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Phosphoglucosamine mutase (PNGM) is a bacterial enzyme that partici-

pates in the peptidoglycan biosynthetic pathway. Recent crystal structures

of PNGM from two bacterial pathogens, Bacillus anthracis and Francisella

tularensis, have revealed key structural features of this enzyme for the first

time. Here, we follow up on several novel findings from the crystallo-

graphic studies, including the observation of a structurally conserved

interface between polypeptide chains and conformational variability of the

C-terminal domain. Small-angle X-ray scattering of B. anthracis PNGM

shows that this protein is a dimer in solution. Comparisons of the four

independent polypeptide chains from the two structures reveals conserved

residues and structural changes involved in the conformational variability,

as well as a significant rotation of the C-terminal domain, of nearly 60�,
between the most divergent conformers. Furthermore, the fluctuation

dynamics of PNGM are examined via normal mode analyses. The most

mobile region of the protein is its C-terminal domain, consistent with

observations from the crystal structures. Large regions of correlated, collec-

tive motions are identified exclusively for the dimeric state of the protein,

comprising both contiguous and noncontiguous structural domains. The

motions observed in the lowest frequency normal mode of the dimer result

in dynamically coupled opening and closing of the two active sites. The

global motions identified in this study support the importance of the con-

formational change of PNGM in function, and suggest that the dimeric

state of this protein may confer advantages consistent with its evolutionary

conservation.

Structured digital abstract
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Introduction

The bacterial enzyme phosphoglucosamine mutase

(PNGM) participates in the cytoplasmic portion of the

peptidoglycan biosynthetic pathway. It catalyzes the

interconversion of glucosamine 6-phosphate to gluco-

samine 1-phosphate, the second step in the production

of the key precursor UDP-N-acetylglucosamine [1].

Enzymes that participate in the biosynthesis of pepti-

doglycan are potential targets for antibacterial com-

pounds, as this component of the cell wall is essential

for bacteria and absent in humans [2]. Studies of the
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role of PNGM in a number of human pathogens have

shown that the enzyme is important for the viability

[3–6] or virulence of bacterial infections [7–11].

Recently, the crystal structures of PNGM from

Bacillus anthracis [12] and Francisella tularensis (J. S.

Brunzelle et al., unpublished results) have been deter-

mined (Fig. 1). These structures are of considerable

interest with regard to inhibitor design efforts for

PNGM enzymes. In addition, they provide the first

structural description of proteins in the PNGM family,

a major subgroup of the large a-D-phosphohexomutase

enzyme superfamily [13]. Proteins in the PNGM sub-

group have specificity for glucosamine-based phos-

phosugars, whereas enzymes in the other subgroups of

the superfamily utilize glucose, glucose ⁄mannose or

N-acetylglucosamine-based substrates. Analysis of the

B. anthracis PNGM (BaPNGM) crystal structure

revealed key residues in the active site of the enzyme

and a probable role for conformational change in

ligand binding and catalysis [12].

The crystal structure of BaPNGM (Protein Data

Bank ID, 3PDK; UniProt ID, Q81VN7) also revealed

a potential dimer interface for the enzyme, the rele-

vance of which was supported by crystal packing anal-

yses and dynamic light-scattering data [12]. A similar

interface was noted in the structure of F. tularensis

PNGM (FtPNGM), despite only moderate sequence

identity (39%) between the two proteins. Although

sequence identity in the interface is limited, a pattern

of conserved residue types at several positions in the

interface was identified in multiple sequence alignments

[12], raising the possibility that many PNGM proteins

may share this oligomeric state.

Here, we describe expanded experimental and com-

putational studies of PNGM, with an emphasis on the

characterization of its oligomeric state, the conforma-

tional variability of the C-terminal domain and low-

frequency motions of the enzyme. Small-angle X-ray

scattering (SAXS) demonstrates that BaPNGM exists

as a dimer in solution. Structural analyses reveal con-

served residues involved in conformational change,

and comparisons of four independent polypeptide

chains from the two crystal structures highlight a dra-

matic rotational difference of the C-terminal domain

between conformers. Normal mode analyses show that

low-frequency fluctuations of the protein are consistent

with the conformational variability observed in the

crystal structure. The dimer of PNGM exhibits large

regions of correlated motion that result in coupled

opening and closing of the two active sites. The poten-

tial functional implications of these studies are dis-

cussed with respect to the evolutionary conservation of

the dimer in the PNGM enzyme family.

Results

Quaternary structure

The oligomeric state of PNGM in solution was investi-

gated using SAXS. The experimental scattering curve

from SAXS of BaPNGM is shown in Fig. 2A (black

curve) and the data are summarized in Table 1. The

radius of gyration (Rg), estimated from calculations of

the pair distribution function, is 37 Å. For reference,

Rg of the dimer in the asymmetric unit of the BaP-

NGM crystals is 35 Å, whereas Rg of the protomer is

only 23 Å. The scattering curve calculated from the

Fig. 1. (A) A ribbon diagram of the protomer of the phosphoglucos-

amine mutase of Bacillus anthracis (BaPNGM) (chain A, closed con-

former), showing the four-domain architecture of the protein.

Domain 1 (residues 1–152) is shown in blue, domain 2 (resi-

dues 153–256) in light cyan, domain 3 (residues 257–369) in pink

and domain 4 (residues 370–446) in red. (B) A superposition of the

two polypeptide chains in the asymmetric unit of the BaPNGM

crystal structure, displaying the variable conformation of domain 4.

Chain A is shown in red and chain B in light cyan. (C) The dimer of

BaPNGM with one polypeptide chain shown in red and the other in

blue. Arrow indicates the two-fold axis. The fully symmetric BaP-

NGM coordinate set (Materials and methods) was used to produce

this figure. (D) A topology diagram of the BaPNGM protomer, col-

ored by domain as in (A). Arrows represent b-strands and cylinders

a-helices. Numbers 1–4 indicate the four common b-strands found

in the core of domains 1–3, which have similar folding topologies

[12].
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dimer in the asymmetric unit exhibits reasonably good

agreement with the experimental curve (v = 7.8, see

Fig. 2A). The curve calculated from a dimeric assem-

bly having both protomers in the open state shows bet-

ter agreement with the experimental profile (v = 4.2).

In contrast, the profile calculated from a BaPNGM

protomer is substantially different from the experimen-

tal curve (v = 18.0). These results suggest that BaP-

NGM exists in solution primarily as a dimer under the

conditions used for the SAXS experiments. Ab initio

shape reconstruction calculations were performed with

GASBOR assuming a two-fold symmetric dimer. The

normalized spatial discrepancy for the set of 10 GAS-

BOR models is 1.20 ± 0.08, which indicates a reason-

ably high-quality shape reconstruction. The averaged

and filtered volume approximately matches the size

and shape of the crystallographic dimer (Fig. 2A,

inset). These results suggest that the dimer interface

represented by the asymmetric unit is probably formed

in solution.

The SAXS data on BaPNGM validate previous

crystal packing analyses [12], which indicated that this

protein would form a stable dimer in solution. This

analysis was conducted by the program PISA [14],

which uses thermodynamic calculations to predict the

stability of molecular interfaces observed in the crystal

lattice. In the case of FtPNGM (Protein Data Bank

ID, 3I3W; UniProt ID, Q5NII8), calculations by PISA

show an interfacial area of � 1130 Å2 and a complexa-

tion significance score of 1.0 (highest possible), predict-

ing that the two chains in the asymmetric unit will also

form a stable dimer in solution. A close-up view of the

dimer interface on a superposition of the BaPNGM

and FtPNGM structures (Fig. 2B) highlights the over-

all structural similarity of this region. In both proteins,

the interface is primarily mediated by contacts between

an a-helix in domain 1, with some additional contacts

made by residues in nearby loop regions.

To further assess the similarity of the dimer interface

in BaPNGM and FtPNGM, we used the program

iAlign [15], which was specifically developed for the

structural comparison of protein–protein interfaces.

Analysis by iAlign shows a total of 47 aligned residues

Fig. 2. (A) Small-angle X-ray scattering (SAXS) analysis of the phos-

phoglucosamine mutase of Bacillus anthracis (BaPNGM). The thick

full black curve represents the composite experimental scattering

curve. The other curves represent SAXS profiles calculated from

the dimer of the asymmetric unit (full red), symmetric dimer in

which both protomers are in the open state (full green) and chain A

of the asymmetric unit (broken blue). The inset shows two orthogo-

nal views of a shape reconstruction calculated using GASBOR assum-

ing two-fold symmetry. The surface represents the SAXS

reconstruction (averaged and filtered volume). The structure of the

symmetric open dimer of BaPNGM is shown superimposed onto

the SAXS shape. Superposition calculations were performed using

SUPCOMB [46]. (B) A close-up view showing a superposition of the

dimer interface of BaPNGM and Francisella tularensis PNGM

(FtPNGM). The two chains of BaPNGM are shown as pink and blue

ribbons, whereas both chains of FtPNGM are shown in yellow.

Side-chains are shown as stick models. The orientation is � 90� rel-

ative to that in Fig. 1B, parallel to the two-fold axis of the dimer.

Table 1. Summary of small-angle X-ray scattering (SAXS) analysis.

Rg (Å)a 37.18 ± 0.05

Dmax (Å)a 122.0

Normalized spatial discrepancy

of GASBOR reconstruction

1.20 ± 0.08

v from CRYSOL

Monomer 18.0

Asymmetric unit 7.8

Symmetric dimer 4.2

a The real space radius of gyration and maximum particle dimension

were estimated from calculations of P(r) using GNOM.
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in the interface of the two dimers, with an overall Ca
rmsd of 2.2 Å, but a sequence identity of only 19%

(notably lower than the overall sequence identity of

39% between the two proteins). Nevertheless, the

interface similarity score calculated by iAlign is 0.438

(P = 3.8 · 10)7), consistent with a high level of struc-

tural similarity [15,16]. Table 2 lists the aligned residue

pairs involved in the interface of the two dimers,

which, in both proteins, is a mix of polar and apolar

residue types. We note, however, that, of the five resi-

due pairs involved in hydrogen bonds ⁄ ion pairs in the

BaPNGM dimer [12], none is conserved in the inter-

face of the FtPNGM dimer (data not shown).

Conformational variability of the C-terminal

domain

The crystal structure of BaPNGM [12] revealed signifi-

cant conformational variability in the C-terminal

domain of the protein of � 30� when comparing the

two polypeptide chains in the asymmetric unit

(Fig. 1B). Analysis of the conformational differences

between these two chains by DynDom allows us to

examine the residues and structural changes responsi-

ble for the domain 4 rotation of BaPNGM in more

detail. We found that the 30� rotation occurs via a

hinge-type movement, largely as a result of changes in

the backbone angles of residues 367–372, which are

at the juncture of domains 3 and 4 of the protein.

In BaPNGM, these residues are Thr-Lys-Phe-Pro-

Gln-Leu. The backbone angles of residues in this

region vary significantly between the two chains in the

asymmetric unit, with the largest differences found in

w of Thr367 (+ 29.5�) and F of Gln371 () 43.6�).
Based on a multiple sequence alignment of more than

300 PNGM proteins [12], it can be seen that two of

these residues in the hinge region (Pro370 and Gln371)

are very highly conserved (98% and 97%, respectively)

in this enzyme family.

As is the case with BaPNGM, FtPNGM also crys-

tallizes with two polypeptides in the asymmetric unit,

and some conformational variability is also observed

between these two chains, although not nearly as much

as for BaPNGM. Analysis by DynDom shows that

domains 4 of chains A and B of FtPNGM are related

by a rotation of � 6�, with chain A adopting a slightly

more closed conformation with regard to the active

site cleft. FtPNGM appears to be one of the few pro-

teins in this family that does not share the conserved

Pro and Gln in the interdomain hinge, although gener-

ally corresponding residues 367–373 (Gln-Thr-Leu-Ile-

Asn-Val) show the largest changes in backbone angles

when comparing the two chains in the asymmetric

unit. Structural superpositions (data not shown) show

that P370 of BaPNGM corresponds to Gln371 of

FtPNGM.

Comparisons of the BaPNGM and FtPNGM struc-

tures provide additional insights into the conforma-

tional flexibility of this enzyme. A superposition of all

four crystallographically independent polypeptide

chains from the two PNGM structures (Fig. S1A)

reveals a continuum of conformers for domain 4. A

multiple rmsd plot comparing each pair of the four

chains from the two structures versus the residue num-

ber (Fig. S1B) shows the overall similarity of the first

three domains, and highlights the differences between

residues in domain 4. On close examination, the struc-

tural superposition shows that, with regard to

domain 4, neither chain of FtPNGM aligns well with

either chain of BaPNGM. Indeed, when comparing

chain B of FtPNGM with chain B of BaPNGM (the

two most divergent conformers), analysis by DynDom

shows that a 56� rotation of domain 4 is required to

Table 2. Aligned interface residues in the phosphoglucosamine

mutase (PNGM) dimers of Francisella tularensis (FtPNGM) and

Bacillus anthracis (BaPNGM). (:) Amino acid pairs within 5 Å in

Ca–Ca distance; (*), identical amino acid pairs. As they are nearly

identical, only one of the two possible chain–chain comparisons in

the dimer interface is shown. Output from iAlign.

FtPNGM BaPNGM

Note

Chain Residue

no.

Residue

type Chain

Residue

no.

Residue

type

Distance

(Å)

A 14 Val B 13 Val 2.551 :*

A 15 Ala B 16 Lys 1.530 :

A 20 Thr B 19 Thr 0.946 :*

A 21 Val B 20 Pro 0.815 :

A 22 Glu B 21 Glu 1.030 :*

A 25 Gln B 24 Phe 0.375 :

A 52 Ser B 51 Ile 1.080 :

A 53 Ser B 52 Ser 1.021 :*

A 55 Gly B 54 His 0.901 :

A 56 Phe B 55 Met 0.133 :

A 59 Phe B 58 Gly 0.726 :

A 60 Ala B 59 Ala 0.469 :*

A 63 Ser B 62 Ala 0.781 :

A 66 Asn B 65 Leu 1.374 :

A 67 Ala B 66 Ser 1.508 :

A 106 Thr B 105 Gln 1.777 :

A 136 Phe B 136 Asp 4.791 :

A 138 Tyr B 140 Arg 2.036 :

A 141 Gln B 141 Pro 5.070

A 142 Phe B 143 Gly 3.120 :

A 143 Lys B 144 Thr 3.736 :

A 144 Phe B 146 Leu 1.927 :

A 147 Tyr B 149 Val 2.761 :

A 209 Leu B 210 Met 3.216 :
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interconvert between the conformers. The significance

of this observation is discussed below.

Low-frequency motions

To gain further insights into the conformational vari-

ability and dynamic fluctuations of PNGM, we con-

ducted normal mode analysis (NMA) of the protein

using elastic network models as implemented by

ElNémo [17]. Both the protomer (open conformer,

chain A) and the dimer (fully symmetric, see Materials

and methods) of BaPNGM were examined in detail.

For comparison, the same analyses were conducted for

FtPNGM, yielding highly similar results (data not

shown), and are therefore not discussed further.

Normal mode calculations for the BaPNGM pro-

tomer show that residues in domain 4 of the protein

exhibit the largest amplitude fluctuations in the struc-

ture, generally moving as a single positively correlated

region (Fig. 3A). A large fraction of the conforma-

tional variability observed between chains A and B in

the crystal structure (Fig. 1B) can be accounted for by

the lowest frequency fluctuations of the molecule.

Using the Kabsch algorithm [18,19], as implemented in

PYMOL [20], an alignment of chains A and B of BaP-

NGM gives an rmsd of 2.8 Å for all 446 Ca atoms. By

applying motions from the lowest frequency normal

mode to the coordinates of the open conformer, the

Ca rmsd is reduced to 1.1 Å. Some small additional

movement from the second normal mode also contrib-

utes to the observed conformational change, further

reducing the Ca rmsd with the closed conformer to

0.8 Å (Fig. S2).

Normal mode calculations for the dimer of BaP-

NGM also show that domain 4 of the protein is the

most affected by low-frequency normal mode fluctua-

tions (red ⁄yellow regions in Fig. 3B). The overall direc-

tion of fluctuation for domain 4 in the dimer is

generally similar to that seen in the lowest frequency

mode for the protomer. When viewed perpendicular to

the long axis of the dimer, it can be seen that the fluc-

tuations associated with this mode describe an overall

twisting motion, perpendicular to the long axis of the

dimer. Domain 4 of each protomer moves in the oppo-

site direction to its counterpart in the other chain. In

contrast, residues involved in the dimer interface,

which are essentially all in domain 1 of the protein,

exhibit the smallest fluctuations in the structure (dark

blue regions in Fig. 3B).

Correlation maps of residue fluctuations from NMA

help to visualize groups of residues in PNGM under-

going concerted motions. These are particularly evi-

dent in the maps of the dimer, where large groupings

of residues with correlated motions are apparent

(Fig. 4A). In this figure, red coloring indicates residues

that move in similar directions (positively correlated),

whereas blue coloring indicates groups of residues that

move in different directions (negatively correlated).

The underlying four-domain structure of the protein

can be detected in these correlation maps, although it

is clear that domains 2 and 3 of each chain of the

dimer tend to form a rather large, single unit with

positively correlated motions. This domain 2–3 unit

of one protomer is negatively correlated with its

Fig. 3. (A) A superposition of models from the two lowest fre-

quency normal mode fluctuations (thin ribbons, cyan) of the phos-

phoglucosamine mutase (PNGM) protomer with the two

conformers from the crystal structure (open and closed in red and

blue, respectively). (B) The Bacillus anthracis PNGM (BaPNGM)

dimer with vectors indicating the direction of fluctuations for the

residues with the largest movements. Orientations are similar to

those shown in Fig. 1B. Colors represent the amplitude of vibra-

tions for the first normal mode, with blue being the least motion

and red the greatest. The direction of the vectors for domain 4

(red ⁄ yellow region with large vectors) is similar to that of

domains 1–3 of the alternative monomer (much smaller vectors).

Structure and motions of phosphoglucosamine mutase R. Mehra-Chaudhary et al.
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counterpart in the other chain of the dimer. The corre-

lation maps also highlight the fact that the fluctuations

of domain 4 of each protomer are negatively correlated

with domains 1–3 of the same protomer, but are posi-

tively correlated with domains 1–3 from the alternative

polypeptide chain (see pink box in Fig. 4A).

Examination of the correlation map of the PNGM

protomer (Fig. 4B) shows that it is strikingly different

from the corresponding region of the dimer correlation

map (top left panel of Fig. 4A). Some hints of negative

correlation between domain 4 and the rest of the pro-

tein can still be detected, but the domain-sized group-

ings of positively correlated motions are essentially

missing. Instead, smaller clusters of correlated motion

are found, in both sequential (along the diagonal) and

nonsequential regions of the polypeptide chain.

Discussion

Quaternary structure of the PNGM enzymes and

superfamily

The PNGM proteins form a major subgroup of the

a-D-phosphohexomutase superfamily. Enzymes in this

superfamily participate in a variety of biosynthetic and

metabolic pathways, and are present in all kingdoms

of life, including bacteria, archaea and eukaryotes [13].

The crystal structures of proteins from the other three

major subgroups of the superfamily have revealed a

common four-domain architecture for the protomer.

Most enzymes in the family studied to date appear to

be monomeric [21–23]. However, recent biophysical

studies of the phosphoglucomutase (PGM) from

Salmonella typhimurium have shown that this protein

is dimeric [24]. Moreover, a significant subset of bacte-

rial PGMs can be identified as probable dimers based

on a highly conserved signature sequence for the

dimerization helix.

The SAXS data herein demonstrate that BaPNGM

forms a dimer in solution, and support the proposal

that the dimer interface observed in the asymmetric

unit of BaPNGM and FtPNGM crystals is biologically

relevant. Indeed, as these two proteins crystallize in

different space groups and have only 39% sequence

identity, the observation of a conserved dimer interface

is highly correlated with a biologically relevant oligo-

mer [25]. Although no clear dimerization motif is obvi-

ous in sequence alignments, a pattern of conserved

residue types at several positions of the interface sug-

gests that other PNGM enzymes will share this quater-

nary structure [12]. The identification of the PNGM

dimer, which is structurally distinct from the PGM

dimer (data not shown), marks the second subgroup of

the a-D-phosphohexomutases with proteins character-

ized as oligomeric. These results heighten the interest

in studies addressing the quaternary structure of other

enzymes in the superfamily.

Conformational variability in enzyme function

A role for the conformational flexibility of domain 4

in enzyme function is well substantiated by studies of

Fig. 4. (A) Correlation maps between residue fluctuations in the

Bacillus anthracis phosphoglucosamine mutase (BaPNGM) symmet-

ric dimer calculated for the lowest frequency normal mode by

ElNémo. Red coloring indicates positively correlated regions, and

blue coloring indicates negatively correlated regions. The two axes

refer to residue numbers. Black lines separate polypeptide chains;

the colored boxes on the right indicate the boundaries of the four

protein domains (D1–D4). The pink rectangle in the top right panel

highlights the positive correlation between domain 4 of chain A and

domains 1–3 of chain B. In the bottom right and top left panels,

very small deviations in symmetry between the A and B chains can

be seen across the diagonal, presumably as a result of small devia-

tions from perfect symmetry in the Protein Data Bank coordinates.

(B) Correlation map for the BaPNGM protomer calculated for the

lowest frequency normal mode. Note that the large regions of cor-

related motions seen in (A) for the dimer are missing in the map

for the single chain.
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other proteins in the a-D-phosphohexomutase super-

family. Typically, binding of the phosphosugar is

associated with a hinge-type closure of domain 4,

which reduces the volume and surface area of the

active site cleft and positions the substrate for phos-

phoryl transfer. This interdomain rotation is thus crit-

ical for both ligand binding and catalysis, as key

active site residues are positioned correctly only in

the closed conformer of the protein. Because residues

involved in catalysis ⁄ ligand binding are nearly invari-

ant across the entire superfamily, the closed (ligand-

bound) conformer is expected to be highly similar for

all proteins, regardless of their subgroup specificity.

The crystal structures of enzyme–ligand complexes for

other proteins in the superfamily to date support this

assertion [22,26]. Similar to BaPNGM, a conserved

Pro has been noted in the hinge of the related

enzyme Pseudomonas aeruginosa phosphomannomu-

tase ⁄PGM, and site-directed mutations of the hinge

region of this protein show that the flexibility of the

polypeptide backbone is associated with enzyme effi-

ciency [27].

Our comparisons of the four independent polypep-

tide chains in the BaPNGM and FtPNGM structures

show dramatic differences in the orientation of

domain 4. Although the comparison of conformers of

two different proteins may seem speculative, we note

that chain B of BaPNGM adopts a ‘closed’ conforma-

tion that is proposed to closely model the ligand-

bound conformer of the enzyme [12]. As FtPGNM

shares all of the key active site residues with BaP-

NGM, it is expected to adopt a nearly identical closed

conformation during catalysis, and thus would be

required to undergo a rotation of nearly 60�. As nei-

ther FtPNGM nor BaPNGM was crystallized with

ligand, it seems likely that crystal packing is responsi-

ble for the varying conformers observed in these two

structures, another indication of the conformational

freedom of this domain.

The rotational variability of domain 4 in the two

PNGM structures far exceeds that seen for other pro-

teins in the superfamily (typically 10–15�), and even

surpasses that noted between the two monomers of

BaPNGM (� 30�). It is possible that the dramatic con-

formational flexibility of this domain is somehow par-

ticularly important for PNGM enzymes (i.e. related to

specificity for glucosamine-based substrates), although

an explanation of why this might be is not evident.

Alternatively, the increased flexibility might be related

to the topological differences in domain 4 of PNGM,

which has only three b-strands instead of the five

strands typically found in enzymes in other subgroups

of the superfamily [12]. In either case, this analysis of

the PNGM conformers further emphasizes the ubiq-

uity of domain 4 rotation in the a-D-phosphohexomu-

tase superfamily, presumably because of its important

functional role in the enzyme reaction.

Functional relevance of correlated movements

The conformational variability of domain 4 observed

in the crystal structures of BaPNGM and FtPNGM,

and its probable functional significance, prompted our

examination of global motions via NMA. In many

systems, such analyses have shown that biologically

relevant conformational changes of proteins corre-

spond to the lowest frequency vibrational mode(s) of

the molecule (for reviews, see [28–30]). NMA of the

BaPNGM protomer reveals low-frequency fluctuations

that relate to the structural conformers observed in

the crystal structure. Domain 4 is found to exhibit

global motions that move it in a fashion that reduces

the size of the active site cleft and positions residues

in domain 4 appropriately for ligand binding. This

result is similar to that seen with S. typhimurium

PGM, where NMA also reproduced varying conform-

ers observed in the crystal structures of the protein

[24]. Thus, it appears likely that low-frequency fluctu-

ations of domain 4 are a conserved feature of the

entire a-D-phosphohexomutase superfamily, consistent

with the similar molecular architecture of these

enzymes.

The dimer of BaPNGM was also examined with

normal mode calculations. NMA fluctuations are

inherently dependent on molecular shape [31], and thus

differences in correlated motions between the protomer

and dimer are not unexpected. Despite this, we found

that domain 4 still undergoes the highest amplitude

fluctuations in the structure. However, only in the case

of the dimer are large, domain-sized groupings of con-

certed motions found. Thus, the dimeric structure of

the protein appears to be necessary for the long-range

effects that produce the correlated motions of these

multidomain units. The conservation of the PNGM

dimer suggests that its molecular shape may have func-

tional advantages, including, possibly, enhanced collec-

tive motions of domains relative to the protomer.

These results for the dimer of BaPNGM are similar to

those seen for other proteins, including tubulin, where

concerted motions of the heterodimer are enhanced

relative to those for the individual chains [32],

although, in this case, most of the coupled motions

were found between sequentially noncontiguous

regions.
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Are global motions a mechanism for negativity

cooperativity?

The low-frequency correlated motions for the PNGM

dimer revealed another intriguing feature: dynamically

coupled opening ⁄ closing of domain 4 in the two poly-

peptide chains (Figs 3B and S3). This dynamically cou-

pled movement (by which we mean correlated motions

that occur simultaneously) produces a dimer in which

the two active sites are either both open or both closed

at the same time. Similar dynamic coupling has been

observed in molecular dynamics simulations of various

proteins [33,34]. For the BaPNGM dimer, the coupled

movements of domain 4 are intriguing because of the

role of this interdomain rotation in enzyme function.

More speculatively, they raise the possibility of nega-

tive cooperativity for this enzyme.

Negative cooperativity describes the situation in

which the affinity of an enzyme for a substrate

decreases with an increase in substrate concentration

[35]. Although various mechanisms have been pro-

posed, conformational change in response to binding

of ligand at one active site, which is then propagated

to the other active site rendering it inactive (i.e. ligand-

induced conformational change) [36], is a common

explanation. The dynamic coupling of the motions

described here for BaPNGM suggests that the intrinsic

fluctuations of the molecule could provide a mecha-

nism for the propagation of ligand-induced conforma-

tional change: as ligand binds to one active site and it

begins to close, the other site closes as well, and is thus

unavailable for catalysis. A similar rationale has been

proposed for the negative cooperativity of ribonucle-

ase A, based on the dynamic coupling observed

between subunits [34]. Of course, it is also possible that

the dynamically coupled fluctuations of BaPNGM

occur in the absence of ligand, which would then be

a case of intrinsic allosteric coupling, such as that

observed in molecular dynamics simulations of adenyl-

ate kinase [33], and consistent with several recent

studies of intrinsic dynamics by nuclear magnetic

resonance [37].

Additional studies will be needed to assess the signifi-

cance of global motions in the function of PNGM

enzymes and other members of the a-D-phospho-
hexomutase superfamily. Although, currently, no

reports of negative cooperativity can be found in the

literature for the PNGMs, this absence of data is incon-

clusive because of the lack of detailed kinetic studies for

these proteins. As a whole, however, these studies sug-

gest an intriguing relationship between functionally

important conformational change, global motions and

the oligomeric structure of this enzyme family.

Materials and methods

SAXS experiments

BaPNGM protein for these studies was expressed and puri-

fied as described previously [38]. SAXS experiments were

performed at beamline 12.3.1 of the Advanced Light

Source. Prior to analysis, samples of BaPNGM were dia-

lyzed against 50 mM 3-(N-morpholino)propanesulfonic acid,

pH 7.3, 1 mM MgCl2 and 1 mM tris(hydroxypropyl)phos-

phine. Scattering intensities (I) were measured at four pro-

tein concentrations (2.1, 4.2, 8.4 and 12.5 mgÆmL)1) as a

function of the scattering vector q = (4p sin h) ⁄ k, where 2h
is the scattering angle and k is the wavelength of the inci-

dent beam. Exposure times of 0.5, 1.0 and 5.0 s were used.

The scattering curves collected from the protein sample

were corrected for background scattering using intensity

data collected from the dialysis buffer. The composite scat-

tering curve used for shape reconstructions was generated

with PRIMUS by scaling and merging the background-cor-

rected high-q region (q > 0.092 Å)1) data from the highest

concentration sample (1.0 s of exposure) with the low-q

region (q < 0.127 Å)1) data from the lowest concentration

sample (1.0 s of exposure). Scattering curves were subjected

to indirect Fourier transform using GNOM [39] to yield the

pair distribution function [P(r)], from which the radius of

gyration (Rg) and the maximum particle dimension (Dmax)

were estimated. Shape reconstructions were performed

using GASBOR [40] with a Dmax value of 122 Å. Ten inde-

pendent structural calculations were performed, and the

models were averaged and filtered using DAMAVER [41].

Theoretical scattering curves were calculated from atomic

coordinates using CRYSOL [42]. MOLEMAN [43] was used to

calculate Rg from atomic coordinates.

Normal mode analyses

NMAs were performed using the elastic network model as

implemented in the ElNémo server: http://igs-server.cnrs-

mrs.fr/elnemo/ [17]. For NMAs, a coordinate set for a fully

symmetric dimer of BaPNGM was generated in COOT [44],

as the deposited structure (3PDK) has variable orientations

(open or closed) of the C-terminal domain as a result of

crystal packing. A dimer with two open monomers was

generated by superimposing monomer A (the open con-

former) on residues 1–370 of monomer B (the closed con-

former). The open conformer (chain A) was also used for

NMA of the BaPNGM protomer. We note that the coarse-

grained representation of the protein used for the NMA

calculations (one point per residue with connectivity deter-

mined solely by distance) does not allow a meaningful anal-

ysis starting from the coordinates of the closed conformer

of PNGM, as domain 4 is unable to fluctuate because of

connections formed with residues in other domains. More-

over, normal modes obtained from the open form of a
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protein have been shown to compare better with known

conformational changes [45]. The rmsd calculations were

performed in PYMOL using the command intra_fit, starting

at residue 5 and using only Ca atoms. The correlation plot

was produced in MATLAB R2010a (Mathworks, Natick,

MA, USA) from the vector output of ElNémo for mode 7.

Structural figures were prepared with PYMOL. Vectors

in Fig. 3B were made using modevector.py script from the

PYMOLWiki website.
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Supporting information

The following supplementary material is available:

Fig. S1. (A) A superposition of the four phosphoglu-

cosamine mutase (PNGM) polypeptide chains from

the Bacillus anthracis (BaPNGM) and Francisella tular-

ensis (FtPNGM) crystal structures. (B) Multiple rmsd

plot of the four chains in (A).

Fig. S2. A grid showing the rmsd between the closed

conformer (chain B) of the Bacillus anthracis phospho-

glucosamine mutase (BaPNGM) crystal structure (Pro-

tein Data Bank ID, 3PDK) and various models from

the two lowest frequency normal mode calculations as

calculated by the ElNémo server.

Fig. S3. An animation of the Bacillus anthracis phos-

phoglucosamine mutase (BaPNGM) dimer showing

the coupled movements of domain 4 in the two poly-

peptide chains calculated by normal mode analysis.
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