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Abstract

The human phosphomannomutases PMM1 and PMM2 catalyze the interconversion of hexose 

6-phosphates and hexose 1-phosphates. The two isoforms share 66% sequence identity and 

have similar kinetic properties as mutases in vitro, but differ in their functional roles in vivo. 

Though the physiological role of PMM2 is catalysis of the mutase reaction that provides the 

mannose 1-phosphate (Man-1-P) essential for protein glycosylation, PMM1 is thought to provide 

a phosphohydrolase activity in the presence of inosine monophosphate (IMP), converting glucose 

1,6-bisphosphate (Glu-1,6-P2) to glucose 6-phosphate (Glu-6-P), rescuing glycolysis during brain 

ischemia. To uncover the structural basis of how IMP binding converts PMM1 from a mutase to 

a phosphatase, the 1.93 Å resolution structure of PMM1 complexed with IMP was determined. 

The structure reveals IMP bound at the substrate recruitment site, thus inhibiting the mutase 

activity while simultaneous activating a phosphatase activity (IMP Kact = 1.5 μM) resulting 

from the hydrolysis of the phospho-enzyme. The bound structure and site-directed mutagenesis 

confirm that the long-range electrostatic interactions provided by Arg180 and Arg183 conserved 

in PMM1 are the major contributors to IMP binding, and their oblation removes phosphatase but 

not mutase activity. These residues are not present in the PMM2 isoform, which consequently 

lacks significant phosphatase activity in the presence of IMP. T2 relaxation NMR and SAXS 

together support the hypothesis that IMP binding to PMM1 favors an enzyme conformation that 

is catalytically competent for water attack at the phosphoaspartyl intermediate. Such a mechanism 

may be generalizable to other enzymes that act through covalent intermediates.
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Introduction

Phosphomannomutase (PMM) is a ubiquitously expressed enzyme found in bacteria, 

plants and animals and is essential in mannose metabolism. In humans, there are two 

isoforms of phosphomannomutase, which share 66% amino acid sequence identity and 

85% similarity. Both PMM1 and PMM2 have comparable kcat/Km in vitro for catalyzing 

the interconversion of α-mannose 1-phosphate (Man-1-P) to mannose 6-phosphate (Man-6-

P) (~105 M−1s−1).1,2 Additionally, neither PMM1 nor PMM2 discriminate between 

monophosphorylated mannose and monophosphorylated glucose substrates as both enzymes 

also catalyze the interconversion of α-glucose 1-phosphate and glucose 6-phosphate with 

kcat/Km ≈ 105 M−1s−1.2 However, despite these similarities, PMM1 and PMM2 have evolved 

to take on different in vivo functions.

Human PMM2 supplies the cell with Man-1-P, an intermediate essential to the N-linked 

polysaccharide synthesis pathway.3 This serves as the precursor to GDP-mannose, from 

which the mannose moiety is transferred to the growing oligosaccharide chain in the 

endoplasmic reticulum during post-translational protein glycosylation.4 Deficiencies in 

PMM2 are associated with a rare inborn error in metabolism – congenital disorder 

of glycosylation type-1a (CDG-1a).5–7 CDG-1a patients experience varying severity of 

nervous system defects with symptoms including cognitive impairment, speech difficulties, 

psychomotor retardation, developmental delay, vision problems, seizures and stroke-like 

episodes.7–9 Conversely, PMM1 has not been shown to be associated with disease, and 

PMM1 gene knockout in mice exhibited no abnormal phenotype.10 Due to the sequence, 

functional and structural similarity between the two isoforms, the activity of PMM1 and its 

capacity to compensate for a loss of PMM2 activity10,11 has been analyzed. Thus far, there 

has been no evidence to show that PMM1 can compensate for deficiencies in PMM2.10 This 

Ji et al. Page 2

Biochemistry. Author manuscript; available in PMC 2023 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lack of complementarity may be due, in vivo, to the differential tissue expression of PMM1 

and PMM2. PMM2 is expressed in all tissues, whereas PMM1 is expressed primarily in the 

brain with lower expression in lung, heart and kidney of human and rat tissues.3,12,13 To 

date, the function of PMM1 remains unclear.

In 2008, the group of Van Schaftingen showed that PMM1 may play a role in glycolytic 

rescue during a temporary shortage of blood to the brain.1 They identified PMM1 as the 

inosine monophosphate (IMP) activated glucose 1,6-bisphosphate (Glu-1,6-P2) phosphatase 

in the brain that was first described by Guha and Rose.1,14,15 The Glu-1,6-P2 phosphatase-

catalyzed reaction is seen to occur under ischemic conditions in the brain where ATP 

depletion leads to an increase in its metabolic product, IMP, through the action of adenosine 

deaminase on ADP. Notably, even under saturating IMP conditions, PMM2 shows no 

significant phosphohydrolase activity in vitro.1

Glu-1,6-P2 is biosynthesized from glycerate-1,3-P2 as the phosphoryl donor and α-glucose 

1-phosphate (Glu-1-P) or Glu-6-P as acceptor.16,17 The brain and red blood cells contain 

the highest concentration of Glu-1,6-P2 at ~70-80 μM; however, this supply is rapidly 

metabolized during ischemic conditions.18 Additionally, during brain ischemia, a shortage of 

oxygen and glucose to the brain causes depletion of ATP, thus, elevating the concentration 

of ATP metabolites, including IMP. Basal level concentrations of cellular IMP range 

from 0.02-0.3 mM and 3-10 mM for ATP. Under hypoxic or ischemic conditions, 

IMP concentrations are elevated to 0.2-0.6 mM and ATP decreases to 1-5 mM, as 

measured in rat/pigeon heart.19–21 In the brain, excess Glu-1,6-P2 serves as a reserve to 

temporarily maintain glycolysis via PMM1 phosphatase activity. As the IMP concentration 

increases, PMM1-catalyzed phosphatase activity is activated, catalyzing hydrolysis of 

Glu-1,6-P2 to produce inorganic phosphate and Glu-6-P. This product then enters into 

the second glycolytic step – the conversion of Glu-6-P to fructose 6-phosphate (Fru-6-P) 

by phosphoglucose isomerase (Figure 1). Notably, Glc-1,6-P2 is an inhibitor of brain 

hexokinase, thus, decreasing the concentration of Glu-1,6-P2 increases hexokinase activity. 

As ischemia progresses, increased levels of IMP activate glycogen phosphorylase.15

PMM1 and PMM2 are members of the haloalkanoate dehalogenase superfamily (HADSF). 

HADSF members are structurally comprised of a core Rossmann fold housing four 

conserved sequence motifs that confer phosphoryl-group and Mg2+ cofactor binding 

and catalytic activity.22 Motif 1 contains the catalytic Asp residues with a conserved 

AspnXAspn+2 sequence, wherein Aspn acts as the catalytic nucleophile and Aspn+2 

acts as the general acid-base. Motif 2 and motif 3 together contribute to the binding 

of the phosphoryl moiety in the enzyme-substrate complex and the phospho-aspartate 

intermediate23–26 and to the stability of the transition state.27 Motif 4 contains conserved 

acid residue(s) necessary to coordinate the Mg2+ cofactor, either directly or through water.28 

The PMM isozymes have a separate “cap” domain inserted between motifs 2 and 3 

comprised of four α-helices and a four stranded anti-parallel β-sheet, allowing classification 

of PMM to the type C2b subfamily of the HADSF. In HADSF members, the cap movement 

relative to the core results in open and closed forms via a substrate-mediated induced-fit 

model.29–31 Unliganded structures of human PMM1 (PDB 2FUC) and human PMM2 (PDB 

2AMY) have been determined in an open conformation2,32 and shown to have nearly 
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identical architecture with an rmsd of 0.65 Å for the cap and 1.56 Å for the core domains. 

Additionally, the structure of PMM1 bound to substrate, Man-1-P (PDB 2FUE), was 

previously determined in the open conformation giving insight to the mutase mechanism 

of action (Figure 2).2

The mechanism of the mutase function of PMM1 and PMM2 has been proposed by 

Silvaggi et al.2 The PMM phosphoryl transfer mechanism is a two-step reaction with 

a bisphosphorylated sugar intermediate as observed in the functionally related enzyme 

from the HADSF, β-phosphoglucomutase (β-PGM). 31, 32 Activation of the enzyme 

requires the attack of the catalytic aspartyl nucleophile (Asp19 in PMM1 and Asp12 in 

PMM2) at the phosphoryl group of the bisphosphorylated sugar, Glu-1,6-P2, forming an 

aspartylphosphate residue (shown for PMM1 in Figure 3). Subsequently, the substrate 

Man-6-P (or alternatively Glu-6-P) is recruited by binding to the cap domain and is 

guided to the active site by the closing of the cap relative to the core. In this solvent 

excluded, closed conformation, Man-6-P or Glu-6-P is positioned such that the C1 hydroxyl 

group is adjacent to the aspartylphosphate group and aligned for nucleophilic attack 

on phosphorus (Figure 3). Thus, the phosphoryl group is transferred to the substrate, 

and the bisphosphorylated-sugar is then released from the enzyme. Reorientation/flipping 

of the bisphosphorylated sugar allows the C6 phosphate to be removed by the Asp 

nucleophile, regenerating the phosphorylated enzyme and releasing the product, Man-1-P.34 

The phosphoryl transfer chemistry is facilitated by the Aspn+2 residue, which acts as a 

general acid/base to deprotonate/protonate the sugar hydroxyl nucleophile/leaving group.35

Herein, we report the X-ray crystallographic structure of Mg2+ bound PMM1 in complex 

with IMP. IMP was found to share the identical binding site previously revealed in the 

crystal structure of human PMM1 bound to the substrate, mannose-1-phosphate (2FUE).2 

Site-directed mutagenesis and kinetic analysis identified key residues that allowed for IMP 

binding in PMM1, but not in PMM2. SAXS and T2 relaxation NMR studies are consistent 

with IMP binding favoring a conformer that is catalytically competent for the attack of water 

on the phosphoenzyme. From these findings, we propose a mechanism for IMP-mediated 

activation of the phosphatase versus mutase functions in PMM1 and a structural explanation 

for the differential activity of PMM2 under the same conditions. Additionally, we posit that 

the activity of other enzymes that act through covalent intermediates may be modulated in a 

similar fashion.

Materials and Method

Enzymes, plasmids, and reagents

Except where otherwise indicated, all chemicals were obtained from Sigma-Aldrich. 

Primers, T4 DNA ligase, restriction enzymes, and expression vectors were purchased from 

Invitrogen. QuikChange II for site-directed mutagenesis was purchased from Agilent. The 

QIAprep Spin Miniprep Kit was from Qiagen. Host cells, DH5α and SoluBL21, were 

purchased from NEB and Genlantis, respectively. The BioMol Green™ phosphate assay kit 

was purchased from Enzo Life Sciences. The α-PMM1 and α-PMM2 were subcloned from 

commercially available cDNA.
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Cloning, Expression, and Purification

The sequences encoding α-PMM1 and α-PMM2 were subcloned from pET-28b(+) or 

pET-23b(+) vectors described previously2 into pET-SUMO vectors to yield constructs 

containing an N-terminus 6x-His epitope and SUMO fusion protein. Both plasmids were 

transformed into E. coli DH5α competent cells for storage. PMM1 variants (R180T, 

R183I, M186Q, R180T/R183I) and the PMM2 variant (T171R/I174R) were generated using 

Agilent’s QuikChange II kit. The purified plasmids were sequenced by Genewiz.

Recombinant α-PMM1 was purified from E. coli SoluBL21 cells cotransformed with the 

pET-SUMO_α-PMM1 plasmid and pRARE plasmid (encodes tRNA for rare codons in E. 
coli). Transformed cells were grown at 37 °C in Luria broth containing 50 μg/ml kanamycin 

and 35 μg/ml chloramphenicol and when cells reached an OD600 ~0.6-0.8, were induced 

for 4 h with 1 mM isopropyl β-D-thiogalactopyranoside (IPTG). Cells were harvested by 

centrifugation and the pellet was suspended in 100 mL of ice-cold lysis buffer (buffer A: 50 

mM Tris pH 8.2, 500 mM NaCl, 5 mM MgCl2, 5 mM DTT, 10 mM imidazole) and lysed 

by high-pressure mircrofluidizer. Following high-speed centrifugation of lysate, supernatant 

was loaded onto a GE 5 mL HisTrap HP Ni2+ column, and SUMO_α-PMM1 was eluted by 

a step-wise increase of imidazole concentration between buffer A and B using FPLC (buffer 

B: 50 mM Tris pH 8.2, 500 mM NaCl, 5 mM MgCl2, 5 mM DTT, 500 mM imidazole). 

The N-terminal SUMO protein was cleaved by incubation with SUMO protease36 at 4 °C 

for 4 h. Separation of PMM1 and SUMO was performed by size-exclusion chromatography 

using GE Sephacryl S-100 HR. Purified PMM1 was dialyzed in 50 mM Hepes pH 7.2, 5 

mM MgCl2 and 1 mM DTT for storage, or 10 mM Hepes pH 7.5, 100 mM NaCl, 5 mM 

MgCl2 for crystallization. The final yield was ~20 mg protein/g wet cell paste. Expression 

and purification of α-PMM1 variants and α-PMM2 followed the same protocol and gave 

similar yields.

PMM steady-state kinetics:

Kinetic assays measuring α-PMM1 phosphoglucomutase activity were carried out at 25 

°C in 50 mM Na+ Hepes, pH 6.5, 10 mM MgCl2. The initial rate at which α-PMM1 

catalyzed the conversion of α-Glu-1-P to Glu-6-P was measured by a coupled reaction 

containing Glu-6-P dehydrogenase and reduction of NADP+ was monitored by the increase 

in absorbance at λ = 340 nm (Δϵ = 6.2 mM−1 cm−1). Assays were performed in 1-mL 

quartz cuvette containing 50 μM α-Glu-1,6-P2, 0.2 mM NAPD+, 5 units/mL Glu-6-P 

dehydrogenase. The kcat and Km values were determined by fitting to the Michaelis-Menten 

equation using the program GraphPad Prism,

v0 = Vm[S]/(Km + [S]) (1)

where [S] is the α-Glu-1-P concentration, v0 is the initial velocity, Vm is the maximum 

velocity, and Km is the Michaelis constant. The kcat was calculated from the ratio of Vmax 

and the α-PMM concentration.

The phosphoglucomutase inhibition constant by IMP was determined by the equation
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Vapp
max = Vmax/(1 + [I]/Ki) (2)

where [I] is the concentration of IMP, and Ki is the inhibition constant. Inhibition assays 

were performed at a fixed substrate concentration (5Km α-Glu-1-P) under conditions similar 

to the coupled assay described above with the exception of the coactivator, Glu-1,6-P2. In 

place of α-Glu-1,6-P2, 2.5 mM fructose 1,6-(bis)phosphate (Fru-1,6-P2) was used to activate 

the enzyme (Kact of PMM2 by Fru-1,6-P2 is 480 μM.34)

The rate of PMM1 phosphatase activity (α-Glu-1,6-P2 to Glu-6-P and Pi) was assayed 

using the colorimetric quantitation of phosphate with BioMol Green™ Reagent from Enzo, 

a molybdate/malachite green-based reagent to simultaneously quench the reaction and 

begin color development. Absorbance at λ = 620 nm was measured in 96-well plates 

using a SpectraMax M5 microtiter plate reader (Molecular Devices, Sunnyvale, CA) and 

quantitation of phosphate hydrolysis was calculated from a phosphate standard curve. The 

assay was prepared with 0.1 mM IMP in a buffer solution containing 100 mM Hepes, 

pH 7.2, 2 mM MgCl2, and 2 mM β-mercaptoethanol. Initial velocity was determined by 

quenching 50 μL of reaction into 100 μL BioMol Green™ reagent in 15 second intervals 

from time point 0 to 5 minutes, performed in triplicate. The kcat and Km constants were 

determined using equation 1. The activation constant by IMP, Kact
IMP, was determined by 

varying concentration of IMP (0 – 50 μM for wild-type PMM1), and fitting to the equation

v0 = Vm[A]/(KactIMP + [A]) (3)

where [A] is the concentration of IMP.

Crystallization and X-ray crystallographic data collection:

PMM1 crystals were grown in 20% polyethylene glycol 3350, 0.15 M DL-malate, pH 

7.0, 50 mM MgCl2, and 8 mM β-mercaptoethanol by the hanging-drop vapor diffusion 

method.2 Drops were formed by mixing 1 μL of well solution with 1 μL of 15 mg/mL 

purified protein in 10 mM Hepes pH 7.5, 100 mM NaCl, and 5 mM MgCl2. Diffraction 

quality crystals formed after two rounds of micro-seeding in 2 days at 17 °C. Crystals of 

PMM1 complexed with IMP were obtained by soaking in a solution of 10 mM Hepes pH 

7.5, 100 mM NaCl, 5 mM MgCl2 with 200 mM IMP for 6 hours prior to flash-cooling. 

Crystals were transferred to Paratone-N and flashed-cooled in liquid N2. X-ray diffraction 

data was collected via remote access to Stanford Synchrotron Radiation Lightsource (SSRL) 

Beamline 12-2. PMM1 in complex with IMP crystallized in space group P43212 with unit 

cell dimensions a = b = 52.17 Å, c = 214.48 Å. Crystal size was 0.7 x 0.3 x 0.3 mm3 and 

crystals diffracted to 1.92 Å resolution. The data set was indexed, integrated and scaled in 

autoXDS.37

Crystals of PMM1 variants M186Q, R183I, R180K/R183K grew in the same condition 

as wild-type PMM1. Crystals of variant R180T/R183I were grown in the same condition 

with the addition of 0.05 M L-lysine. Although there is no density for L-lysine in the 

structure, the presence of the positively charged amino acid appears to improve crystal 

formation. The R180T variant did not yield crystals. Data sets for R180T/R183I and R180K/
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R183K were collected at the National Synchrotron Light Source (NSLS) at Brookhaven 

National Laboratory (BNL) on beamline X-25, and the data sets for R183I and M186Q were 

collected at the Advanced Photon Source (APS) at Argonne National Laboratory (ANL) 

on beamline 24-ID-E. See supplementary information Table S1 for crystallographic data 

collection statistics for PMM1 variants.

Structure Determination and Model Refinement:

The structure of PMM1 in complex with IMP was determined using phases calculated by 

molecular replacement using the wild-type PMM1 structure (PDB 2FUC) as the model. An 

initial model was built using Phenix AutoBuild38 and improved by manual rebuilding in 

the molecular graphics suite COOT.39 The model was refined in PHENIX Refine.38 After 

rigid body refinement in PHENIX Refine (at Rwork = 0.19), the electron density for inosine-

monophosphate (IMP) was well defined and the ligand was added to the model. Iterative 

cycles of restrained refinement in PHENIX Refine and rebuilding in COOT ultimately 

yielded a model containing 240 of 262 residues, 307 water molecules, and 2 Mg2+ ions. 

The quality of the model was assessed by MOLPROBITY,40 and a Ramachandran plot 

showed 235 residues (96.7%) were in the favored regions, 7 residues were in the additionally 

allowed regions, and no residues were in the disallowed regions. Data collection and 

refinement statistics for PMM1-IMP models are reported in Table 1. Structures of PMM1 

variants were determined and refined in the same manner. (See supplemental Table S1 for 

model refinement statistics of PMM1 variant structures).

PMM SAXS and WAXS data:

SAXS experiments were performed at beamline X9A at NSLS, at a wavelength of 0.918 

Å and beam energy of 13.5 keV. Data were initially collected at varying concentrations of 

protein (1.25 – 28 mg/mL) to determine optimal concentrations and examine concentration-

dependent changes. The scattering curve and radius of gyration (Rg) did not change within 

the tested concentration range indicating stable oligomer formation in solution (data not 

shown). Consequently, all other data were collected at a constant protein concentration of 

10 mg/mL in a buffer solution containing 50 mM HEPES, 100 mM NaCl, 5 mM MgCl2, 

1 mM β-mercaptoethanol (βME) at pH 7.5 and ligands at a concentration of 10 mM at 

14 °C. The sample-to-detector distance for SAXS data collected on a MarcCCD 165 was 

3.4 m and WAXS data were collected simultaneously at 0.47 m from the sample. The 

sample-to-detector distance resulted in a resolution range of 0.0064 < q = 4π/λ <2.0, where 

q = 4π sinθ/λ and 2θ is the scattering angle. For data collection, a 20 μL sample volume 

was continuously loaded in a 1 mm diameter capillary and exposed to X-rays for 30 s. Each 

sample was collected in triplicate and averaged. The buffer component of the scattering was 

removed by subtracting the scattering data from dialysate of the sample to produce the 1D 

scattering curve of the macromolecule. The scattering intensity normalization and Guinier 

approximation calculations were carried out in Primus of the ATSAS suite.41 The Rg was 

determined using Guinier analysis of low resolution data by the Guinier approximation,

I(q) = I(0) exp(−q2Rg2/3) (4)
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with a qRg limit of 1.3, which is within the standard guideline of qRg to signify a 

valid Guinier approximation. The molecular envelope of PMM1 complexed with IMP was 

generated by ab initio shape reconstruction in DAMMIN.42 The reconstructions generated 

with no symmetry (P1) or with P2 symmetry enforced were virtually indistinguishable.

T2 Relaxation NMR:

NMR spectra were collected at Boston University Medical Campus on a Bruker DMX 

500. Purified protein was prepared to a final concentration of 50 μM with saturating ligand 

concentration of 0.9 mM IMP in storage buffer (50 mM Hepes pH 7.2, 5 mM MgCl2 and 

1 mM DTT) and transferred to 5 mm NMR tubes (Wilmad laboratory glass). NMR spectra 

were acquired with 16 scans and a recycle delay of 1 s. Typical 90° and 180° pulse lengths 

of 10 and 20 μs, respectively, were used according to published procedures.43

Results

Overall structure

In order to assess the structural basis for the IMP-triggered switch between phosphatase and 

mutase activity, the structure of PMM1 in complex with IMP was determined to 1.93 Å 

resolution (Figure 4A and B, see Table 1 for data collection and refinement statistics). The 

IMP-liganded protein crystallized under the same conditions as those previously used for 

the unliganded enzyme2 and in the same unit cell and space group. Similar to the native 

PMM1 structure, the first eleven residues of the N-terminus and the last six residues of 

the C-terminus were disordered; the electron density for the remainder of the protein was 

clear and ordered. PMM1 is comprised of a 100 amino-acid long C2b type cap domain 

(residues 95-194 of PMM1) containing α-helices and β-sheets in a ααββααββ orientation 

inserted between β5 and α7 (or motifs 2 and 3) of the Rossmann-fold core domain. The core 

domain (residues 1-90 and 198-262) Rossmann fold comprises 6 parallel β-sheets (β1-β5 

and β10-β11) encircled by 5 α-helices (α1-α2 and α7-α9). The cap and core are connected 

by two solvated hinge regions composed of residues 91-94 and 195-197 (Supplemental 

Figure S1). The biological assembly of PMM1 is a dimer joined together exclusively by 

intermolecular interactions at the α4 helix and β6 strand of the cap region; the dimer was 

previously verified as the oligomeric species in solution via size-filtration chromatography.2 

However, as the binding sites are catalytically independent (no cooperativity or half-sites 

reactivity), the figures and descriptions herein will be in the context of a single subunit 

unless otherwise stated.

In all crystal forms known, human PMM1 assumes the cap open conformer; as this structure 

was obtained by soaking crystals of PMM1 with IMP, the crystal lattice would prevent the 

domain motions required to close the active site. As is seen for the mode of binding of 

Man-1-P,2 the activator IMP is bound via interactions with the cap domain and does not 

make interactions with the core domain phosphoryl-transfer site. A superposition between 

the structure of the PMM1/IMP complex with those of the unbound form of PMM1 (PDB 

2FUC) and PMM1 in complex with Man-1-P (PDB 2FUE) shows that the IMP-bound 

structure differs minimally from the other two with rmsd of 0.37 Å and 0.55 Å, respectively 

(Figure 5). [Notably, the rmsd is somewhat biased as the phases for PMM/IMP structure 
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were determined by molecular replacement with the 2FUC coordinates.] The core domain 

structures do not differ significantly, and the cap domain varies little with the exception 

of the substrate-binding loop. In the IMP bound enzyme, there is less β-strand structure 

and a more extensive loop region extending from residues 181-189 due to the disruption 

of hydrogen bonds from β8-strand to β9-strand of the β sheet of the cap domain (Figure 

5A, top right). Presumably, these changes are caused by the binding of IMP. The presence 

of Man-1-P in the substrate-bound structure also increases the amount of loop structure in 

the cap, however, to a lesser degree than for IMP (Figure 5A, bottom right). Notably, the 

resulting loop structure (residues 179-189) is not disordered, as indicated by the fact that 

the B-factors for unliganded, Man-1-P bound and IMP bound PMM1 structures in the loop 

are similar to the average B-factor for the protein. We propose that the β8 strand and the 

connecting loop between β8 and β9, residues 179-189, provide the binding determinants 

for IMP and are thus critical for modulating PMM1 phosphohydrolase versus mutase 

functionality.

IMP binding to the substrate distal phosphoryl-group binding site suggests competitive 
binding

The structure of PMM1 in complex with IMP reveals IMP bound at the cap domain, 

sharing the same binding site as substrate Man-1-P (PDB 2FUE). Thus, there is no separate 

allosteric site on PMM1 responsible for IMP-activated phosphohydrolase activity. Previous 

structural and mutational analyses of HADSF enzymes in general, and specifically of 

PMM1, have demonstrated that the cap domain is responsible for substrate binding and 

discrimination.2,44–48 The substrate phosphoryl binding site in the cap domain is termed 

the distal phosphate binding site (as it is distinct from the transferring binding site in the 

core domain where chemistry occurs). The side chains that make hydrogen bonds with 

the substrate phosphate moiety of Man-1-P in the distal site include Arg143, Arg150, 

Ser188, and the amide backbone of Met1862 (Figure 5B). In the PMM1-IMP complex, 

the phosphoryl moiety of IMP binds at the same site as the phosphoryl moiety Man-1-P, 

namely the distal binding site. Moreover, in the course of the IMP associated phosphatase 

activity, product analysis by HPLC shows that IMP does not become phosphorylated (data 

not shown). These findings are consistent with a model in which IMP binding activates 

the transfer of the phosphoryl group to water (Figure 3) doing so, in part, by blocking the 

binding of the phosphohexose sugar.

In addition to those residues that interact with Man-1-P, the inosine moiety forms hydrogen 

bonds with the amide backbone of Gly184 and the side chains of Ser182, Asp190, Asn137, 

and Arg132 (Figure 5C). Notably, although IMP does not bind to PMM2,1 these same 

residues are conserved in that isozyme with the exception of Met186, which occurs as 

Gln177 in PMM2. Thus, additional binding determinants must be present in PMM1.

Sequence alignment of PMM homologs identifies differential conservation of residues 
between PMM1 and PMM2 in the IMP binding-loop region

Because residues that interact through hydrogen bonds to the effector IMP are conserved in 

both PMM1 and PMM2, differences in sequence between PMM1 and PMM2 surrounding 

the binding site were sought out. The analysis was focused on the sequences comprising 
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β8 and the extended loop involved in ligand binding. This region is highly conserved with 

three striking differences – Arg180, Arg183, and Met186 in PMM1 occur as Thr171, Ile174, 

and Gln177 in PMM2, respectively. Furthermore, examination of iso-functional orthologs 

of PMM1 and PMM2 showed these differences were conserved (Figure 6). It is possible 

that the positively charged residues play a role in IMP binding, and the Thr171 and Ile174 

side chains in PMM2 might contribute to the stability of the β-strand and prohibit the 

flexibility required to accommodate a purine nucleotide (Figure 7a). To test this hypothesis, 

five site-directed variants of PMM1 and one of PMM2 were generated, and the role of each 

residue was assessed by testing the enzyme variants for IMP binding and for phosphatase 

activity. Single-site mutations of PMM1 were made to replace the charged arginines and 

methionine with the corresponding PMM2 side chains – R180T, R183I, and M186Q. Two 

double mutations were generated – R180T/R183I to assess the additive effect of replacing 

both arginine residues with the PMM2 counterparts and R180K/R183K to test if the positive 

charge is key to IMP binding. Finally, T171R/I174R mutations were generated in PMM2 

to test whether these two residues were sufficient for IMP binding. For each variant, the 

kinetic constants were first determined for mutase activity to confirm that the protein was 

properly folded and active (Table 2). The kcat and Km for mutase activity of all PMM1 

variants do not differ significantly from those of wild-type PMM1 (~0.5-1.5 fold difference 

in kcat and ~0.5–2.5 fold difference in Km). Steady-state kinetic constants for PMM2 were 

also determined to confirm and compare to the previously reported values.2 Notably, the 

T171R/I174R PMM2 variant failed to yield any detectable mutase activity nor did it acquire 

phosphatase activity. Overall, the unchanged steady-state kinetic constants show that the 

PMM1 variants retained their native fold and that substrate-binding and mutase activity has 

not been affected by the replacement of these amino acids.

Phosphatase activity in the presence and absence of IMP was measured for each construct 

(Table 3). For wild-type PMM1, phosphatase activity increased by two orders of magnitude 

in kcat/Km in the presence of saturating IMP (100 μM), reflecting an increase in the turnover 

rate (kcat) without a significant change in Km. In the absence of IMP, kcat for Glu-1,6-P2 

hydrolysis was 0.018 s−1 and increased by 78-fold to 1.4 s−1 in the presence of 100 μM 

IMP. This rate of hydrolysis in the absence of IMP is slow, but significant, such that 

the phosphenzyme is not considered to be kinetically stable. All single PMM1 variants, 

R180T, R183I, and M186Q, exhibited similar kcat and Km values for phosphatase activity 

compared to wild-type in the presence and absence of IMP. However, the phosphatase 

activation constant, Kact
IMP, differed drastically. The IMP concentration required for half 

the maximum phosphatase activity increased by 120-fold for R183I, 9-fold for R180T and 

5-fold for M186Q. These fold increases are in agreement with the IMP inhibition constants, 

Ki
IMP, determined for PMM1 mutase activity (Table 2). The Ki

IMP of 2.0 μM for wild-type 

PMM1 mutase activity is similar to the phosphatase Kact
IMP, at 1.5 μM. The same trend is 

observed in the PMM1 variants where the R183I variant was most detrimental to mutase 

inhibition by IMP, increasing the Ki
IMP to 350 μM compared to wild type, a 175-fold 

increase. PMM1 variants R180T and M186Q exhibited minimal change in Ki
IMP compared 

to wild-type, where Ki
IMP are 2.3 μM and 2.8 μM, respectively. Overall, the roles of R180, 

R183 and R180T appear to be in IMP binding rather than in catalysis of phosphoryl transfer 
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to water, as wild-type kcat rates of phosphohydrolase activity can be achieved with saturating 

activator levels.

Next, we tested whether there were synergistic effects from mutating both arginine residues 

in PMM1 to the corresponding PMM2 residues by constructing R180T/R183I. Phosphatase 

activity in the R180T/R183I variant reflected a significant loss of IMP-dependent activation. 

In the absence of IMP the phosphohydrolase activity was relatively unchanged compared 

to wild type (the same kcat with only a 3-fold increase in Km). Notable, however, at 

saturating IMP concentration (2 mM IMP), kcat decreased 9-fold and Kact
IMP increased by 

over 500-fold. Because phosphatase activity is changed to a small extent, but large amounts 

of IMP are required for activation, we posit that positive electrostatics around the cap-core 

interface play an important role in IMP binding (Figure 7b). To test this hypothesis, we 

made a second double variant to replace the arginine residues by positively charged residues, 

R180K/R183K. Consistent with our prediction, kcat, Km, and Kact
IMP remained comparable 

to wild-type with a high binding affinity for IMP (Table 3). In both double PMM1 variants, 

the Ki
IMP of the mutase activity were in agreement with Kact

IMP of the phosphatase activity. 

Whereas in the R180T/R183I variant Ki
IMP and Kact

IMP increased by 390-fold and 560-fold, 

respectively, the inhibition and activation constants for the R180K/R183K variant remained 

relatively unchanged compared to those of wild type (see Supplemental Figures S2 and S3 

for kinetic data). X-ray crystallographic structures of the PMM1 variants R183I, M186Q, 

R180T/R183I, R180K/R183K were determined showing no significant changes from the 

structure of wild-type PMM1 (see Supplemental Table 1 for crystallographic statistics). 

PMM1 variant R180T did not yield crystals.

Additionally, the PMM2 variant containing the double mutation T171R/I174R was made to 

test if a gain of function could be achieved, in which PMM2, like PMM1, would bind IMP 

and allow for Glu-1,6-P2 hydrolysis. Unfortunately, this variant was inactive for mutase and 

phosphatase activity, although purification, gel filtration and SAXS experiments showed that 

the majority of protein was soluble and folded.

NMR T2 relaxation experiments

T2 relaxation time measurement of small molecules by NMR was used for ligand-protein 

interaction measurements by exploiting the change in relaxation rate of a small molecule 

when bound to a protein molecule. The relaxation time of the ligand alone was compared 

to that of the ligand in presence of the protein. A total of five samples were measured, 

including free IMP ligand and four samples of protein-ligand mixtures. Relative signal 

intensity was plotted as a function of relaxation time (s) delay at which signal intensity is 

measured (Figure 8). At 0.32 s, the free ligand 1H NMR signal intensities were reduced 

by 30%, whereas in the mixture of IMP with wild-type PMM1 (with an affinity of 2 μM) 

signal intensities were reduced by 70%. As expected, the sample containing IMP and the 

R180T/R183I variant exhibited a nearly identical relaxation curve to that of the free ligand 

curve, demonstrating little to no ligand interactions with this variant. Surprisingly, solutions 

containing IMP with wild-type PMM2 resulted in a 40% signal reduction at 0.32 s – a 10% 

increase in relaxation time. This demonstrates that IMP was interacting with PMM2, but 

the interaction was much weaker in PMM2 as compared to PMM1. Furthermore, the T171R/
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I174R PMM2 variant (which is a catalytically inactive enzyme) exhibited a faster relaxation 

rate compared to that of free ligand. For T171R/I174R at 0.32 s, the signal was reduced 

by 43%, and at 0.64 s the signal was reduced by 70%. The values are similar between 

active wild-type PMM2 (active for mutase activity) and the inactive T171R/I174R PMM2 

variant; thus, in PMM2, the mode of IMP interaction leading to increase in T2 relaxation 

rate compared to free IMP is not one that is associated with phosphatase activity. Taken 

together, the data show that IMP binds most efficiently to wild-type PMM1 and that R180 

and R183 are necessary for IMP binding in PMM1. Wild-type PMM2 and the T171R/I174R 

PMM2 variant exhibited IMP binding, but neither protein catalyzes phosphatase activity. 

These results support the hypothesis that in the case of wild-type PMM2 and variant PMM2, 

IMP is capable of binding the protein, but it does not produce the catalytically competent 

complex for phosphohydrolase activity.

Conformational changes in PMM1 and PMM2 induced by ligand binding

SAXS experiments were performed to analyze the interdomain motions of cap and core 

domains in PMM1 and PMM2 upon ligand binding. A range of protein concentrations 

(1.25 mg/mL to 28 mg/mL) were first measured for PMM1 without ligand to assess 

the concentration dependence of the observed conformation and potential of dimerization 

(PMM1 and PMM2 are dimeric2). The Guinier plot showed acceptable linearity in the 

low-resolution scattering range for determination of the radius of gyration (Rg) (Figure S4). 

At all concentrations, the Rg remained relatively unchanged (Rg = 33.5 ± 0.21 Å), consistent 

with a stable dimeric state independent of concentration (Figure 9). Unliganded PMM2 

at 10 mg/mL had an Rg of 28.1 ± 0.14 Å. The calculated molecular envelope of PMM2 

superimposes well with the unliganded crystallographic structure (PDB 2AMY) confirming 

that the dimer interface between the cap domains observed in the crystal structure exists in 

solution (Figure S5). It should be noted that whereas PMM2 and R180T/R183I PMM1 

produced ideal SAXS scattering curves, wild-type PMM1 consistently showed limited 

aggregation. However, the Rg in each experiment is highly reproducible, which leads us 

to believe that the changes observed in the Rg with and without ligand is a true reflection of 

ligand-induced conformation change.

The effects of ligand binding on the conformation of PMM were examined. In a theoretical 

scattering curve generated from X-ray crystal structures in FoXS,49,50 the “open” unliganded 

PMM1 from Leishmania mexicana (PDB 2I54)51 dimer had Rg = 27.2 Å, and the “closed” 

PMM1 conformation bound to Glu-1,6-P2 (PDB 2I55) had Rg = 24.4 Å – predicting a 

~2.8 Å difference in Rg between the conformers (Figure 9). In a comparison between 

wild-type PMM1, PMM2 and the R180T/R183I PMM1 variant, we observed smaller radii 

of gyration when PMM was bound to ligands that mimic the transition state (e.g. VO4
3− 

or VO4
3−/Glu-1-P) compared to the unliganded state. These differences in Rg between 

the open and closed forms of PMM1 are comparable in magnitude (percent change) to 

those calculated from the X-ray crystal structures of the L. mexicana PMM1 in the open 

and closed forms. The Rg was reduced in all cases where VO4
3− is present, suggesting 

that VO4
3− is sufficient to induce a closed conformation. It should be pointed out that 

VO4
3− alone acts as a phosphoenzyme-intermediate analogue and may also simultaneously 

bind to the leaving-group binding site (the non-transferring phosphate binding site) on the 
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cap mimicking the phosphoryl moiety of substrate Glu-1-P or Glu-6-P; thus for PMM2, 

VO4
3− alone yields similar Rg values to those for transition-state analogs VO4

3−/Glu-1-P 

and VO4
3−/Glu-6-P. Compared to this VO4

3− complex, smaller Rg values were obtained 

when PMM1 was bound to a transition-state analog, i.e. VO4
3−/Glu-1-P and VO4

3−/Glu-6-P 

(Figure 9). Notably, in PMM1 the VO4
3−/IMP complex resulted in Rg values similar to those 

of the transition-state analog complexes. The R180T/R183I PMM1 variant and wild-type 

PMM2 showed similar trends to one another with the addition of ligands. Moreover, based 

on the change in Rg, IMP binding alone is sufficient to induce a conformational change 

in wild-type PMM1 (compared to unliganded) but appears to have minimal effect on the 

R180T/R183I PMM1 variant or wild-type PMM2. The presence of IMP resulted in a mere 

0.1 Å and 0.6 Å difference in the Rg of R180T/R183I PMM1 and PMM2, respectively, 

suggesting that IMP either does not bind or binds but does not induce a closed “catalytically 

competent” conformation. To confirm that the observed decrease in Rg is a result of ligand 

binding and not its presence in bulk solution, glucose was used as a negative control. As 

glucose does not contain a phosphoryl moiety, we expect that the addition of glucose would 

result in the same conformer ensemble as the unliganded protein. As expected, for wild-type 

PMM1, the Rg remained unchanged in the presence of glucose compared to the no ligand 

condition, and Rg was similar in the presence of IMP, or glucose or with no ligand in 

R180T/R183I PMM1 and PMM2. Together with the results from steady-state kinetics and 

NMR, the SAXS analysis of PMM1 and PMM2 support the model that IMP binding to 

PMM1 favors cap closure into a conformation catalytically competent for hydrolysis of the 

phosphoaspartyl intermediate, whereas IMP binding to PMM2 does not result in adoption of 

the catalytically competent conformer.

Discussion

Substrate/effector recognition and regulation

Our crystallographic results show that the effector IMP is recognized in a similar manner as 

substrate. The loop of the cap domain at the cap-core domain interface contains the essential 

residues responsible for binding of the substrate phosphoryl moiety (the non-transferring 

phosphate), forming hydrogen bonds to the side chains of Arg143 and Arg150 and to 

the amide backbone of Met186 and Ser188. The structure of IMP-bound PMM1 shows 

that these side-chain interactions are also responsible for IMP binding (Figure 5B and 

5C). Residues making hydrogen bonds to hydroxyl groups of the mannose moiety include 

Asp190 and Arg132, and those to the inosine moiety of IMP include Arg132, Asn137, 

Ser182, Gly184, and Asp190. These side chains are also conserved in PMM2 (with the 

exception of Met186). Notably, all of the residues involved in IMP binding to PMM1 

are conserved in PMM2, yet PMM2 phosphatase activity was not affected by IMP. Via 

sequence analysis, we have identified three residues, R180, R183 and M186 of PMM1 

(T171, I174 and Q177 of PMM2) that differ between human PMM1 and PMM2 within the 

ligand-binding loop, but are conserved in their respective iso-functional orthologs (Figure 6). 

Two of the three residues, Arg183 and Met186, also were identified previously as important 

by computational analysis of the evolutionary divergence between PMM1 and PMM2.52
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Determination of steady-state rate constants of site-directed variants revealed the key 

residues affecting IMP binding and the activation of phosphatase activity. A mutation in 

Arg183 to a hydrophobic isoleucine was the single mutation most detrimental to IMP 

binding, as measured by the hydrolysis of Glu-1,6-P2. The measured kcat and Km for 

phosphatase activity were comparable to wild-type PMM1, catalyzing the reaction at kcat of 

1.4 s−1 and Km of 8.5 μM in wild-type PMM1 and kcat of 1.1 s−1 and Km of 10 μM in R183I. 

However, the activation constant by IMP increased significantly (120-fold). Introduction of 

the double mutation, R180T/R183I, resulted in the greatest loss of IMP binding, having 

a Kact
IMP 500-fold greater than that of wild-type and a kcat decreased by one order of 

magnitude (Table 3). Likewise, the inhibition constants, Ki
IMP, of mutase activity by IMP in 

all PMM constructs are comparable to the activation constants (Table 2 and Table 3). These 

results suggest that the Glu-1,6-P2 hydrolysis is dependent on the ability of IMP to bind to 

the enzyme.

Mechanism of phosphatase activity activation and mutase inhibition

Because IMP is bound at the same site as substrate Man-1-P and the SAXS data suggests 

a conformation change to a more compact particle in the presence of IMP, we hypothesize 

that PMM1 forms a closed complex, which, in the absence of singly phosphorylated sugar, 

results in hydrolysis of the phosphoenzyme by water. In this model, IMP binding favors cap 

closure in the same manner as when bound to substrate or bis-phosphorylated coactivator. 

But, when the cap domain closes over the core domain in an IMP induced manner, there is 

no acceptor on IMP for the phosphoryl group. Instead, a water molecule at the active site 

can accept the phosphoryl group from the phosphoaspartyl moiety. Thus, the coactivator, 

Glu-1,6-P2, becomes a substrate because the phosphoaspartate nucleophile is continuously 

hydrolyzed to produce the unactivated, dephosphorylated form of the enzyme (Figure 10).

Conclusions

IMP binding allows for PMM1 to form the catalytically competent conformer for 

phosphoryl transfer. However, the metabolite competes with phosphohexose binding, 

preventing phosphorylated sugar substrates from accessing the active site of the 

phosphoenzyme and allowing nucleophilic attack by a water molecule, resulting in 

phosphatase activity. Thus, PMM1 displays a metabolite-dependent enzyme mechanism. 

The switch between phosphatase and mutase activity is essentially a change in selectivity 

between a water molecule and a phospho-sugar substrate in the second step of the 

reaction mechanism. Indeed, selection against water is a common mechanistic problem in 

phosphotransferases. The manner in which selectivity is brought about by PMM1 and the 

HADSF mutase β-phosphoglucomutase, through achievement of the catalytically competent 

conformer rather than by the exclusion of water,31 is also the case in mechanistically 

unrelated kinases. In hexokinase, creatine kinase, and ketohexokinase, for example, ligand 

induced conformational changes allow for the attainment of the competent conformer, 

preventing ATP hydrolysis.53–57 In an analogous manner to the effect of IMP on 

phosphoenzyme hydrolysis in PMM1, the addition of xylose or lyxose (with H in place 

of the CH2OH group of glucose) significantly enhances the rate of hexokinase-mediated 

ATP hydrolysis.54
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In recent years, many examples of multifunctional enzymes involved in various cellular 

processes have emerged, with over 6,500 cases gathered from the literature.58 These 

multifunctional enzymes include moonlighting enzymes, substrate promiscuous enzymes, or 

catalytically promiscuous enzymes, in which one gene participates in more than one cellular 

pathway. It has been speculated that multifunctional enzymes are Nature’s way to meet 

the expanding demands of reactions necessary for higher organisms without the expansion 

of genetic material.59 Such novel functions arise unintentionally, but if advantageous, will 

be selected for and enhanced during evolution.60 In any case, many enzymes are likely to 

participate in a secondary function.

The unique secondary function of PMM1 induced by a small molecule metabolite highlights 

the concept that some enzymes may inherently be evolved to support more than one reaction 

or cellular purpose. The Glu-1,6-P2 phosphatase activity of PMM1 does not fall into the 

category of a moonlighting activity, as the mechanism is the same and the independency 

of mutase and phosphatase functions is not complete (i.e., mutation of catalytic residues 

for phosphoryl transfer would inactivate both functions). Rather, the phosphatase activity 

falls into the category of substrate promiscuity or ambiguity, where the “switch” to turn 

on and off the alternate reaction pathway is dictated by the cellular availability of the 

metabolite IMP. Indeed, reactions in which a covalent intermediate of an isomerase or 

a transferase reaction forms a transient enzyme-substrate complex have the potential to 

“switch” to a hydrolase reaction in the presence of a metabolite that prevents completion 

of the latter steps of catalysis. It has been noted that multi-step electron transfer with a 

covalent enzyme-substrate intermediate step is a prevalent phenomenon in enzyme reactions 

that allows enzymes to be so proficient.61 This suggests that in the case of PMM1, enzyme 

activation of a secondary function by a small metabolite may be a common reaction in 

nature and opens the possibility that other characterized enzymes may take on a similar 

“switch” in mechanism.
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Figure 1. 
Schematic of the alternate entry into glycolysis via Glu-1,6-P2. PMM1 catalyzes hydrolysis 

of Glu-1,6-P2 to Glu-6-P as cellular IMP concentration increases due to ATP depletion. 

This allows a temporary rescue of glycolysis by bypassing the entry step under low glucose 

conditions.

Ji et al. Page 20

Biochemistry. Author manuscript; available in PMC 2023 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Structures of human PMM isozymes (the enzyme is a homodimer, monomers are shown 

here as ribbon diagrams). (A) Structure of human PMM2 (PDB 2AMY, pale green) 

superimposed with human PMM1 (PDB 2FUC, purple). The rmsd between PMM2 

and unliganded PMM1 is 0.646 Å for the cap and 1.56 Å for the core domain. (B) 

Superimposition of unliganded PMM1 (PDB 2FUC, purple) and PMM1 bound to Man-1-P 

(orange sticks) (PDB 2FUE, cyan). The two structures have an rsmd of 0.53 Å.
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Figure 3. 
Proposed mechanism of catalysis in PMM mutase and phosphatase activity (shown here for 

PMM1). Both mechanisms are initiated by the phosphoryl transfer from a bisphosphorylated 

sugar, Glu-1,6-P2 or Man-1,6-P2, to the aspartyl nucleophile, Asp19 (activation). As 

a phosphatase (in the presence of IMP), PMM1 accepts Glu-1,6-P2 as a substrate to 

produce Glu-6-P (or Glu-1-P) and Pi (deactivation). In the case of the mutase function, 

Glu-1,6-P2 or Man-1,6-P2 (shown here for glucose) serves as the coactivator to produce 

the phosphorylated form of the protein and accepting monophosphorylated hexose as the 
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substrate (mutase cycle). PMM2 does not undergo IMP mediated deactivation although 

hydrolysis of the phosphoenzyme still occurs.

Ji et al. Page 23

Biochemistry. Author manuscript; available in PMC 2023 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Structure of IMP bound to the cap domain of PMM1. (A) Cartoon representation of PMM1 

(salmon) in complex with IMP (teal) and (B) stereo view of electron density of IMP from 

simulated annealing composite omit 2Fo – Fc map contoured at 1.0σ level (gray wire frame). 

The image was rendered using PyMOL.
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Figure 5. 
Comparison between unliganded PMM1 and PMM1 in complex with substrate Man-1-P and 

activator IMP. (A) Overlay of unliganded PMM1 (2FUC, purple), PMM1 bound to Man-1-P 

(2FUE, cyan) and PMM1 bound to IMP (salmon) are shown as cartoons, IMP (teal) and 

Man-1-P (green) are shown as sticks. The two structures are similar with rmsd of 0.37 Å 

and 0.55 Å of Man-1-P bound PMM1 and IMP bound PMM1 relative to unliganded PMM1, 

respectively. (B) The distal phosphate binding loop showing the disruption of β-strand due 

to IMP binding (top) and Man-1-P binding (bottom). (C and D) Residues within hydrogen-
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bonding distance of Man-1-P (C) and IMP (D). Residues labeled in blue form hydrogen 

bonds with the phosphoryl moiety of ligand and residues labeled in black form hydrogen 

bonds to either the sugar (C) or nucleotide (D) moiety of ligand. Residues that are colored 

dark teal in (C) and dark pink in (D) do not participate in hydrogen bonding to the respective 

ligands.
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Figure 6. 
Sequence alignment of PMM2 (top) and PMM1 (bottom). Residues between the red arrows 

are the residues located at the β8-strand. Asterisks indicate the conserved differences 

between PMM1 and PMM2, where residues T171, T174, and Q177 of human PMM2 are 

conserved within PMM2 orthologs and R180, R183, and M186 are conserved in PMM1 

orthologs.

Ji et al. Page 27

Biochemistry. Author manuscript; available in PMC 2023 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Ligand-binding loops of PMM1 and PMM2 (A) The loop from the structure of PMM2 

liganded to Man-1-P (light green, 2FUE) superimposed with that from PMM1 (salmon) 

liganded to IMP (cyan sticks) with the loop displayed as cartoon and residues that differ 

from PMM2 shown as sticks. (B) PMM1 liganded to IMP (salmon) with residues that 

differ from PMM2 and IMP shown as sticks and the calculated protein molecular electrical 

potential displayed as a semitransparent surface (colored from red (−5 kT/e) to blue (+5 

kT/e)).
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Figure 8: 
T2 relaxation curves for IMP alone and in presence of PMM variants. Time indicated on the 

x-axis is the relaxation time delay at which signal intensity is measured during the NMR 

experiment. Curves were fitted using a one phase exponential decay equation, Y = (Y0 – 

NS)*exp(−k*X) + NS, where Y0 is the binding at time zero, NS is the binding at infinite 

time, and k is the rate constants in inverse units of the x-axis. Curves were generated using 

GraphPad Prism. All experiments used 50 μM protein and 0.9 mM IMP ligand.
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Figure 9: 
Radius of gyration (Rg (Å)) determined from SAXS data on wild-type PMM1 (WT PMM1) 

and PMM2 and R180T/R183I PMM1. Data was collected using 10 mg/mL protein and 10 

mM ligand (see legend for ligand identity). Note that the values for L. mexicana PMM1 

are calculated from the corresponding PDB files (unliganded, PDB 2I54 and Glu-1,6-P2 

liganded, PDB 2I55) using the program FOXS.
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Figure 10: 
Model for PMM1 mutase versus phosphohydrolase mechanisms. The hypothesis is that 

the mutase activity (left) and the phosphatase activity (right) share the phosphoenzyme 

intermediate and enzyme conformer where the binding molecule induces cap closure. In 

the mutase mechanism, a molecule of Man-6-P (or Man-1-P) binding to the cap domain 

allows for proper alignment with the phosphoaspartate intermediate for phosphoryl transfer 

to generate the Man-1,6-P2 intermediate. Although IMP does initiate cap closure, it does 

not interact with the phosphoaspartate. Instead, a water molecule serves as a nucleophile to 

generate phosphate.
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Table 1.

Crystallographic data collection and model refinement statistics for PMM1/IMP complex.

Data Collection

PDB ID 6CFV

Space group P 43 21 2

Unit cell

    a=b, c (Å) 52.2, 214.5

Resolution range a (Å) 34.88 - 1.92 (1.99 - 1.92)

R-merge 0.0148 (0.156)

R-meas 0.0209

Mean I/σ(I) 30.3 (5.01)

Model Refinement b

Total reflections 45844 (3720)

Unique reflections 23377 (1975)

R-work 0.1698 (0.2034)

R-freec 0.224 (0.248)

Multiplicity 2.0 (1.9)

Completeness (%) 98.20 (85.02)

Number of atoms 2301

    macromolecules 1969

    ligands 25

    water 307

R.M.S. deviations

    Bond lengths (Å) 0.007

    Bond angles (°) 1.05

Clashscore 14.12

Average B-factor 24.1

    macromolecules 22.6

    ligands

     IMP 38.8

     Mg2+ 21.3

    solvent 32.7

Ramachandran

    favored (%) 97.5

    allowed (%) 2.5

a
Values in parenthesis relate to the highest-resolution shell.

b
Calculated by PHENIX.refine using the formula described in Afonine et al.62

c
The Rfree test set size was 8.6%.
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Table 2.

The steady-state kinetic constants and inhibition dissociation constants for IMP measured for wild-type 

PMM1 (WT PMM1), PMM1 variants, and PMM2 for mutase activity converting Glu-1-P to Glu-6-P (see 

Materials and Methods). ND = no activity detected

Protein Kinetic constants for Mutase Activity

kcat (s−1) Km (μM) kcat/Km (M−1s−1) Ki
IMP μM

WT PMM1a 1.3 ± 0.045 19 ± 2.1 6.8 x 104 2.0 ± 0.31

R180T/R183I PMM1 1.6 ± 0.055 17 ± 2.1 9.4 x 104 780 ± 47

R183I PMM1 1.0 ± 0.020 8.0 ± 0.74 1.3 x 105 350 ± 25

R180T PMM1 0.9 ± 0.030 28 ± 2.8 3.2 x 104 2.3 ± 0.24

M186Q PMM1 1.1 ± 0.063 10 ± 2.1 1.1 x 105 2.8 ± 0.28

R108K/R183K PMM1 2.1 ± 0.19 13 ± 3.9 1.6 x 105 2.0 ± 0.30

WT PMM2a 1.0 ± 0.058 8.0 ± 1.8 1.3 x 105 > 4000

T171R/I174R PMM2 ND ND ND

a
Also previously measured in 1,2
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Table 3.

The steady-state kinetic constants measured for wild-type PMM1 (WT PMM1), PMM1 variants and PMM2 

for phosphatase activity converting Glu-1,6-P2 to Glu-6-P (see Materials and Methods). ND = no activity 

detected

Kinetic constants for phosphatase activity (− IMP)

kcat (s−1) Km (μM) kcat/Km (M−1s−1)

WT PMM1 0.018 ± 0.0012 18 ± 3.4 1.0 x 103

R180T/R183I 0.022 ± 0.0009 54 ± 7.2 4.0 x 102

R183I 0.011 ± 0.0004 16 ± 1.8 6.7 x 1 02

R180T 0.024 ± 0.0012 14 ± 2.4 1.7 x 103

M186Q 0.014 ± 0.0008 14 ± 2.7 1.0 x 103

R108K/R183K 0.028 ± 0.0017 13 ± 2.7 1.5 x 103

WT PMM2 ND ND ND

Kinetic constants for phosphatase activity (+ IMP)

kcat (s−1) Km (μM) kcat/Km (M−1s−1) Kact
IMP (μM) [IMP]

WT PMM1 1.4 ± 0.092 8.5 ± 1.6 1.6 x 105 1.5 ± 0.21 100 μM

R180T/R183I 0.16 ± 0.006 21 ± 2.6 7.6 x 103 760 ± 155 2 mM

R183I 1.1 ± 0.045 10 ± 1.7 1.1 x 105 180 ± 28 2 mM

R180T 3.1 ± 0.13 17 ± 2.1 1.8 x 105 14 ± 2.8 100 μM

M186Q 3.5 ± 0.25 19 ± 4.0 1.8 x 105 7.0 ± 1.8 100 μM

R108K/R183K 2.2 ± 0.096 13 ± 1.9 1.7 x 105 1.9 ± 0.27 100 μM

WT PMM2 ND ND ND --- 2 mM
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