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 2 

ABSTRACT Corynebacterium glutamicum is widely used for the industrial production of 

amino acids, nucleotides, and vitamins. The shikimate pathway enzymes DAHP synthase 

(CgDS; Cg2391) and chorismate mutase (CgCM; Cgl0853) play a key role for the 

biosynthesis of aromatic compounds. Here we show that CgCM requires the formation of 

a complex with CgDS to achieve full activity, and that both CgCM and CgDS are 

feedback regulated by aromatic amino acids binding to CgDS. Kinetic analysis showed 

that Phe and Tyr inhibit CgCM activity by inter-enzyme allostery, whereas Trp binding to 

CgDS strongly activates CgCM. Mechanistic insights were gained from crystal structures 

of the CgCM homodimer, tetrameric CgDS, and the heterooctameric CgCM-CgDS 

complex, refined to 1.1 Å, 2.5 Å, and 2.2 Å resolution, respectively. Structural details 

from the allosteric binding sites reveal that DAHP synthase is recruited as the dominant 

regulatory platform to control the shikimate pathway, similar to the corresponding 

enzyme complex from Mycobacterium tuberculosis.   

Page 3 of 62

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 3 

 

INTRODUCTION 

The tight control and maintenance of appropriate intracellular concentrations of key 

metabolites is a general principle across all branches of life. Throughout evolution 

sophisticated regulatory mechanisms emerged both at the genetic level to vary gene 

expression  (1) and at the protein level to control translation and protein turnover and to 

modulate the function of enzymes through allostery and post-translational 

modification  (2-9). The result is a delicate balance ensuring that the organism is able to 

produce the essential nutrients and building blocks required for survival, without wasting 

precious resources once the metabolic needs have been met. One of nature’s most 

powerful strategies for attaining this balance is through feedback inhibition, where a 

product of a biochemical pathway acts as an inhibitor for the enzymes that are required 

for its synthesis. This allows cells to dynamically and immediately adapt their metabolic 

activity to the environment in times of scarcity or abundance. A common mechanism of 

feedback control is allosteric regulation, whereby effectors bind to a region of an enzyme 

distant to the active site, resulting in a change in its activity  (2, 6, 10-12). 

A formidable example for this kind of feedback regulation is observed in the shikimate 

pathway (Fig. 1), a biosynthetic sequence for production of aromatic amino acids in 

bacteria, archaea, plants, fungi, and apicomplexan parasites  (13), where the activity of 

several of the enzymes is regulated by allosteric feedback control  (14, 15). DAHP 

synthase (DS) catalyzes the first step in the pathway, an aldol-like condensation of 

phosphoenolpyruvate (PEP) and D-erythrose-4-phosphate (E4P) to form 3-deoxy-D-

arabino-heptulosonate-7-phosphate (DAHP). As the first enzyme in the pathway, it 
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 4 

serves as a strategic point for feedback regulation  (16). An example of this can be seen in 

the extensively studied model organism Escherichia coli, which has three different DSs, 

each subject to specific inhibition by one of the three aromatic amino acids  (17-19).  

 

Figure 1.  Shikimate pathway. The first enzyme of the metabolic sequence towards 

aromatic compounds, DAHP synthase, catalyzes the condensation of D-erythrose-4-

phosphate (E4P) and phosphoenolpyruvate (PEP) to 3-deoxy-D-arabino-heptulosonate-7-

phosphate (DAHP). After another six enzymatic steps, the branch point compound 

chorismate (1) is either converted by anthranilate synthase to anthranilate and further to 

L-Trp, or by chorismate mutase to prephenate (2), an intermediate towards L-Tyr and L-

Phe biosynthesis. Conversion of 1 to 2 is a pericyclic process with an endo-oxabicyclic 

transition state exhibiting charge separation at the ether bond to be cleaved. The chair-

like transition state is well mimicked by Bartlett’s transition state analog (TSA) 3  (20).  
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 5 

Another key enzyme of the shikimate pathway is the central branch point enzyme, 

chorismate mutase (CM). CM catalyzes the conversion of chorismate (1) to prephenate 

(2) via a Claisen rearrangement, a rare example of an enzyme catalyzing a pericyclic 

process  (21, 22) (Fig. 1). This reaction commits chorismate to the synthesis of L-

phenylalanine (Phe) and L-tyrosine (Tyr) as opposed to L-tryptophan (Trp). Due to the 

unique position at two diverging paths of the aromatic amino acid synthesis, CM is 

particularly important from a regulatory perspective, again exemplified by the two well-

studied bifunctional CMs in E. coli, which are sensitive to feedback inhibition by either 

Tyr or Phe  (23-26). 

A different strategy for the sophisticated allosteric control of the shikimate pathway has 

recently been elucidated in Mycobacterium tuberculosis. Instead of bifunctional CMs, the 

open reading frame Rv0948 encodes a mono-functional CM (MtCM) that is utilized for 

the cytoplasmic synthesis of Tyr and Phe in M. tuberculosis H37Rv. Interestingly, MtCM 

shows only modest activity on its own compared to typical wild-type CMs  (27-31). 

However, upon formation of a heterooctameric complex with DAHP synthase (MtDS, 

encoded by Rv2178c) (Fig. 2), crucial MtCM active site residues are repositioned, and 

the catalytic CM activity increases by more than a hundred-fold  (32).  

MtCM-MtDS complex formation plays a key role as a regulatory feature of the 

shikimate pathway in M. tuberculosis. The DS activity of MtDS is synergistically 

inhibited by the end products of the pathway (Phe, Tyr, and Trp), whereas the CM 

activity of the MtCM-MtDS complex, but not of MtCM alone, is synergistically inhibited 

by Phe and Tyr  (32-36). In an evolutionary study on the MtCM-MtDS complex, we 
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 6 

could show that the activation factor by MtDS of MtCM variants is directly correlated 

with their response to the feedback inhibitors Tyr and Phe  (37). 

(a)     (b)       

   

  
(c) 

  
Figure 2:  Complex formation with MtDS preorganizes the MtCM active site for 

catalysis.  (a) Cartoon illustration of the active MtCM-MtDS heterooctameric complex 

(PDB: 1W1A  (32)). MtCM is colored in yellow and orange, the transition state analog 

(TSA) 3 in dark grey, and MtDS in shades of green to emphasize individual subunits. 
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Dimerization and tetramerization interfaces of MtDS are indicated. The box highlights 

the location of one of the four active sites depicted in b and c.  (b) Schematic 

representation of the CM active site with TSA bound. Boxed residues refer to MtCM, 

while Ile62 marked in pink refers to the corresponding residue in CgCM.  (c) Stereo 

image of the MtCM active site in the MtCM-MtDS complex, with TSA in dark grey. 

Arg18´ is labeled with a prime and colored in orange to show that this residue originates 

from the other protomer of the dimeric MtCM. 

 

All inhibitor binding sites are found in MtDS, distant from the MtCM-MtDS 

interface  (36). Despite the distance, the presence of these inhibitors induces complex 

dissociation, as established by several biochemical and biophysical experiments  (35, 36). 

This mode of indirectly regulating CM activity was only recently appreciated and 

characterized, and has been designated inter-enzyme allostery  (36). Curiously, binding of 

the effectors to the complex only leads to negligible structural rearrangements of MtCM 

and MtDS, possibly causing tiny subunit misalignments that destabilize the 

heterooctameric assembly  (36). It was also proposed that feedback inhibition may be the 

result of a change in dynamics of the enzymatic complex  (33, 35, 36, 38). This is in 

keeping with a modern interpretation of allosteric regulation, suggesting that allosteric 

signaling can be driven by shifting populations of conformational ensembles, without 

necessitating clear structural rearrangements  (6, 39-44).  

Previous data and phylogenetic investigations indicate that the interaction between CM 

and DS could be a feature of shikimate pathway regulation unique to a few taxonomic 

orders within the bacterial class Actinobacteria, such as the Corynebacteriales	  (32, 36). 
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 8 

Corynebacterium	glutamicum	is	a	non-pathogenic	representative	from	the	bacterial	

order	 Corynebacteriales	 and	 is	 used	 for	 the	 large-scale	 industrial	 production	 of	

amino	 acids,	 vitamins,	 and	other	 food	 additives	 	(45-48).	Unlike	M.	tuberculosis,	C. 

glutamicum ATCC 13032 has two genes coding for DS enzymes, a Type I DS (named 

NCgl0950  (45) or cg1129  (49)) and a Type II DS (NCgl2098  (45) or cg2391  (49)). 

Only the Type II DS is required for C. glutamicum growth in minimal media, indicating 

that only this enzyme is vital for amino acid production  (50). The sequence identity 

between the CM of C. glutamicum (CgCM) and MtCM is 59%,	and	it	is	65%	between	

the	Type	II	DS of C. glutamicum (CgDS) and MtDS. It has also been shown that MtDS 

can heterologously increase the activity of CgCM,	which	suggested	that	CM-DS	complex	

formation	plays	a	similar	role	 in	C. glutamicum as	 in	M.	tuberculosis	 	(32).	When the 

C. glutamicum enzymes were first studied (before Brevibacterium flavum was 

reclassified as C. glutamicum  (51)), it was not possible to detect any CM activity in the 

absence of DS, pointing to a dramatic activating effect upon complex formation  (52, 53). 

However, recent publications stated that CgDS did not enhance the catalytic activity of 

CgCM  (54, 55). Thus, there is currently contradictory information in the literature 

regarding the regulation at one of the key branch points in the metabolism of this 

biotechnologically important bacterium. 

Here, we use kinetic and structural approaches to elucidate similarities and differences 

between the CM-DS systems of C. glutamicum and M. tuberculosis. In particular, we 

were interested whether CgCM-CgDS is also subject to inter-enzyme allosteric 

regulation, and how its molecular mechanism compares to that previously established for 

MtCM-MtDS. Our findings established the crucial importance of CgCM-CgDS complex 

Page 9 of 62

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 9 

formation for controlling CgCM activity. As an additional feature we discovered cross-

pathway activation by Trp under physiological conditions, thus expanding the toolkit 

accessible to CgCM, via the principal regulatory platform of the shikimate pathway in C. 

glutamicum. 
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 10 

MATERIALS AND METHODS 

Assembly of gene expression plasmids 

For the production of CgCM, we first used plasmid pKCGCM-HC  (32), expressing the 

entire reading frame of the originally annotated C. glutamicum gene Cgl0853, provided 

with a 3' appended sequence encoding a C-terminal His6-tag. However, after gene 

expression and purification, this tagged CgCM variant showed two subpopulations of N-

terminally degraded protein, shorter by 20 and 22 amino acids, as identified by LC-MS. 

Upon further scrutiny of the primary sequence (for a discussion about the most probable 

start codon, see  (32)), the gene was recloned, this time using the third methionine 

(annotated as Met13 in gene Cgl0853) as the start codon, resulting in plasmid pKCGCM-

H (4807 bp)  (32). We regard this smaller 90 amino acid CgCM protein variant (shorter 

by 12 N-terminal residues relative to the annotated reading frame), which is devoid of 

any purification tag and which did not show any significant proteolytic degradation, as 

the native form of CgCM and we consequently used it throughout this work. 

Plasmid pKCGDS-HN encodes an N-terminally His6-tagged version of the open 

reading frame of gene Cgl2178 (i.e., with Met–His6–Ser–Ser–Gly fused to the start 

methionine). This CgDS gene construct was assembled after PCR amplification of 

chromosomal DNA of C. glutamicum ATCC 13032 (see  (32) for DNA source and 

preparation). The PCR (94°C for 2 min; 25 cycles of 94°C for 30 s, 58.3°C for 30 s, 72°C 

for 90 s; followed by 72°C for 10 min) employed oligonucleotides 332-DSCG3N-S 

(TTGTGTCATATGCACCATCATCATCATCATTCTTCTGGTATGAGTGGACAGTT

GATATCCCTAAA) and 333-DSCG4-N 

(TAGAACACTAGTTATTAGTTACGCAGCATTTCTGCAACG) resulting in a 1,442 
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 11 

bp PCR fragment. After digestion with NdeI and SpeI, the 1,424 bp PCR fragment was 

ligated to the 4,529 bp NdeI-SpeI fragment of vector pMG211  (30) yielding CgDS 

expression plasmid pKCGDS-HN (5953 bp).  

The DNA sequences of the cloned genes were confirmed over their entire length by 

DNA sequencing on an ABI Prism 3100 DNA Sequencer using two (for the CgCM gene) 

and four (for the CgDS gene) custom made sequencing primers (Microsynth AG, 

Balgach, Switzerland).	

 

Protein production and purification 

Plasmids pKCGCM-H and pKCGDS-HN were used to overproduce the native 

(untagged) CgCM and N-terminally His6-tagged CgDS, respectively, in Escherichia coli 

KA13 (a strain deficient in CMs)  (28, 56). A single colony of freshly transformed cells 

was grown overnight in 5 mL LB medium containing 100 μg/mL sodium ampicillin (LB-

amp), and aliquoted for frozen stocks after adding glycerol to a concentration of 10% 

(v/v).  

A 50 mL LB-amp pre-culture was inoculated using scrapes of frozen stock, and grown 

overnight at 37 °C. The LB-amp main culture (2x 1 L) was inoculated to an OD600nm of 

0.05 and incubated at 110 rpm in a shaking incubator at 30 °C until an OD600nm of 0.5 was 

reached. Then, gene expression was induced by adding IPTG to a final concentration of 

0.5 mM. The production culture was incubated at 30 °C for approximately 18 h, 

centrifuged at	 6500	 ×	 g	 for	 20	min	 (4 °C),	 and	 the	 cell	 pellet	 was	 frozen	 before	

further	processing.	
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 12 

For	 CgCM,	 the	 pellet	 was	 resuspended	 in	 20	mM	 sodium	 phosphate	 buffer	 (pH	

8.0),	containing	150	µM	PMSF	and	cOmplete	protease	inhibitor	(Roche).	Cells	were	

homogenized	 by	 two	 passes	 through	 a	 high-pressure	 homogenizer	 and	

subsequently	 pelleted	 at	 48000	×	g	 for	 30	min	 (4	°C).	 The	 lysate	was	 loaded	on	 a	

5	mL	HiTrap	XL	SP	ion	exchange	column	(GE	Healthcare)	and	eluted	with	a	gradient	

from	0	–	500	mM	NaCl.	Homogeneous	fractions	were	pooled,	concentrated	(Vivaspin	

MWCO	3k),	and	further	purified	on	a	Superdex	75	300/10	column	(GE	Healthcare),	

run	 with	 20	mM	 Bis-Tris	 propane	 (1,3-

bis(tris(hydroxymethyl)methylamino)propane)	 (pH	 7.5),	 150	mM	 NaCl.	 Pure	

fractions	were	concentrated	after	addition	of	0.01%	NaN3	and	stored	at	-20	°C.	

For	 CgDS,	 the	 pellet	 was	 resuspended	 in	 50	mM	 Tris-HCl	 buffer	 (pH	 8.2),	

containing	300	mM	NaCl,	5%	glycerol,	2	mM	β-mercaptoethanol,	20	mM	imidazole,	

150	µM	PMSF	and	cOmplete	protease	inhibitor	(Roche).	Cells	were	homogenized	by	

two	 passes	 through	 a	 high-pressure	 homogenizer	 and	 subsequently	 pelleted	 at	

48000	×	g	 for	30	min	(4	°C).	The	 lysate	was	 loaded	on	a	5	mL	Ni-NTA	column	(GE	

Healthcare)	and	eluted	with	a	gradient	from	20	–	500	mM	imidazole	using	a	buffer	

containing	50	mM	Tris-HCl	(pH	8.0),	300	mM	NaCl,	150	µM	PMSF,	5%	(v/v)	glycerol,	

100	 µM	 MnCl2,	 and	 200	 µM	 PEP.	 Fractions	 containing	 CgDS	 were	 pooled	 and	

dialyzed	twice	against	20	mM	Tris-HCl	(pH	7.0),	1	mM	β-mercaptoethanol,	100	µM	

MnCl2,	and	subsequently	loaded	on	a	5	ml	HiTrap	XL	Q	column	(GE	Healthcare)	and	

eluted	with	a	gradient	from	0	–	500	mM	NaCl.	Homogeneous	fractions	were	pooled,	

concentrated	(Vivaspin	MWCO	30k),	and	further	purified	on	a	Superdex	200	300/10	

column	(GE	Healthcare),	run	with	20	mM	Bis-Tris	propane	(pH	7.5),	150	mM	NaCl,	
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0.5	mM	 TCEP	 (tris(2-carboxyethyl)phosphine),	 100	µM	 MnCl2,	 200	µM	 PEP.	 Pure	

fractions	were	concentrated	after	addition	of	0.01%	NaN3	and	stored	at	-20	°C.	

 

Enzyme activity assays 

Chorismate was produced using a previously published protocol  (57). In vitro CM 

activity assays were conducted at 30°C as previously described  (32); briefly, the initial 

velocities (v0) needed for fitting to the Michaelis-Menten equation v0	 =	

kcat·[E]·[S]/(Km+[S]) were obtained by	 continuously	monitoring	 the	 consumption	of	

chorismate	at	274	nm	(ε274	nm	=	2630	M-1	 cm-1)	or	310	nm	(ε310	nm	=	370	M-1	 cm-1)	

over	a	chorismate	concentration	range	from	500	µM	to	3	mM.	The kcat/Km of CgCM 

was determined at 310 nm in 50 mM Bis-Tris	 propane	 (pH	 7.5),	 with	 a	 CgCM	

concentration	of	 950	nM. An apparent kcat/Km of CgCM-CgDS	was	determined at	310	

nm	 in	 Bis-Tris	 propane	 (pH	 7.5),	 0.5	mM	TCEP,	 100	µM	MnCl2,	 200	µM	 PEP,	with	

CgCM	 and	 CgDS	 concentrations	 held	 at	 50	 and	 1000	 nM,	 respectively,	 while	 the	

chorismate	concentration	was	varied	between	100	µM	and	2.6	mM.	

For the assays measuring the effect of aromatic amino acids, effector concentrations 

were standardized to 25 µM in all cases, CgCM	concentration	was	100	nM	and	CgDS	

concentration	 was	 1000	 nM,	 and	 chorismate	 (at	 100	 µM)	 consumption	 was	

followed	at	274	nm.	

	

Crystallization  

Crystallization was generally performed and optimized in hanging-drop setups, except 

for the CgCM-CgDS complex, where sitting-drop setups were used following robotic 
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screening. CgCM was crystallized by adding 1 µL protein solution (7.5 mg/mL) to 1 µL 

well-solution (100 mM NH4 formate (pH 6.6), 100 mM KSCN, 30% PEG 2000 MME), 

at 20 °C. CgDS was crystallized by adding 1 µL protein solution (10.0 mg/mL) to 1 µL 

well-solution (100 mM Tris-Bicine buffer (pH 8.7), 13% MPD, 13% PEG 1000, 13% 

PEG 3350, 2% tri-ethylene glycol, 200 µM PEP, 100 µM MnCl2), at 4 °C. For the Trp 

complex, the crystals were soaked by adding 1 µL 2 mM Trp to the drop at 25 °C and 

incubating for 30 min before freezing the crystals. 

Crystallization of the CgCM-CgDS-TSA complex was facilitated by microseeding. 

Seeds were prepared by crushing poorly diffracting crystals in the drop with a glass rod, 

and transferred to 50 µL of the reservoir solution (100 mM Na-HEPES (pH 7.5), 200 mM 

LiSO4, 25% PEG 3350). A glass bead was added and the suspension was mixed by 

vortexing for 2 min. The resulting seed stock was diluted up to 1:1000. For 

crystallization, 0.13 mM CgCM and 0.12 mM CgDS were mixed and incubated at 25 °C 

for 30 min with a few flakes of solid transition state analog (TSA) 3 (8-hydroxy-2-oxa-

bicyclo[3.3.1]non-6-ene-3,5-dicarboxylic acid)  (20). After incubation, crystallization 

experiments were set up with an Oryx 4 robot (Douglas Instruments, UK), mixing 

0.15 µL protein solution, 0.15 µL 1:10 seed stock, and 0.3 µL well solution into a Swissci 

2 sitting drop 96-well plate (and 50 µL reservoir solution). Well-diffracting crystals were 

obtained in 100 mM imidazole/MES buffer (pH 6.5), 30 mM each of ethylene glycol mix 

(equal amounts of di-ethylene glycol, tri-ethylene glycol, tetra-ethylene glycol, penta-

ethylene glycol), 15% glycerol, and 15% PEG 4000. TSA was produced by Dr. Rosalino 

Pulido according to a previously published procedure  (58). 
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Data collection, structure determination, and refinement 

All data were collected at the ESRF, at beam line ID-29. The diffraction images were 

processed with XDS  (59), and the resulting data merged with AIMLESS  (60). 5HUC and 

5HUE data sets were processed without averaging Friedel pairs to include anomalous 

information in the refinement. The resolution cut-off for the crystallographic data was 

chosen in accordance with the significance test employed by XDS  (59). Instead of Rmerge. 

we used the new gold standard for data quality control, CC1/2   (60-63). The structure was 

determined by molecular replacement (MR) with the program Phaser  (64). For CgCM, 

terminally truncated MtCM (PDB-ID: 2VKL  (32)) was used as MR model. For CgDS, a 

suitable MR model was built from MtDS (PDB-ID: 2B7O  (65)) using CHAINSAW  (66). 

For the CgCM-CgDS complex, the tetrameric MtDS as derived from the MtCM-MtDS 

complex (PDB-ID: 2W1A  (32)) was used as a model for MR, and CgCM was 

subsequently built into the density manually. The structures were refined by alternating 

manual model building and automatic refinement using Coot  (67) and REFMAC5  (68), 

respectively. All programs from data merging to final structure polishing were part of the 

CCP4 6.5.019 package  (69). A summary of the data collection and refinement statistics 

is given in Table 1. The atomic coordinates and structure factors have been deposited at 

the Protein Data Bank  (70, 71) with accession codes 5HUB, 5HUC, 5HUD, and 5HUE. 

Buried surface areas were calculated with the PDBe PISA webserver  (72). Structure 

images, superimpositions, and angle measurements were prepared using different 

versions of Pymol (Schrödinger, LLC), and reaction schemes were created with 

ChemDraw Professional 15.0 (PerkinElmer Informatics, Inc.).  
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Table 1: Data collection and refinement statistics 

  
CgCM CgDS CgDS  

w/ Trp soak  
CgCM+CgDS  
w/ TSA    

X-ray source ID29, ESRF ID29, ESRF ID29, ESRF ID29, ESRF 

Wavelength (Å) 0.9791 0.9763 0.9763 0.9724 

Space group C2 P6222 P6222 P21 

Unit cell 
parameters 

    

 

a (Å) 82.9 109.8 109.2 117.6 

 

b (Å) 24.6 109.8 109.2 110.5 

 

c (Å) 38.6 279.3 279.9 134.7 

 

α (°) 90 90 90 90 

 

β (°) 99.4 90 90 101.4 

 

γ (°) 90 120 120 90 

Resolution (Å) 40.9-1.1 
(1.13 - 1.06) 

95.1-2.5 
(2.60 - 2.45) 

37.0-2.6 
(2.80 - 2.64) 

132.0-2.2 
(2.28 - 2.15) 

  I/σ(I) 9.0 (0.4) 14.0 (0.6) 9.4 (0.4) 4.8 (0.6) 

No. of reflections 

    

 

Observed 
131255 
(8199) 

473980 
(54009) 

517828 
(83525)  

539068 
(69033) 

 

Unique 
30562 
(2733) 

36845 
(5163) 29830 (4679) 

179323 
(26905) 

Redundancy 4.3 (3.0) 12.9 (10.5) 17.4 (17.9)  3.0 (2.6) 

Completeness (%) 87.9 (49.2) 97.9 (87.0) 99.8 (99.3) 97.7 (91.2) 

CC1/2
a 99.8 (39.2) 99.9 (59.6) 99.8 (31.6) 98.7 (95.4) 

Wilson B factor 
(Å2) 16.0 73.8 72.7 19.5 

Rwork / Rfree
b  0.17 / 0.22 0.24 / 0.25 0.25 / 0.28 0.25 / 0.30 
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rmsd bond length 
(Å) 0.019 0.007 0.007 0.011 

rmsd bond angle 
(°) 2.01 1.18 1.26 1.53 

Average B factor 
(Å2) 

    

 

Backbone 18.1 112.0 107.8 32.1 

 

Side chain + 
water 24.9 114.4 111.2 36.1 

 

All atoms 22.0 113.2 109.5 34.3 

Number of atoms 833 3564 3571 18279 

 

Protein 716 3483 3456 16628 

 

Ligand(s) n.a. 26 26 148 

 

Solvent/Buffer 
(H2O) 

117  
(111 H2O) 

55  
(21 H2O) 

89  
(21 H2O) 

1503  
(780 H2O) 

Ramachandran (%) 

    

 

Favored 98.5 94.6 95.5 96.9 

 

Allowed 0.0 4.9 3.8 2.9 

 

Outliers 1.5 0.5 0.7 0.2 

PDB ID 5HUB 5HUC 5HUE  5HUD 
aAccording to  (60, 61) b R = Σ||Fo|-|Fc||/ Σ |Fo| where Fo and Fc are the observed and 

calculated structure factors, respectively. Rfree is R calculated for 5% randomly selected 
reflections, which were omitted from the refinement. Values in parentheses refer to the 
highest resolution shell. 

 

 

  

Page 18 of 62

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 18 

RESULTS 

Enzymatic activation of CgCM by CgDS 

To address the contradictions within the literature about whether or not CgCM is 

activated by CgDS, we produced CgCM in its native (untagged) form and CgDS with an 

N-terminal His6-tag (see Materials and Methods for details). These protein formats are 

identical to the ones investigated previously for the M. tuberculosis system, where it was 

shown that the tag does not interfere with DS activity or CM activation  (36). Enzymatic 

activity was determined by following the conversion of chorismate by CgCM alone and 

in the presence of CgDS.  

The Km of CgCM is too high (>3000 µM) to obtain a meaningful fit of the 

experimentally attainable data for deriving kcat and Km from the Michaelis-Menten 

equation. However, it was still possible to accurately determine the ratio kcat/Km for 

isolated native CgCM as 110 M-1 s-1 (Table 2). This value is within the same order of 

magnitude as the kcat/Km previously measured for N-terminal His-tagged variants of 

CgCM (370 M-1 s-1 and 390 ± 60 M-1 s-1)  (32, 54), and 3-4 orders of magnitude below that 

of typical DS-independent CMs  (27-31). Upon addition of CgDS, CgCM catalysis can be 

boosted 180-fold, proving a dramatic activation effect similar to that observed for the M. 

tuberculosis system (Table 2). This is in stark contrast to the data of the CgCM-CgDS 

study published recently, where no stimulation of CM activity was observed  (54).  
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Table 2: Apparent catalytic parameters for the conversion of chorismate to prephenate 

 

kcat/Km (M-1 s-1) Fold activation by DS   

CgCMa 111 ± 7 
 

 
 

CgCM-CgDSa (2.01 ±0.01) × 104 182 ± 12  
 

MtCMb 1750 ± 90 
 

 
 

MtCM-MtDSb (2.4 ±0.6) × 105 140 ± 35  
 

a Measured in 50 mM BTP+, pH 7.5, at 50 nM CgCM and 1000 nM CgDS. Standard 
deviations were calculated from two different measurement series using independently 
purified CgCM preparations with the same CgDS stock that was used for crystallization. 
We noted that the apparent activation factors were up to twofold lower with other CgDS 
batches, possibly depending on varying degrees of intrinsic Trp occupancy (see below).  

b Data from Sasso et al.  (32)  

 

We noted that the CgCM activity of the CgCM-CgDS complex is very sensitive to a 

multitude of variables including the absolute concentrations of chorismate, CgCM, and 

CgDS. For instance, the specific activity of CM increases with higher protein 

concentration, even when preserving the ratio of CM:DS. We have also observed that at 

50 nM CgCM, the CM activity was linearly dependent on the concentration of its 

complex partner and could not be saturated in the experimentally accessible CgDS 

concentration range of 1-4 µM. This suggests that the Kd, app for CgCM-CgDS complex 

dissociation exceeds 4 µM under our assay conditions.  
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Allosteric regulation of the CgCM-CgDS complex by Phe, Tyr, and Trp 

To investigate feedback regulation at the central branch point in the shikimate pathway 

of C. glutamicum, the effect of aromatic amino acids on the catalytic efficiency of CM in 

the CgCM-CgDS complex was studied. Additions of single aromatic amino acids as well 

as combinations thereof were tested to elucidate potential synergistic effects. The kinetic 

assays were carried out with native CgCM and His6-tagged CgDS, as it was shown 

previously that the correspondingly tagged homologous MtDS essentially retained the 

regulatory feedback properties of native MtDS  (36).  

Given the experimental difficulties for reaching saturation, we aimed to derive 

physiologically meaningful information by contemplating concentrations of enzymes and 

effector molecules that approximate the conditions in the producer organism. From 

literature data, we estimated the concentrations of DS for the three organisms M. 

tuberculosis H37Rv, Mycobacterium bovis BCG, and C. glutamicum ATCC 13032, to be 

approximately 3 µM  (73, 74). For CM, the only reliably established concentration was 

300 nM for M. bovis  (73). The chorismate concentration was estimated to be in the 40-70 

µM range for C. glutamicum  (74, 75). Aromatic amino acid concentrations in vivo have 

been reported for E. coli to be 18 µM Phe, 29 µM Tyr, and 12 µM Trp  (76). As a 

compromise between experimentally accessible and naturally occurring concentrations, 

we used 1 µM CgDS, 100 nM CgCM, 100 µM chorismate, and 25 µM of each aromatic 

amino acid effector for the kinetic studies on the regulation of the CgCM-CgDS complex. 

Figure 3 illustrates the strong activation of CgCM activity through CgDS. Both Phe and 

Tyr reduce the activity of CgCM-CgDS (with Phe having a much stronger inhibitory 

effect). When combined, the inhibition of the CM activity by Phe and Tyr is 
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synergistically enhanced. In contrast, Trp has a pronounced activating effect on the CM 

activity of CgCM-CgDS. 

 

Figure 3.  Allosteric regulation of CM-DS complexes from C. glutamicum and M. 

tuberculosis.  The modulation of CM activity by Phe, Tyr, or Trp addition to the CM-DS 

complex (at 25 µM of each effector) is indicated relative to the activity in the absence of 

the effector (defined as 100%). Left columns (pink) represent CgCM-CgDS 

measurements, columns to the right (yellow) plot the data for the MtCM-MtDS system 

published previously  (36). For comparison, CM activity in the absence of a DS (and 

effectors) is shown on the left. Initial velocities were monitored at 30°C using 100 μM 

and 23 μM chorismate for CgDS-CgCM and MtDS-MtCM, respectively. Specific initial 

velocities (v0/[CM]) of chorismate consumption without effectors were 1.55 ± 0.06 s-1 

(100 nM CgCM; 1000 nM CgDS) and 4.0 ± 0.2 s-1 (30 nM MtCM; 300 nM MtDS). Error 

bars on the C. glutamicum data reflect standard deviations of at least four separate 
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measurements (using 2 independently purified batches of the CM). Whereas the absolute 

values in experiments with an independent, presumably compromised CgDS isolation 

differed by about twofold, the relative effects of Phe, Tyr, and Trp on CM activity of the 

respective complexes were approximately the same. All values are corrected for the 

spontaneous background reaction.  

 

The general pattern of CgCM feedback inhibition is qualitatively similar to the one 

observed for the MtCM-MtDS	 complex,	 with	 Phe	 being	 a	 stronger	 inhibitor	 than	

Tyr  (35, 36). However, these inhibitory effects are consistently more pronounced for the 

enzymes from C. glutamicum at the applied near- physiological concentrations (Fig. 3). 

For instance, the residual CM activity of the CgCM-CgDS complex is reduced to a mere 

10% by 25 μM Phe compared to 83% remaining activity for MtCM-MtDS. Also, 

synergistic inhibition by 25 μM each of Phe and Tyr reduces the CM activity to 5% for 

CgCM-CgDS, which is almost as low as the activity of CgCM on its own (2% of the 

value for CgCM-CgDS, under the experimental conditions given in Fig. 3). The 

corresponding values for the MtCM-MtDS system were 30%  (36) and 0.8% (this work), 

respectively. The most prominent difference to the M. tuberculosis enzymes is that the 

addition of Trp increases the CM activity of the CgCM-CgDS complex by a factor of 2.5 

(Fig. 3), whereas Trp had no effect on MtCM-MtDS at the same effector concentrations 

and enzyme ratios (Cg 100:1000 nM vs. Mt 30:300 nM, for CM:DS ratios, respectively). 

The activating effect by Trp is in accordance with observations from early investigations 

of CgCM  (77). Trp activation can (partially) offset inhibitory effects by the other amino 

acids (Fig. 3). In combination with Tyr, the activation by Trp is so prominent that the 
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weak inhibition by Tyr alone is completely mitigated, resulting in net activation (to 

240%) relative to the CM activity of the CgCM-CgDS complex. 

 

Crystallographic analysis 

To elucidate the molecular details of CgCM activation, we determined the crystal 

structures of CgCM, CgDS, and the CgCM-CgDS complex. The apo structure of CgCM 

was solved to 1.1 Å and refined to final R/Rfree-factors of 0.17/0.22. For CgDS, data were 

collected for crystals with and without Trp soaked in (to 2.6 Å and 2.5 Å resolution, 

respectively, with R/Rfree-factors of 0.25/0.28 and 0.24/0.25). The structure of the CgCM-

CgDS complex was solved to a resolution of 2.2 Å (R/Rfree=0.25/0.30), with a transition 

state analog (TSA in Fig. 1) bound in the active site of CgCM. For details on data 

collection and refinement statistics, see Table 1.  

 

Crystal structure of CgCM 

CgCM exhibits the typical structure of AroQδ subclass CMs, consisting of a 

homodimer with three α-helices making up each protomer (Fig. 4a). The crystal structure 

contains one protomer per asymmetric unit. There are two active sites per homodimer, 

positioned at the protomer interfaces. The N- and C-termini of CgCM are disordered, and 

part of the loop connecting helices H1 and H2 close to the active site (residues 43-45; 

Fig. 4a) is characterized by weaker electron density and somewhat increased B-factors, 

despite interactions with a symmetry-related molecule in the crystal (Fig. S1). 
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(a)  (b)

  
 (c) 

 
Figure 4.  Structure of apo CgCM and comparison with apo MtCM.  (a) CgCM 

(PDB ID: 5HUB, this work; pink) and MtCM (PDB ID: 2QBV; orange/yellow  (78)) in 

their non-activated dimeric forms. The helices of the CgCM protomers are labeled as 

H1/H1’ (residues 11-42), H2/H2’ (residues 50-70) and H3/H3’ (residues 74-85). The 
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boxed area shows a close-up view of the loop connecting H1 and H2, illustrating the 

electron density (blue mesh) of residues shown as sticks (2mFo − DFc map, contoured at 

1.5 σ).  (b) Superimposition of the CgCM and MtCM enzymes, highlighting the unwound 

and extended helical segments, and the resulting differences in location and conformation 

of Arg46 and Arg58. (c) Superimposition of CgCM and MtCM active sites in the 

‘standard orientation’ of Fig. 2c (TSA is superimposed from PDB ID: 2W1A  (32) for 

comparison, drawn in thin lines; stereo image). Arg18´ is labeled with a prime and 

colored in a darker shade to show that this residue originates from the other protomer of 

the dimeric CM. 

 

Structural comparison of CgCM with MtCM  

Whereas the overall structures of CgCM (PDB ID: 5HUB, 1.1 Å resolution; this work) 

and MtCM (PDB ID: 2QBV  (78), 2.0 Å resolution, and PDB ID: 2VKL  (32), 1.65 Å 

resolution) are similar, the structures show clear differences close to the active site (Fig. 

4). Many of these differences are probably not biologically relevant, however, due to 

extensive crystal contacts, which are different for the two structures (Fig. S1) (whereas 

CgCM crystallized in space group C2, MtCM crystallized in space group P43212). In 

CgCM, helix H1 is shorter by two turns, whereas helix H2 is elongated by two turns. This 

has implications for the connecting loop, which has a different orientation in the two 

structures (Fig. 4a and b), and, consequently, for the positioning of catalytically important 

residues (Fig. 2b and Fig. 4b and c). In particular, the side chain of Arg46, the residue 

assumed to play the most crucial role in catalysis by stabilizing the developing partial 

negative charge in the transition state (Fig. 1 and Fig. 2b and c)  (79-81), is positioned far 
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away from the active site in CgCM (Fig. 4b and c). In contrast, in MtCM, the 

guanidinium group of the corresponding Arg46 is less displaced relative to the 

catalytically productive conformation assumed in the activated enzyme. 

The main conclusion from the comparison of the apo CM structures is that the H1-H2 

loops and the adjacent active site region appears to be malleable and easily adapt to 

interact with other protein surfaces. This flexible nature is also reflected by the increased 

B-factors in this region, not only for CgCM, but also for both available free MtCM 

structures (PDB ID: 2QBV  (78) and PDB ID: 2VKL  (32)). 

 

Crystal structure of CgDS 

As observed for MtDS structures  (32-34, 36, 65, 82, 83), CgDS forms a homotetramer 

(Fig. 5). Each protomer consists of a central catalytic TIM barrel, which contains the DS 

active site featuring a Mn2+ ion and a PEP substrate molecule. The TIM barrel is 

decorated with small additional domains at the dimerization and tetramerization 

interfaces, like in MtDS  (32-34, 36, 65, 82, 83) (Fig. 5). The N-terminus is oriented 

towards the dimerization interface, which is known to contain the Phe-binding site in 

MtDS  (33, 34, 36, 82). However, in CgDS the N-terminus is not well defined by electron 

density until residue 25; therefore, a tight interaction, as seen between the N-terminal β-

strands of MtDS  (36, 65), is not observable in CgDS. Close inspection of the 

tetramerization interface revealed electron density that can be attributed to Trp (Fig. S2). 

The density is observed in the same pocket where Trp is known to bind in the MtDS 

structures  (33, 34, 36, 82). 
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Figure 5.  Crystal structure of CgDS and comparison with MtDS.  (a) Cartoon image 

showing the superimposition of CgDS (PDB: 5HUC, this work; violet/grey) and MtDS 

homotetramer (PDB: 3NUE  (82); green. The dashed lines illustrate the dimerization and 

tetramerization interfaces of the DS tetramer, and the squares indicate the location of the 

DS active site and the Trp binding site in one of the DS protomers. (b) Close-up view of 

the CgDS Trp binding site, with Trp shown as yellow sticks. (c) Close-up view of the 

CgDS active site, with a Mn2+ ion (magenta sphere) and bound substrate (PEP, sticks 

with carbons in cyan). 
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Crystal structure of the non-covalent CgCM-CgDS complex 

The overall structure of the CgCM-CgDS complex shows a tetrameric assembly of 

CgDS, decorated with two CgCM dimers at opposing sides at the periphery to form a 

heterooctamer, analogous to its M. tuberculosis counterpart  (32) (Fig. 6a and b). In 

contrast to the uncomplexed CM apo structures, the conformations of the CgCM-CgDS 

and MtCM-MtDS complexes with TSA are very similar (Fig. 6b) [backbone r.m.s.d. = 

0.37±0.03 Å between CgCM-CgDS (PDB ID: 5HUD, this work) and MtCM-MtDS (PDB 

ID: 2W1A  (32))]. The similarity extends to the individual subunits (r.m.s.d. = 

0.41±0.02 Å for DSs and 0.43±0.03 Å for CMs). 
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(a)      (b)      

   

(c) 

  

Figure 6.  Structure of the CgCM-CgDS complex and comparison with MtCM-

MtDS.  (a) Cartoon image of the CgCM-CgDS heterooctameric complex. CgCM is 

colored in pink and CgDS in shades of violet to emphasize individual subunits. Mn2+ ions 

are shown as magenta spheres. (b) Superimposition of the CgCM-CgDS (violet) and 

MtCM-MtDS (PDB: 2W1A  (32); green) complexes (overview). (c) Stereo image of the 
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activated CM active sites, with CgCM-CgDS (PDB ID: 5HUD, this work; pink) and 

MtCM-MtDS (PDB ID: 2W1A  (32); yellow/orange) superimposed. Arg18´ is labeled 

with a prime and colored in a darker shade to show that this residue originates from the 

other protomer of the dimeric CM. 

 

Also the catalytically relevant residues (Arg35, Ser39, Arg46, Val55, Glu59, and 

Arg18’, where the prime refers to the other protomer in the CM homodimer) in the 

respective DS complexes superimpose well between MtCM and CgCM (Fig. 6c). All of 

these residues adopt their active conformations, providing a structural explanation for the 

apparent 180-fold rate acceleration measured for CgCM (Table 2). The biggest 

conformational change is observed for the catalytic residue Arg46 (a 13 Å relocation of 

Cζ), which flips into the active site to interact with TSA through its ether oxygen and one 

of its two carboxylates. The changes within CgCM coincide with an observable extension 

of helix H1 and a shortening of helix H2 upon interaction with CgDS. 

When comparing the CgDS-CgCM interface with the corresponding CgDS apo 

structure, we observe three major structural adaptations of CgDS: (i) formation of a salt 

bridge between Arg223 and Glu468, avoiding clashes with CM residues 59-60 and 63; 

(ii) reorientation of Gln402 to H-bond with the backbone NH of Gly90 at the C-terminus 

of CgCM; (iii) reorientation of Asn472 affecting Arg409, which adopts a dual 

conformation, clutching the C-terminal carboxylate of CgCM from two sides. In addition, 

Glu461 slightly alters its conformation to avoid interference with CgCM residue His56. 

All of these conformational changes favor the interaction with CgCM, promoting its 

catalytically competent conformation. In particular, the CM C-terminus is reshaped to 
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constructively interact with residues close to the CM active site (e.g., Leu89 interacts 

with Leu54, less than 4 Å apart). Of the three described adaptations (i-iii), the first two 

are similar to those observed for the M. tuberculosis enzymes  (36). The structural 

adaptations (iii) are not directly comparable because the C-termini of the two 

uncomplexed apo CMs adopt widely different conformations that are also affected by 

crystal contacts.  

Somewhat unexpected was the observation of additional helical fragments at the N-

termini of two CgDS molecules (despite the fact that the N-terminus of CgDS, which is 

fused to a His6 purification tag, is predicted to be flexible). These fragments were 

modeled as residues 7-17 of CgDS. They are located in solvent channels of the crystal 

and unlikely to affect complex formation or CgCM activation. As for the CgDS structure, 

we observed the presence of Trp in the CgCM-CgDS complex (see below), even though 

no Trp was added at any time for those structural studies.   

 

Possible origin of CgCM activation by Trp 

All CgDS crystal structures, including the CgCM-CgDS complex, were found to 

contain Trp to different extents. As this compound was not added at any time during 

purification and crystallization, its most likely origin is co-purification from the cell 

lysate. Visual inspection of the electron density revealed that both apo CgDS and the 

CgCM-CgDS complex show significant occupancy of Trp in its binding pocket that was 

clearly increased upon soaking of CgDS crystals with Trp (see Fig. S2). This is also 

reflected by the B-factors of the Trp-ligand compared to interacting protein residues, 

which are essentially identical for the structure of the CgDS/Trp soak, whereas they are 

Page 32 of 62

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 32 

approximately 20 Å2 higher (Trp compared to protein) for the CgCM-CgDS and apo 

CgDS structures (note that the occupancy was modeled at 100% for all three structures). 

The two CgDS structures (and the DS part of the heterooctameric enzyme complex; Fig. 

S3) show no significant structural differences in the Trp binding sites. A close 

examination of the previously published structures of MtDS without Trp (PDB ID: 

2W1A  (32), 3NV8  (82), and 2B7O  (65)) suggests that it is unlikely that there are any 

trace amounts of Trp present in those structures, as there is no positive difference electron 

density. In one of the protomers (PDB ID: 2B7O  (65)), the Gln239 side chain even 

points directly into the empty Trp binding pocket, where it would clash with Trp if bound 

there.  

The Trp binding site is located at the center of the CgDS tetramer, close to both 

dimerization and tetramerization interfaces, and at the same position as in MtDS (Fig. 7). 

This effector buries 291 Å2 and 58 Å2 from the involved two subunits (for comparison, 

307 Å2 and 60 Å2 are buried in MtDS) (Table S1). The hydrogen bonding pattern between 

Trp and CgDS is also analogous to that observed in the MtDS–Trp structure (PDB ID: 

3NUE  (82)) and in fully inhibited MtDS (PDB ID: 5CKV  (36)) (compare Fig. 7a and c). 

As shown in Figure 7a, the indole NH group of Trp forms a hydrogen bond to the 

backbone carbonyl group of Ala202 of CgDS, the Trp carboxylate to the side chain of 

Lys133, and the Trp amino group to the backbone carbonyl groups of Ala250 and 

Ser247. The hydroxyl group of Ser247, in turn, forms a hydrogen bond across the 

tetramer interface to the backbone carbonyl group of Cys241 (Fig. 7a and b). In MtDS, 

the analogous interaction across the tetramer interface is mediated through Asn237, 

which provides an H-bond to the carbonyl oxygen of the homologous Cys231 (in one of 
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the MtDS subunits, Asn237 adopts alternative conformations, one H-bonding to Cys231 

and the other to the adjacent Gly232 residue) (Fig. 7c and d). Another difference between 

CgDS and MtDS is the involvement of Leu207 in a prominent van der Waals interaction 

with Trp in CgDS, a role played by Val197 in MtDS.  

 

(a) 

 

 

(b) 
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(c)  

 
(d) 

 

Figure 7.  Structure of DS in complex with the allosteric regulator Trp.  (a) Stereo 

image of CgDS Trp binding pocket (Trp, yellow sticks), and interactions across 

tetramerization interface. (b) CgDS homotetramer (PDB: 5HUE, this work, violet/grey). 

Mn2+ ions (magenta spheres) and PEP (sticks with carbons in cyan) indicate DS active 

sites. Trp (yellow sticks) binds at the tetramerization interface (indicated by T) and in 

close proximity to the dimerization interface (indicated by D). Box: close-up view of the 
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CgDS tetramer core, displaying interactions across the dimer interface. (c) Stereo image 

of the MtDS Trp binding pocket and interactions across the tetramerization interface. (d) 

MtDS homotetramer (PDB: 3NUE, green/light green  (82)), with Mn2+ ions in magenta. 

Trp (yellow sticks) binds to equivalent locations compared to CgDS. Box: close-up view 

of the MtDS dimer interface at the MtDS tetramer core. Prime superscripts were used to 

differentiate between protomers in the DS tetramer. 

 

Additional unique features distinguishing CgDS from MtDS are observed at the 

dimerization interfaces (Fig. 7b and d). Whereas in CgDS, a number of acidic residues 

accumulate at the center of the homotetramer (four copies each of Glu246 and, at some 

distance, of Asp245), in MtDS the homolog of Glu246 is an arginine residue (Arg236). 

This basic residue extends its alkyl guanidinium side chain across the dimerization 

interface and interacts with Asn237 from a different DS protomer, a residue that is in the 

direct interaction sphere of Trp (Fig. 7c and d). The MtDS homotetramer in complex with 

Trp (PDB ID: 3NUE  (82)) is clearly more structured at its core compared to its CgDS 

equivalent (PDB ID: 5HUE, this work), which exhibits very poor electron density for the 

central Glu246 carboxylate groups. Nevertheless, the distances across the DS core are 

essentially identical between the two structures (compare Figs. 7b and d).  

Previously, we reported a slight shift in the relative alignment of MtDS subunits 

(rotation by 1-2°) in the MtCM-MtDS complex as a result of the binding of the feedback 

inhibitors Phe and Tyr (comparison of PDB ID: 2W1A  (32) with 5CKX  (36))  (36). This 

realignment is hardly visible at the interface with CM, but more pronounced towards the 

DS dimer interface. MtDS in complex with Trp exhibits a realignment of similar 
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magnitude, but in the opposite direction (comparison of PDB ID: 2W1A  (32) with 

3NUE  (82)), which brings the DS subunits closer together at the tetramer interface (not 

previously described). In this work, we calculated relative subunit realignments slightly 

differently, comparing helix axes at the DS tetramer interface. The results show similar 

trends for the comparisons above, but give slightly larger values (3-4°). CgDS in complex 

with Trp (PDB ID: 5HUE; this work) adopts a similar conformation as the MtDS-Trp 

complex (PDB ID: 3NUE  (82)). In comparison, apo MtDS (from PDB ID: 3NV8  (82) 

rather than PDB ID: 2B7O  (65), which contains a PEG molecule in the Phe-binding site) 

is more “closed” towards the periphery, where CM would dock (Fig. S4). The relative 

alignment of CgDS subunits in the Trp complex hence lies between that of the DS apo 

form (derived from comparisons with the available MtDS structure PDB ID: 3NV8  (82)) 

and the CgDS complex with CgCM (PDB ID: 5HUD; this work) (Fig. S4), which may 

suggest that Trp binding can prime CgDS for productive complex formation with CgCM 

and thus promote CgCM activation.  
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DISCUSSION 

CgCM is activated by CgDS 

The kinetic and structural data presented here show that CgCM activity can be boosted 

by CgDS in analogy to what has been observed for the corresponding enzymes from M. 

tuberculosis. Even though the apparent kcat/Km for CgCM and CgCM-CgDS under the 

assay conditions is lower by an order of magnitude compared to MtCM and the MtCM-

MtDS complex, respectively, the factor of activation afforded by DS is in a similar range 

(180-fold for CgCM1 compared to 140-fold for MtCM). Thus, our results directly 

contradict the findings by Li et al.  (54), who did not observe activation of CgCM by 

CgDS. We suspect that the activating effect by CgDS could have been hard to detect 

because the CgCM activity enhancement is very sensitive to a multitude of factors in 

addition to the CM:DS ratio, such as the absolute substrate and enzyme concentrations or 

the formats of the enzymes used. In this context, it must be noted that the His-tagged 

CgCM format used in the study by Li et al.  (54) includes up to 31 additional amino acids 

at the N-terminus with respect to our untagged, and —compared to the Cgl0853 

annotation— shorter CgCM. Even though the N-terminus of CgCM does not seem to be 

in close proximity of the CgDS surface  (36), a 30% elongated CM version might show 

altered interaction behavior.  

Activation of CgCM by CgDS was already reported much earlier, however. At that 

time, it was still assumed that the CM was split into two parts, one of which would be 

found fused to DS, forming a bona fide bifunctional enzyme  (52, 53) The studies by 
                                                
1Since Trp was found to additionally increase CM activity in the CgCM-CgDS complex, the extent of CgCM activation 
by CgDS alone may be somewhat overestimated due to possibly stoichiometrically bound residual Trp in CgCM-CgDS 
preparations. Any resulting basal Trp level (at most 0.5-1 μM) in the assays, however, is still much lower than the 25 
μM effector used for the kinetic studies. 
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Shiio and Sugimoto  (52), and Sugimoto and Shiio  (53) were carried out with the 

organism Brevibacterium flavum, which was only later reclassified as C. 

glutamicum  (51), thus suggesting that they were actually characterizing the CgCM-CgDS 

protein complex. Furthermore, we have shown previously that CgCM can be 

heterologously activated with MtDS by more than an order of magnitude  (32). 

 

Structural similarity to CM-DS complex in M. tuberculosis  

Overall, the crystal structures of CgCM, CgDS, and the CgCM-CgDS complex are very 

similar to those of their M. tuberculosis homologs. The clear similarities between the 

CgCM-CgDS and MtCM-MtDS complexes extend to the CM active site and imply that 

the activation of CM occurs by the same mechanism through optimizing the positioning 

of active site residues (e.g., Arg18’, Arg46, and Val55). The largest structural differences 

are found when comparing free apo CgCM with the corresponding MtCM. As detailed in 

the Results section, those dissimilarities are likely caused by crystal contacts, but reflect 

the malleability of the H1-H2 linker region. This property may also allow the active 

conformation to be adopted relatively easily upon binding to CgDS. 

 

Regulation by inter-enzyme allostery −  Similarities and differences 

As for the MtCM-MtDS complex, association of CgCM with its complex partner 

enables allosteric regulation by inter-enzyme allostery  (36). It was demonstrated for the 

M. tuberculosis system that binding of the feedback inhibitors Phe and Tyr to their 

allosteric sites on DS dissociates the complex with CM, essentially resulting in shutting 

off CM activity. We now report that the regulatory effects of the aromatic acids are even 

Page 39 of 62

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 39 

more pronounced in C. glutamicum than in M. tuberculosis. This may partly be connected 

with the much higher Kd, app of CgCM-CgDS (> 4 µM) compared to the MtCM-MtDS 

complex (≈	140 nM  (32)). At the enzyme concentrations below Kd, app, as employed in the 

kinetic measurements with CgCM (100 nM) and CgDS (1000 nM), a greater magnitude 

of CM activity modulation would thus have been apparent compared to the data collected 

at the saturating enzyme concentrations (above the Kd, app) for the MtCM-MtDS system. 

The magnitude of the regulation is, depending on the system studied, also quite sensitive 

to the effector concentrations used in the assay. In fact, previous investigations on CM-

DS complex inhibition at 100-200 µM of each amino acid  (32, 35, 53, 84) gave 

significantly different results than the 25 µM used in this work, a concentration we 

estimate to better reflect conditions encountered inside a bacterial cell  (36, 76). 

The structural and kinetic data presented here extend the recently discovered novel 

paradigm for regulation of the shikimate pathway  (35, 36) to another member of the class 

of Actinobacteria. Activation of CM by DS, and inter-enzyme allosteric inhibition by Phe 

and Tyr represent clear similarities between C. glutamicum and M. tuberculosis. 

However, there are also differences, in particular the observed activating effect of Trp on 

CM catalysis for the CgCM-CgDS complex. Whereas activation by Trp has also been 

reported for a CM from B. flavum  (52, 53, 74), enhanced CM activity by Trp has not 

been described for the previously characterized MtCM-MtDS system. 

 

Trp enhances CgCM activation by CgDS 

An activating effect of Trp on chorismate mutases is known to operate in yeast 

(Saccharomyces cerevisiae)  (85, 86) and plants  (87, 88), and this cross-pathway 
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activation appears to be a general mechanism nature has developed to fine-tune the flux 

through the shikimate pathway. − But how does Trp enable the substantial activation of 

CgCM? In analogy to the M. tuberculosis system  (33, 35, 36, 38), inter-enzyme allosteric 

regulation of CgCM may result from small realignments of the CgDS subunits or 

alternatively from differences in dynamics, caused by the binding of allosteric effectors. 

These changes need to be transmitted approximately 30 Å from the allosteric binding 

sites at the oligomerization interfaces of CgDS to its interface with CgCM. Certainly, 

optimal geometric and electronic complementarity at this interface between the CgDS 

homotetramer and the CgCM dimer is crucial for productive interaction and hence CM 

activation, but also the stability of the entire complex is likely to play a role. 

 

Model of feedback regulation of the shikimate pathway in C. glutamicum 

Trp is positioned at four locations at the DS tetramerization interface, each linking two 

DS subunits of the homotetramer (Fig. 7b). Since the tetramerization interface is 

characterized by a smaller interaction surface compared to the dimerization interface (855 

versus 1069 Å2 without Trp), Trp could provide an additional surface to hold the tetramer 

together, potentially aiding complex formation with CM. Optimal arrangement of DS 

subunits is expected to promote binding of the CM homodimers and hence boost their 

catalytic activity. The realignment of DS subunits upon Trp binding is likely to contribute 

positively in this respect, as it opens up the CM docking site at its periphery (Fig. S4). In 

contrast, the binding of the feedback inhibitor Phe, which induces a register shift at the 

N-termini of the DS and tightly clamps Trp3 from two sides, as discussed 

previously  (36), may lock the DS in an unfavorable conformation with respect to CM 
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binding and activation. This tight “inter-locking” interaction with DS by Phe may dwarf 

the activating effect of Trp (Fig. 3), essentially shutting down CM activity (Fig. 8). 

 

Figure 8.  Proposed mechanism of CgCM regulation.  From left to right: The first 

enzyme of the shikimate pathway, DAHP synthase, catalyzes the conversion of D-

erythrose-4-phosphate (E4P) and phosphoenolpyruvate (PEP) to 3-deoxy-D-arabino-

heptulosonate-7-phosphate (DAHP). CM is positioned at the branch point of the 

shikimate pathway, towards synthesis of L-Phe and L-Tyr (and away from L-Trp). Its 

naturally poor activity is boosted by complex formation with DAHP synthase by 180-

fold. L-Trp serves as allosteric activator, by promoting complex formation of CgCM with 

CgDS. It does so by binding to CgDS at the center of the DS tetramer, approximately 30 

Å from the CM-docking site, stabilizing the tetrameric DS at close-to-optimal geometry 

for binding of CM. When the feedback inhibitors L-Phe and L-Tyr (with or without L-

Trp) bind to their allosteric sites within the DS, the DS N-termini are “clamped” together. 

This leads to a conformational change at the DS binding interface and dissociation of 

CgCM from the CM-DS complex, and ultimately to downregulation of CM catalysis to 

its stand-alone mediocre activity. 
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Why is CgCM regulation different from MtCM? 

Whereas the regulation of CgCM and MtCM activity is generally similar, a key 

difference is the activating effect of Trp on CM catalysis in the CgCM-CgDS complex, 

which has not been observed for MtCM. Possible causes of this difference could be a 

higher affinity of Trp to CgDS, a more optimal geometry or electronic complementarity 

of CgDS for CgCM compared to MtCM-MtDS, or differences in the dynamics of the two 

systems. The fact that traces of Trp are observed in all CgDS structures (but not in 

MtDS), despite its absence during purification and crystallization, suggests that Trp may 

indeed be retained more strongly by CgDS2. Still, the Trp binding sites of CgDS and 

MtDS are rather similar (Fig. 7a and c), and do not suggest significant differences in 

binding affinities. There are two amino acid differences in CgDS compared to MtDS that 

could affect Trp binding, namely Ser247 (MtDS: Asn237) and Leu207 (MtDS: Val197), 

but their interactions with the ligand and the buried surface areas are comparable (Table 

S1).  

 We do, however, observe significant differences between the two structures at the 

DS tetramer core, which could influence geometry and dynamics. In CgDS, a cluster of 

acidic residues (four copies each of Asp245 and Glu246) dominates the tetramer core, 

whereas MtDS exhibits a more balanced profile of acidic (Asp235) and basic (Arg236) 

residues, and its two DS halves are more tightly connected across the dimer interface by 

interactions between Arg236 and Asn237 from a neighboring protomer (compare Figs. 7b 

                                                
2Note that we cannot exclude with certainty that the complex with Trp has been selected for due to preferential 
crystallization. 
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and d). The differential amino acid interactions in the interface region are likely to affect 

local conformations (note for instance the additional helical turns at the MtDS tetramer 

core; Fig. 7d) as well as the overall tetramer alignment and dynamics, with possible 

consequences for DS’s ability to bind and activate CM. Electrostatic repulsion across the 

CgDS tetramer core (Fig. 7b) may facilitate opening of the DS tetramer at its periphery 

towards CM, explaining the strong activating effect of Trp in the CgCM-CgDS system, 

whereas in MtDS, the interactions between Arg236 and Asn237, and between the Arg236 

side chains from different protomers (Fig. 7d) may limit the dynamics and hence the 

activation potential of Trp. Possibly, these dissimilarities lie at the heart of the observed 

differences in feedback activation. It cannot be ruled out, however, that the chosen 

experimental conditions, despite our best efforts, insufficiently model the biological 

environment, and that Trp has some potential to promote CM activity in the CM-DS 

complex in both systems. Cross-pathway activation by Trp would certainly make sense 

biologically, as it enables the bacteria to efficiently redirect the metabolic flow at the 

crucial shikimate pathway intermediate chorismate into other branches, as soon as the 

cellular needs for Trp are met.  

 

PERSPECTIVES 

The knowledge gained about the regulatory details of the shikimate pathway could be 

very useful for several reasons. C. glutamicum is an important bacterium for the 

biotechnological production of amino acids, nucleotides, and vitamins. In fact, 

metabolically engineered strains have been developed for the fermentation of L-

glutamate, which has been utilized for more than 50 years as an industrial food 
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additive  (89). Elucidation of the structure and function of key shikimate pathway 

enzymes are highly relevant for industrial innovations, as understanding of the natural 

feedback regulatory mechanisms can inform strategies to eliminate potential bottlenecks 

in large-scale biotechnological production. For instance, abolishing the feedback 

inhibition of DAHP synthase in Saccharomyces cerevisiae by mutagenesis resulted in a 

200-fold increase in extracellular aromatic amino acid concentration  (90), and 

corresponding rationally designed enzyme variants immune to the natural feedback 

regulation may prove beneficial for C. glutamicum production strains, too. Furthermore, 

since the here described CM-DS regulation mechanism is confined to just some orders of 

the phylum Actinobacteria, which also includes pathogens responsible for diseases like 

tuberculosis and leprosy  (36), our insights into the molecular details of the regulation of a 

central biosynthetic pathway may facilitate the development of pathogen-specific drugs. 
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ABBREVIATIONS 

 

Bicine, N,N-bis(2-hydroxyethyl)glycine; CgCM, Corynebacterium glutamicum 

chorismate mutase encoded by Cgl0853; CgDS, C. glutamicum DAHP synthase encoded 

by Cgl2391; CM, chorismate mutase; Bis-Tris, (1,3-

bis[tris(hydroxymethyl)methylamino]); DAHP, 3-deoxy-D-arabino-heptulosonate-7-

phosphate; DS, DAHP synthase; E4P, D-erythrose-4-phosphate; HEPES, 4-(2-

hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2-hydroxyethyl)piperazine-N’-(2-

ethanesulfonic acid); IPTG, isopropyl β-D-1-thiogalactopyranoside; LC-MS, liquid 

chromatography–mass spectrometry; MES, 2-(N-morpholino)ethanesulfonic acid; MME, 

monomethyl ether; MR, molecular replacement; MtCM, Mycobacterium tuberculosis 

chorismate mutase encoded by Rv0948c; MtDS, M. tuberculosis DAHP synthase 
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encoded by Rv2178c; PCR, polymerase chain reaction; PEG, polyethylene glycol; PEP, 

phosphoenolpyruvate; Phe (or F), L-phenylalanine; PMSF, phenylmethane sulfonyl 

fluoride or phenylmethylsulfonyl fluoride; r.m.s.d., root mean square 

difference/deviation; TCEP, (tris[2-carboxyethyl]phosphine hydrochloride); Tris, 

tris(hydroxymethyl)aminomethane; Trp (or W), L-tryptophan; TSA, transition state 

analog; Tyr (or Y), L-tyrosine    
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Supplementary Figure S1. Crystal contacts in apo CgCM. The two panels show interactions 
of the CgCM (PDB ID: 5HUB, this work) H2 helix (close to the H1-H2 loop) to the symmetry 
related molecules in the crystal. The reference CgCM homodimer is shown in shades of pink, 
and the symmetry related molecules in shades of grey.  
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Supplementary Figure S2.  Comparison of electron density in CgDS Trp binding pockets.  
Top: CgDS "apo" structure (PDB ID: 5HUC, this work, 2.5 Å resolution). Middle: CgCM-CgDS 
complex (chain A, PDB ID: 5HUD, this work, 2.2 Å resolution). Bottom: CgDS Trp soak (PDB ID: 
5HUE, this work, 2.6 Å resolution). The σA-weighted 2Fo − Fc maps are contoured at 0.1 e/Å3 
(blue), 0.2 e/Å3 (purple) and 0.3 e/Å3 (red) for each of the structures (we compared absolute 
values rather than relative sigma-cutoffs to avoid bias due to different solvent contents, which 
are 29% for the CgCM-CgDS complex and 47% for the two CgDS structures). Resolution and 
quality of the CgDS structures in top and bottom panels is comparable, and the Trp ligand is 
clearly present at higher occupancy in the Trp soak. The structure of the CgCM-CgDS complex 
(middle panel) is better defined, in line with its higher resolution, however, the electron 
density of Trp is incomplete and of lower quality than that of the interacting protein residues, 
suggesting lower occupancy of the binding site as in the Trp soak. We estimate that Trp 
occupancy in the non-soaked structures is approximately equal, which is supported by a B-
factor analysis of interacting residues.  
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Supplementary Figure S3. Comparison of CgDS structures. (a) CgDS (light gray, PDB ID: 
5HUC, this work) superimposed with the structure of the CgDS-Trp soak (dark blue, PDB ID: 
5HUE, this work). The superimposition was performed over all backbone atoms of the CgDS 
tetramers. (b) CgCM-CgDS-complex (violet blue and pink, PDB ID: 5HUD, this work) 
superimposed with the CgDS-Trp soak shown in (a). Superimpositions were performed over 
all backbone atoms of the CgDS A chains (subunit in the upper right position). The boxed area 
shows a close-up view of the CgCM-CgDS interface. Upon complex formation with CgCM, CgDS 
subunits moved further apart (indicated by the double-headed arrow), showing a slightly 
different relative tetrameric alignment of CgDS subunits compared to CgDS alone (with or 
without additional Trp). The angles were measured between the helices formed by residues 
225-239 (CgDS) of two adjacent subunits (i.e., the angles between the helix axes, shown as 
sticks in the helix centers). Mn2+ ions are shown as purple spheres, PEP and Trp are shown as 
sticks. 
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Supplementary Figure S4. Structural comparison of CgDS with MtDS. CgDS-Trp soak 
(dark blue, PDB ID: 5HUE, this work) superimposed with the MtDS apo structure (green, PDB-
ID: 3NV8 (1)) and the CgDS-CgCM complex (violet blue and pink, PDB ID: 5HUD, this work). 
Superimpositions were performed over all backbone atoms of the CgDS A chain (subunit in 
the upper right position). The boxed area shows a close-up view of the binding interface for 
CM (double-headed arrow). The angles were measured between the helices formed by 
residues 215-229 (MtDS) or residues 225-239 (CgDS) of two adjacent subunits (i.e., the angles 
between the helix axes, shown as sticks in the helix centers). The relative alignment of CgDS 
subunits in the Trp complex lies between that of the MtDS apo form and the CgDS complex 
with CgCM. Mn2+ ions are shown as purple spheres, PEP and Trp are shown as sticks. 
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Supplementary Table S1. Surface area of Trp interface in CgDS and MtDS. Surface area of 
the Trp ligand bound to either CgDS (PDB ID: 5HUE, this work) or MtDS (PDB ID: 3NUE, (1)), 
calculated per interacting residue. ASA = accessible surface area; BSA = buried surface area; 
interactions in the main binding pocket are shaded in green, interactions with the second 
subunit are shaded in yellow. The surface areas were calculated using the PDBe PISA Server 
(2). 
  

Tr p ASA ( Å2) BSA ( Å2) Tr p ASA ( Å2) BSA ( Å2)
TRP   1 355.3 290.5 TRP9004 351.19 307.3

TRP   1     355.3 57.6 TRP9004 351.19 60.3

CgDS ASA ( Å2) BSA ( Å2) Mt DS ASA ( Å2) BSA ( Å2)
LEU 117     3.7 3.7 LEU 107     6.4 6.3

ALA 120     2.7 2.7 ALA 110     2.7 2.7

VAL 121     14.6 5.8 VAL 111     13.1 7.5

THR 124     54.0 14.6 THR 114     54.3 16.3

PRO 130     86.6 4.4 PRO 120     89.2 3.7

VAL 131     9.9 4.7 VAL 121     7.2 1.7

LYS 133     33.4 28.6 LYS 123     39.1 30.2

ALA 202     4.3 4.3 ALA 192     4.5 4.5

LEU 204     43.9 29.1 LEU 194     40.7 28.2

LEU 207     6.9 6.9 VAL 197     2.2 2.2

SER 247     91.3 29.6 ASN 237     129.8 27.8

LEU 248     21.5 6.1 LEU 238     29.2 9.1

ALA 250     48.2 12.2 THR 240     60.3 8.7

ALA 251     26.0 15.7 ALA 241     26.0 15.1

ASP 252     90.0 1.8 GLU 242     67.6 1.0

PHE 237     135.8 0.5 PHE 227     136.7 0.5

ALA 240     84.4 6.3 ALA 230     86.6 6.1

CYS 241     82.0 47.1 CYS 231     84.0 50.3

GLY 242     64.2 0.2

CgDS -  PDB I D 5HUE Mt DS -  PDB I D 3NUE
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