Protein expression, purification, and crystallization 

 Human WT PGM1 and the G121R and G291R missense variants were 

expressed recombinantly in E. 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 MgCl2, and concentrated to ~10 mg / mL or 

higher.  If not used immediately, samples were flash-frozen in liquid nitrogen and 

stored at -80º C. Prior to crystallization, the protein was diluted as desired and 

0.22 µm filtered.   

 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.) 
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at protein concentrations ranging from 10-18 mg / mL using the hanging drop 

vapor diffusion method at 20° C.  Drops containing 2 µl protein solution and 2 µl 

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 HCl, 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 (VM = 3.04 Å3/Da).  The asymmetric unit contains 

two copies of the polypeptide chain.  

II.5.2 X-ray Diffraction Data Collection and Refinement  

 Diffraction data were collected at a wavelength of 1.00003 Å from single 

crystals on beamline 4.2.2 of the Advanced Light Source using a Taurus-1 

CMOS detector in shutterless mode. The data were processed using XDS [40] 

and AIMLESS [41] via CCP4i [42].  Data processing statistics are listed in Table 

II-1.  Values of CC1/2 > 0.30 [43] and Rpim [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 
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and G291R, which contributes to poor Rmerge statistics at high resolution for 

these two data sets, although CC1/2 is acceptable in the chosen range.   

 Crystallographic refinement calculations for the WT enzyme were initiated 

using coordinates derived from the 2.4 Å 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 II-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 Rfree 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 II-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 II-1. 
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II.8 Supporting Material 

II.8.1 Supporting Figures 

 

 

Figure II-S1.  A listing of PGM1 residues that participate in interdomain interfaces in 
the WT enzyme.  Interface residues as determined by DIMPLOT are listed vertically; 
individual domain-domain interfaces are indicated across the bottom.  Residues 
found in D1, D2, D3 and D4 are shown using different colored boxes of blue, yellow, 
green, and purple, respectively.  Residues involved in more than one interface are 
highlighted with orange arrows; asterisks mark residues that correspond to disease-
related missense variants.   
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Chapter III 

Asp263 missense variants perturb the active site of 

human phosphoglucomutase 1 (PGM1) 

Adapted with permission from Kyle M. Stiers, Abigail C. Graham, Bailee N. Kain, 

Lesa J. Beamer, The FEBS Journal 284 (6), 937-947. Copyright 2017 Federation 

of European Biochemical Societies 

 

III.1 Abstract 

The enzyme phosphoglucomutase 1 (PGM1) plays a central role in 

glucose homeostasis.   Clinical studies have identified mutations in human PGM1 

as the cause of PGM1 deficiency, an inherited metabolic disease. One residue, 

Asp263, has two known variants associated with disease: D263G and D263Y. 

Biochemical studies have shown that these mutants are soluble and well folded, 

but have significant catalytic impairment.  To better understand this catalytic 

defect, we determined crystal structures of these two missense variants, both of 

which reveal a similar and indirect structural change due to the loss of a 

conserved salt bridge between Asp263 and Arg293.  The arginine reorients into 

the active site, making interactions with residues responsible for substrate 

binding.  Biochemical studies also show that the catalytic phosphoserine of the 

missense variants is more stable to hydrolysis relative to wild-type enzyme.  The 

structural perturbation resulting from mutation of this single amino acid reveals 

the molecular mechanism underlying PGM1 deficiency in these missense 

variants. 
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III.2 Introduction 

Human PGM1 (EC 5.4.2.2) has a pivotal role in glucose metabolism, 

mediating the switch between glycolysis and gluconeogenesis.  Recently, 

mutations in this enzyme have been identified as the cause of an inherited 

metabolic disorder, PGM1 deficiency, which has characteristics of both a 

glycogen storage disease (GSDXIV, OMIM 612934) and a congenital disorder of 

glycosylation of types I and II [1–3]. Affected individuals have variable clinical 

phenotypes [4–6], which include dilated cardiomyopathy, hepatopathy, 

hypoglycemia, muscle weakness, growth retardation, delayed puberty, and 

congenital malformations such as cleft palate.  Some affected individuals live 

relatively normal lives, while others face life-threatening complications, including 

four patients (ages 8 – 33 years) who suffered cardiac arrest and others who 

were listed for heart transplants [4]. 

 PGM1 accomplishes its role in glucose metabolism through the 

isomerization of 1- and 6-phosphosugars via a bisphosphorylated intermediate 

[7]. Catalysis entails two consecutive phosphoryl transfers: first from a 

phosphoserine residue of the protein to substrate, and next from the intermediate 

back to the protein (Figure III-1A).  The reaction is highly reversible, and a single 

Mg2+ ion is required for activity.  The crystal structure of wild-type (WT) human 

PGM1 has recently been reported [8].  The protein has 562 amino acids, with 

four domains arranged in an overall heart shape (Figure III-1B).  The active site 

is found in a large, centrally located cleft and comprises key functional regions, 

including the catalytic phosphoserine, a loop that binds the Mg2+ ion, as well as 
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residues involved in contacting the sugar hydroxyls and phosphate group of the 

substrates [8].  The catalytic mechanism and key active site residues are highly 

conserved across the ubiquitous α-D-phosphohexomutase enzyme superfamily 

[9], of which PGM1 is a member.   

 

 

 

Figure III-1.  Overview of the mechanism and structure of human PGM1. (A) A 
schematic of the catalytic reaction, showing the reversible conversion of glucose 1-
phosphate to glucose 6-phosphate.  The glucose 1,6-bisphosphate intermediate 
undergoes a 180° reorientation in between the two phosphoryl transfer steps of the 
reaction (gray line indicates axis of rotation). (B) A superposition showing the overall 
similarity between the structures of WT human PGM1 and the D263G and D263Y 
missense variants.  The WT structure is shown in cyan, D263G in orange, and the 
D263Y in yellow.  The bound metal ion as shown as a magenta sphere and the side 
chain of Tyr263 with purple spheres. 
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 PGM1 deficiency is autosomal recessive in inheritance, and associated 

with various types of mutations, including frame shifts, aberrant splicing, and 

missense variants [1–4,10–12].  In the latter category, ~20 different mutations are 

currently known, affecting 19 residue positions in the protein.  Among these, 

residue 263 of PGM1 stands out as the only position affected by two missense 

mutants, D263Y and D263G, with confirmed association to disease.  Previous 

biochemical studies indicated that both of these variants were folded and of 

similar stability to WT enzyme.  However, despite the lack of a known role for 

Asp263 in catalysis or ligand binding, both mutants exhibited significant catalytic 

impairment, with kcat of 1-2% that of WT enzyme [13].    

 To better understand the origin of enzyme dysfunction in PGM1 

deficiency, we report herein the crystal structures of the D263Y and D263G 

missense variants.  In combination with biochemical analyses, the structural work 

reveals that an indirect structural change impacting the active site is responsible 

for their catalytic impairment.  This result expands our understanding of the 

molecular bases of enzyme dysfunction in missense variants of human PGM1. 

III.3 Results 

III.3.1 Asp263 participates in a conserved salt bridge in WT PGM1 

To understand the structural impacts of the D263Y/G mutations, we first 

examine the context of this residue in WT PGM1. The protein may exist as either 

an active, phospho-enzyme or inactive, dephospho-enzyme, depending on the 

phosphorylation state of its catalytic serine (Ser117); both versions are presented 
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in Figure III-2A.  In this figure, the structure of dephospho-enzyme is that of WT 

human PGM1 from PDB ID 5EPC at 1.9 Å resolution [8], and the phospho-

enzyme structure is of rabbit PGM (97% identity with human enzyme) from PDB 

 

 

Figure III-2. The context of residue 263 in the structure of WT PGM1.  (A) Direct and 
water-mediated contacts made by the side chain of Asp263, including those with 
Arg293.  Ser117 and the metal ion are shown for reference.  WT human PGM1 (PDB 
ID 5EPC; cyan) is shown in its dephospho-state; the phospho-enzyme version of 
rabbit PGM (PDB ID 3PMG; 97% identical to human enzyme) is shown in green.  
Contacts made between Asp263, Arg293, and Ser117 are shown by dashed lines in 
green for those unique to 3PMG, in blue for 5EPC, and in black when common to 
both structures.  (B) A superposition of related enzymes with PGM1 (cyan) showing 
the conservation of the analogous aspartate – arginine residue pair in enzymes from 
different sub-groups and diverse organisms within the superfamily.  Structures are 
from P. aeruginosa phosphomannomutase/phosphoglucomutase (PDB ID 1P5D) in 
green; Salmonella typhimurium PGM (PDB ID 3NA5) in magenta; parafusin from 
Paramecium tetraaurelia (PDB ID 1KFI) in gray; and Candida albicans N-
acetylglucosamine-phosphate mutase (PDB ID 2DKA) in orange.  Ser117 of human 
PGM1 is shown for reference.   
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ID 3PMG at 2.4 Å resolution [14].  As chain A is better ordered in the PGM1 

crystals, it is used for all structural analyses herein; similar interactions are found 

in chain B, though bond distances vary.  

 Asp263 is located near the active site cleft, in the vicinity of several 

important catalytic regions.  These include phosphoserine (P-Ser) 117 in domain 

1, required for phosphoryl transfer, as well as the Mg2+-binding loop in domain 2 

(Figure III-2A).  In dephospho-enzyme, the side chain of Asp263 makes just one 

direct interaction with another residue: a salt bridge to Arg293, the residue 

immediately following the conserved Mg2+-binding loop.  In the phospho-enzyme, 

Asp263 also makes a salt bridge with Arg293, which in turn contacts P-Ser117.  

In both structures, Asp263 makes several water-mediated contacts as well, 

including a 3-way interaction that includes Arg293 and the carbonyl backbone of 

Pro264. 

 Both Asp263 and Arg293 are near the active site cleft of PGM1, which is 

composed of more than 80 residues in total. Arg293 has been proposed to 

interact with the reaction intermediate [15], while Asp263, which lies further 

outside the active site, has no known role in catalysis or substrate binding.  Both 

of these residues are highly conserved in the enzyme superfamily, and similar 

structural interactions between them can be found in multiple related proteins 

(Figure III-2B).  Proteins shown in this superposition are from different sub-

groups of the large α-D-phosphohexomutase superfamily, which differ in their 

substrate preferences (see legend of Figure III-2), and come from diverse 

organisms including bacteria, yeast, and higher eukaryotes. Pairwise sequence 
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identities between these proteins and human PGM1 range from 22 to 53 %. 

Despite considerable overall sequence diversity, the Asp263 - Arg293 interaction 

 

Tyr263
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Figure III-3. Structural context of 
residue 263 in the missense variants of 
PGM1. (A) The vicinity of residue 263 in 
the WT PGM1 (cyan), D263G (orange), 
and D263Y structures (yellow).  
Conformational changes in the side 
chains of His118, His261, Tyr268, and 
Arg293 are observed relative to the WT 
enzyme. (B) A close-up view of Arg293 
in the D263G and D263Y structures 
(yellow and orange, respectively) 
showing its distinct conformation 
relative to WT enzyme. For comparison, 
the position of Arg293 in the both 
phospho- (green) and dephospho-
versions (cyan) of WT enzyme is shown 
in thin sticks (see blue arrow). The loss 
of the conserved interaction between 
Asp263 and Arg293 causes the arginine 
side chain to adopt a novel 
conformation that makes contacts 
(dashed lines) with two key ligand-
binding residues, Glu376 and Ser378.  
A water that makes a bridging 
interaction between Arg293 and Glu376 
is shown in red. For clarity, side chains 
are shown only for D263Y, except for 
Arg293 where both variants are shown. 
(C) A model of bound glucose 1-
phosphate (green) superimposed with 
the structure of D263Y (yellow). Arg293 
is highlighted with a dotted surface, 
showing potential steric conflicts with 
the binding of substrate.  The glutamate 
and serine are highly conserved in the 
enzyme superfamily, suggesting similar 
ligand-binding roles in PGM1. The 
model is based on a superposition of an 
enzyme-ligand complex (green) from a 
related protein (PDB ID 1P5D); contacts 
between G1P and the protein are 
indicated by dashed orange lines.   
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has been maintained over vast evolutionary distances, as is true for many active 

site residues in this enzyme superfamily [9]. 

III.3.2 Structural impact of the Asp263 mutants 

The crystal structures of the D263Y and D263G missense variants were 

determined to 1.85 Å and 2.55 Å, respectively (Table III-1; Experimental 

Methods).  The overall structures of the mutants are nearly identical to that of WT 

enzyme (Figure III-1B), with a root-mean-square-deviation of ~0.2 Å for both 

D263Y and D263G for 532-543 Cα pairs.  Near the site of the mutation, several 

minor structural changes are seen. The superposition in Figure III-3A highlights 

these, including small movements of several nearby histidine side chains.  

Another difference is that Ser117 is found in its phosphorylated state in the 

mutant structures, as opposed to the dephosphorylated state in the human WT 

structure (see following section).  Overall, these changes from the WT structure 

appear quite minor, and are not easily correlated with the poor activity of these 

variants.   

 The structures of these two mutants, however, do reveal a change with 

clear significance to enzyme function: reorientation of the side chain of Arg293.  

As noted above, this is the residue with which Asp263 makes a conserved salt 

bridge in the structure of WT enzyme. Neither the tyrosine nor glycine of the 

missense variants is able to make compensating interactions, and, without this, 

the side chain of Arg293 rotates to a position deep within the active site cleft 

(Figure III-3B).  In the case of D263Y, due to the larger size of the introduced 

tyrosine relative to aspartate, steric factors could also contribute to the 
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reorientation of the arginine.  However, since a nearly identical conformer of 

Arg293 is seen in the D263G mutant structure, it appears that loss of the salt 

bridge with Asp263 is the major determinant of the arginine reorientation.   
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III.3.3 Arg293 co-opts key interactions needed for binding substrate   

Without the salt bridge to Asp263, it is unsurprising that the side chain of 

Arg293 finds new residue interactions that help neutralize its charge, particularly 

given the preponderance of positive charge in the active site of PGM1 [8].  The 

novel, intrasteric (i.e., within the active site) interactions made by the reoriented 

conformer of Arg293 include contacts to the side chain of Glu376 and the 

backbone carbonyl of Ser378 (Figure III-3B).  These interactions are noteworthy 

due to the important roles of these residues in substrate binding:  Glu376 and 

Ser378 reside in the highly conserved sugar-binding loop of the enzyme 

superfamily, and are proposed to make direct contacts to the O3 and O4 

hydroxyls of the phosphosugar substrates [7,8].  By comparing the proposed 

interactions of these residues to substrate (Figure III-3C) with those observed in 

the structure of the D263Y mutant (Figure III-3B), it can be seen that the 

reoriented side chain of Arg293 has effectively co-opted interactions with these 

important ligand binding residues, either directly for Glu376, or indirectly, due to 

steric hindrance from the nearby backbone contact, in the case of Ser378.  The 

perturbation of the substrate binding site due to the reorientation of Arg293 is 

consistent with the observed detrimental impact of these variants on kinetic 

activity [13].  

 The functional importance of residues in the sugar-binding loop PGM1 is 

supported by biochemical data, including site-directed mutagenesis and kinetic 

studies in several members of the superfamily.  In 

phosphomannomutase/phosphoglucomutase from Pseudomonas aeruginosa 
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and PGM from Acetobacter xylinum, E→A substitutions at the positions 

corresponding to Glu376 result in kcat/Km < 0.5% that of the WT enzymes [16,17].  

This large effect reflects the loss of the structurally conserved bidentate 

interaction between this glutamate and the O3/O4 hydroxyls of the phosphosugar 

substrate, observed in several high resolution (2.2 Å or better) crystal structures 

of enzyme-substrate complexes in related proteins [18,19]. Although crystal 

structures of enzyme-substrate complexes are not yet available for human 

PGM1, analogous roles for Glu376 and Ser378 in substrate binding are 

supported by two unpublished enzyme-ligand complexes for 

phosphoglucomutase from rabbit PGM PDB ID 1C4G, 1C47 at 2.7 Å resolution. 

III.3.4 Correlation with previous biochemical data 

Previous studies showed that kinetic impairment of the D263Y and D263G 

variants is largely due to a reduction in kcat (1.1 – 2.2% that of WT), while Km is 

nearly unchanged (~2-fold > WT) [13].  Both of these proteins can also be 

activated by glucose 1,6-bisphosphate (as measured by phosphorylation of 

Ser117) at levels similar to that of WT enzyme [13].  In addition, these two 

variants also have similar melting temperatures to WT enzyme, suggesting their 

overall ΔG of folding is not significantly changed, and the crystal structures show 

that the overall structures of the enzyme and active site are largely unperturbed, 

except for the reorientation of Arg293.  Altogether, these data support the notion 

that these variants would be competent for catalysis upon the occasion that 

Arg293 moves out of its detrimental position in the active site.  The inherent 

flexibility of the arginine side chain suggests that this could occur, at least 
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infrequently, explaining their residual activity.  Indeed, given that PGM1 is 

phosphorylated by its reaction intermediate glucose 1,6-bisphosphate, which 

binds to dephospho-enzyme in a fashion similar to that of substrate, it would be 

necessary for Arg293 to adopt a WT-like conformer in order for these variants to 

become phosphorylated in the first place.   

 

 

Figure III-4. Biochemical data on phosphorylation and protein expression/solubility. 
(A) Time course of dephosphorylation from hydrolysis for WT PGM1 (*, dashed line) 
and the D263Y (circles, solid line) and D263G (triangles, dotted line) missense 
variants as determined by ESI-MS.  (B) Reduced expression and solubility of the 
R293A mutant relative to WT PGM1.  SDS/PAGE (top) and corresponding histogram 
(bottom) showing the soluble (yellow) and insoluble (purple) fractions of cell extracts 
from E. coli cultures of WT PGM1 and the R293A mutant. Relative protein levels on 
the histogram are normalized to a value of 1.0 using the combined amounts of 
soluble/insoluble protein obtained for WT PGM1. 
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III.3.5 Reduction in spontaneous phosphoryl transfer in missense variants 

As noted previously, in the D263Y/G variants, the catalytic phosphoserine 

(P-Ser117) is observed in its phosphorylated state (occupancy ~0.8-1.0).  This is 

a notable difference from WT human PGM1, where Ser117 completely lacks 

phosphorylation, when produced using the same purification and crystallization 

protocols [8]. (The phospho-enzyme version of rabbit PGM in Figure III-2A was 

produced with different protocols).  Based on our anecdotal experience, the ratio 

of phospho- vs. dephospho-enzyme varies in different samples and batches of 

recombinantly purified PGM1.  However, the large contrast between the 

D263Y/G mutants and WT enzyme observed in the crystal structures suggested 

that the missense variants, and the associated novel conformer of Arg293, might 

affect the phosphorylation level of P-Ser117.  

 To test this biochemically, hydrolysis of P-Ser117 over time was assessed 

for WT PGM1 and both the D263Y and D263G variants.  [Both time and 

increased temperature are associated with a reduction in the level of P-Ser of 

related enzymes [20–24]].  Fully phosphorylated (>90%) versions of WT PGM1 

and the D263Y/G variants were prepared using established protocols ([13] and 

Experimental Procedures).  Samples were kept at room temperature for two 

days, aliquots collected at different time points, and changes in the levels of 

intact phospho- and dephospho-enzyme estimated using electrospray ionization 

mass spectrometry (ESI-MS). Figure III-4A shows a shift in relative 

phosphorylation from ~90% to ~40% over 48 hours for WT enzyme.  Strikingly, 

neither D263Y nor D263G (>95% initial phosphorylation) undergo a significant 
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change over this time period, consistent with the observation of P-Ser117 in the 

crystal structures of the D263Y/G variants.   

 The reduced susceptibility of phosphoserine of the missense variants to 

hydrolysis is presumably associated with the observed structural perturbation of 

the active site.  This could be due to multiple factors, including a potential 

increase in the strength of the charge-charge interaction between Arg293 and the 

P-Ser (due to loss of the Asp-Arg salt bridge), which could serve to stabilize the 

phospho-enzyme.  (While the novel contacts made to Glu376 and Ser378 would 

appear to somewhat compensate for the missing aspartate, even small changes 

in bond distances/angles could make these interactions less optimal.)  It is also 

possible that the new conformer observed for Arg293 makes hydrolysis of the 

phosphoryl group less sterically favorable, either directly or indirectly by 

precluding a necessary conformational change of the enzyme. A full 

understanding of the issues involved will require detailed investigations, which 

might also address whether the rate of phosphoryl transfer to substrate is 

similarly reduced in these missense variants, a currently unanswered question.   

III.3.6 Arg293 is required for correct protein folding   

To further explore the role of the Asp263-Arg293 interaction, we 

characterized an R293A mutant of PGM1.  This mutant was constructed and 

expressed in Escherichia coli (Experimental Procedures), as done for the WT 

enzyme and disease-related missense variants [13]. The R293A mutant shows a 

moderate reduction in overall protein expression relative to WT enzyme (Figure 

III-4B).  However, a striking decrease in the amount of soluble protein obtained 
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(only 8% that of WT) is apparent.  The soluble fraction of the R293A protein was 

purified and further characterized by dynamic light scattering (DLS) 

(Experimental Procedures).  The sample indicated a molecular weight (MW) in 

solution of 102 kD, based on a hydrodynamic radius (Rh) of 4.3 nm.  This is 

larger than the calculated MW for PGM1 of 65 kD, as well as the observed MW 

from DLS for WT enzyme, which is 72 kD (Rh 3.8 nm) [13].  This result indicates 

aggregation of purified R293A in solution.  As this complicates interpretation of 

other biochemical experiments, no further studies were conducted.   

 The impact of the R293A mutation is strikingly different from that of the 

Asp263 variants, which are both well folded and soluble, suggesting that Arg293 

has importance beyond this inter-residue interaction.  Indeed, a review of 

domain-domain interactions in WT PGM1 showed that Arg293 is one of only 13 

residues (of 562 total) that participate in a 3-way domain-domain interface [8].  

This suggests relevance of Arg293 to interdomain interactions within PGM1, 

such as maintaining appropriate charge balance between domains during the 

folding process.  A number of missense variants in PGM1 are located in 

interdomain interfaces of PGM1, and are also known to affect protein 

folding/solubility [8]. Although no disease-related variants of Arg293 have yet 

been identified from patients, the observed disruption of protein folding in vitro 

suggests that individuals with mutations at residue 293 would suffer from PGM1 

deficiency. 
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III.4 Discussion 

The disease-related missense variants of human PGM1 have varying 

biochemical phenotypes, which include both those defective in catalysis and 

those with apparent folding problems [13].  Until recently, no structural 

information on the molecular basis of enzyme dysfunction for any missense 

variants of PGM1 was available.  However, newly reported crystals structures of 

two Gly → Arg variants showed significant impacts on enzyme structure, 

including multiple regions of induced structural disorder [8].  This study showed 

that the two-category perspective of enzyme dysfunction (defects in catalysis vs. 

defects in folding) was too simple, with some variants causing problems in both.  

In contrast to these recent structures, the D263Y/G variants show no new 

regions of disorder or other long-range impacts on structure.  Rather, these two 

disparate substitutions (tyrosine vs. glycine) have a common, albeit indirect, 

impact on the enzyme: loss of a conserved interaction with Arg293, with a 

concomitant rotameric rearrangement of this side chain into the active site.  

Considering that biochemical studies also show no difference in stability of these 

variants relative to WT PGM1 [13], dysfunction of the D263Y/G variants appears 

to be truly catalytic in nature.   

 In inherited disease, mutants that impair catalysis are less common than 

those that affect protein folding/stability, but have been found in many systems 

[for reviews see [25–27]].  Given previous functional knowledge, such as 

residues comprising the active site, candidates for catalytic mutants are easily 

proposed based on sequence information.  However, catalytic mutants may also 
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arise from residues beyond those with known direct roles in catalysis (bond 

making/breaking) or ligand binding, through indirect effects like changing the size 

of a ligand binding pocket [28] or blocking access to the active site [29].  The 

missense variants of Asp263 in PGM1 are similar to these, producing an indirect, 

propagated structural change due to disruption of a finely tuned network of 

residues surrounding the catalytic cleft of the enzyme.  Residues involved in such 

indirect effects may be difficult to identify, as they may not affect stability, and 

could even be located outside of key functional regions or not be sequence 

conserved. In such cases, crystallographic studies of individual disease-related 

variants (i.e., “personalized biophysics” [27]) may provide many insights. 

 The Asp263 missense variants of PGM1 cause an intrasteric 

rearrangement of Arg293 that not only blocks the substrate-binding site, but also 

co-opts interactions with key ligand-binding residues (e.g., Glu376).  Thus, while 

the arginine side chain is chemically dissimilar from substrate, it nevertheless is 

able to make interactions with the residues normally responsible for contacting 

the O3 and O4 hydroxyls of the sugar ring (Figure III-3C).  This intrasteric 

interaction is reminiscent of proteins regulated by autoinhibition through “self 

interactions” [30].  Although most cases of intrasteric regulation involve domains 

or groups of residues, some involve more subtle changes, such as the tyrosine 

residue in the active sites of the insulin receptor tyrosine kinase and MAP kinase 

ERK2 that moves from its autoinhibitory position upon phosphorylation [30–32].  

Although PGM1 is not known to be regulated by autoinhibition, the missense 

variants at residue 263 mimic this intrasteric effect in principle.   
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 Asp263 is a highly conserved residue in the α-D-phosphohexomutase 

superfamily, and therefore mutations at this position would typically be 

considered high impact in terms of disease potential [33].  Moreover, the loss of 

salt-bridges, as seen in the D263Y/G variants, is also associated with disease-

causing mutations [25].  However, an appreciation of the underlying mechanism 

of enzymatic dysfunction, namely the reorientation of Arg293 with its resulting 

intrasteric interactions and effects on phosphoryl transfer, would be not be 

forthcoming from computational or modeling studies.  Similarly, the common 

structural impacts of these two missense variants would tend to give different 

predicted effects due to the significant physicochemical differences between 

tyrosine and glycine [25].  Our recent studies of other PGM1 missense variants 

that cause long-range, induced structural disorder [8] also provided unique and 

otherwise unpredictable insights into the molecular basis of disease.  Together, 

these studies further emphasize the value of direct structural characterization of 

missense variants to the field of inherited disease. 

III.5 Experimental Procedures 

III.5.1 Mutagenesis and protein expression 

Construction and expression of the D263Y and D263G missense variants 

of PGM1 were previously described [13].  The R293A mutant was prepared 

similarly, transformed into E. coli BL21(DE3), and  protein expression and 

solubility assessed in parallel with WT enzyme, following the protocol in [13].  

After induction of cell cultures, 1.5 ml of each was centrifuged, and pellets were 
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resuspended in 200 l B-PER Protein Extraction Reagent (ThermoFisher 

Scientific, Waltham MA, USA) and processed according to manufacturer’s 

instructions.  Equal volumes of samples obtained from the soluble and insoluble 

fractions were mixed with SDS sample buffer and loaded on a 10% SDS/PAGE 

gel for analysis.  

III.5.2 Protein purification and crystallization 

PGM1 proteins were purified as previously described [13].  Prior to 

crystallization, the N-terminal His6-affinity tags of the missense variant were 

cleaved using tobacco etch virus protease as in [8].  Purified proteins were 

dialyzed into a solution of 50 mM MOPS, pH 7.4, with 1 mM MgCl2, and 

concentrated to 10-12 mg / mL for D263Y and D263G, and ~ 1 mg / mL for 

R293A.  If not used immediately, samples were flash-frozen in liquid nitrogen and 

stored at -80º C.   

 Crystals screens were conducted at a protein concentration of 10-12 mg / 

mL using the hanging drop vapor diffusion method at 20° C.  Drops containing 2 

µl protein solution and 2 µl crystallization buffer were sealed over a 0.5 mL 

reservoir.  The mutant proteins crystallized in conditions similar to those of WT 

enzyme:  D263Y crystals grew in solutions including lithium or ammonium sulfate 

(1.4 – 1.55 M) with 0.1 M buffer of either MES, pH 6.0, or Tris HCl, pH 7.5.; 

crystals of D263G grew from 1.6 M ammonium sulfate, 0.1 M NaCl, and 0.1 M 

HEPES, pH 7.5.  Crystals grew in approximately one week and were 

cryoprotected using a solution of well buffer with 30% (vol/vol) glycerol, mounted 

on Hampton loops, and flash cooled in liquid nitrogen. Both variants crystallized 
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isomorphously with WT enzyme in space group P41212 with 60% solvent (VM = 

3.0 Å3/Da) and two copies of the polypeptide chain in the asymmetric unit.  

III.5.3 X-ray diffraction data collection and refinement 

Diffraction data were collected at a wavelength of 1.00003 Å from a single 

crystal on beamline 4.2.2 of the Advanced Light Source using a Taurus-1 CMOS 

detector in shutterless mode. Data were processed using XDS [34] and 

AIMLESS [35] via CCP4i [36].  Data processing statistics are listed in Table III-1.  

Values of CC1/2 > 0.30 [37] and Rpim [38] were used to determine the high 

resolution cutoff due to the large number of images (~1800 per data set) and high 

redundancy obtained with the shutterless data collection.  The lower resolution 

diffraction obtained for the D263G variant was due to a smaller crystal size.  

 Crystallographic refinement calculations were initiated using coordinates 

of the WT enzyme (PDB ID 5EPC).  Refinement was performed with PHENIX 

[39]; progress was monitored by following R free with 5% of the data set aside for 

cross validation.  The Rfree data set for the mutants was constrained to match that 

of the WT diffraction data. The B-factor model consisted of an isotropic B-factor 

for each atom; TLS refinement was used as automated in PHENIX. COOT [40] 

was used for model building. The structures were validated using MolProbity [41].  

Refinement statistics are listed in Table III-1. Structural figures were prepared 

with PYMOL [42].    

 Both mutant proteins are found in as phospho-enzymes (P-Ser117) in the 

crystal structures.  Each monomer contains one bound ion in its metal binding 
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site, which was modeled as Ca2+ in these structures, due to positive electron 

density remaining after refinement as Mg2+; it is likely that a mixture of metals 

derived from the crystallization buffer occupy this site.  (The metal ion in the 

crystal structure is not relevant to kinetic activity of the protein, as assays are 

always done with Mg2+-containing enzyme.)  Seven sulfate ions are included in 

the final model of D263Y and four in D263G, including two bound in the active 

site of each chain.   

III.5.4 Dynamic light scattering 

The R293A mutant was prepared at 1 mg/ml in 50 mM MOPS, pH 7.4, 

and 1 mM MgCl2 and centrifuged prior to data collection.   Data were collected on 

a Protein Solutions DynaPro 99 instrument at a wavelength of 8363 Å for at least 

200 s (10 s each for 20 acquisitions) at 25° C.  Polydispersity of the sample was 

23%.  Rh was used to estimate MW in solution using software provided with the 

instrument.   

III.5.5 Preparation and assessment of phospho-enzyme 

Phospho-enzyme versions of WT PGM1 and the D263Y/G variants were 

prepared as previously described [13].  Briefly, protein samples at concentrations 

between 200- 300 µM in 50 mM MOPS, pH 7.4, 1 mM MgCl2 were incubated with 

a 6-fold molar excess of the activator glucose 1,6-bisphosphate for 18 h at 4 °C.   

Glucose 1,6-bisphosphate was subsequently removed via extensive dialysis.  

This protocol produces ~90% phospho-enzyme [13].  The stability of the 

phosphoserine to hydrolysis was monitored at 21° C over 48 hours. Aliquots 
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were removed at various time points for mass spectrometric analyses.  For ESI-

MS, 10 µL protein samples at 1 pmol/µL in 1% formic acid were analyzed by 

nano-LC/nanospray QTOF (Agilent 6520, Agilent Technologies, Santa Clara, CA, 

USA) in positive ion mode with a Zorbax C8 trap column. Data were examined 

using the QUAL software provided with the instrument. The mass error between 

samples is 0.11 Da (2.1 p.p.m.) and the quantification error is 2%. The 

percentage phospho-enzyme was calculated by normalizing the sum of the 

dephosphorylated and phosphorylated peak heights to 1.0. 
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Chapter IV 

A hotspot for disease-associated variants of human 

PGM1 is associated with impaired ligand binding and 

loop dynamics 

Adapted with permission from Kyle M. Stiers, Lesa J. Beamer, Structure 26 (10), 

1337-1345. e3. Copyright 2018 Elsevier. 

IV.1 Summary 

Human phosphoglucomutase 1 (PGM1) plays a central role in cellular 

glucose homeostasis, catalyzing the conversion of glucose 1-phosphate and 

glucose 6-phosphate. Recently, missense variants of this enzyme were identified 

as causing an inborn error of metabolism, PGM1 deficiency, with features of a 

glycogen storage disease and a congenital disorder of glycosylation.  Previous 

studies of selected PGM1 variants have revealed various mechanisms for 

enzyme dysfunction, including regions of structural disorder and side chain 

rearrangements within the active site.  Here, we examine variants within a 

substrate-binding loop in domain 4 (D4) of PGM1 that cause extreme impairment 

of activity.  Biochemical, structural, and computational studies demonstrate 

multiple detrimental impacts resulting from these variants, including loss of 

conserved ligand binding interactions and reduced mobility of the D4 loop, due to 

perturbation of its conformational ensemble.  These potentially synergistic effects 

make this conserved ligand-binding loop a hotspot for disease-related variants in 

PGM1 and related enzymes. 

IV.2 Introduction 

 The effects of disease-related variants on the structure and function of 
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human proteins are often not fully understood [1].  Because of the large number 

of such variants, comprehensive experimental investigation is prohibitive, leading 

to the widespread use of computational algorithms for predicting impact [2,3].  

Even in systems where experimental studies are initiated, many variants prove 

intractable due to problems with protein folding, stability, or cellular trafficking 

[4,5].  In a few cases, however, biochemical and atomic resolution structural 

studies of disease-related variants have proven feasible, shedding light on the 

molecular basis of disease.  One such example is a key metabolic enzyme in 

humans known as phosphoglucomutase 1 (PGM1), which is responsible for 

maintaining cellular glucose homeostasis. Approximately 20 missense variants of 

this enzyme are associated with inherited PGM1 deficiency, an autosomal 

recessive disease with characteristics of both a glycogen storage disorder (GSD 

XIV, OMIM 614921) and a congenital disorder of glycosylation of types I and II 

[6–13].  Recent X-ray crystallographic studies of several PGM1 missense 

variants revealed distinct mechanisms for enzyme dysfunction, providing insights 

well beyond and sometimes differing from their predicted effects [14,15].  This 

work highlights the importance of direct structural characterization for 

understanding disease-related variants and the value of human PGM1 as a 

model system for such studies.   

 The identification of PGM1 deficiency as an inherited disease also 

provides opportunities for understanding this critical enzyme and its role in 

human metabolism.  PGM1 is a cytosolic enzyme found in most tissues [16].  Its 

catalytic reaction entails two consecutive phosphoryl transfers and proceeds via 
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a bisphosphorylated intermediate (Figure IV-1A).  The first phosphoryl transfer 

takes place from a conserved phosphoserine residue (Ser117) to substrate, 

creating glucose 1,6-bisphosphate.  The intermediate must then reorient in the 

active site, allowing the second phosphoryl transfer to occur from the 

intermediate to the protein, creating product and regenerating the active 

(phosphorylated) version of the enzyme. PGM1 has 562 residues, comprising 

 

Figure IV-1.  Overview of the mechanism and structure of human PGM1. (A) A 
schematic of the catalytic reaction, showing the reversible conversion of glucose 1-
phosphate to glucose 6-phosphate.  Glucose 1,6-bisphosphate undergoes a 180° 
reorientation in between the two phosphoryl transfer steps of the reaction (gray line 
indicates axis of rotation). (B) The crystal structure of WT human PGM1. Ser117, 
Arg503 and Arg515 are highlighted as sticks; bound metal ion is shown as black 
sphere. The missing residues in the D4 loop are shown with dashed line. (C) A close-
up of the active site of PGM1.  The bound sulfate ion in WT enzyme that acts as a 
structural mimic for the phosphate group of the substrate is shown with spheres; 
bound glucose 6-phosphate (in yellow, this report) is superimposed. The Mg2+ ion 
near the site of phosphoryl transfer is shown for reference. Missing residues (507-
509) in the D4 loop are shown with dashed line. 
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four domains of approximately equal size (Figure IV-1B).  Its active site is found 

within the large central cleft and has four conserved loops with critical functional 

roles: i) the phosphoserine loop that participates in phosphoryl transfer; ii) a loop 

that binds a Mg2+ ion needed for activity; iii) a sugar-binding loop; and iv) the 

phosphate-binding loop that interacts with the phosphate group of the substrates 

(see [17] for a detailed review).  

In the present study we focus on PGM1 variants affecting residues within 

loop (iv) in the C-terminal domain (domain 4 or D4) of the enzyme: the 13-

residue D4 loop. This region is composed of two β-strands and a connecting 

loop, and includes a number of conserved residues with proposed roles in 

binding the phosphate group of substrate, a key determinant of ligand recognition 

for the entire α-D-phosphohexomutase enzyme superfamily [18].  In the 1.85 Å 

crystal structure of wild-type (WT) PGM1, three residues within this loop (507-

509) were missing in the electron density maps, consistent with high mobility 

[15].  This suggested a potential functional role during catalysis, whereby the 

mobile flap would close upon substrate binding and open to release product.  

Movement of the flap could also be necessary to permit the 180° reorientation of 

the intermediate in the midst of the catalytic cycle (Figure IV-1A). 

The functional relevance of the mobile flap and the impacts of missense 

variants affecting conserved ligand-binding residues in the D4 loop are further 

investigated herein, using biochemical, structural and computational approaches.  

Variants affecting this region, identified either from patients with PGM1 deficiency 

or from exome sequencing databases, are shown to have multiple detrimental 
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effects on the enzyme, culminating in a profound decrease in catalytic activity. 

These studies provide insights into key functional regions of PGM1 and further 

expand its utility for probing the molecular effects of disease-related mutations. 

 

IV.3 Results 

IV.3.1 Biochemical studies of variants in the D4 loop 

 Eight mutants affecting the D4 loop of PGM1 were studied (Table IV-1).  

Two of these were identified from patients affected by PGM1 deficiency: R503Q 

and R515L [11].  Four others (G508R, G511R, and R515Q/W) were identified as 

likely detrimental to enzyme function, from a survey of human PGM1 variants 

found in various genome databases (Methods and [16]).  Two additional mutants, 

R503A and R515A, were engineered to further examine the effects of the amino 
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acid side chain at these residue positions.  Mutant proteins were expressed 

recombinantly in E. coli and purified as described in Methods. Results of the 

biochemical characterization are summarized in Table IV-1.  Soluble protein was 

obtained for all of the variants, most at levels similar to that of WT enzyme.  

Potential aggregation was assessed with dynamic light scattering.  Six of the 

eight variants showed hydrodynamic radii (Rh) consistent with the expected 

molecular weight of the protein.  However, G508R and G511R had larger Rh and 

correspondingly increased estimated molecular weights in solution.  Due to 

apparent aggregation, neither of these variants was studied further.   

 The six remaining variants were characterized for thermal stability, 

enzyme activity, and the competence of their catalytic serine for phosphorylation 

by the known activator and reaction intermediate glucose 1,6-bisphosphate 

(Table IV-1) [19].  As assessed by thermal shift assays, none of the variants 

showed significant changes in stability relative to WT enzyme: T0.5 values range 

from 44.9 to 48.7° C, generally within 1-2° C of WT enzyme (T0.5 = 46.3° C).  In 

contrast, all six variants had profoundly impaired enzyme activity.  While low 

phosphoglucomutase activity could be observed over extended time (hours) at 

very high enzyme concentration (100 times WT), it was too low to permit 

characterization of the steady state kinetic parameters.  For comparison, other 

missense variants with kcat as low as 0.1%  of the WT enzyme are still 

quantifiable [19].  Despite their impaired activity, all of the variants were 

nevertheless competent for phosphorylation of the catalytic serine (P-Ser117) as 

assessed by electrospray ionization mass spectrometry (Figure IV-S1), although 
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for several this was less efficient than for WT enzyme (Table IV-1) under the 

conditions tested.  Thus, it appears that impaired catalysis in these variants is not 

Table IV-2.  Crystallographic data collection and refinement statistics  

Protein R503Q R515L R515Q R515W G6P complex 

Space Group P41212 P41212 P41212 P41212 P41212 

Unit cell parameters 
(Å) 

172.1 172.1 99.8 171.3 171.3 99.4 174.0 174.0 99.5 172.3 172.3 99.4 171.9 171.9 99.4 

Resolution (Å) 60.95 (1.95) 60.68 (2.20) 61.5 (2.60) 60.93 (1.75) 60.82 (2.30) 

Observations 1557274 (74492) 893507 (42745) 660415 (62010) 2043537 (59107) 878402 (37536) 

Unique reflections 108994 (5314) 75286 (4379) 47453 (4566) 150294 (6946) 64976 (3790) 

Rmerge (I) 0.14 (1.902) 0.279 (2.141) 0.185 (1.846) 0.089 (1.58) 0.160 (1.774) 

Rpim (I) 0.038 (0.526) 0.084 (0.72) 0.052 (0.518) 0.025 (0.561) 0.045 (0.573) 

Mean I/σ(I) 15.1 (1.5) 9.8 (1.2) 15.2 (1.4) 20.1 (1.1) 14.8 (1.3) 

CC1/2 0.999 (0.709) 0.997 (0.693) 0.998 (0.796) 0.999 (0.595) 0.998 (0.656) 

Completeness (%) 100.0 (99.9) 100.0 (99.9) 100.0 (100.0) 99.7 (93.6) 97.8 (82.6) 

Multiplicity  14.3 (14) 11.9 (9.8) 13.9 (13.6) 13.6 (8.5) 13.5 (9.9) 

No. of protein 
residues 

1126 1128 1124 1125 1128 

No. of atoms 9725 9316 8281 9898 9259 

No. of sulfate ions 18 6 13 5 0 

No. of water 
molecules 

949 635 91 1180 571 

Rcryst 0.1693 0.1897 0.2386 0.1652 0.1674 

Rfree 0.2129 0.2507 0.2954 0.1909 0.2263 

RMSD bond lengths 
(Å) 

0.007 0.007 0.010 0.006 0.007 

RMSD bond angles 
(°) 

0.812 0.853 1.384 0.783 0.894 

Ramachandran Plot      

     Favored (%) 98.03 96.44 96.78 98.21 96.80 

      Outliers (%) 0.18 0.18 0.63 0.09 0.18 

MOLPROBITY score 
(%-tile) 

98 98 98 99 99 

Average B (Å2) 41.82 52.17 71.27 32.07 41.11 

Protein 40.57 52.03 70.94 30.31 40.89 

Water 45.53 50.04 52.38 42.13 42.48 

Sulfate ions (<B>/no.) 112.54/18 108.43/6 129.77/13 67.15/5 - 

Glucose 6-P 
(<B>/no.) 

- - - - 79.21/2 

Coordinate Error (Å) 0.197 
 

0.295 
 

0.454 
 

0.211 
 

0.270 
 

PDB code 5VG7 5VEC 5VIN 5VBI 6BJ0 

Values for the outer resolution shell of data are given in parentheses. aRamachandran plots generated with Molprobity 

via the PDB validation server.  bMaximum likelihood-based coordinate error estimate reported by PHENIX. 
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attributable to lack of phosphorylation of Ser117, which is required but not 

sufficient for enzyme activity. 

IV.3.2 Arg503 and Arg515 variants cause unexpected ordering of the D4 

loop 

 The crystal structures of four variants of human PGM1, with substitutions 

at either residue 503 or 515, were determined (Methods).  The proteins 

crystallized under similar conditions as WT enzyme and with isomorphous crystal 

lattices (Table IV-2). Two identical copies of the polypeptide chain are found in 

the asymmetric unit: chain A is more highly ordered in all PGM1 crystals, and is 

therefore used as the reference in following descriptions.  Resolution of the 

diffraction data for the different variants ranged from 1.75 to 2.6 Å.   

 A superposition of the polypeptide backbones of the four mutants with that 

of WT enzyme shows that the structures are very similar overall (Figure IV-2A).  

For example, the overall root-mean-square-deviation (RMSD) between R503Q 

and WT enzyme is 0.51 Å for 540 Cα pairs. In each structure, the substituted 

residue (i.e., Gln, Trp, Leu) is observed in the electron density maps and makes 

no direct interactions with other residues in the protein.  Nevertheless, all of the 

structures show one clear difference compared to WT enzyme:  ordering of the 

mobile flap (residues 507-509) within the D4 loop (Figure IV-2B-E).  In the two 

high-resolution structures of R503Q and R515W, all residues of the loop are 

clearly defined (Figure IV-2D-E).  In the lower resolution structures, partial 

ordering is seen (Figure IV-S2A), which is nonetheless significant relative to the 

WT structure in 2Fo-Fc maps (see Figure IV-S2B for omit maps). The conformers 
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of the D4 loops vary somewhat in the different structures (Figure IV-2B), but 

include additional inter-residue interactions and regions of ordered secondary 

structure.  For instance, in the R503Q and R515W variants, residues 509-510 

 

Figure IV-2. Crystal structures of missense variants of Arg503 and Arg515. (A) 
Backbone superposition of WT PGM1 (gray) with R503Q (red), R515L (gold), 
R515W (purple), R515Q (cyan), and the enzyme-substrate complex with G6P 
(green).  (B) A close-up view of the D4 loop of each structure in (A). The break in 
the WT chain is indicated with spheres and highlighted by arrows.  2Fo-Fc 

electron density maps calculated from the final models and contoured at 1.0  for 

the D4 loop in (C) WT PGM1, and the (D) R503Q and (E) R515Q variants.  For 
omit maps, see Figure IV-S2B. 
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form a β-turn connecting two β-strands, with residues 505-507 forming a bulge 

within this region (Figure IV-2D,E).   

A structural explanation for the reduced mobility of the flap in these 

missense variants is not immediately obvious.  In all cases, the site of the 

mutation (residue 503 or 515) is outside of the flap, and none of the introduced 

side chains in the variants interact with residues in the flap.  The ordering of the 

flap also occurs regardless of the type of substitution (e.g., Trp vs. Leu).  Indeed, 

even alanine mutants at these positions result in highly impaired enzyme activity, 

arguing against steric effects from the introduced side chains (Table IV-1). Taken 

together, these observations raised the following possibility: perhaps the 

conformer(s) observed in the variants exist within the WT conformational 

ensemble of this region, but become more energetically favorable in the 

missense variants.  A corollary to this hypothesis would be that the active site 

environment of the WT enzyme is poised to encourage many possible 

conformers of the D4 loop, presumably for functional reasons. Given the known 

association of the D4 loop with ligand binding, we pursued the crystal structure of 

a PGM1-substrate complex. 

IV.3.3 The D4 loop changes conformation to bind ligand 

 The crystal structure of PGM1 in complex with glucose 6-phosphate (G6P) 

was determined at 2.3 Å resolution (Table IV-2).  (Since the enzyme reaction is 

reversible, it is equally valid to consider G6P as either substrate or product.)  

G6P was soaked into crystals of WT enzyme grown in a low salt condition 

(Methods).  Clear evidence for ligand binding was observed in initial electron 
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density maps; an omit map calculated from the final refined structure is shown in 

Figure IV-S2B.  Differences between the polypeptide backbones of apo- and 

ligand-bound PGM1 are minor, with some small shifts in residues of domains 1 

and 4 (Figure IV-3A).  G6P is bound deep within the active site, with 

approximately 50% of its surface area inaccessible to solvent (Figure IV-3B).  

Notably, the flap region of the D4 loop is mostly ordered in the ligand complex, 

although its conformation is distinctly different from that seen in the missense 

variants (Figures IV-2A and IV-S2B).   Significant changes in / angles occur, 

especially for Gly506, Gly508, and Ala510, producing an overall closure of the 

loop.  The D4 loop in the enzyme-G6P complex has no regular secondary 

 

Figure IV-3.  Crystal structure of the 
PGM1 complex with glucose 6-
phosphate. (A) A backbone 
superposition of the apo-enzyme 
(gray) and enzyme-ligand complex 
(green).  G6P is shown in a space-
filling model. (B) Space-filling 
representation of the PGM1-G6P 
complex, looking down into the active 
site.  View is a 90° rotation relative to 
(A).  Residues in the mobile flap are 
in magenta.  (C) A close-up view of 
the PGM1-G6P interactions involving 
residues in the D4 loop (dashed 
orange lines).  An additional 
interaction with the backbone amide 
of Gly506 is not shown.  Ser117 and 
the bound metal ion (black sphere) 
are shown for reference.  For an omit 
map of the ligand, see Figure IV-S2B. 
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structure, but is rather wrapped around the phosphate group of ligand (Figure IV-

3C).  Unlike the R503Q and R515W complexes, no inter-residue contacts are 

observed between residues in the loop, highlighting the significant conformational 

change that would be needed to convert between the ligand-bound and ordered 

conformers of the variants.  

Within the active site, G6P binds with its O1 hydroxyl near Ser117 (the 

catalytic phosphoserine), as would be required for phosphoryl transfer, and with 

its phosphate group proximal to the D4 loop (Figure IV-3C).  As expected [17], 

multiple residues in the D4 loop, including one from the flap, are involved in direct 

interactions with G6P.  These include both Arg503 and Arg515, which make 

bidentate interactions with the phosphate, as well as additional phosphate 

contacts made by Ser505, Gly506, and Thr507. Interactions are also made with 

the hydroxyl groups of the sugar by Arg293, Glu376, and Ser378, although these 

vary somewhat in the two copies of the polypeptide chain. Some of the enzyme-

ligand interactions in the PGM1-G6P complex are similar to those in two 

unpublished structures of rabbit PGM (97% sequence identity to human enzyme) 

bound to ligands, but analysis of the electron density maps of these structures 

indicates multiple problems, including incorrectly modeled D4 loops (Figure IV-

S3), so detailed comparisons are not possible. 

 The structure of the PGM1-G6P complex highlights the crucial role of the 

D4 loop in ligand binding, and also helps explain the detrimental impact of the 

503 and 515 missense variants.  First, the essential roles of Arg503 and Arg515 

in contacting the phosphate group of the substrate are clear: these two residues 
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are part of an intricate network of interactions between the protein and bound 

ligand (Figure IV-3C), and it seems certain that substitution of either residue 

would disrupt binding.  Support for this is evident in the changed position (or loss) 

of a bound sulfate ion, a mimic for the phosphate group of the substrate, seen in 

the crystal structures of missense variants as compared to WT enzyme (Figure 

IV-2C-E and  IV-S2A).  Second, the conformer of the D4 loop present in the G6P 

complex is incompatible with the conformer(s) of D4 observed in the mutant 

structures (Figure IV-S2B), which would present an additional impediment to 

ligand binding.  Finally, the ordering of the D4 loop observed in the mutant 

structures, relative to its mobility in WT enzyme, suggests that an unfavorable 

conformational transition would be necessary to achieve the productive ligand-

binding conformer of the loop in the variant proteins.  Overall, observations from 

the PGM1-G6P complex support the functional importance of flap mobility, and 

suggest that the conformers observed in the missense variants would be 

unfavorable for ligand binding.   

IV.3.4 Evaluation of loop mobility by molecular dynamics  

 To further examine the intrinsic mobility of the D4 loop, we conducted 10 

ns molecular dynamics (MD) simulations of both WT PGM1 and the R503Q 

variant (Methods). The proteins remained stable throughout the course of the 

simulation, with RMSD values of the structures generally between 1-2 Å (Figure 

IV-S4A,B).  An analysis of the Cα root mean square fluctuations (RMSF), relative 

to the energy-minimized starting structures, shows that the D4 loop (residues 

505-511) is the most highly mobile region of the protein, even in the R503Q 
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variant (Figures IV-4 and IV-S4C-D).  (A previous study of PGM1 mechanism by 

MD showed a similar result for WT enzyme [20]).  We further examined the range 

of conformers of the D4 loop sampled during the MD simulation, and find that the 

conformers observed in the crystal structures of the missense variants and 

PGM1-G6P complex are encompassed within this range (Figure IV-4B). 

  The RMSF analyses suggest generally similar behavior of WT PGM1 and 

the R503Q variant during the MD simulations, in contrast to the obvious 

differences seen in the electron density maps of this region.  To resolve this 

apparent paradox, we utilized calculations of the residence density [21], a time-

averaged distribution of atoms within a particular volumetric region over the 

course of the simulation (Methods). These calculations reveal distinct differences 

between the D4 loop in these two proteins (Figure IV-4C,D). In the case of WT 

enzyme, the loop has discontinuous density, showing that these residues sample 

 

Figure IV-4. Analyses of D4 loop flexibility based on the MD simulations of human 
PGM1. (A) RMSF values for WT enzyme mapped onto its structure. Increasing tube 
radius and a change from blue to red indicate higher RMSF values. (B) A sampling of 
the D4 loop conformers from the MD trajectory (one structure shown per 10 ps cycle) 
of WT PGM1.  Sampled conformers (white) are shown only for the D4 loop; other 
regions of the polypeptide backbone are from the crystal structures of the missense 
variants and PGM1-G6P complex.  Colors are as in Figure IV-2.  View is 180° rotation 
relative to (A).   Residence density analysis of the MD trajectories for the D4 loop 
(residues 505-513) of WT PGM1 (C) and the R503Q variant (D).  Maps were 
calculated as described in Methods.  Note the discontinuity of the density for WT D4 
loop (blue) versus the continuous density for the R503Q loop (orange).   
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a wide range of conformers during the simulations, consistent with the lack of 

electron density for this region in the WT structure.  On the other hand, the D4 

loop of the R503Q variant has well-defined residence density that generally 

matches the conformer observed in its crystal structure.  The density calculations 

show that, despite the overall high RMSF of the D4 loop in the R503Q variant 

(Figure IV-S2B), this region tends to occupy fewer conformational states for 

relatively longer times, as compared to WT enzyme.  Thus, the single amino 

change of the missense variant perturbs the conformational ensemble of the D4 

loop. 

IV.4 Discussion 

 The D4 loop is one of four highly conserved regions of the active site of 

phosphoglucomutases.  Its sequence conservation is evident across a wide 

range of organisms, including bacteria, plants, and animals.  In particular, the 

residues corresponding to Arg503 and Arg515, as well as the subsequent –Thr-

Gly-Ser-, are nearly invariant across evolutionary space (Figure IV-5).  This is not 

surprising, based on the critical role of these residues in ligand binding, as 

confirmed in the first PGM1-substrate complex presented here. The importance 

of this region in substrate recognition was previously recognized in related 

enzymes in the α-D-phosphohexomutase superfamily, where the corresponding 

loop was shown to interact with the phosphate group of the ligand regardless of 

whether the 1- or 6-phosphosugar is bound [22,23].  These critical protein-

phosphate contacts allow enzymes in this superfamily to accommodate both 1- 

84



and 6-phosphosugars in the same binding site, which is key to their reversible 

reaction (Figure IV-1).  

The profound functional impairment of the Arg503 and Arg515 variants is 

consistent with the critical roles of these two residues in phosphate recognition.  

Nevertheless, the PGM1 variants at residues 503 and 515 appear to have no 

direct structural impact on the enzyme, beyond the site of substitution. 

Unexpectedly, however, we find that mutations at these residue positions result 

in the ordering of the nearby, mobile flap of D4.  This indirect effect, which occurs 

regardless of the site or nature of the substitution, suggests an additional 

contributing factor to enzyme dysfunction in these variants: changes to the 

 

Figure IV-5.  Sequences of the D4 loop of phosphoglucomutase in diverse 
eukaryotic organisms. Top: a multiple sequence alignment (spanning residues 
503 to 515 of human PGM) highlighting identical residues with red background.  
Bottom: A consensus Web Logo [32] of the D4 loop.  R503 and R515 are 
highlighted by yellow star; variants relevant to this study are indicated with arrows 
at bottom.  Those with confirmed roles in PGM1 deficiency are marked with an 
asterisk.   
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functional dynamics of this key ligand-binding loop.  This proposal is supported 

by the MD simulations, which show that the R503Q mutation shifts the 

conformeric ensemble of the D4 loop, producing a favored, major conformer that 

is incompatible with ligand-binding.  Ordering of this loop might also impede 

access of the substrate to the active site, the release of product, and 

reorientation of the intermediate (Figure IV-3C).   

Such potentially compounding effects may help explain the prevalence of 

missense variants in the D4 loop that are associated with PGM1 deficiency [16] .  

In addition to those identified in patients (R503Q and R515L), we show here that 

other variants found in the human population (G506R, G511R, R515W, R515Q) 

also deleteriously impact PGM1 function in vitro.  While these variants have not 

yet been identified in patients with PGM1 deficiency, our results suggest they 

would likely cause disease in homozygous individuals.  Although not yet 

biochemically or structurally characterized, disease-associated variants in the D4 

loop have also been identified in a related human enzyme, PGM3, consistent 

with the conserved functional role of this region [16,24].  Thus, this region may be 

a hotspot for disease-associated mutations in the entire enzyme superfamily. 

The importance of missense variants in inherited human disease is well 

appreciated, but a molecular understanding of the effects of the mutation is often 

lacking [1]. Despite their functional impairment, the D4 variants described herein 

lack the obvious structural impacts seen in several other PGM1 missense 

variants, including several that cause direct and profound structural changes 

within the active site [15].  Instead, the effects of the D4 variants appear to be 

86



explained by the loss of key ligand interactions, with a potentially compounding, 

indirect effect on loop dynamics. Dynamic changes due to mutations, which act 

at both short and long-range, have been previously observed, in both 

computational and experimental studies [25–28].  The possible contribution of a 

dynamic defect in PGM1 deficiency may facilitate alternative therapeutic options, 

such as the use of small molecules to modulate the conformational ensemble of 

the protein [29–31]. 
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IV.9 Star Methods 

IV.9.1 Key Resources Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Chemicals, Peptides, and Recombinant Proteins 

Glucose-6-phosphate Dehydrogenase from 
Leuconostoc mesenteroides 

Sigma-Aldrich CA#: G8404-2KU 

-D-Glucose-1,6-bisphosphate  Sigma-Aldrich CA#: G6893-25MG 

DL-Dithiothreitol Sigma-Aldrich CA#: D9779-1G 

-D-Glucose-1-phosphate Sigma-Aldrich CA#: G7000-5G 

Magnesium sulfate Sigma-Aldrich CA#: M7506-500G 

NAD+ Sigma-Aldrich CA#: N0632-5G 

Critical Commercial Assays 

Applied Biosystems Protein Thermal Shift Dye 
Kit 

ThermoFisher 
Scientific 

CA#: 4461146 

Crystal Screen 1 & 2 Hampton Research CA#: HR2-110 & HR2-112 

Wizard Classic Crystallization Screen 1 & 2 Emerald BioSystems 
Inc. 

CA#: 1009530 & 1009531 

QuikChange II Site-Directed Mutagenesis Kit Agilent CA#: 200523 

Deposited Data 

R503Q variant structure This paper PDB: 5VG7 

R515L variant structure This paper PDB: 5VEC 

R515Q variant structure This paper PDB: 5VIN 

R515W variant structure This paper PDB: 5VBI 

PGM1-G6P complex structure This paper PDB: 6BJ0 

Wild-type PGM1 (Stiers et al., 2016) PDB: 5EPC 

Experimental Models: Organisms/Strains 

Escherichia coli: BL21DE3 New England 
Biosciences 

CA#: C2527H 

Recombinant DNA 

Plasmid: Wild-type human PGM1 [19] N/A 

Plasmid: PGM1-R503Q missense variant This paper N/A 

Plasmid: PGM1-R515L missense variant This paper N/A 

Plasmid: PGM1-R515Q missense variant This paper N/A 

Plasmid: PGM1-R515W missense variant This paper N/A 

Software and Algorithms 

GROMACS molecular dynamics software [35] http://dx.doi.org/10.1016/j.softx
.2015.06.001 

PyMOL [36] http://www.pymol.org 

MDAnalysis python package [21] https://doi.org/10.1002/jcc.217
87 

R [37] https://cran.r-project.org/ 

Bio3D R-package [38] https://doi.org/10.1093/bioinfor
matics/btl461 

Other 

VDX™ Plate with sealant Hampton Research CA#: HR3-172 
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IV.9.2 Contact for Reagent and Resource Sharing 

Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Lesa J Beamer 

(beamerl@missouri.edu). 

IV.9.3 Experimental Model and Subject Details 

We used E.coli BL21(DE3) cells for recombinant expression of His-tagged 

PGM1 for biochemical and biophysical experiments. The cells were cultured 

using standard practices in LB media. 

IV.10 Methods Details 

IV.10.1 Mutagenesis, protein expression and purification.   

Variants R503Q and R515L were identified in patients with PGM1 

deficiency and previously shown to lack quantifiable activity [11].  The G508R, 

G511R, R515Q, and R515W mutants were identified as potentially deleterious to 

PGM1 function from a computational analysis of known human variants of PGM1 

[16] found in the ExAc [33] or Cosmic sequence databases [34].  Each of these 

variants is rare in the human population. R503A and R515A were engineered for 

this study. All PGM1 mutants were constructed using the QuikChange kit 

(Agilent) and verified by automated DNA sequencing. 

Missense variants were expressed recombinantly in E. coli and purified to 

homogeneity via an N-terminal His6 affinity tag, as previously described [19]. The 

purified proteins were dialyzed into a solution of 50 mM MOPS, pH 7.4, with 1 
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mM MgCl2, and concentrated to ~10 mg/mL or higher.  If not used immediately, 

samples were flash-frozen in liquid nitrogen and stored at -80 ºC.  

IV.10.2 Biochemical studies   

Dynamic light scattering—Protein samples at 1 mg/mL in 50 mM MOPS, 

pH 7.4, and 1 mM MgCl2 were prepared and centrifuged prior to data collection. 

Data were collected on a Protein Solutions DynaPro 99 instrument at a 

wavelength of 8363 Å for 200 s (10 s each for 20 acquisitions) at 25 °C. 

Polydispersity of samples ranged from 0 to 21%.   

Kinetic characterization— Phosphoglucomutase activities for the missense 

mutants were assessed by coupling the formation of glucose 6-phosphate from 

glucose 1-phosphate to NADH formation via glucose 6-phosphate 

dehydrogenase (G6PDH). Leuconostoc mesenteroides G6PDH, α-D-glucose 1-

phosphate, and glucose 1,6-bisphosphate were obtained from Sigma.  Reactions 

were conducted at 25 °C in 50 mM MOPS, pH 7.4, with 1 mM dithiothreitol, 1.5 

mM MgSO4 , and 0.9 mM NAD+. The activator glucose 1,6-bisphosphate was 

present at 1.0 µM and the substrate (α-D-glucose 1-phosphate) at 200 µM. 

Assays of variants were done in parallel with a control (WT enzyme at 4 - 7.8 nM) 

and monitored for at least one hour.  Enzyme concentrations for the variants at 

1X, 10X, and 100X of the WT control were assessed, all of which failed to 

produce quantifiable activity.   

Assessment of phosphorylation by mass spectrometry—The 

phosphorylation state of the active site phosphoserine (Ser117) was analyzed 
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before and after treatment with glucose 1,6-bisphosphate using electrospray 

ionization mass spectrometry (Figure IV-S1). Protein samples at concentrations 

between 75 and 150 µM in 50 mM MOPS, pH 7.4, 1 mM MgCl2 were incubated 

with a 6-fold molar excess of glucose 1,6-bisphosphate for 16 h at 4 °C. For 

mass spectrometric analyses, protein samples at 1 pmol/µL in 1% formic acid 

were analyzed by NanoLC Nanospray QTOF (Agilent 6520) in positive ion mode 

with a Zorbax C8 trap column. Data were examined using the Qual software 

provided with the instrument. The mass error between samples is 0.11 Da (2.1 

ppm) and quantification error is 2%. Percent phosphorylation was calculated by 

normalizing the sum of the dephosphorylated and phosphorylated peak heights 

to 1.0.   

Thermal Shift Assays—Dephosphorylated WT PGM1 and missense 

variants were diluted to 0.5 mg/mL (~8 µM) in 50 mM MOPS, pH 7.4 

supplemented with 1 mM MgCl2. Samples were incubated with dye from the 

Applied Biosystems® Protein Thermal Shift kit per manufacturer’s 

recommendation for 1 hour at 4 °C.  A QuantStudio 3 Real-Time PCR System 

(ThermoFisher Scientific) was used to ramp from 4 °C to 95 °C in 0.3 °C 

increments with 10 second holds between ramping steps. Fluorescence values 

were normalized as in [39] and T0.5 calculated as the midpoint of the normalized 

fluorescence response. Samples were run in duplicate. 

IV.10.3 Crystallization  

Proteins destined for crystallization trials were purified as above, with the 

additional step of cleavage of the histidine tag, as in [15] .  Successful cleavage 
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was confirmed by electrospray ionization mass spectrometry.  Initial 

crystallization screens were set up at 19 °C with Crystal Screen kits 1 and 2 

(Hampton Research) and Wizard screen kits 1 and 2 (Emerald BioSystems Inc.) 

at a protein concentration of 9-16 mg/mL using the hanging drop vapor diffusion 

method at 20° C.  Drops containing 2 µl protein solution and 2 µl crystallization 

buffer were sealed over a 0.5 mL reservoir.  Crystals of R503Q used for data 

collection were grown in 1.8 M ammonium sulfate and 0.1 M TRIS HCl, pH 7.5.  

Final R515L and R515Q crystals were grown in 0.01 M cobalt (II) chloride 

hexahydrate, 0.1 M MES monohydrate pH 6.5, and 1.8-2.1 M ammonium sulfate. 

R515W crystals were grown in 0.1 M HEPES 7.5, 0.1 M sodium chloride, and 

1.5-1.7 M ammonium sulfate. 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. Crystals grew in approximately one week in space 

group P41212 with ~60% solvent (VM = 3.04 Å3/Da).  The asymmetric unit 

contains two copies of the polypeptide chain.  

For preparation of a PGM1-substrate complex, a novel, low salt 

crystallization condition was identified for WT PGM1. Crystallization conditions 

were screened at 19°C using Intelli-Plate 96-3 well sitting drop plates (0.2 

µL protein + 0.2 µL well buffer) at a protein concentration of 12 mg/mL.  Crystals 

of WT PGM1 were obtained in condition C12 from PEG Ion Screen HT (Hampton 

Research), which contains 0.2 M sodium tartrate dibasic dihydrate and 20% PEG 

3,350 at pH 7.3. Despite the different crystallization conditions, these crystals 

were isomorphous with those grown previously from ammonium sulfate [15] 
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(Table II-1).  For ligand soaks, single crystals were extracted from drops, 

resuspended in well buffer, and the concentration of PEG 3,350 increased to 

30%. Step-wise additions of 10 mM glucose-6-phosphate were made to the 

crystals over a period of five minutes to a final concentration of ~7 mM; crystals 

were flash-cooled directly into liquid nitrogen for storage without additional 

cryoprotection.   

IV.10.4 X-ray diffraction data collection and refinement 

Diffraction data were collected at a wavelength of 1.00003 Å from single 

crystals on beamline 4.2.2 of the Advanced Light Source using a Taurus-1 

CMOS detector in shutterless mode. The data were processed using XDS [40] 

and AIMLESS [41] via CCP4i [42].  Data processing statistics are listed in Table 

IV-2.  Values of CC1/2 > 0.30 [43] and Rpim [44] were used to determine 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.  

Crystallographic refinement calculations were initiated using coordinates 

of WT PGM1 (PDB code: 5EPC). Refinement was performed with PHENIX [45]; 

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 [46] 

was used for model building.  The Rfree data sets for the mutants were 

constrained to match those of the WT data.  Structures were validated using 

MolProbity [47] and refinement statistics are listed in Table IV-2. In the R503Q 

and R515W structures, Ser117 was modeled as a mixture of serine and 
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phosphoserine, based on the electron density maps.  Structural figures were 

prepared with PYMOL [36].  Coordinates and structure factor amplitudes have 

been deposited in the PDB under the accession number listed in Table IV-2.  

IV.10.5 Molecular dynamics simulations and trajectory analyses 

The structure of WT PGM1 (PDB ID 5EPC, chain A) and the R503Q 

mutant (PDB ID 5VG7, chain A) were prepared for MD simulations.  Missing side 

chains were modeled using Swiss-PDBViewer [48]. Initial coordinates for the 

missing residues in the flap of WT enzyme were taken from the structure of the 

R503Q mutant. Topologies were generated using the Amber (amber99sbff) 

force-field [49] with GROMACS 2016.3 [35,50–54]. The system was solvated 

with the TIP3P water model and neutralized by addition of counter ions in a 

dodecahedral box [55]. The neutralized system was energy minimized by the 

steepest descent algorithm with a tolerance of force (Fmax) less than 1000 kJ 

mol−1 nm−1, and both converged to an energy below -1.0e+06 kJ mol−1. The 

energy-minimized structures were subjected to consecutive 100 ps NVT and 

NPT equilibration steps. Each system remained stable at 300 K using a modified 

Berendsen thermostat, and pressure was maintained using the Parrinello-

Rahman coupling method [56]. Production MD simulations were continued from 

the final frame of the NPT equilibration for 10 ns. Equilibration and production 

MD used the LINCS constraint algorithm [49] with long-range electrostatics 

calculated using the Particle Mesh Ewald method [57]. Trajectories were 

analyzed with the GROMACS energy, rms, and rmsf utilities [35,51]. RMSF 
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values were mapped to the B-factor field of the initial frame from production MD 

and visualized in PyMOL [36].  

Trajectory density analysis — Raw trajectories were corrected for periodic 

boundary conditions, rotation, and translation with the trjconv utility of 

GROMACS [35]. The analysis.density submodule of the MDAnalysis python 

package [21] was used to generate densities from the trajectories using the 

default grid spacing of 1.0 Å. Density maps were visualized against the initial 

production MD frame in PyMOL [36] using the volume representation with carve 

set to 1.6 Å (default). 

IV.11 Quantification and Statistical Analysis 

Thermal shift analysis – Relative fluorescence units were normalized to 

fraction unfolded using the minimum and maximum fluorescence reading for the 

well as in [39] with the formula 𝐹𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑 =
𝑅𝐹𝑈𝑖−𝑅𝐹𝑈𝑚𝑖𝑛

𝑅𝐹𝑈𝑚𝑎𝑥−𝑅𝐹𝑈𝑚𝑖𝑛
 , where Funfolded is the 

relative fractional portion unfolded at a temperature point, RFUi is the 

fluorescence reading at a temperature point, RFUmin is the minimum reading for 

that sample, and RFUmax is the maximum reading for that sample. The point at 

which the protein is half unfolded (Funfolded = 0.50), designated T0.5, is used for 

comparison of samples. 

IV.12 Data and Software Availability  

IV.12.1 Accession Numbers 
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The atomic coordinates and structure factors for the structures described 

in this study have been deposited to the RCSB PDB (www.rcsb.org) with the 

PDB ID codes: 5VG7, 5VEC, 5VIN, 5VBI, and 6BJ0.  

IV.12.2 Additional Resources 

N/A 
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IV.13 Supplemental Information 

IV.13.1 Supporting Figures 

 

 

 

 

 

Figure IV-S1.  Representative electrospray ionization mass spectra for the R503Q 
missense variant, related to Methods. The two major peaks are for phospho-enzyme 
(red shading) and dephospho-enzyme (gray shading).  Spectra are shown for the 
protein as purified (top panel) and after treatment with glucose 1,6-bisphosphate 
(bottom).  Spectra of other variants were highly similar. 
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Figure IV-S2.  Electron density maps in the vicinity of the D4 loop of PGM1, related to 

Figure IV-2 and IV-3. (A) Final 2Fo-Fc electron density maps contoured at 1.0 s for the 

D4 loop of missense variants R515L (left) and R515Q (right); backbone interactions are 

indicated by dashed lines.  Compare with Figure IV-2C-E in text. (B) Omit maps of the 

D4 loop for WT PGM1 (5EPC), the four missense variants, and the PGM1-G6P 

complex.  Positive (green) and negative (red) electron density at 3.0 s is shown for 

residues 503-515 and the ligand, when present. For the G6P complex, the D4 loop 

(orange) from the R503Q variant is superimposed, highlighting differences with the 

ligand-bound conformer. Omit map density at this contour level is clear for the two high 

resolution structures, R503Q and R515W, and moderate for the R515L structure. Weak 

density for the R515Q loop may be due to the lower resolution and higher overall B-

factor of this data set (Table IV-2).  Both positive and negative density is shown for 

completeness; no negative density is found on atoms of the structures. 

R515L 
A 

B 

R515Q 
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Figure IV-S3. Electron density maps of the 
D4 loop and active site vicinity of rabbit 
PGM, related to Figure IV-3.  (A) Apo-
enzyme (PDB ID 3PMG, 2.4 Å resolution). 
(B)  Enzyme complex with glucose 1,6-
bisphosphate (PDB ID 1C47, resolution 2.7 
Å).  (C) Enzyme complex with glucose 1-
phosphate-6-vanadate, resolution 2.7 Å). 
2Fo-Fc (light blue) and Fo-Fc (green and 
red) maps are shown at contours of 1.0 and 
±3.0 σ, respectively. Ligands and D4 loop 
are shown in sticks. All three structures lack 
supporting density for the model of the D4 
loop; multiple other problems in the maps 
are apparent, including poor density for the 
entire C-terminal domain of both complexes 
(not shown).   Further examination can be 
done using the one-click electron density 
visualization tools on the structure summary 
page of each deposition at the RSCB PDB.  
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Figure IV-S4. Analysis from 10 ns MD simulations of WT PGM1 and the R503Q 

missense variant, related to Figure IV-4. The root mean square deviation (RMSD) of 

the Cα atoms is shown with respect to the initial MD frame for (A) WT PGM1 and (B) 

the R503Q variant. The moving average is shown as a dashed red line. The per-

residue root mean square fluctuations (RMSF) for (C) WT PGM1 and (D) the R503Q 

missense variant calculated after superposing each frames’ coordinates to the first 

frame.   
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Chapter V 

Principal component analysis as a method for 

understanding ensemble structural changes in proteins 

Adapted from Structural and conformational insights into enzyme states along 

the catalytic cycle of a phosphohexomutase. Structural Dynamics. Submitted. 

 

V.1 Abstract 

 Principal component analysis (PCA) is a powerful multidimensional 

reduction method for discovering patterns in complex data. Recent software 

developments have made PCA reduction easily applicable to many types of data, 

including three-dimensional (3D) coordinate sets of protein structures. To simplify 

the use of PCA on ensembles of structures, we have developed a script to 

generate principal components and useful visualizations so the user can 

interrogate the significance of the results in their system. No a priori knowledge 

of the system is needed – only the refined structures with matching sets of 

atoms. Some applications of PCA may include analyzing the effects of mutants 

on protein structure, binding of ligands or fragment screening, and analyses of 

oligomeric assemblies. 

V.2 Overview of PCA  

 PCA is a widely used multivariate statistical technique that has found use 

in almost all scientific disciplines [1]. The method requires a table of observations 

consisting of variables that are presumably correlated in a non-trivial manner. 

The goal of PCA is to extract a small number of orthogonally related variables, 

called principal components (PCs), that represent the same information in a new 
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coordinate space. The newly identified PCs serve to simplify and highlight the 

major trends of the input observations. For more information on the PCA method 

see refs [1–3]. 

 In a simple case, the requirements of PCA are straightforward. I 

(observations) and J (variables) can be represented as an I x J matrix, M. Within 

M, each column will be scaled such that the mean is zero and units are 

normalized on a fractional basis. (Without this, relatively small changes in one 

column can dominate the differences seen in the data due to magnitude 

differences between units.) Scaling can be done by the square root of I or I-1 to 

produce a covariance matrix, or by dividing by the square root of the sum of all 

the squared elements of the variable to produce a correlation matrix [1]. Either 

singular value decomposition or eigenvector decomposition of covariance can be 

computed for the resulting matrix. The scores and individual loadings (i.e., per-

residue contribution to each PCA) can be visualized to inform the user of 

previously hidden features in the data and correlations between variables. 

Generally, PCA aims to maximize the variance in the data accounted for by an 

individual PC while minimizing correlation between different PCs.  

V.3 Applying PCA to structural ensembles 

 To conduct PCA on 3D structural coordinates, we utilized the Bio3D [4] 

package implemented in the R statistical programming language. (We also 

suggest use of the free, open-source RStudio integrated development 

environment). Using the attached script (V.6.1), structures were loaded in Protein 
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Data Bank (PDB) format, aligned, and pairwise root mean square deviation 

(RMSD) values calculated using the read.pdb, pdbaln, and rmsd functions of the 

Bio3D package, respectively [4]. PCs were calculated using the pca.xyz function 

of the Bio3D R package [4]. The resulting Scree (cumulative variance) plot was 

inspected to determine how many components to include in the follow-up 

analyses. In most cases tested, >75% of the variance in the ensemble was 

accounted for by the first three PCs. While possible to conduct PCA on proteins 

of various sizes, it is most straightforward when the number of residues matches, 

enabling a direct comparison of residue positions. In this way, PCA of structural 

ensembles can be used as a fast, easy screening tool for elucidating trends in 

overly complex or otherwise cumbersome ensembles. Follow-up analyses and 

more directed studies can then be conducted to probe functional groupings or 

other hypotheses resulting from PCA. 

Due to the nature of PCA on coordinate space data, both global and per-

residue properties can be analyzed and are automatically generated by the script 

presented here (V.6.1). Global clustering of coordinate sets can be done using 

the scores (z, described below) to show structural relationships. Per residue 

contributions to the variance in the data (per principal component) can be 

accessed through the atom-wise loadings (au, described below) [4]. Loadings are 

especially useful as they can be readily mapped to the structure (done 

automatically by script V.6.1, Step 15) showing the user how much each residue 

contributes to the different PCs and their correlated grouping. These two 
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methods for visualizing trends in the 3D coordinate set are likely to be of interest 

in many structural investigations. 

For additional types of analyses, it is useful to know the organization of the 

dataframe resulting from PCA. Bio3D’s PCA function pca.xyz produces a 

dataframe consisting of six attributes named: L, U, z, au, sdev, and mean - 

corresponding to the eigenvalues, eigenvectors (x, y, and z variable loadings), 

scores of the coordinates on the PCs, atom-wise loadings (normalized 

eigenvectors), the standard deviations of the PCs, and the means that were 

subtracted. Assuming the dataframe was named pca.xyz these two variables can 

be accessed with pca.xyz$z and pca.xyz$au in R [4]. For a step-by-step 

walkthrough of the process, see the example script in the supplemental material 

(V-6.1). 

V.3.1 PCA to cluster a structural ensemble into related groups 

 One application of PCA is to investigate relationships between different 

conformers in an ensemble of protein structures (i.e., varying conformations of 

the same protein).  As an example of this, we used PCA to examine relationships 

between crystal structures determined for different states within the catalytic 

cycle of an enzyme of interest. We recently obtained 15 high resolution 

structures (Table V-1) of various enzyme states of Xanthomonas citri 

phosphoglucomutase (XcPGM), an enzyme from the α-D-phosphohexomutase 

superfamily. Figure V-1 illustrates the states on the catalytic cycle and maps 

them to numbers found in Table V-1.  Among others, these include structures of 

the apo-enzyme, as well as complexes with substrate, product and intermediate. 
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 Previous knowledge of the XcPGM superfamily allows us to sort these 

structures into functional groups. However, with PCA, an a priori approach can 

be taken, to examine structural relationships without the need for or potential bias 

from other kinds of information.  PCA on an ensemble of XcPGM structures 

(states 1-12) results in three components that account for 92.7% of the total 

variance in the data set. The normalized scores in each of the top three PCs 

were plotted (Figure V-2).  In the case of PC1, which accounts for 56.3% of the 

variance, structures are seen to cluster into two distinct groups in PC space.  

These two clusters represent two functional groupings in our system: apo-

enzyme structures (Figure V-2 black triangles) and enzyme-ligand complexes of 

XcPGM (Figure V-2 circles). These two groupings are consistent with a 

conformational change of an active site loop that occurs upon ligand-binding 

(data not shown).   

 

Figure V-1. Outline of the catalytic cycle of XcPGM, highlighting the various enzyme 
states captured in this study.  Structure numbers correspond to those on Table 1.  
EdeP corresponds to enzyme lacking a phosphorylated serine, EP corresponds to 
catalytically active enzyme. Structures not part of the normal catalytic cycle are 
labeled as “non-productive” and highlighted by gray boxes. *Room-temperature data 
set collected;

 
‡ complex with a non-hydrolysable G1P analog. 
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In PC2 (20.5% variance), the scoring of the XcPGM structures is 

dramatically different (compare positions of analogous symbols), showing the 

independence of this component from PC1 (Figure V-2).  In PC2, the structures 

are distributed more evenly by score, compared to the clusters seen in PC1 or 

PC3.   PC2 has a less obvious structural basis, but we find that complexes with 

substrate (1-phosphosugars) and product (6-phosphosugars) tend to fall at 

different ends of the distribution (bold vs. pastel colors). Moreover, the 

complexes with mannose phosphosugars (blue) appear to drive the variance in 

this PC. In other words, the structural differences between the 1- and 6-

phosphosugars are more pronounced in the complexes with mannose 

phosphosugars than those with glucose.   
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Although the biochemical significance of this result remains unclear, this is 

an example of how PCA can uncover differences too small to be evident from 

RMSD values or structural superpositions with visual inspection.  

 

 

 

Figure V-2. A scatter plot displaying scores of the various XcPGM structures for the 

first three principal components of the data set.  Apo structures are shown as black 

triangles; ligand complexes as circles.  Phospho- and dephospho-enzyme structures 

are solid and open symbols, respectively.  Complexes with glucose-based sugars are 

in shades of pink, mannose-based sugars in blue, and G16P complexes in yellow.  

Bright colors are EP:S complexes (1-phosphosugars) and pastels are EP:P complexes 

(6-phosphosugars).  Random noise (jitter) was added to the x-dimension to separate 

points for ease of visualization; different components have been normalized to the 

same scale on the vertical axis. 
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 In PC3 (15.9% variance), two clusters are again seen (open vs. solid 

symbols on Figure V-2).  These two clusters separate according to the active 

(phosphorylated) and inactive (unphosphorylated) states of the enzyme. This is 

an example of how the structural impact of covalent modification can be 

assessed by PCA, an especially important consideration in the a-D-

phosphohexomutase superfamily where phosphorylation of the catalytic serine is 

required for catalysis. 

V.3.2 PCA to examine residue-specific correlations 

  In addition to assessing global structural relationships, PCA can provide 

information on the importance of specific residues to trends within the data set, 

which can subsequently be grouped into clusters of residues with covarying 

structural changes. As mentioned above, per residue contributions to each PC 

can be accessed through the atom-wise loadings. Insight into individual residues 

or groups of residues having correlated changes within a PC, indifferent to their 

proximity in 3D space, can be found by mapping these atom-wise loadings to the 

structure (e.g. V.1.6, Step 15) or by simply plotting the values in a standard line 

graph.   

For this analysis, we utilized an ensemble of four XcPGM structures, all as 

apo-enzyme (states 1,2,13,14).  Both phosphorylated and unphosphorylated 

states of the enzyme were included, as well as structures determined from X-ray 

data sets collected at room-temperature and under cryogenic conditions. The first 

three PCs account for 100% of the variation in the data set; Figure V-3 shows 

regions of XcPGM with correlated structural changes. PC1 (Figure V-3B) 
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Figure V-3. PCA of an apo-enzyme ensemble of XcPGM comprised of two cryo 
and two RT structures. (A) A superposition of the four apo-enzyme structures, 
states [1,2,13,14].  (B-D) Individual residue contributions for the first three principal 
components plotted on the structure. Magnitude of contribution is indicated by color 
(low, black; high, red) and tube width. The contribution of each component to the 
overall variance is indicated in parentheses. Dashed boxes highlight groups of 
covarying residues (see text).   
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highlights many residues, spanning multiple domains of the enzyme and 

connecting key active site loops with residues on the periphery of the structure 

and in domain interfaces.  In PC2 (Figure V-3C), a different type of co-variation 

between key active site loops (independent of those seen in PC1) is observed, 

suggesting more than one type of coupled motion in these loops. Finally, we find 

that the structural variations highlighted in the cryo-RT ensemble are a subset of 

the variations observed between the different enzyme states at cryogenic 

temperatures. This suggests that PCA of structures determined at both cryogenic 

and room temperatures can provide insight into biologically relevant protein 

conformers, without the need for more complicated computational analyses.   

V.3.3 Potential applications of coordinate analysis by PCA 

Given that PCA is blind to the type of structural ensemble supplied, 

virtually any perturbation can be assessed for changes as a function of that 

perturbation. Because of this, PCA has found widespread utility in the 

characterization of protein ensembles from NMR [5,6] and molecular dynamics 

studies [7,8]. However, PCA has not been as commonly used in crystallographic 

comparisons, which typically involve fewer structures.  Use of PCA in 3D 

coordinate comparisons may have also been limited by the complexity of early 

implementations, but as we show here, this is no longer a barrier.  Some 

applications of this method might include the analysis of protein oligomers, where 

changes in packing arrangements may occur, or of varying domain conformers in 

multi-domain proteins. PCA of crystallographic coordinate sets has particular 

utility for analysis of prohibitively large structural data sets, such as a recent 
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study of 41 structures examining the binding of fragments for drug discovery [9].  

In such large ensembles, PCA might reveal clusters of related structures not 

obvious to the human examiner.  

V.4 Conclusion 

 PCA is a well-established technique that when leveraged with recent 

improvements in implementation, such as the script provided here, can be used 

as a tool for screening and extracting trends in structural ensembles. Due to its 

simplification of variance in a dataset, it is capable of identifying both coarse, 

large-scale changes and subtle tunings of structures in an ensemble. These 

characteristics enable a wide range of structural questions to be probed by PCA. 

Furthermore, in situations where the same protein is being interrogated, e.g. 

binding of different ligands, it is very straightforward to identify regions that move 

together in 3D space and interpret residue-specific changes. The provided script 

(See V.6.1) aims to streamline applying PCA to 3D coordinate ensembles and to 

provide an entry point for working with complex systems or those otherwise too 

prohibitively large to inspect manually.  
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V.6 Supplemental Material 

V.6.1 PCA script using Bio3D in R 

################################################################# 
#############       PCA of multiple structures with Bio3D             ############ 
#############        ############ 
#############   Script written by: Kyle M. Stiers  ############ 
#############        ############ 
################################################################# 
#STEP 1 - Set up work environment 
setwd(dir = "C:/Users/username/Desktop/") 
require(bio3d) 
#STEP 2 - Load in all relevant structures 
#Note: This can be done in multiple ways: doing each individually (shown here) or by 
looping through a directory 
and loading all files that match a pattern (*.pdb), loading many structures based on PDB 
ID, etc 
apo_dep <- read.pdb(file = "apo-dep_done.pdb",multi = T, ATOM.only = T, rm.insert = T) 
apo_pho <- read.pdb(file = "apo-pho_done.pdb",multi = T, ATOM.only = T, rm.insert = T) 
g1p_dep <- read.pdb(file = "g1p-dep_done.pdb",multi = T, ATOM.only = T, rm.insert = T) 
g1p_pho <- read.pdb(file = "g1p-pho_done.pdb",multi = T, ATOM.only = T, rm.insert = T) 
g6p_dep <- read.pdb(file = "g6p-dep_done.pdb",multi = T, ATOM.only = T, rm.insert = T) 
g6p_pho <- read.pdb(file = "g6p-pho_done.pdb",multi = T, ATOM.only = T, rm.insert = T) 
g16p_dep <- read.pdb(file = "g16p-dep_done.pdb",multi = T, ATOM.only = T, rm.insert = 
T) 
g16p_pho <- read.pdb(file = "g16p-pho_done.pdb",multi = T, ATOM.only = T, rm.insert = 
T) 
m6p_dep <- read.pdb(file = "m6p-dep_done.pdb",multi = T, ATOM.only = T, rm.insert = 
T) 
m6p_pho <- read.pdb(file = "m6p-pho_done.pdb",multi = T, ATOM.only = T, rm.insert = 
T) 
m1p_dep <- read.pdb(file = "m1p-dep_done.pdb",multi = T, ATOM.only = T, rm.insert = 
T) 
m1p_pho <- read.pdb(file = "m1p-pho_done.pdb",multi = T, ATOM.only = T, rm.insert = 
T) 
########################################################### 
#Example of how to load structures based on PDB ID 
# **THIS IS NOT RUN, IT IS AN EXAMPLE** 
#ids <- c("6NN1_A","6NN2_A","6NNN_A","6NNO_A","6NNP_A", 
#raw.files <- get.pdb(ids) 
#files <- pdbsplit(raw.files, ids) 
########################################################### 
#STEP 3 - create a list of the loaded structures 
current_list <- list(apo_dep, apo_pho, g1p_dep, g1p_pho, g6p_dep, g6p_pho, 
g16p_dep, g16p_pho, m6p_dep, 
m6p_pho, m1p_dep, m1p_pho) 
#STEP 4 - Align the structures sequences 
#http://www.drive5.com/muscle/downloads.htm to download the MUSCLE alignment 
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binary file for your system. 
#Change the path of the exefile argument to match the path to your MUSCLE 
executable file 
aligned_xanths <- pdbaln(current_list, exefile="C:/Users/kmskvf/Desktop/muscle.exe") 
#STEP 5 - Extract names to be used for the files and calculate sequence identity 
#Note: change the next line range (1 or 8) to change the length of the substring 
extracted 
aligned_xanths$id <- substr(basename(aligned_xanths$id),1,8) 
aligned_xanths$id 
seqidentity(aligned_xanths) 
#The function above will print a matrix of the sequence identities to the console 
#STEP 6 - Calculate an RMSD matrix for all the structures and write it to a CSV called 
"rmsd.csv" 
rmsd_matrix <- rmsd(aligned_xanths, fit = T) 
rmsd_matrix 
write.csv(rmsd_matrix,file = "rmsd.csv") 
#STEP 7 - Optional heatmap with clustering n the row direction, and labels for 
convenience. Requires the NMF 
package (or you to use a different heatmap function) 
#If you would like to create the heatmap install the NMF package and uncomment the 
next two lines 
#library(NMF) 
#aheatmap(rmsd(aligned_xanths, fit = T), Colv = NA,labRow = c("apo-dep (1)","apo-pho 
(2)","g1p-dep (3)","g1ppho (4)", "g6p-dep (5)","g6p-pho (6)", "g16p-dep (7)", "g16p-pho 
(8)", "m6p-dep (9)", "m6p-pho (10)", "m1p-dep 
(11)", "m1p-pho (12)")) 
#STEP 8 - Calculate the 'core' (unchanging portion) of the aligned structures and plot it 
in two ways, plain black and 
colored red gradient to pink 
core <- core.find(aligned_xanths) 
plot.core(core) 
print.core(core) 
col=rep("black", length(core$volume)) 
col[core$volume<2]="pink"; col[core$volume<1]="red" 
plot(core, col=col) 
#STEP 9 - (Re)Align the PDBs in sequence and coordinates (in case you skipped to this 
point) and calculate the 
density histogram as well as a dendrogram (OPTIONAL) 
aligned_xanths <- pdbaln(current_list, exefile="C:/Users/kmskvf/Desktop/muscle.exe") 
xyz <- pdbfit(aligned_xanths, outpath = cat("\"",path,"/","fitted.pdb\"", sep = '')) 
rd <- rmsd(xyz) 
hist(rd, breaks=10, xlab="RMSD (Å)", main="Histogram of RMSD") 
hc.rd <- hclust(as.dist(rd)) 
aligned_xanths$id <- substr(basename(aligned_xanths$id), 1, 6) 
hclustplot(hc.rd, labels=aligned_xanths$id, cex=1.0, colors = c("black","black","green", 
"green", "blue","blue", 
"orange","orange", "red","red", "purple", "purple"),ylab="RMSD (Å)", main="RMSD 
Cluster Dendrogram", 
fillbox=FALSE) 
#STEP 10 - Calculate the RMSF of the structures and plot it 
rf <- rmsf(xyz) 
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plot.bio3d(rf,ylab="RMSD (Å)", xlab="Residue No.", typ="l") 
#STEP 11 - Perform PCA and plot the overall result 
pc.xray <- pca.xyz(xyz) 
pc.xray 
plot(pc.xray) 
#STEP 12 - Plot the principal components against each other (and optionally 
interactively identify the points with 
the structure name) 
plot(pc.xray$z[,1], pc.xray$z[,2], xlab="PC1", ylab="PC2", pch=19, cex=1.75) 
abline(h=0,v=0,lty=2,col="gray") 
#Uncomment the next line if you'd like to interactively add labels to the points (RStudio is 
best for this). Simply 
click each point you'd like to label after running the identify() command and click finished 
when done. 
#identify(pc.xray$z[,1],pc.xray$z[,2], labels=basename.pdb(aligned_xanths$id)) 
#Repeat process here for PC3 vs PC2 
plot(pc.xray$z[,3], pc.xray$z[,2], xlab="PC3", ylab="PC2", pch=19, cex=1.75) 
abline(h=0,v=0,lty=2,col="gray") 
#identify(pc.xray$z[,3],pc.xray$z[,2], labels=basename.pdb(aligned_xanths$id)) 
#Repeat process here for PC1 vs PC3 
plot(pc.xray$z[,1], pc.xray$z[,3], xlab="PC1", ylab="PC3", pch=19, cex=1.75) 
abline(h=0,v=0,lty=2,col="gray") 
#identify(pc.xray$z[,1],pc.xray$z[,3], labels=basename.pdb(aligned_xanths$id)) 
#STEP 13 - Write out CSV files for individual atom-wise loadings of PC1-PC3 (e.g. 
"pc1.csv")as well as scores of each 
structure on the PCs ("pca_zs.csv") 
write.csv(x = pc.xray$au[,1],file = "pc1.csv") 
write.csv(x = pc.xray$au[,2],file = "pc2.csv") 
write.csv(x = pc.xray$au[,3],file = "pc3.csv") 
write.csv(x = pc.xray$z,file = "pca_zs.csv") 
#STEP 14 - Plot the contribution of each (Ca) residue position to an individual 
component, x-axis are the residue 
positions, y is the magnitude of the contribution 
plot(pc.xray$au[,1], type="l", lwd=2, col="black", xlab="Residue Position", ylab="PC1 
Contribution") 
plot(pc.xray$au[,2], type="l", lwd=2, col="red", xlab="Residue Position", ylab="PC2 
Contribution") 
plot(pc.xray$au[,3], type="l", lwd=2, col="blue", xlab="Residue Position", ylab="PC3 
Contribution") 
#STEP 15 - Map the atom-wise loadings (that were just plotted) to the B-factor column of 
a structure for 3d 
analysis. This uses the apo-dep structure, but you can use any you want. 
#Open the resulting file in PyMOL and run the "cartoon putty" command and then color 
by B-factor 
ca.inds <- atom.select(apo_dep, "calpha") 
write.pdb(xyz=apo_dep$xyz[1,ca.inds$xyz], file="pc1.pdb", b = pc.xray$au[,1]) 
write.pdb(xyz=apo_dep$xyz[1,ca.inds$xyz], file="pc2.pdb", b = pc.xray$au[,2]) 
write.pdb(xyz=apo_dep$xyz[1,ca.inds$xyz], file="pc3.pdb", b = pc.xray$au[,3]) 
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Appendix 

 

1. Compromised catalysis and potential folding defects in in 

vitro studies of missense mutants associated with hereditary 

phosphoglucomutase 1 deficiency 

 
Yingying Lee, Kyle M. Stiers, Bailee N. Kain, and Lesa J. Beamer 

Recent studies have identified phosphoglucomutase 1 (PGM1) deficiency as 

an inherited metabolic disorder in humans. Affected patients show multiple 

disease phenotypes, including dilated cardiomyopathy, exercise intolerance, 

and hepatopathy, reflecting the central role of the enzyme in glucose 

metabolism. We present here the first in vitro biochemical characterization of 

13 missense mutations involved in PGM1 deficiency. The biochemical 

phenotypes of the PGM1 mutants cluster into two groups: those with 

compromised catalysis and those with possible folding defects. Relative to the 

recombinant wild-type enzyme, certain missense mutants show greatly 

decreased expression of soluble protein and/or increased aggregation. In 

contrast, other missense variants are well behaved in solution, but show 

dramatic reductions in enzyme activity, with kcat/Km often < 1.5% of wild-

type. Modest changes in protein conformation and flexibility are also apparent 

in some of the catalytically impaired variants. In the case of the G291R 

mutant, severely compromised activity is linked to the inability of a key active 

site serine to be phosphorylated, a prerequisite for catalysis. Our results 

complement previous in vivo studies, which suggest that both protein 

misfolding and catalytic impairment may play a role in PGM1 deficiency. 
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2. Synchrotron-based macromolecular crystallography module 

for an undergraduate biochemistry laboratory course 

Kyle M Stiers, Christopher B Lee, Jay C Nix, John J Tanner, Lesa J Beamer 

This paper describes the introduction of synchrotron-based macromolecular 

crystallography (MX) into an undergraduate laboratory class. An introductory 

2 week experimental module on MX, consisting of four laboratory sessions 

and two classroom lectures, was incorporated into a senior-level biochemistry 

class focused on a survey of biochemical techniques, including the 

experimental characterization of proteins. Students purified recombinant 

protein samples, set up crystallization plates and flash-cooled crystals for 

shipping to a synchrotron. Students then collected X-ray diffraction data sets 

from their crystals via the remote interface of the Molecular Biology 

Consortium beamline (4.2.2) at the Advanced Light Source in Berkeley, CA, 

USA. Processed diffraction data sets were transferred back to the laboratory 

and used in conjunction with partial protein models provided to the students 

for refinement and model building. The laboratory component was 

supplemented by up to 2 h of lectures by faculty with expertise in MX. This 

module can be easily adapted for implementation into other similar 

undergraduate classes, assuming the availability of local crystallographic 

expertise and access to remote data collection at a synchrotron source. 
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3. Biology, mechanism, and structure of enzymes in the α-D-

phosphohexomutase superfamily 

Kyle M Stiers, Andrew G Muenks, Lesa J Beamer 

Enzymes in the α-D-phosphohexomutases (PHM) superfamily catalyze the 

reversible conversion of phosphosugars, such as glucose 1-phosphate and 

glucose 6-phosphate. These reactions are fundamental to primary 

metabolism across the kingdoms of life, and are required for a myriad of 

cellular processes, ranging from exopolysaccharide production to protein 

glycosylation. The subject of extensive mechanistic characterization during 

the latter half of the twentieth century, these enzymes have recently 

benefitted from biophysical characterization, including X-ray crystallography, 

NMR, and hydrogen-deuterium exchange studies. This work has provided 

new insights into the unique catalytic mechanism of the superfamily, shed 

light on the molecular determinants of ligand recognition, and revealed the 

evolutionary conservation of conformational flexibility. Novel associations with 

inherited metabolic disease and the pathogenesis of bacterial infections have 

emerged, spurring renewed interest in the long-appreciated functional roles of 

these enzymes. 
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4. Structure and characterization of a class 3B proline utilization 

A: Ligand-induced dimerization and importance of the C-

terminal domain for catalysis 

David A Korasick, Thameesha T Gamage, Shelbi Christgen, Kyle M Stiers, 

Lesa J Beamer, Michael T Henzl, Donald F Becker, John J Tanner 

The bifunctional flavoenzyme proline utilization A (PutA) catalyzes the two-

step oxidation of proline to glutamate using separate proline dehydrogenase 

(PRODH) and L-glutamate-- semialdehyde dehydrogenase active sites. 

Because PutAs catalyze sequential reactions, they are good systems for 

studying how metabolic enzymes communicate via substrate channeling. 

Although mechanistically similar, PutAs vary widely in domain architecture, 

oligomeric state, and quaternary structure, and these variations represent 

different structural solutions to the problem of sequestering a reactive 

metabolite. Here, we studied PutA from Corynebacterium freiburgense 

(CfPutA), which belongs to the uncharacterized 3B class of PutAs. A 2.7 A˚ 

resolution crystal structure showed the canonical arrangement of PRODH, L-

glutamate- -semialdehyde dehydrogenase, and C-terminal domains, including 

an extended interdomain tunnel associated with substrate channeling. The 

structure unexpectedly revealed a novel open conformation of the PRODH 

active site, which is interpreted to represent the non-activated conformation, 

an elusive form of PutA that exhibits suboptimal channeling. Nevertheless, 

CfPutA exhibited normal substrate-channeling activity, indicating that it 

isomerizes into the active state under assay conditions. Sedimentation-

velocity experiments provided insight into the isomerization process, showing 

that CfPutA dimerizes in the presence of a proline analog and NAD. These 

results are consistent with the morpheein model of enzyme hysteresis, in 

which substrate binding induces conformational changes that promote 

assembly of a high-activity oligomer. Finally, we used domain deletion 

analysis to investigate the function of the C-terminal domain. Although this 

domain contains neither catalytic residues nor substrate sites, its removal 

impaired both catalytic activities, suggesting that it may be essential for 

active-site integrity. 
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5. Sequence-structure relationships, expression profiles, and 

disease-associated mutations in the paralogs of 

phosphoglucomutase 1 

Andrew G Muenks, Kyle M Stiers, Lesa J Beamer 

The key metabolic enzyme phosphoglucomutase 1 (PGM1) controls glucose 

homeostasis in most human cells. Four proteins related to PGM1, known as 

PGM2, PGM2L1, PGM3 and PGM5, and referred to herein as paralogs, are 

encoded in the human genome. Although all members of the same enzyme 

superfamily, these proteins have distinct substrate preferences and different 

functional roles. The recent association of PGM1 and PGM3 with inherited 

enzyme deficiencies prompts us to revisit sequence-structure and other 

relationships among the PGM1 paralogs, which are understudied despite their 

importance in human biology. Using currently available sequence, structure, 

and expression data, we investigated evolutionary relationships, tissue-

specific expression profiles, and the amino acid preferences of key active site 

motifs. Phylogenetic analyses indicate both ancient and more recent 

divergence between the different enzyme sub-groups comprising the human 

paralogs. Tissue-specific protein and RNA expression profiles show widely 

varying patterns for each paralog, providing insight into function and disease 

pathology. Multiple sequence alignments confirm high conservation of key 

active site regions, but also reveal differences related to substrate specificity. 

In addition, we find that sequence variants of PGM2, PGM2L1, and PGM5 

verified in the human population affect residues associated with disease-

related mutants in PGM1 or PGM3. This suggests that inherited diseases 

related to dysfunction of these paralogs will likely occur in humans. 
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6. Phosphorylation-Dependent Effects on the Structural 

Flexibility of Phosphoglucosamine Mutase from Bacillus 

anthracis 

Kyle M Stiers, Jia Xu, Yingying Lee, Zachary R Addison, Steven R Van 

Doren, Lesa J Beamer 

Phosphoglucosamine mutase (PNGM) is an evolutionarily conserved 

bacterial enzyme in the peptidoglycan biosynthetic pathway, catalyzing the 

reversible conversion between glucosamine 1- and 6-phosphate. Previous 

structural studies of PNGM from the pathogen Bacillus anthracis revealed its 

dimeric assembly and highlighted the rotational mobility of its C-terminal 

domain. Recent studies of two other enzymes in the same superfamily have 

demonstrated the long-range effects on the conformational flexibility 

associated with phosphorylation of the conserved, active site phosphoserine 

involved in phosphoryl transfer. Building on this work, we use a combination 

of experimental and computational studies to show that the active, 

phosphorylated version of B. anthracis PNGM has decreased flexibility 

relative to its inactive, dephosphorylated state. Limited proteolysis reveals an 

enhanced and accelerated cleavage of the dephosphorylated enzyme. 15N 

transverse relaxation-optimized NMR spectra corroborate a conformational 

adjustment with broadening and shifts of peaks relative to the phospho-

enzyme. Electrostatic calculations indicate that residues in the mobile, C-

terminal domain are linked to the phosphoserine by lines of attraction that are 

absent in the dephosphorylated enzyme. Phosphorylation-dependent 

changes in protein flexibility appear linked with the conformational change 

and enzyme mechanism in PNGM, establishing this as a conserved theme in 

multiple subgroups of the diverse α-d-phosphohexomutase superfamily. 
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7. Assessment and Impacts of Phosphorylation on Protein 

Flexibility of the α-d-Phosphohexomutases 

Kyle M Stiers, Lesa J Beamer 

Enzymes in the α-d-phosphohexomutase (PHM) superfamily catalyze a 

multistep reaction, entailing two successive phosphoryl transfers. Key to this 

reaction is a conserved phosphoserine in the active site, which serves 

alternately as a phosphoryl donor and acceptor during the catalytic cycle. In 

addition to its role in the enzyme mechanism, the phosphorylation state of the 

catalytic phosphoserine has recently been found to have widespread effects 

on the structural flexibility of enzymes in this superfamily. These effects must 

be carefully accounted for when assessing other perturbations to these 

enzymes, such as mutations or ligand binding. In this chapter, we focus on 

methods for assessing and modulating the phosphorylation state of the 

catalytic serine, as well as straightforward ways to probe the impacts of this 

modification on protein structure/flexibility. This knowledge is essential for 

producing homogeneous and stable samples of these proteins for biophysical 

studies. The methods described herein should be widely applicable to 

enzymes across the PHM superfamily and may also be useful in 

characterizing the effects of posttranslational modifications on other proteins. 
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8. Synthesis, derivatization and structural analysis of 

phosphorylated mono-, di- and tri-fluorinated D-gluco-

heptuloses by glucokinase: tunable phosphoglucomutase 

inhibition 

Jian-She Zhu, Kyle M. Stiers, Sherany M. Winter, Anthony D. Garcia, 

Antoine F. Versini, Lesa J. Beamer, and David L. Jakeman 

Glucokinase phosphorylated a series of C-1 fluorinated α-D-gluco-heptuloses. 

These phosphorylated products were discovered to be inhibitors of α-

Phosphomannomutase/phosphoglucomutase (αPMM/PGM) and β-

phosphoglucomutase (βPGM). Inhibition potency with both mutases inversely 

correlated to the degree of fluorination. Structural analysis with αPMM 

demonstrated inhibitor binding to the active site, with the phosphate in the 

phosphate binding site, and the anomeric hydroxyl directed to the catalytic 

site. 
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9. Inhibitory evaluation of aPMM/PGM from Pseudomonas 

aeruginosa: chemical synthesis, enzyme kinetic and protein 

crystallography study 

Jian-She Zhu, Kyle M. Stiers, Ebrahim Soleimani, Brandon Groves, Lesa J. 

Beamer, and David L. Jakeman 

α-Phosphomannomutase/phosphoglucomutase (αPMM/PGM) from P. 

aeruginosa is involved in bacterial cell wall assembly and is implicated in P. 

aeruginosa virulence, an important Gram-negative human pathogen, yet a 

few studies have addressed αPMM/PGM inhibition. Four structurally different 

αG1P derivatives including C1 fluoromethylated analogues (1-3), 1,2-cyclic 

phosph(on)ate analogues (4-6), isosteric methylene phosphono analogues (7-

8) and 6-fluoro-αG1P (9), were synthesized and assessed as potential time-

dependent or reversible αPMM/PGM inhibitors. The resulting kinetic data 

were consistent with the crystallographic structures of the homologous 

Xanthomonas citri PGM with inhibitors 3, 7, 8, and 9 binding to the enzyme 

active site (1.65 – 1.9 Å). Inhibitors with more bulky and electronegative 

substituents (1 and 2) at C1 and the cyclic derivatives were not observed 

crystallographically, consistent with weak inhibition data. These structural and 

kinetic insights will help facilitate the design of improved αPMM/PGM 

inhibitors 
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10. Galactose restores glycosylation through replenishing 

activated sugars in PGM1-CDG 

Silvia Radenkovic, Matthew J Bird, Sunnie Y Wong, Catarina Felgueira, Kyle 

M Stiers, Leila Sabbagh, Nastassja Himmelreich, Gernot Poschet, Petra 

Windmolders, Ingrid Vander Elst, Jan Verheijen, Peter Witters, Ruqaiah 

Altassan, Tomas Honzik, Tuba Eminoglu, Phillip M James, Andrew C 

Edmondson, Jozef Hertecant, Gert Matthijs, Tim Emmerzaal, Tamas Kozicz, 

Christian Thiel, Pieter Vermeersch4, Lesa Beamer, David Cassiman, Eva 

Morava, Bart Ghesquière 

Congenital disorders of glycosylation (CDGs) are a diverse group of diseases 

affecting a critical form of post-translational modifications: glycosylation1. 

Glycosylation is the attachment of sugar chains to proteins and lipids, and 

plays crucial roles in both the stability and function of the target molecules2. 

Phosphoglucomutase 1 (PGM1: EC; 5.4.2.2) interconverts Glucose(Glc)-6-P 

and Glc-1-P. Disruption impairs both glycogen metabolism3, and 

glycosylation, the latter manifesting as a congenital disorder of glycosylation 

(PGM1-CDG, OMIM: 614921)4. Based on decreased galactosylation in 

truncated glycan chains, D-galactose (D-Gal for in vivo, later Gal for in vitro) 

was administered to PGM1-CDG patients and was shown biochemically to 

markedly reverse many of the disease symptoms5-8. The treatment 

mechanism(s) however have not been understood. Here, principally using 

tracer-based metabolomics9,10, we report that D-Gal treatment of PGM1-

CDG fibroblasts metabolically re-wires their sugar metabolism and 

replenishes depleted levels of the activated sugars UDP-Glc and UDP-Gal, so 

required for ER and Golgi linked glycosylation respectively. To this end, we 

further show that 13C6 Gal is incorporated into mature de novo glycans. We 

also probed other potential mechanisms of galactose’s action, such as 

through altered PGM1 activity, central carbon metabolism or mitochondrial 

function, but did not observe any effect of the treatment. 
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