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ABSTRACT OF THE DISSERTATION 

 

Discovery of a Novel Mevalonate Pathway and its Potential to Produce Biofuels 

 

by 

 

Jeffrey Michael Vinokur 

Doctor of Philosophy in Biochemistry, Molecular and Structural Biology 

University of California, Los Angeles, 2017 

Professor James U. Bowie, Chair 

 

 The mevalonate pathway is present in eukaryotes, archaea, and some bacteria, where it 

produces the building blocks used to make cholesterol, vitamin A, natural rubber, and over 

25,000 other biomolecules collectively called isoprenoids. Here we report the discovery of a 

novel mevalonate pathway in archaea. We describe the identification and characterization of 

three new enzymes, two new metabolites, a novel structure, and a new mechanism. We also 

show that the new pathway is unique to extreme acidophiles that grow below pH 2. We attempt 

to re-design three mevalonate pathway enzymes (mevalonate 3-kinase, mevalonate 5-

phosphate decarboxylase, and mevalonate 5-pyrophosphate decarboxylase) to produce 

isoprenol through the decarboxylation of mevalonate. Isoprenol is a 5-carbon alcohol that has a 

higher energy density than ethanol. Both rational design and random mutagenesis strategies 

are described. Finally, we report a new method for the soluble expression of recombinant 

proteins in E. coli through the co-expression of archaeal thermosomes and prefoldins.  
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CHAPTER 1 

 

EVIDENCE OF A NOVEL MEVALONATE PATHWAY 

 

 

1.1  ABSTRACT 

Isoprenoids are a remarkably diverse class of more than 25,000 biomolecules that 

include familiar compounds such as cholesterol, chlorophyll, vitamin A, ubiquinone, and natural 

rubber. The two essential building blocks of all isoprenoids, isopentenyl pyrophosphate (IPP) 

and dimethylallyl pyrophosphate (DMAPP), are ubiquitous in the three domains of life. In most 

eukaryotes and archaea, IPP and DMAPP are generated through the mevalonate pathway.  We 

have identified two novel enzymes, mevalonate-3-kinase and mevalonate-3-phosphate-5-kinase 

from Thermoplasma acidophilum, which act sequentially in a putative alternate mevalonate 

pathway.  We propose that mevalonate-3,5-bisphosphate is acted upon by a yet unidentified  

ATP-independent decarboxylase, yielding isopentenyl phosphate, which is subsequently 

phosphorylated by the known isopentenyl phosphate kinase from T. acidophilum to generate the 

universal isoprenoid precursor, isopentenyl pyrophosphate (IPP) 

 

1.2  INTRODUCTION 

Cholesterol, chlorophylls, hemes, ubiquinones, natural rubbers, and archaeal membrane 

lipids are just a few examples of more than 25,000 biomolecules that make up the diverse class 

of organic molecules called isoprenoids (1-3). Isoprenoids are found in all three domains of life 

and are involved in essential processes such as electron transport, post-translational 

modification, regulation of membrane fluidity, and cytoskeleton assembly (4).  All isoprenoids 

are composed of two or more isoprene building blocks (5-atom branched hydrocarbons) derived 
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from isopentenyl pyrophosphate (IPP) and its isomer, dimethylallyl pyrophosphate (DMAPP).  

Plants and most eubacteria generate IPP and DMAPP from pyruvate and glyceraldehyde-3-

phosphate via the deoxy-xylulose-5-phosphate pathway (DXP pathway) (5).  Eukaryotes and 

archaea use a separate pathway called the mevalonate pathway, which relies only on acetyl-

CoA as the sole carbon source (6). The mevalonate pathway in archaea is especially important 

because IPP and DMAPP are used to make branched lipids which are connected to glycerol 

through ether linkages to form membrane lipids (7). These branched lipids and ether linkages 

are thought to promote membrane stability at high temperatures (8, 9).  

 

The canonical mevalonate pathway of eukaryotes can be conceptually separated into 2 

parts, which we refer to as the upper and lower stages (Fig. 1.1).  In the upper stage, three 

acetyl-CoAs are condensed and reduced by NADPH to yield mevalonate.  In the lower stage, 

mevalonate is sequentially phosphorylated to make mevalonate pyrophosphate, then 

decarboxylated to yield IPP, which can be converted to DMAPP by an isomerase (10).  Recent 

phylogenetic analyses of archaeal genomes identified strong homologs for the first three 

enzymes in the pathway leading up to mevalonate. However, in most cases, no homologs for 

phosphomevalonate kinase or mevalonate pyrophosphate decarboxylase are found (11).  

Furthermore, some archaea such as Thermoplasma, Flavobacteria, and Gramella have no 

detectable mevalonate kinase (MVK) homologs (11).  

 

While it has been hypothesized for over a decade that archaea possess an alternative 

mevalonate pathway based on computational genomics (12), a complete pathway was not 

elucidated until last year in the organisms Roseiflexus castenholzii (13) and Haloferax volcanii 

(14).  As shown by the blue arrows in Fig. 1.1, instead of two phosphorylations followed by a 
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decarboxylation as seen in eukaryotes, some archaea phosphorylate once, decarboxylate with 

mevalonate-5-phosphate decarboxylase, then phosphorylate again with isopentenyl phosphate 

kinase.  The end product is the same, IPP, but the enzymatic reactions are distinct.   

 

We were interested in obtaining thermophilic enzymes for in vitro reconstruction of the 

mevalonate pathway (15).  As part of this effort, we targeted enzymes from an archeon, 

Thermoplasma acidophilum, which is naturally found in coal refuse piles in the northeast United 

States, where it grows optimally at 59°C (16).  One of the target enzymes from T. acidophilum, 

encoded by the ta1305 gene, was annotated as a mevalonate pyrophosphate decarboxylase in 

Genbank (we refer to genes in italics (e.g. ta1305), and their protein products capitalized without 

italics (e.g. Ta305)) (17).  Upon characterization of the expressed enzyme, however, we 

discovered that it acts on mevalonate to generate mevalonate-3-phosphate, a previously 

unknown activity (see Fig. 1.1).  We were then able to identify a second novel kinase in T.  

acidophilum encoded by the ta0762 gene, that phosphorylates mevalonate-3-phosphate to 

make mevalonate-3,5-bisphosphate, another previously unknown metabolite.  We propose that 

these two new enzyme activities are part of a novel mevalonate pathway utilized by T. 

acidophilum (Fig 1.1). 

 

1.3  RESULTS 

Ta1305 is active on mevalonate.  Three genes from Thermoplasma acidophilum 

annotated as mevalonate pyrophosphate decarboxylases in Genbank (17), ta1305, ta0893, and 

ta0461 were cloned and expressed in E. coli.  Known mevalonate pyrophosophate 

decarboxylases hydrolyze ATP to ADP as part of their mechanism (21) and can therefore be 

conveniently studied using standard kinase assays (19).  No activity was detected in a kinase 
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assay using the expected substrate, 1 mM (RS)-Mevalonate pyrophosphate.  We therefore re-

tested the three enzymes with mevalonate and mevalonate-5-phosphate.  To our surprise, 

Ta1305 showed significant ATP consumption in the presence of 1 mM (RS)-Mevalonate (Fig. 

1.2).  No activity was detected with any other substrate or enzyme combination. 

 

Ta1305 is not a mevalonate-5-kinase. The only known enzyme to act on mevalonate is 

mevalonate-5-kinase, which phosphorylates the 5-OH group. We therefore tested if Ta1305 was 

a mevalonate-5-kinase using a sequential assay.  Mevalonate and ATP were incubated with 

Ta1305, followed by addition of phosphomevalonate kinase (PMVK), which consumes ATP in 

the presence of mevalonate-5-phosphate. No activity was detected upon the addition of PMVK.  

When we replaced Ta1305 with an authentic mevalonate-5-kinase from S. cerevisiae, however, 

robust activity was observed. Thus, Ta1305 is not a mevalonate-5-kinase. 

 

Ta1305 shows no decarboxylase activity as suggested by homology. The fact that 

Ta1305 shares 18% identity with mevalonate pyrophosphate decarboxylase from S. cerevisiae 

(22), yet acts on mevalonate suggests that it might directly decarboxylate mevalonate.  The 

expected product of mevalonate decarboxylation would be 3-methylbut-3-en-1-ol (isoprenol) 

instead of isopentenyl pyrophosphate.  To test this hypothesis, we allowed the reaction to go to 

completion from 1.0 mM mevalonate and analyzed the mixture for any isoprenol production by 

extracting with hexane followed by gas chromatography.  No isoprenol was detected, even after 

allowing the reaction to incubate for 48 hours at 37°C to promote spontaneous decarboxylation.  

Positive controls made by spiking the enzymatic reaction with authentic isoprenol indicated that 

we would have detected isoprenol production as low as 0.01 mM. 
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Ta1305 is a kinase.  While the Ta1305 enzyme consumed ATP in the presence of 

mevalonate, the fate of the phosphate remained unclear. To confirm that this enzyme does not 

decarboxylate mevalonate and release free phosphate, we assayed the reaction for free 

phosphate after completion of the reaction using 1 mM ATP and 1 mM (RS)-Mevalonate (20).  

We found no detectable free phosphate, suggesting that the substrate is phosphorylated.  The 

same experiment utilizing authentic mevalonate pyrophosphate decarboxylase from 

Saccharomyces cerevisiae as a positive control and its substrate (RS)-Mevalonate 

pyrophosphate yielded 0.57 mM free phosphate as expected for the racemic substrate mixture.   

 

Phosphorylation of mevalonate was further verified by ESI mass spectrometry.  High 

resolution negative ion electrospray ionization mass spectra were collected on the reaction 

products.  We observed a mass of 227.0313 m/z which is within 0.00008 m/z of the mass 

expected for a phosphorylated mevalonate [C6H13O7P - H]- (Fig 1.3).  These results suggest that 

Ta1305 phosphorylates mevalonate in an ATP dependent manner. 

 

Ta1305 generates mevalonate-3-phosphate.  The results so far indicate that Ta1305 

is a mevalonate kinase, but there are three potential sites of phosphorylation on mevalonate: 

the 3-OH group, 5-OH group, and the carboxylate.  To identify the site of phosphorylation, we 

used 13C NMR.  While mevalonate alone produces 6 single peaks in 13C NMR, coupling of the 

carbons to a phosphate will generate doublets for any carbon within three bonds of a 31P atom 

(23). The three possible phosphorylated products of Ta1305 would each generate a unique set 

of doublets which allows for positive identification of the phosphorylated species.   
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To prepare samples for natural abundance NMR analysis, we wanted to keep the ATP 

concentrations low to simplify the NMR spectra.  We therefore re-generated ATP in situ from 

PEP using pyruvate kinase.  In this manner, ATP is kept at a very low concentration and 

recycled, leaving only contributions from the much simpler spectrum of PEP.  A spectrum of the 

no enzyme control sample (i.e. 10 mM (R)-Mevalonate) showed 6 singlet peaks as expected 

(Fig 1.4A) and the carbons were assigned with the guidance of computationally predicted 

spectra from the Human Metabolome Database (24) and ChemNMR Pro 13.0 (25).  Another 

control sample employing yeast mevalonate-5-kinase showed splitting at carbons 4 and 5 as 

expected for mevalonate-5-phosphate (Fig 1.4B).  The product of Ta1305 activity, however, 

showed splitting at carbons 2, 3, 4, and 6 which is consistent with phosphorylation at the 3-OH 

position (Fig 1.4C). Thus, we can annotate Ta1305 as mevolonate-3-kinase. (Full 13C NMR 

spectra are shown as figures 1.5-1.7). 

 

Identification of an enzyme that acts on mevalonate-3-phosphate. To identify the 

next step in a possible new mevalonate pathway, we screened enzymes that might further 

phosphorylate the newly identified metabolite, mevalonate-3-phosphate.  Seven genes 

annotated in Genbank as kinases from T. acidophilum, were cloned, and the proteins expressed 

and purified.  We chose two putative kinase genes found near ta1305 in the genome (ta1304 

and ta1307), three genes which had homology to the mevalonate kinase family (ta0344, ta0436, 

ta0546), and an additional two genes which were annotated as small molecule kinases (ta0762, 

ta0364), but to our knowledge, had not been characterized. 

  

We screened the putative kinases for their ability to phosphorylate mevalonate-3-

phosphate using a sequential kinase assay.  We first used Ta1305 to generate mevalonate-3-
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phosphate from mevalonate in situ (monitored by ADP production).  After the reaction had gone 

to completion, we added the second test enzyme.  Of the seven enzymes tested, only Ta0762 

showed activity with mevalonate-3-phosphate (Fig 1.2).  No activity was detected with 

mevalonate, mevalonate-5-phosphate, or mevalonate pyrophosphate.  Ta0762 had been 

computationally annotated as 2-phosphoglycerate kinase though no activity was detected with 

2-phosphoglycerate (Fig 1.2).  This result suggests Ta0762 is miss-annotated and acts in a 

pathway directly after mevalonate-3-kinase.  To determine if Ta0762 is a kinase, we conducted 

a free phosphate assay with 2.0 mM ATP and 1.0 mM mevalonate in a sequential enzymatic 

reaction.  After monitoring to completion on the microplate reader, we detected only 0.02 mM 

free phosphate, suggesting mevalonate-3-phosphate is also phosphorylated.  To confirm the 

production of a doubly phosphorylated product, we again employed ESI mass spectrometry.  

The reaction product had a mass of 307.0016 m/z which is within 0.0031 m/z of the mass 

expected for mevalonate diphosphate  [C6H14O10P2 - H]- (Fig 1.8).  

 

 Ta0762 generates mevalonate-3,5-bisphosphate.  13C NMR was employed to 

determine the position of phosphorylation by Ta0762 using the same procedure used to identify 

mevalonate-3-phosphate.  Splitting was observed at 5 carbons (2, 3, 4, 5, and 6), which is 

consistent with phosphates attached to the 3-OH and the 5-OH positions simultaneously (Fig 

3D, full spectrum in Fig 1.9).  In addition, carbon 4 showed a doublet of doublets pattern 

consistent with contributions from 31P atoms bonded in both the 3-OH and 5-OH positions 

simultaneously.  The observed spectrum is consistent with the structure of mevalonate-3,5-

bisphosphate. 
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Biochemical characterization of mevalonate-3-kinase and mevalonate-3-

phosphate-5-kinase.  To characterize the kinetic parameters of the new enzymes, we first 

determined the optimal pH and temperature for each enzyme.  As shown in Fig. 1.10, 

mevalonate-3-kinase performs optimally at pH 8.5 and 55°C. Mevalonate-3-phosphate-5-kinase 

performs optimally at 60°C, but does not demonstrate significant pH dependence in the range of 

pH 6.5 – 9.0.  Both enzymes are quite stable, retaining more than 95% of their activity after 

incubation at 60°C for 1 hour. Under optimal conditions with (R)-Mevalonate as a substrate, 

mevalonate-3-kinase was found to have a Km of 97 ± 6 µM and kcat of 5.0 ± 0.1 s-1 (Fig 1.11) 

which is comparable to mevalonate-5-kinase from the archeon Methanosarcina mazei (Km of 

68 ± 4 µM, kcat of 4.3 ± 0.2 s-1) (26). Mevalonate-3-phosphate-5-kinase is significantly faster with 

a kcat of approximately 9.0 s-1. We were unable to accurately determine the Km for mevalonate-3-

phosphate-5-kinase, however, since the substrate is not commercially available and the 

detection limit of our assay is 30 µM substrate. Nevertheless, the enzyme was still at Vmax when 

assayed with 60 µM mevalonate-3-phosphate indicating that the Km is well below 60 µM. For 

both enzymes, ATP was confirmed to be at saturation since for both enzymes, increasing ATP 

concentration from 1 mM to 5 mM saw no change in the observed rates. 

 

1.4  DISCUSSION 

We propose the two enzymes described here constitute part of a novel mevalonate 

pathway in T. acidophilum that splits at mevalonate and rejoins the known archaeal mevalonate 

pathway at isopentenyl phosphate (Fig 1.1, red arrows). In T. acidophilum there is strong 

evidence for the presence of acetoacetyl-CoA thiolase, HMG-CoA synthase, HMG-CoA 

reductase, isopentenyl phosphate kinase, and isopentenyl pyrophosphate isomerase based on 

homology (10) and experiment (27, 28). However, no homologs have been identified for 

mevalonate-5-kinase or phosphomevalonate kinase in this organism. Most surprising is the 
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absence of mevalonate-5-kinase because it is the only enzyme previously known to act on 

mevalonate. We propose that T. acidophilum contains a novel pathway where mevalonate-3-

kinase phosphorylates mevalonate at the 3-OH position, followed by mevalonate-3-phosphate-

5-kinase, which phosphorylates the 5-OH position, and finally an unidentified decarboxylase 

converts mevalonate-3,5-bisphosphate to isopentenyl phosphate (Figure 1.1, red arrows). 

 

The proposed decarboxylase enzyme would do the same chemical transformation as 

mevalonate pyrophosphate decarboxylase but in an ATP independent manner since the 

substrate is already phosphorylated in the correct position for decarboxylation.  We tested 

apparent mevalonate pyrophosphate decarboxylase homologs Ta0461 and Ta0893 for activity 

on mevalonate-3,5-bisphosphate, but none was detected in our hands. Both enzymes 

expressed to inclusion bodies and after many attempts we were unable to refold these proteins 

in high yield, so it remains possible that one of them is the missing decarboxylase.   We also 

considered the possibility of alternative pathway in which IP Kinase acts on mevalonate 3,5 

bisphosphate directly.  When we incubated mevalonate-3,5-bisphosphate with IP Kinase, 

however, we saw no release of phosphate (decarboxylation) or ATP consumption (kinase 

activity). 

 

Observation of stable tertiary phosphorylated mevalonate is striking because the 

mechanism of mevalonate pyrophosphate decarboxylase is thought to proceed through a 

transient tertiary phosphorylated intermediate (30, 31).  In a previous mechanistic study of 

mevalonate pyrophosphate decarboxylase, a heavy oxygen atom was incorporated into 

mevalonate pyrophosphate at the 3-OH position, then after ATP dependent conversion to IPP, 

the heavy oxygen was detected in free phosphate (30). This suggests a simple mechanism in 
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which the γ-phosphate from ATP is transferred to the 3-OH position of mevalonate 

pyrophosphate, activating the substrate for decarboxylation.  Current literature predicts this 

tertiary phosphorylated molecule is inherently unstable and falls apart with concomitant 

decarboxylation (32, 33).  Our observation of mevalonate-3-phosphate and mevalonate-3,5-

bisphosphate as stable metabolites at 55°C suggests that the decarboxylation step requires 

enzyme catalysis, however. 

 

To shed light on the reason why mevalonate-3-kinase does not function as a 

decarboxylase, the active site residues of five bacterial mevalonate pyrophosphate 

decarboxylases (MDCs) were aligned with mevalonate-3-kinase from T. acidophilum. We 

focused on 9 active site residues shown to interact with mevalonate pyrophosphate in a MDC 

crystal structure by Barta et al. (33). Only 4 out of 9 highly conserved residues are preserved in 

mevalonate-3-kinase (Figure 1.12). It is likely that these five non-conserved residues (L19, L20, 

I23, D190, T276) contribute to the loss of decarboxylase activity.   

 

Due to the apparently low reliability of predicting function through sequence homology, 

we cannot tell which organisms have a true copy of mevalonate-3-kinase, and which have the 

classical mevalonate pyrophosphate decarboxylase. Sequence homology obtained through a 

protein BLAST search (34) revealed five homologs of mevalonate-3-kinase with >30% identity. 

All five are annotated as “mevalonate pyrophosphate decarboxylase” or “hypothetical protein” 

and belong to the order Thermoplasmatates: Thermoplasma volcanium (67%), 

Thermoplasmatales archeon (54%), Ferroplasma sp. Type II (45%), Ferroplasma acidarmanus 

(42%), and Picrophilus torridus (39%). For comparison, the sequence identity of mevalonate-3-

kinase to classical yeast MDC is 19%. 
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Taken together, we have identified two novel enzymes, mevalonate-3-kinase and 

mevalonate-3-phosphate-5-kinase, which act sequentially in a putative alternate mevalonate 

pathway in Thermoplasma acidophilum.  Full confirmation of this pathway requires identification 

of a missing mevalonate-3,5-bisphosphate decarboxylase.  Our findings raise important 

questions about the mechanism of mevalonate pyrophosphate decarboxylases because tertiary 

phosphorylated mevalonate species clearly exist as stable metabolites. 

 

1.5  METHODS 

Materials.  Miller LB media (BD Difco) was used for growth of bacterial strains.  E. coli BL21 

Gold (DE3) (Agilent) was used as the host strain for both cloning and expression of recombinant 

proteins.  Plasmid pET28a(+) was purchased from Novagen.  HotStart Taq Mastermix (Denville) 

was used for gene amplification. Phusion DNA polymerase (Finnzymes), Taq DNA ligase 

(MCLab), and T5 Exonuclease (Epicenter) were purchased separately and used to make the 

assembly master mix (AMM) used for cloning.  Ni-NTA resin and miniprep regents were 

purchased from Qiagen.  Primers were synthesized by ValueGene.  All other chemicals were 

purchased from Sigma Aldrich unless otherwise noted. 

 

Cloning.  Genes were amplified by the polymerase chain reaction (PCR) from Thermoplasma 

acidophilum genomic DNA (ATCC 25905D).  A modified Gibson method was used to assemble 

all constructs (18).  Primers included 15-20 base-pairs complementary to the ends of the target 

gene, plus 15-20 base-pairs complementary to the NdeI and XhoI insertion sites of pET28a(+), 

which allowed for the addition of an N-terminal 6xHis tag.  10 ng of pET28a(+) digested with 

NdeI and XhoI was mixed with 30 ng of PCR product, and 7 µL of assembly mix (0.1 M TRIS-
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HCl, pH 7.5, 0.2 mM dNTPs, 1 mM NAD+, 5% PEG 8K, 10 mM DTT, 10 mM MgCl2, 0.00375 

U/µL T5 Exonuclease,  0.012 µL Phusion DNA polymerase, 4 U/µL TaqDNA ligase).  After 

incubation at 50ºC for 2 hours, 5 µL was then used to transform BL21 Gold (DE3) and 

transformants were selected by plating on LB-agar containing 50 µg/mL kanamycin.   

 

Expression and Purification.  All E. coli strains were grown at 37 ºC in LB-media with 50 

µg/mL kanamycin.  1 L of LB-media was inoculated with 5 mL of overnight starter culture.  

Protein expression was induced during log phase (OD600 0.5-0.8) with 0.5 mM IPTG.  After 20 

hours, cells were pelleted, resuspended in 12 mL of buffer A (50 mM Tris HCl [pH 7.5], 100 mM 

NaCl), lysed by sonication, and cell debris was removed by centrifugation at 30,000xg for 20 

min.  The lysate was mixed with 3 mL of a Ni-NTA slurry and incubated at 4°C with gentle 

mixing.  After 1 hour, the lysate mixture was applied to a column and the Ni-NTA beads were 

washed 3 times with 25 mL buffer A containing 10 mM imidazole.  Protein was then eluted with 

4 mL buffer A containing 250 mM imidazole. For kinetic characterization, enzymes were further 

purified on an AKTA FPLC using a Superdex S200 10/300 GL gel filtration column run with 

buffer A, at 0.5 mL/min.    

 

Enzyme Assays.  Enzymes were assayed for the ability to hydrolyze ATP to ADP by coupling 

the reactions to pyruvate kinase (PK) and lactate dehydrogenase (LDH) from rabbit muscle (19).  

Assays were done in duplicate using a 200 µL volume at 55°C and contained 1 mM ATP, 10 

mM KCl, 5 mM MgCl2, 5 mM 2-mercaptoethanol, 1 mM PEP, 0.5 mM NADH, 1.4 µg enzyme, 

1.0 uL LDH/PK mix (Sigma), and 50 mM bis-tris propane [pH 8.5].  The pH of all buffers was 

adjusted at 25°C. All reagents were incubated for 10 minutes at the desired temperature and 

then substrate was added to 1 mM final concentration.  Absorbance at 340 nm was recorded 
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over 20 minutes on a SpectraMax 5M microplate reader. Assays for activity with mevalonate-3-

phosphate were done in a sequential manner using 0.5 mM mevalonate, 3 mM PEP, and 0.75 

mM NADH, respectively. The second enzyme was added after complete conversion of 

mevalonate to mevalonate-3-phosphate as monitored on the microplate reader. All assay 

conditions included a control by adding 1 mM ADP directly to ensure PK and LDH activities 

were not rate limiting. 

 

Free Phosphate Assays.  Phosphate assays were carried out in a 96 well plate using reagents 

from a glycosyltransferase activity kit (R&D Systems) (20).  2 µL of an enzyme reaction was 

combined with 48 µL ddH2O, followed by 30 µL malachite green reagent A, 100 µL ddH2O, and 

30 µL malachite green reagent B.  After a 20 minute incubation, the absorbance at 620 nm was 

measured on a Spectrmax M5 microplate reader alongside five standards of 0.0 to 1.0 mM 

KH2PO4 prepared identically.  Mevalonate pyrophosphate decarboxylase from Saccharomyces 

cerevisiae, prepared as described previously (15), served as a positive control for release of 

free phosphate through the decarboxylation of (RS)-Mevalonate pyrophosphate.   

 

Gas Chromatography.  Isoprenol was extracted from 200 µL of an enzymatic reaction with 600 

µL hexanes.  2 µL of the hexane layer was injected into the GC-FID (HP5890II) equipped with 

an HP-INNOWAX column (0.320 mm x 30 m, Agilent).  The carrier gas was helium with a flow 

rate of 5 mL/min.  The oven temperature was kept at 50°C for 2 min, then raised to 100°C at 

10°C/min,  then ramped to 250°C at 25°C/min, and finally held at 250°C for 2 min.  The inlet and 

detector temperatures were kept at 250 and 330°C respectively.  Isoprenol concentration was 

determined by comparison to authentic standards. 
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Product Identification by NMR.  Enzymatic reactions for NMR were done in a 250 µL volume 

using 1.4 µg of enzyme, 20 mM (R)-Mevalonate, 20 mM PEP, 1 mM ATP, 1 mM MgCl2, and 10 

µL LDH/PK enzyme mix (Sigma) which was diluted and re-concentrated to remove glycerol. The 

pH was adjusted to 7.5 at 25°C using 1.0 M KOH with the 20 mM PEP serving as a phosphate 

buffer in addition to being a substrate for pyruvate kinase.  The reactions were incubated for 6 

hours at 42°C. The completed 250 µL reaction was diluted to 500 µL with 99.9% D2O from 

Cambridge Isotope Laboratories and aliquoted into an NMR tube. All spectra were acquired at 

ambient temperature on a 500 MHz Bruker AV500 spectrometer equipped with a cryoprobe.  

Data was processed using Topspin 3.1 software. For the spectra of mevalonate-3,5-

bisphosphate, PEP concentration in the enzymatic reaction was doubled to 40 mM to allow for 

full conversion of 20 mM (R)-Mevalonate to mevalonate-3,5-bisphosphate.     

 

Product Identification by ESI Mass Spectrometry.  Negative ion electrospray mass 

spectrometry data was collected with a Waters LCT Premier XE time of flight instrument 

controlled by MassLynx 4.1 software.  Samples from the NMR tubes were transferred to GC 

vials and injected into the multi-mode ionization source with a Waters Acquity UPLC.  The flow 

injection solvent was 50/50 MeOH/MeCN (LCMS Grade, VWR Scientific) and water blanks were 

run between all samples.  The lock mass standard for accurate mass determination was leucine 

enkephalin (Sigma L9133). 

 

Biochemical characterization.  The optimal pH for the enzymes was determined by kinase 

assays in 0.5 pH unit increments ranging from pH 6.5 to 9.5 using 50 mM bis-tris propane.  The 

optimal temperature of the enzymatic assay was determined in 5°C increments ranging from 

25°C to 60°C.  We were unable to obtain direct kinetic measurements above 60°C since it is the 
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maximum temperature of the SpectraMax M5 microplater reader. To complement this data, 

temperature stability was assayed by incubating 30 µL of 0.170 mg/mL Ta1305 or 0.067 mg/mL 

Ta0762 for 1 hour at 30°C to 90°C in 4-6°C increments using a thermocycler gradient 

(Eppendorf ProS PCR machine).  Kinetic measurements for Ta1305 were carried out at pH 8.5 

and 55°C with 1.4 µg enzyme over a range of 0.03 to 4.00 mM (R)-Mevalonate. Ta0762 kinetic 

measurements were performed at pH 8.0 and 60°C with 0.5 µg enzyme over the range of 0.03 

to 1.00 mM mevalonate-3-phosphate (produced enzymatically). kcat values were not corrected 

for temperature since the temperature of each experiment is indicated.  
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FIGURE 1-1.  Mevalonate pathways.  Eukaryotes use the left side of the fork after mevalonate-

5-phosphate (black), and archaea use the right side (blue).  The two enzymes identified in this 

study suggest an alternative pathway branching from mevalonate (red).  A predicted 

decarboxylase (bold arrow) connects mevalonate-3,5-bisphosphate to isopentenyl phosphate. 
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FIGURE 1-2.  Enzyme specificity.   The enzymes were incubated with 1.0 mM of the following 

substrates: mevalonate (MVA), mevalonate-5-phosphate (M5P), mevalonate-5-pyrophosphate 

(MPP), mevalonate-3-phosphate (M3P), and 2-phosphoglycerate (2PG).  A no enzyme control 

(NE) was also performed.  1.0 mM ATP was included and ADP production was monitored at 

55°C, pH 8.5 for Ta1305 and 60°C, pH 8.0 for Ta0762. 
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Figure 1-3. Electrospray ionization mass spectrum after Ta1305 activity on (R)-Mevalonate.  

Spectra were collected with a Waters LCT Premier XE time of flight instrument.  A sample 

directly from the NMR experiment was transferred to a GC vial and injected into the multi-mode 

ionization source with a Waters Acquity UPLC.  We observed a mass of 227.0313 m/z which is 

within 0.00008 m/z of the mass expected for a phosphorylated mevalonate [C6H13O7P - H]-.   
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FIGURE 1-4.  13C NMR of completed enzymatic reactions (10 mM products) in 50% D2O.  The 

chemical shifts of the 6 mevalonate carbons are listed along with the J coupling from 31P (drawn 

in red).  (A) No enzyme (B) yeast mevalonate-5-kinase (C) Ta1305 activity (D) Ta1305 and 

Ta0762 activity. Reactions were monitored to >96% completion before acquiring spectra.  A 

doublet of doublets was seen at JC4–P1 = 7.1 and JC4–P2 = 4.4. All other splittings are simple 

doublets. Full spectra are shown in Fig S2-S4, S6. 
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Figure 1-5. Full 13C NMR spectrum of the no enzyme control from figure 3A.  Expanded views 

of the six single peaks corresponding to the six carbons of unreacted mevalonate are shown in 

the inserts. The additional three peaks between 100 ppm and 175 ppm are from 

phosphoenolpyruvate that was included in the reaction to regenerate ATP and simplify the 

spectrum. Spectra were acquired at ambient temperature on a 500 MHz Bruker AV500 

spectrometer equipped with a cryoprobe. 
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Figure 1-6. Full 13C NMR spectrum of yeast mevalonate-5-kinase activity on (R)-Mevalonate 

from figure 3B.  Six peaks corresponding to the six carbons of mevalonate-5-phosphate are 

shown in the inserts. The additional three peaks at 204.972, 170.215, and 26.412 ppm are from 

10 mM pyruvate, which is made during the regeneration of ATP. Spectra were acquired at 

ambient temperature on a 500 MHz Bruker AV500 spectrometer equipped with a cryoprobe.  
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Figure 1-7. Full 13C NMR spectrum of mevalonate-3-kinase (Ta1305) activity on (R)-Mevalonate 

from figure 3C.  Six chemical shifts corresponding to the six carbons of mevalonate-3-

phosphate at shown in the inserts. The additional three peaks at 204.973, 170.216, and 26.411 

ppm are from 10 mM pyruvate, which is made during the regeneration of ATP. Spectra were 

acquired at ambient temperature on a 500 MHz Bruker AV500 spectrometer equipped with a 

cryoprobe. 
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Figure 1-8. Negative electrospray ionization mass spectrum after Ta0762 and Ta1305 activity 

on (R)-Mevalonate. The spectrum was collected with a Waters LCT Premier XE time of flight 

instrument.  A sample directly from the NMR experiment was transferred to a GC vial and 

injected into the multi-mode ionization source with a Waters Acquity UPLC.  We observed a 

mass of 307.0016 m/z which is within 0.0031 m/z of the mass expected for mevalonate 

diphosphate [C6H14O10P2 - H]- 
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Figure 1-9. Full 13C NMR spectrum of mevalonate-3-kinase (Ta1305) and mevalonate-3-

phosphate-5-kinase (Ta0762) activity on (R)-Mevalonate from figure 3D.  Expanded views of the 

six peaks corresponding to the six carbons of mevalonate-3,5-bisphosphate are shown in the 

inserts. The additional three peaks at 204.984, 170.211, and 26.419 ppm are from 10 mM 

pyruvate, and the doublet at 99.904 is from unreacted PEP. Spectra were acquired at ambient 

temperature on a 500 MHz Bruker AV500 spectrometer equipped with a cryoprobe. 
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FIGURE 1-10.  Biochemical characterization of mevalonate-3-kinase (A-C) and mevalonate-3-

phosphate-5-kinase (D-F).  (A) Activity at pH 8.5 over a temperature range of 25-60°C in 5°C 

increments.  (B) Residual activity after incubating at the indicated temperature for 1 hour, then 

assaying at 55°C and pH 8.5.  (C)  Activity at 25°C over a pH range of 6.5 – 9.5 in increments of 

0.5.  (D) Activity at pH 8.0 over a temperature range of 25-60°C in 5°C increments.  (E) Residual 

activity after incubating at the indicated temperature for 1 hour, then assaying at 60°C and pH 

8.0.  (F) Activity at 60°C over a pH range of 6.5 – 9.5 in increments of 0.5. Curve fits in A-F were 

generated by a Stineman function (34) and included simply to highlight data trends. 
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Figure 1-11. Michaelis-Menton plot for mevalonate-3-kinase (Ta1305). The enzyme was found 

to have a Km of 97 ± 6 µM and kcat of 5.0 ± 0.1 s-1 with respect to (R)-Mevalonate.  
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Figure 1-12. Clustal Omega sequence alignment of five bacterial mevalonate pyrophosphate 

decarboxylases (MDCs) with mevalonate-3-kinase from T. acidophilum. Red stars indicate active site 

residue that interact with mevalonate pyrophosphate in a MDC crystal structure by Barta et al. (33). Red 

highlighting indicated that at least 5 of 6 amino acids are identical. Only 4 out of 9 active site residues are 

conserved in mevalonate-3-kainse, suggesting that L19, L12, I23, D190, or T276 may be responsible for 

the loss of decarboxylase activity. 
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CHAPTER 2 

 

 

ADAPTATION TO LIFE IN ACID THROUGH A NOVEL MEVALONATE PATHWAY 

 

 

2.1 ABSTRACT 

Extreme acidophiles are capable of growth at pH values near zero. Sustaining life in 

acidic environments requires extensive adaptations of membranes, proton pumps, and DNA 

repair mechanisms. Here we describe an adaptation of a core biochemical pathway, the 

mevalonate pathway, in extreme acidophiles. Two previously known mevalonate pathways 

involve ATP dependent decarboxylation of either mevalonate 5-phosphate or mevalonate 5-

pyrophosphate, in which a single enzyme carries out two essential steps: (1) phosphorylation of 

the mevalonate moiety at the 3-OH position and (2) subsequent decarboxylation.  We now 

demonstrate that in extreme acidophiles, decarboxylation is carried out by two separate 

enzymes acting in tandem:  a previously identified enzyme generates mevalonate 3,5-

bisphosphate and a new decarboxylase we describe here, mevalonate 3,5-bisphosphate 

decarboxylase, produces isopentenyl phosphate. Why use two enzymes in acidophiles when 

one enzyme provides both functionalities in all other organisms examined to date?  We find that 

at low pH, the dual function enzyme, mevalonate 5-phosphate decarboxylase is unable to carry 

out the first phosphorylation step, yet retains its ability to perform decarboxylation. We therefore 

propose that extreme acidophiles had to replace the dual-purpose enzyme with two specialized 

enzymes to efficiently produce isoprenoids in extremely acidic environments. 
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2.2 INTRODUCTION 
 

 Extremophiles are organisms capable of surviving in the harshest conditions on earth 

such as temperatures exceeding 120°C in hydrothermal vents, salinity exceeding 5M NaCl in 

evaporating lakes, and acidity below pH 0 in acid mine drainage 1–3. The vast majority of 

extremophiles belong to the archaeal domain of life, having adapted to conditions prevalent on a 

primordial earth 4. Growth in extremely acidic conditions is especially challenging as the 

organism must maintain a 100,000 fold H+ gradient across its membrane while allowing for the 

import and export of metabolites and other molecules 5. 

 

The lowest pH to support life so far recorded is pH -0.06 (1.2M sulfuric acid) by 

Picrophilus torridus, a member of the archaeal order thermoplasmatales 6. This unique order 

contains only 11 characterized organisms, all of which are extreme acidophiles capable of 

growth at pH 0.5 and below 6–9. Thermoplasmatales have among the smallest genomes of any 

free living organism (<2 Mb), reversed membrane potentials, and all but P. torridus lack a cell 

wall entirely 5. The first line of defense against acidity in thermoplasmatales is a highly 

impermeable lipid monolayer made of C40 tetra-ether lipids 10. The C40 alkyl chains are made 

entirely from tandem repeats of 5-carbon isoprene units, and are connected to polar head 

groups through ether linkages 10. Isoprenoid based lipids pack more tightly, making archaeal 

membranes less permeable to small molecules and the ether linkages impart acid stability 11.  

 

The 5-carbon precursor for all isoprenoids, isopentenyl pyrophosphate (IPP), is 

generated by the mevalonate pathway in eukaryotes, archaea, and some bacteria 12. All known 

mevalonate pathways first produce (R)-mevalonate through the condensation of three acetyl-

CoA molecules followed by a reduction step to yield mevalonate (Fig. 2.1).  In eukaryotes, 
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mevalonate is then phosphorylated twice at the 5-OH position to generate mevalonate 5-

pyrophosphate, then decarboxylated to yield IPP (Fig. 2.1, black pathway) 13. In most archaea 

however, mevalonate is phosphorylated once to make mevalonate 5-phosphate (M5P), then 

decarboxylated to isopentenyl phosphate (IP), and finally phosphorylated again to generate IPP 

(Fig. 2.1, blue pathway) 14,15.  In both the eukaryotic and classical archaeal pathways, 

decarboxylation is ATP-dependent and proceeds in two sequential steps via a single enzyme: 

(1) phosphorylation at the 3-OH position of the mevalonate moiety using ATP and (2) 

decarboxylation (Fig. 2.2) 16.  Thus, the decarboxylases are dual function enzymes. The 

phosphorylation step adds a phosphate group to the 3-OH position, which acts as a good 

leaving group and primes the molecule for decarboxylation16.  

 

We and another group recently discovered two new enzymes in Thermoplasma 

acidophilum, mevalonate 3-kinase (EC 2.7.1.185) and mevalonate 3-phosphate 5-kinase (EC 

2.7.1.186), whose sequential catalysis produces mevalonate 3,5-bisphosphate from mevalonate 

suggesting that there may be another route to produce isoprenoids besides the canonical 

archaeal pathway (Fig. 2.1, red pathway) 17,18.  However, the putative mevalonate 3,5-

bisphosphate decarboxylase (MBD) remained unidentified to complete this alternative archaeal 

pathway.  Here we report the identification of MBD from T. acidophilum, which produces IP 

through the ATP independent decarboxylation of mevalonate 3,5-bisphosphate (Fig. 2.2, 

reaction in brackets). 

 

The new pathway is particularly odd, because the 3-OH phosphorylation and 

subsequent decarboxylation are carried out by two distinct enzymes even though both enzymes 

are structurally homologous to dual-function decarboxylases.  Thus, it appears that the two 
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enzymes evolved from a dual function decarboxylase, but became specialized.  Why?  We 

show that the new pathway is only present in extreme acidophiles, suggesting that low pH may 

require divergent activities.  Indeed we find that the dual function mevalonate 5-phosphate 

decarboxylase (MMD) from Roseiflexus castenholzii is unable to carry out the kinase step at low 

pH, but retains decarboxylase activity. Thus, it is possible that a separate enzyme became 

specialized to handle the kinase function at low pH. This adaptation could have evolved through 

a duplication or horizontal transfer event, followed by specialization to support life in extremely 

acidic environments.  

 

2.3 RESULTS  

 
Sequence homology suggests that Ta0893 is a decarboxylase. To search for 

mevalonate 3,5-bisphosphate decarboxylase (MBD) in Thermoplasma acidophilum, we 

identified proteins homologous to decarboxylases.  Two proteins from the archeon 

Thermoplasma acidophilum, Ta1305 and Ta0893, were computationally annotated in the year 

2000 as “mevalonate pyrophosphate decarboxylase” 9.  As reported recently, however, Ta1305 

is actually mevalonate 3-kinase (EC 2.7.1.185) 17. A structural homology model of Ta0893 made 

with PHYRE2 suggested significant similarity to mevalonate 5-pyrophosphate decarboxylase 

from yeast (PDB: 1FI4,  confidence score of 100%) and contained the invariant Asp/Lys/Arg 

catalytic triad necessary for decarboxylation in the correct positions (Fig. 2.3) 19–21. 

Unfortunately, Ta0893 consistently formed inclusion bodies when expressed in E. coli and no 

activity could be detected in extracts. As a result we set out to find the putative missing 

decarboxylase via direct purification from T. acidophilum.  
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Identification of MBD activity in T. acidophilum lysate. Following growth of 

Thermoplasma acidophilum, we were able to detect MBD activity in crude lysate using 

mevalonate 3,5-bisphosphate as a substrate.  To initially fractionate the lysate, we separated 

the T. acidophilum lysate by anion exchange chromatography using a HiTrap Q HP column. Ten 

fractions were collected and assayed for MBD activity 18.  As shown in Fig. 2.4A, fraction 7 

showed the highest MBD activity, so we further separated fraction 7 in two side-by-side lanes on 

a native polyacrylamide gel. Coomassie blue staining (detection limit: ~5 ng) of one lane 

revealed 25 distinct bands. The adjacent gel lane (unstained) was then cut into 19 fragments 

(Fig. 2.4B), pulverized and assayed for MBD activity.  As shown in Fig. 2.4C, MBD activity was 

detected in gel fragments 13-16. Each fragment was independently analyzed by 

NanoLC/MS/MS for protein identification. The results revealed that Ta0893 and 6 other proteins 

were present in all 4 gel fragments (Table 2.1), suggesting that one of them might be the 

missing decarboxylase. 

 

Ta0893 shows decarboxylase activity when truncated or co-expressed with 

chaperones. Identification of Ta0893 through mass spectrometry combined with clear 

homology motivated a larger effort to produce active, soluble Ta0893 in E. coli. Nevertheless, all 

attempts to refold Ta0893 from inclusion bodies failed after varying many parameters such as 

pH, temperature, salts, and substrates, and screening using the Quickfold kit from Athena 

Enzyme Systems 22.  We were finally able to detect MBD activity in Ni-NTA eluates under two 

expression conditions in E. coli: (1) truncating Ta0893 by removing 30 AAs from the N-terminus 

and (2) co-expression of the full-length Ta0893 protein with E. coli chaperones, GroES/GroEL 

(Fig. 2.4D) 23. We chose to truncate 30 AAs from the N-terminus of Ta0893 because this region 

was not present in the Ta0893 homolog from Thermoplasma volcanium, suggesting the first 30 

AAs were not required for function. Size exclusion chromatography showed that the apparent 
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molecular weight of MBD activity is 87±4 kDa in both recombinant Ta0893 co-expressed with 

chaperones as well as T. acidophilum lysate (Fig. 2.4E).  The predicted molecular weight of a 

Ta0893 monomer is 46.3 kDa, suggesting that Ta0893 is a native homodimer.  The finding that 

MBD activity in E. coli is dependent on Ta0893 expression and correlates with the same 

molecular weight as activity in T. acidophilum lysate, strongly suggests that Ta0893 is the 

missing MBD. 

 

Ta0893 produces isopentenyl phosphate.  To confirm that recombinant Ta0893 

produces isopentenyl phosphate (IP), we coupled MBD activity to IP kinase from T. acidophilum 

which specifically phosphorylates IP 24. Robust ATP consumption was detected when IP kinase 

was added to a reaction containing Ta0893 pre-incubated with (R)-mevalonate 3,5-

bisphosphate (Fig. 2.4F).  

 

Other extreme acidophiles also display MBD activity.  While we confirmed that 

Ta0893 is a bona fide MBD, the lack of robust Ta0893 expression led us to seek close 

homologs better suited for recombinant expression to characterize the biochemical properties of 

MBD. A BLASTp search for homologs of Ta0893 reveals only 8 organisms containing an MBD 

homolog with greater than 30% sequence identity. Indeed, these 8 organisms represent all the 

sequenced thermoplasmatales. We cloned each MBD homolog (Thermoplasma volcanium, 

Picrophilus torridus, Ferroplasma acidarmanus, Ferroplasma sp. Type II, and Acidiplasma sp. 
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MBA-1)1,2 into E. coli expression vectors. Using standard expression conditions, we observed 

activity in Ni-NTA eluates for the T. volcanium and P. torridus MBD homologs (Fig. 2.5). MBD 

homologs from Ferroplasma and Acidiplasma formed inclusion bodies under all tested 

expression conditions.  

 

The specialized mevalonate pathway is unique to thermoplasmatales. A BLASTp 

search using MBD from T. acidophilum (Ta0893) shows strong sequence identity for all 8 

sequenced thermoplasmatales. This includes Acidiplasma sp. MBA-1 (68%), Acidiplasma 

aeolicum (68%), Acidiplasma cupricumulans (68%), Thermoplasma volcanium (63%), 

Ferroplasma sp. Type II (50%), Ferroplasma acidarmanus (48%), and Picrophilus torridus 

(40%) (Fig. 2.6A). The next strongest alignments (29%) after thermoplasmatales are proteins 

from eubacteria of the phylogenetic family chloroflexaceae. Indeed, the chlorflexaceae 

Roseiflexus castenholzii is known to contain a bona fide MMD of the canonical archaeal 

mevalonate pathway 14. Sequence alignment of T. acidophilum MBD against classical 

mevalonate pathway decarboxylases shows retention of the invariant Asp/Lys/Arg catalytic triad 

required for decarboxylation, however MBDs are unique in that they are missing both nearly 

invariant ATP binding residues (Fig. 2.6B) 19,25–27. Indeed, unlike all other mevalonate pathway 

decarboxylases, MBD does not require ATP. MBD’s complement, mevalonate 3-kinase 

(Ta1305) has equally strong homologs (39-67% ID) in all 8 thermoplasmatales yet has no 

                                                           
 

1 The MBD homolog from Acidiplasma sp. MBA-1 has the identical amino acid sequence as A. aeolicum and is 99.7% identical 

(1AA substitution) to A. cupricumulans. We cloned the MBA-1 homolog to represent all 3 species of the Acidiplasma genus. 

2 NCBI accession numbers: T. acidophilum (WP_010901303.1), T volcanium (WP_010916684.1), P. torridus 

(WP_010917040.1), F. acidarmanus (WP_009887850.1), F. sp. Type II (EQB73519.1), and A. sp. MBA-1 (WP_048100791.1). 
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detectable homologs in any other organism, suggesting that this pathway is unique to 

thermoplasmatales. 

 

Biochemical characterization of MBD from Picrophilus torridus.  Since the P. 

torridus MBD showed robust expression in E. coli, we chose to purify this enzyme for further 

characterization (Fig. 2.7A) and compare it to the classical mevalonate 5-phosphate 

decarboxylase (MMD) from Roseiflexus castenholzii 14.  Roseiflexus castenholzii is a member of 

the chloroflexaceae family whose MMDs are most closely related to MBDs of 

Thermoplasmatales and are therefore the closest known evolutionary precursors.  Purified P. 

torridus MBD showed clear specificity for mevalonate 3,5-bisphosphate and no detectable 

decarboxylase activity on mevalonate, mevalonate 3-phosphate, mevalonate 5-phosphate or 

mevalonate 5-pyrophosphate (Fig. 2.7B, black bar). P. torridus MBD worked optimally at 70°C 

and a pH around 5 where it had a kcat of approximately 7.0 s-1 with respect to (R)-mevalonate 

3,5-bisphosphate (Supplemental Fig. 2.8-2.10). This kcat value is comparable to R. castenholzii 

MMD (1.7 ± 0.1 s-1) 14.  Interestingly, R. castenholzii MMD was also active on mevalonate 3,5-

bisphosphate when supplied with ADP as a co-factor (Fig. 2.7B, blue bars). We were unable to 

accurately determine the Km for MBD since it was still at Vmax when assayed at the detection 

limit of our GC-FID assay (30 µM).  

 

MMD loses kinase function at low pH.  We characterized the previously un-reported 

activity of MMD on its reaction intermediate (mevalonate 3,5-bisphosphate) and compared it to 

its native substrate. Interestingly, at low pH, MMD completely loses its ability to convert 

mevalonate 5-phosphate to IP (its native reaction), but continues to decarboxylate mevalonate 

3,5-bisphosphate, effectively becoming a MBD at low pH because it cannot perform the first 
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kinase step (Fig. 2.11).  The fact that decarboxylase activity remains intact suggests that low pH 

does not cause global inactivation or unfolding of the enzyme.  These results suggest that low 

pH requires specialization to provide a kinase function.  The adaptation could come in the form 

of adjustments to the normal MMD or the evolution of a new kinase. 

 

2.4 DISCUSSION 
 
 

The novel decarboxylase reported here demonstrates a unique mevalonate pathway in 

T. acidophilum. While the classical archaeal pathway phosphorylates mevalonate at the 5-OH 

position to yield mevalonate 5-phosphate, and then uses MMD to produce IP in an ATP 

dependent reaction, the T. acidophilum pathway produces the same end product, but uses a 

completely different set of enzymes and metabolites 17. The pathway in T. acidophilum 

phosphorylates mevalonate at the 3-OH position and the 5-OH position sequentially by two 

distinct enzymes to yield mevalonate 3,5-bisphosphate. This is followed by the action of MBD 

which carries out ATP independent decarboxylation to produce IP. Both archaeal pathways use 

IP kinase to produce IPP (Fig. 2.1, blue and red routes) 24.  

 

Localization of this unique pathway to the most acid tolerant organisms on earth 

suggests that the pathway may confer an evolutionary advantage in extremely acidic 

environments. P. torridus has an internal pH of 4.6 while T. acidophilum and F. acidarmanus 

have an internal pH of 5.5 and 5.6 respectively28–30. We observe that at pH 4.3, the conversion 

of mevalonate 5-phosphate by MMD stops completely, while the decarboxylation activity of 

mevalonate 3,5-bisphosphate by MMD remains intact. We propose that the common ancestor of 

thermoplasmatales also had a low internal pH and the classical decarboxylation reaction was 

inefficient, which would have applied evolutionary pressure to adapt.  One possible way to adapt 
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would be to find a way to make both the kinase and decarboxylation steps more effective at low 

pH.  The fact that such a seemingly simple adaptation did not occur, suggests that it may be 

difficult to accomplish.  Interestingly, a different evolutionary pathway was chosen by 

thermoplasmatales and two separate enzymes developed.  We propose a model in which a 

horizontal transfer or a gene duplication event placed two MMD enzymes into the common 

ancestor and over time these two enzymes became specialized 9,31. One lost its decarboxylase 

function to become a mevalonate 3-kinase, and the second lost its kinase function to become a 

dedicated decarboxylase (MBD).  These two specialized enzymes were more efficient at low pH 

than a single dual-function enzyme. One possible explanation for the kinase function of R. 

castenholzii MMD stopping while decarboxylation continues at low pH could be the acidity 

perturbing the protonation state of an active site residue that deprotonates the 3-OH group of 

mevalonate and triggers nucleophilic attack on the γ-phosphate of ATP. 

 

One peculiar observation is that the two specialized functions do not act in tandem, but 

are one step removed, with mevalonate 3-phosphate 5-kinase acting between the 3-OH 

phosphorylation of mevalonate and the decarboxylation by MBD. The reason for this is unclear. 

 

Decarboxylation in the mevalonate pathway has been extensively studied in the 

eukaryotic homolog, mevalonate 5-pyrophosphate decarboxylase, which converts mevalonate 

5-pyrophosphate to IPP in an ATP-dependent manner 16,21,32–35. The mechanism was previously 

thought to occur via a single step in which the phosphorylation of the 3-OH position leads to an 

unstable and transient intermediate that rapidly decomposes into IPP, CO2 and PO4 26,27. Our 

previous identification of mevalonate 3,5-bisphosphate as a stable metabolite suggested that 

decarboxylation is not spontaneous and must be carried out by enzyme catalysis 17,36. The 
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identification of MBD provides further support for the two-step model since T. acidophilum 

carries out the reactions through two entirely separate enzymes. Furthermore, we show that 

MMD from Roseiflexus castenholzii can accept its intermediate, mevalonate 3,5-bisphosphate, 

and carry out the second step of its dual function independently of the first step.  These results 

strongly indicate that decarboxylation is catalyzed, not spontaneous, and that the ATP 

dependent decarboxylases operate via a two-step mechanism. 

 

One unexpected finding of our study is that MMD from Roseiflexus castenholzii requires 

ADP as a co-factor to decarboxylate mevalonate 3,5-bisphosphate. We propose that ADP 

binding is necessary to form the active enzyme-substrate complex.  Structural analysis of 

mevalonate 5-pyrophosphate decarboxylase from Staphylococcus epidermidis showed that ATP 

binding triggers two flexible loops to close over the substrates in the active site pocket 32. We 

suggest that ADP is necessary as a co-factor to mimic the presence of the native substrates 

(mevalonate 5-phosphate and ATP), which would trigger loop closure and form the active 

complex. After decarboxylation, the loops would presumably transition to an open state and 

release IP, ADP, CO2 and PO4. Sequence alignment with mevalonate pyrophosphate 

decarboxylases shows that MBD does not contain two nearly invariant amino acids that bind the 

adenine ring of ATP (Fig. 2.6B) 37. Presumably, the specialization of MBD to become a 

dedicated decarboxylase involved the loss of its ADP requirement. 

 

In summary, we have identified and characterized mevalonate 3,5-bisphosphate 

decarboxylase, a novel enzyme which produces isopentenyl phosphate and completes the 

unique mevalonate pathway of extreme acidophiles comprising the archaeal order 

thermoplasmatales. We also report that the two steps of the mevalonate 5-phosphate 
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decarboxylase mechanism can be separated as demonstrated by the robust activity of MMD 

directly on its intermediate, mevalonate 3,5-bisphosphate. Indeed, at pH values representative 

of the P. torridus cytoplasm (~4.6), MMD loses its kinase function completely and becomes a 

decarboxylase only. We propose that thermoplasmatales adapted their mevalonate pathway by 

replacing MMD with two specialized enzymes in order to produce isoprenoids in extremely 

acidic environments. 

 

 
 
2.5  METHODS 

 
Materials.  E. coli BL21(DE3) Gold (Agilent) was grown in Miller LB media (Fisher) for both 

cloning and expression of recombinant proteins.  Plasmid pET28a(+) was purchased from 

Novagen and pBB541 encoding GroEL/GroES was obtained from Addgene 23.  Ni-NTA resin 

was purchased from Qiagen.  Native gels were purchased from Expedeon. All other chemicals 

were purchased from Sigma-Aldrich unless otherwise noted. 

 

Thermoplasma acidophilum growth. Thermoplasma acidophilum was obtained as a live 

culture from NITE Biological Resource Center (Tokyo, Japan). The organism was grown in 

NBRC medium 280 at 60°C to OD600 = 0.5. Cells were harvested by centrifugation at 5000xg. 

2g of wet cell pellet (4L culture) were resuspended in 20 mL of 50 mM sodium phosphate buffer 

[pH 6.5]. The cells were chilled on ice for 30 min and then lysed by sonication. A cell-free lysate 

was obtained after centrifugation at 30,000xg. 

 

Anion exchange chromatography. Initial separation of the T. acidophilum lysate was adapted 

from the procedure of another research group 18. In brief, 10 mL of T. acidophilum lysate was 



43 
 

applied to a 1 mL HiTrap Q HP anion exchange column (strong quaternary ammonium anion 

exchanger) pre-equilibrated with 50 mM sodium phosphate buffer [pH 6.5], connected to an 

AKTA FPLC system. The column was washed with 20 mL of 50 mM sodium phosphate buffer 

[pH 6.5] followed by a gradient from 0 to 1 M NaCl over 20 min and 2 mL fractions were 

collected.  A flow rate of 1 mL/min was used for all steps. 

 

Native gels. 20 µL of the most active fraction from anion exchange chromatography was loaded 

into two side-by-side wells of a 20% native polyacrylamide gel (Expedeon). The gel was 

developed by running towards the anode at 40V for 50 min followed by 150V for 16 hrs in a cold 

room (4°C).  One lane was stained with Expedeon InstantBlue protein stain. The unstained lane 

was cut into 19 fragments using the stained lane as a reference. Each gel fragment was 

pulverized by sonication in 500 µL of 50 mM sodium phosphate buffer [pH 6.5] containing 500 

mM NaCl. 50 µL of the resulting slurry was used for the GC-FID assay below. 

 

GC-FID Decarboxylase Assay. A 50 µL sample of chromatography fraction was added to a 

150 µL reaction mixture consisting of 50 mM sodium phosphate buffer [pH 6.5], 500 mM NaCl, 

10 mM (R)-mevalonate, 20 mM ATP, 5 mM MgCl2, 10 µg mevalonate 3-kinase (Ta1305), and 10 

µg mevalonate-3-phosphate-5-kinase (Ta0762). The reaction was incubated for 24 hours at 

60°C. Any generated isopentenyl phosphate was then hydrolyzed into isoprenol and free 

phosphate by adding 100 µL of 1 M bis-tris propane [pH 9.0], followed by 30 U of alkaline 

phosphatase from bovine intestinal mucosa.  After incubation at 37°C for 2 hours, the reaction 

was extracted with 200 µL hexanes.  5 µL of the hexanes layer was injected into a HP5890 

Series II Gas Chromatograph (flame ionization detector) connected to a HP-INNOWAX column 

(0.320 mm x 30 m, Agilent). The carrier gas was helium with a flow rate of 5 mL/min. Initial oven 
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temperature was set to 70°C for 2 min, followed by a ramp of 20°C/min for 1 min, and finally a 

ramp at 50°C/min to a final temperature of 200°C, which was held for 1 min. The inlet was kept 

at 250°C and the detector at 330°C. Isoprenol eluted at 2.98 min and the sample concentration 

was determined by comparison to a standard. All GC-FID samples were prepared in duplicate.  

 

Mass spectrometry. The four native gel bands from the stained lane corresponding to the 

highest activities were excised and submitted to ProtTech Inc. for independent analysis via 

NanoLC/MS/MS. The following steps were carried out by Protech: Peptides were digested in-gel 

using sequencing grade modified trypsin (Promega) in 100 mM ammonium bicarbonate [pH 8.5] 

buffer. DTT and iodoacetamide were added for reduction and alkylation of cysteine residues. 

The digested peptides were extracted with acetonitrile, dried using a Thermo SpeedVac, then 

redissolved in 2% acetonitrile, 97.5% water, and 0.5% formic acid. Peptides were separated 

using a high pressure liquid chromatography system (HPLC) fitted with a reversed-phase C18 

column (75 µM ID x 8 cm). Samples eluted from the HPLC column were directly ionized by 

electrospray ionization and analyzed by an ion trap mass spectrometer (LCQ DECA XP Plus, 

Thermo). MS/MS spectra were acquired via low energy collision induced dissociation. The 

collected mass spectrometric data were searched against the NCBI protein database using 

ProtTech’s ProtQuest software. Peptides were reported with a mass range of 550 to 1800 Da 

and a signal to noise ratio greater than or equal to 5. 

 

General Cloning.  All genes were codon optimized and synthesized by IDT. Each gene was 

inserted between the NdeI and XhoI sites of the pET28a(+) vector, which allowed for the 

addition of an N-terminal 6xHis tag. Genes were synthesized with an extra 25 base-pairs 

complementary to the pET28a(+) vector at the NdeI and XhoI sites.  A standard Gibson method 
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was used to assemble all constructs by mixing 30 ng of synthesized DNA, with 10 ng of 

pET28a(+) digested with NdeI and XhoI and 7.5 µL of Gibson assembly mix 38.  After incubation 

at 50ºC for 2 hrs, 5 µL was used to transform E. coli BL21(DE3) Gold and transformants were 

selected on LB-agar plates containing 50 µg/mL kanamycin.   

 

Expression and Purification.  Protein expression and purification was carried out as described 

previously 17. In brief, 1 L of LB media was inoculated with 5 mL of E. coli overnight starter 

culture with 50 µg/mL kanamycin and/or 100 µg/mL spectinomycin as needed. The cells were 

grown to an OD600 of 0.5-1.0 and induced at 37°C with 1.0 mM IPTG.  After 18 hours, cells were 

pelleted, resuspended in 5 mL of buffer A (50 mM bis-tris propane [pH 7.5] buffer, 100 mM 

NaCl, 10 mM imidizole), lysed by sonication, and cell debris removed by centrifugation at 

30,000xg for 20 min.  The lysate was mixed with 3 mL of a Ni-NTA slurry and incubated for 15 

min at 4°C with gentle mixing.  The lysate mixture was packed into a column and the Ni-NTA 

beads were washed 3 times with 20 mL of buffer A.  Protein was eluted with 4 mL of buffer A 

containing 250 mM imidazole. Co-expression of GroEL/GroES was achieved by the addition of 

plasmid pBB541 (addgene) to the expression strain 23. For biochemical characterization, P. 

torridus MBD was further purified by heating the eluate at 60°C for 2 hrs to precipitate native E. 

coli proteins followed by one passage through a HiTrap Q HP anion exchange column to 

remove negatively charged proteins. 

 

Coupled Enzyme Assay.  The MBD product was confirmed to be IP via coupling to IP kinase. 

A 100 µL reaction containing 25 mM bis-tris propane buffer [pH 6.5], 5 mM (R)-mevalonate, 10 

mM ATP, 5 mM KCl, 5 mM MgCl2, 5 µg mevalonate 3-kinase (Ta1305), 5 µg mevalonate 3-

phosphate 5-kinase (Ta0893), and 50 µL Ta0893 Ni-NTA eluate (0.5 mg/mL total protein) was 
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incubated for 24 hours at 60°C. To measure ATP consumption, we added 1 µL coupling 

enzyme mix (lactate dehydrogenase and pyruvate kinase mix from rabbit muscle, Sigma), 15 

mM PEP, and titrated in NADH via 0.5 mM increments to bring the OD340 to 1.0. We then 

recorded the OD340 over 10 min on a SpectraMax M5 microplate reader. 5 µg IP kinase from T. 

acidophilum (Ta0103) was added at the 5 min mark. A negative control replaced Ta0893 eluate 

with water. 

 

Biochemical characterization.  The optimal pH for P. torridus MBD was determined in 0.5 pH 

unit increments. Mevalonate 3,5-bisphosphate was enzymatically generated by mixing 10 mM 

(R)-mevalonate with 20 mM ATP, 5 mM MgCl2, 100 mM NaCl, 10 µg mevalonate 3-kinase 

(Ta1305), and 10 µg mevalonate-3-phosphate-5-kinase (Ta0762). After 1 hour at 60°C, 150 µL 

of this mixture was combined with 50 µL of 1M sodium acetate (for pH 3.5-5.5) or bis-tris 

propane buffer (for pH 6.5-8.0). pH adjustments were made using HCl and NaOH and confirmed 

using a micro pH electrode (Hanna Inst. 1083B). The reaction was initiated by the addition of 

0.1 µg P. torridus MBD and incubated at 60°C for 1 hour followed by transferring the vials into 

boiling water for 1 min to stop the reaction. Analysis was carried out via GC-FID as described 

above. The optimal temperature was determined in the same manner with pH held constant at 

5.5. The data points for optimum pH and temperature were confirmed to be initial rates by 

quenching a control reaction (pH 5.5, 60°C) at 30, 60, 90, and 120 min as shown in 

Supplemental Fig. 2.10. Substrate specificity was tested by replacing (R)-mevalonate with 

commercially available (R)-mevalonate 5-phosphate, or (R)-mevalonate 5-pyrophosphate. 

Activity on mevalonate-3-phosphate was tested by omitting Ta0762. Kinetic characterization of 

P. torridus MBD were carried out at pH 5.5 and 70°C using the GC-FID assay with 3 ng enzyme 

over a range of 0.03 to 5 mM (R)-mevalonate 3,5-bisphosphate. 50 µL aliquots of this reaction 

were quenched at 0, 20, 40, and 60 minutes by boiling for 1 min. The enzyme was at Vmax for all 
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substrate concentrations from 5 mM to the detection limit (30 µM). All characterization 

experiments were carried out in duplicate.   

 

Size exclusion chromatography. To estimate the size of the protein complex that causes 

MBD activity, we mixed 100 µL of T. acidophilum cell-free lysate or 100 µL recombinant Ta0893 

with 100 µL of Biorad gel filtration standard and injected the mixture directly onto a Superdex 

S200 10/300 GL gel filtration column. The column was equilibrated in 50 mM sodium phosphate 

buffer [pH 6.5] and 500 mM NaCl at a flow rate of 0.5 mL/min. 0.5 mL fractions were collected 

and subjected to our GC-FID decarboxylase assay. Fitting the activity profile to a standard curve 

made from the internal standards allowed us to estimate the size of the MBD protein complex.  

 

Sequence Alignment. Ta0893 was subjected to a standard BLASTP search 39. The resulting 

output was aligned using clustal omega with default parameters 37. Mevalonate pyrophosphate 

decarboxylases from the PDB were also included in the alignment. The output was rendered 

with Espript 3.0 and edited with Macromedia Fireworks 2004 to highlight regions of interest 40.  

 

Analysis of MMD activity at low pH. Roseliflexus castenholzii mevalonate 5-phosphate 

decarboxylase was assayed over a pH range of 4.3-9.1 with enzymatically generated 

substrates. Mevalonate 5-phosphate was produced by mixing 10 mM (R)-mevalonate with 20 

mM ATP, 10 mM MgCl2, 100 mM NaCl and 20 µg mevalonate 5-kinase (M5K) from M. mazei 41. 

Mevalonate 3,5-bisphosphate was generated in an identical manner except that M5K was 

replaced with 10 µg of mevalonate 3-kinase (Ta1305) and 10 µg mevalonate 3-phosphate 5-

kinase (Ta0762).  After production of the substrates for 4 hr at 37°C and 60°C respectively, we 

mixed 150 µL of each substrate mixture with 50 µL of 1M acetate buffer (pH 4.3-5.6) or bis-tris 
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propane buffer (6.5-9.1). A micro pH electrode (Hanna Inst. 1083B) was used to confirm the 

final pH.  0.5 µg of R. castenholzii MMD was then added to each reaction. After incubation at 

50°C for 1 hour, we stopped the reaction by immersing the vials in boiling water for 1 min and 

analyzed it via the GC-FID protocol above. This experiment was carried out in duplicate.  
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FIGURE 2.1. Mevalonate pathways. Eukaryotes use the pathway shown in black while most 

archaea use the pathway shown in blue. We have identified mevalonate 3,5-bisphosphate 

decarboxylase (bold arrow) which confirms a third route present in extreme acidophiles (red). 
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FIGURE 2.2.  The reaction scheme. Mevalonate 5-phosphate decarboxylase of the classical 

archaeal pathway employs a two-step mechanism: (1) phosphorylation using ATP and (2) 

decarboxylation. The enzyme reported here, mevalonate 3,5-bisphosphate decarboxylase, 

carries out only the second step shown in brackets.  

 

 

 

FIGURE 2.3.  Ta0893 possesses key residues for decarboxylation. A PHYRE model of 

Ta0893 is overlayed with mevalonate pyrophosphate decarboxylase from S. epidermidis 

containing bound mevalonate 5-pyrophosphate (PDB: 4DU7). Numbered Ta0893 residues are 

highlighted in yellow and mevalonate pyrophosphate decarboxylase residues are shown in blue. 
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FIGURE 2.4. Purification and identification of MBD.  (A.) MBD activity in anion exchange 

fractions of a T. acidophilum lysate. (B.) Native gel separation of fraction 7 from anion 

exchange. (C.) The native gel was cut into 19 fragments, pulverized, and tested for MBD 

activity. (D.) MBD activity in crude extracts with various N-terminal truncations of Ta0893 

expressed in E. coli or when the full length protein was co-expressed with GroEL/ES (Gro). (E.) 

T. acidophilum lysate (black) and recombinant Ta0893 co-expressed with GroEL/ES (blue) were 

separated on a Superdex S200 gel filtration column.  The MBD activity peaked at the same 

volume in both samples, consistent with the identification of Ta0893 as the native MBD. (F.) 

Addition of IP kinase to the product of Ta0893 causes rapid consumption of ATP (black) 

suggesting that Ta0893 produces IP. A negative control omitted Ta0893 (blue). 
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FIGURE 2.5. Activity of Ta0893 homologs. Five Ta0893 homologs were his-tag purified and 

incubated with mevalonate 3,5-bisphosphate to detect MBD activity. Homologs from 

Ferroplasma and Acidiplasma formed inclusion bodies under all expression conditions. 
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FIGURE 2.6. Phylogeny and Sequence Alignment. (A). A phylogenetic tree of 

thermoplasmatales based on 16S rRNA. Organisms with no available DNA sequences are 

shown in grey. Environmental samples were excluded for clarity. (B.) Mevalonate 3,5-

bisphosphate decarboxylase homologs representing all 8 sequenced thermoplasmatales were 

aligned with mevalonate 5-phosphate decarboxylases (MMD), mevalonate 5-pyrophosphate 

decarboxylases (MPD), and the top Ta0893 BLASTp hits after thermoplasmatales. MBDs retain 

the Asp/Lys/Arg catalytic triad required for decarboxylation (red), but are missing both ATP 

binding residues (purple).  
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FIGURE 2.7. Purification of P. torridus MBD and Substrate Specificity.  (A.) An SDS-PAGE 

gel stained with Coomassie blue. Lanes: (L) ladder, (1) crude E. coli lysate, (2) Ni-NTA eluate, 

(3) supernatant after heating for 2 hrs at 60°C, (4) flow through from a Q HP anion exchange 

column. Yield was 1 mg purified P. torridus MBD from 32 L of culture. (B). P. torridus MBD 

(black) and R. castenholzii mevalonate 5-phosphate decarboxylase (blue) were assayed via our 

GC-FID decarboxylase assay after incubation with the following substrates for 1 hour: (MEV) 

mevalonate, (M3P) mevalonate 3-phosphate, (M5P) mevalonate 5-phosphate, (MBP) 

mevalonate 3,5-bisphosphate, (MPP) mevalonate 5-pyrophosphate and (NS) no substrate. 
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Figure 2.8. Temperature dependence of P. torridus MBD activity. (A.) P. torridus MBD was 

assayed from 45-90°C with the pH held constant at 5.5. (B.) An Arrhenius plot was generated 

from the data points from 47-67°C by plotting ln(K) vs. 1/T. 

 
 

 
Figure 2.9. Optimum pH of P. torridus MBD. P. torridus MBD was assayed from pH 3.5 – 8 in 

0.5 unit increments at 60°C.  
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Figure 2.10. Time course of IP production by P. torridus MBD. P. torridus MBD was 

incubated with mevalonate 3,5-bisphosphate at 60°C and pH 5.5. The reaction was stopped at 

0, 30, 60, 90, and 120 min. The IP produced by MBD was quantified via our GC-FID assay.  

 

 

 



57 
 

 

FIGURE 2.11. pH dependence of activity of R. castenholzii MMD with native substrate 

(mevalonate 5-phosphate) or intermediate (mevalonate 3,5-bisphosphate). Mevalonate 5-

phosphate decarboxylase was assayed at 50 °C over a pH range of 4.3-9.1 with 10 mM 

mevalonate 5-phosphate (black) or 10 mM mevalonate 3,5-bisphosphate (blue). 

 

 

TABLE 2.1. Proteins identified in gel fragments with MBD activity.  NanoLC/MS/MS 

identified seven proteins which were present in the entire region of MBD activity (gel fragments 

13-16, Fig. 4B). The relative abundance is reported for fragment 14.  
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CHAPTER 3 

 

 

STRUCTURAL ANALYSIS OF MEVALONATE 3-KINASE 

 

 

3.1  ABSTRACT 

In animals, cholesterol is made from 5-carbon building blocks produced by the 

mevalonate pathway. Drugs that inhibit the mevalonate pathway such as atorvastatin (Lipitor) 

have led to successful treatments for high cholesterol in humans. Another potential target for the 

inhibition of cholesterol synthesis is mevalonate diphosphate decarboxylase (MDD), which 

catalyzes the phosphorylation of (R)-mevalonate diphosphate, followed by decarboxylation to 

yield isopentenyl pyrophosphate. We recently discovered an MDD homolog, mevalonate-3-

kinase (M3K) from Thermoplasma acidophilum, which catalyzes the identical phosphorylation of 

(R)-mevalonate, but without concomitant decarboxylation. Thus, M3K catalyzes half the reaction 

of the decarboxylase, allowing us to separate features of the active site that are required for 

decarboxylation from features required for phosphorylation.  Here we determine the crystal 

structure of M3K in the apo form, and with bound substrates, and compare it to MDD structures. 

Structural and mutagenic analysis reveals modifications that allow M3K to bind mevalonate 

rather than mevalonate diphosphate. Comparison to homologous MDD structures show that 

both enzymes employ analogous Arg or Lys residues to catalyze phosphate transfer.  However, 

an invariant active site Asp/Lys pair of MDD previously thought to play a role in phosphorylation 

is missing in M3K with no functional replacement. Thus, we suggest that the invariant Asp/Lys 

pair in MDD may be critical for decarboxylation rather than phosphorylation. 
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3.2 INTRODUCTION 

Cholesterol, chlorophyll, and vitamin A are just three examples of over 25,000 

biomolecules that make up a diverse class of chemicals called isoprenoids.1-2 In eukaryotes and 

some bacteria, isoprenoids are synthesized via the mevalonate pathway, which yields the 

universal isoprenoid precursor isopentenyl pyrophosphate (IPP).3  Enzymes of the mevalonate 

pathway have been heavily investigated for the development of cholesterol lowering drugs.4-7  

Indeed one of the best-selling drugs of all time, atorvastatin (Lipitor), works by inhibiting HMG-

CoA reductase, thereby lowering the production of mevalonate.8  Inhibitors of other mevalonate 

pathway enzymes such as mevalonate diphosphate decarboxylase (MDD) could be useful for 

lowering cholesterol9-11 and may also be useful as antimicrobial agents since many pathogens 

require the mevalonate pathway.12,13,14   

 

MDD converts (R)-mevalonate 5-diphosphate (MVAPP) and ATP to isopentenyl 

pyrophosphate (IPP), ADP, PO4, and CO2.15 As shown in Fig. 3.1A, the mechanism can be 

conceptually divided into two stages, phosphorylation and decarboxylation. The phosphorylation 

stage involves transfer of the γ-phosphate of ATP to the 3-OH position of MVAPP, generating 

the intermediate, 3-phospho-mevalonate 5-diphosphate (3P-MVAPP) (Fig 3.1A).16-18 This 

intermediate was originally thought to spontaneously decompose to IPP, CO2 and PO4 due to 

the instability of the sterically hindered tertiary phosphate,14,19 but we recently reported the 

analogous tertiary phosphorylated intermediates, mevalonate 3-phosphate and mevalonate 3,5-

bisphosphate are both stable.20  Moreover, a fluorinated version of 3P-MVAPP was reported to 

be stable after isolation from a quenched MDD reaction.21  It is therefore likely that 

decarboxylation is not spontaneous so that MDD must also catalyze the decarboxylation step.  
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We were recently presented with a unique opportunity to probe the mechanism of MDD, 

by our discovery, along with another group, of a novel mevalonate pathway enzyme, 

mevalonate-3-kinase (M3K,) in the archeon Thermoplasma acidophilum.20, 22  M3K catalyzes the 

ATP dependent phosphorylation of (R)-mevalonate to produce (R)-mevalonate 3-phosphate, but 

without concomitant decarboxylation (Fig. 3.1B).20  Instead, mevalonate 3-phosphate is 

released as a stable metabolite. A second enzyme phosphorylates the 5-OH position to yield 

mevalonate 3,5-bisphosphate, which has been proposed to ultimately be decarboxylated and 

phosphorylated to the universal isoprenoid building block IPP, although the decarboxylase has 

not yet been identified.20, 22   While M3K does not decarboxylate, it does phosphorylate 

mevalonate in the same position as the homologous decarboxylases, and shares 17–21% 

sequence identity with MDDs from H. sapiens,S. epidermidis, and S. cerevisiae. Thus, M3K can 

be considered a defective decarboxylase that catalyzes exactly half the overall reaction of MDD. 

 

To provide insight into the mechanism of MDD, we solved the crystal structure of M3K in 

the apo form and with bound substrates and product, allowing us to perform structural 

comparisons to MDD, for which nineteen structures have been reported (H. sapiens, M. 

musculus, T. brucei, S. cerevisiae, L. pneumophila, S.aureus, S. pyogenes, S. epidermidis).14, 19, 

23-25  Analysis of the M3K active site identified two residues involved in catalyzing phosphate 

transfer, Arg185 and Ser105, and also identified how M3K binds mevalonate, while excluding 

mevalonate 5-phosphate and mevalonate 5-diphosphate.  Comparison to MDD leads us to 

propose a model in which both enzymes use similar residues (Arg185/Ser105 in M3K and 

Lys188 in MDD) to catalyze phosphorylation and we suggest that the invariant Asp/Lys pair 

unique to MDD plays a critical role in the decarboxylation step rather than phosphorylation.   
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3.3 RESULTS AND DISCUSSION 

Overall Fold.  M3K crystalized in space group C2 with two protein molecules in the 

asymmetric unit (Fig. 3.2A) that are linked by a disulfide bond between Cys 43 from each 

monomer. The enzyme purified primarily as a dimer, and became monomeric in the presence of 

1 mM β-mercaptoethanol (Fig. 3.3).  The monomeric and dimeric forms had equal activity under 

optimal conditions (pH 8.5 and 55°C). Some archaea are known to possess disulfide bonded 

proteins in the cytoplasm,26-28 and the M3K dimer is slightly more stable (Fig. 3.4), suggesting 

that the natural form of the protein could be a dimer.   

 

We compared our M3K structures to the structure of MDD from S. epidermidis (PDB: 

4DU7), since the S. epidermidis structure contained a bound mevalonate diphosphate 

(MVAPP), marking the active site.25 When the M3K apo structure is overlayed with the MDD 

structure from S. epidermidis, they align with an overall backbone RMSD of 2.40 Å, despite 

sharing only 19% sequence identity (Fig. 3.2B).  For comparison, the backbone atoms of S. 

epidermidis MDD compared to those of the MDD enzyme from S. cerevisiae have an overall 

RMSD of 2.15 Å.  The high structural similarity places M3K into the GHMP kinase family 

(Galactokinase, Homoserine kinase, Mevalonate kinase, and Phosphomevalonate kinase).29 All 

members of this family share a highly conserved overall fold that contains a centrally located 

cleft with the active site located at the base of the cleft (Fig. 3.2C).30 

 

The Mevalonate Binding Pocket.  To obtain insight into substrate binding and 

catalysis, we determined a structure of M3K bound to (R)-mevalonate, and a structure of M3K 

bound to both (R)-mevalonate 3-phosphate and ADP.  Mevalonate was found in both proteins of 

the asymmetric unit (Fig. 3.5A), however mevalonate 3-phosphate and ADP were only observed 
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in chain A (Fig. 3.5B).  Chain B contained mevalonate 3-phosphate in the same position as in 

chain A, but the ADP was replaced with a density modeled as a sulfate ion.  

 

The structures revealed no major conformational shifts when binding to substrate or 

products. Global backbone RMSD for all pairwise comparisons of the M3K structures (6 

molecules) did not exceed 0.38 Å. The pair with the largest deviation was chain A of the 

substrate complex and chain B of the product complex. When we restricted analysis to the 

active site of this pair (residues within 5 Å of bound mevalonate 3-phosphate), we found an 

RMSD of only 0.31 Å (116 atoms). This high degree of structural conservation is also seen in 

the active sites of all known MDD structures.14 These results suggest that M3K does not require 

major conformational shifts for catalysis. 

 

Mevalonate and mevalonate 3-phosphate bind in the center of a deep cleft located in the 

middle of the enzyme (Fig. 3.2C). This is the same location that MVAPP binds in MDD.25 The 

orientation of mevalonate in M3K is rotated by 31° relative to MVAPP (Fig. 3.5C). This is due to 

a 1.8 Å shift in the positioning of Arg144 (Fig. 3.6), which binds the carboxylate moiety of 

mevalonate in both enzymes. Mevalonate is not translated with respect to MVAPP, however, as 

the C3 carbons of both species are only 0.7 Å apart.   

 

MDD binds the pyrophosphate moiety of MVAPP primarily through four invariant serine 

residues25 (Fig. 3.7A).  In M3K, the pyrophosphate does not fit due to the protrusion of Glu140 

into the middle of the active site. Glu140 replaces an invariant glycine at the analogous position 

in MDD (Fig 3.6) and provides a polar contact directly to the 5-OH tail of mevalonate. 

Mevalonate’s position in the center of the active site cavity is stabilized by a web of polar 
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contacts made by His192, Arg28, and Asp189 (Fig. 3.7B).  Additionally, an invariant serine 

(Ser141) in both M3K and MDD can provide an additional hydrogen bond to the 5-OH tail of 

mevalonate. The steric hindrance introduced by Glu140 explains why mevalonate 5-phosphate 

and mevalonate 5-diphosphate are not phosphorylated by M3K.20 

 

Residues important for phosphate transfer.  Both Arg185 and Ser105 in M3K make 

polar contacts to the transferred phosphate and the β-phosphate of ADP (Fig. 3.8A).  Arg185 is 

oriented towards the broken P-O bond, 3.4 Å from the β-phosphate of ADP and 3.3 Å from the 

transferred phosphate, which is close enough to provide important stabilizing interactions in the 

transition state.  

 

Arg185 of M3K aligns with an invariant lysine (Lys188) in MDD (Fig. 3.6), both of which 

are located in a loop region. Surprisingly, this loop is disordered in all wild type MDD structures 

from S. epidermidis, however a D283A mutant of S. epidermidis25 captured this flexible loop in a 

secondary conformation, where Lys188 of MDD spatially overlays with Arg185 from M3K (Fig. 

3.8B). Lys188 is critical for catalysis as a K188A mutant in MDD abolishes all activity.31 We 

prepared a R185A mutant in M3K, which also resulted in no detectable activity.  To demonstrate 

an analogous relationship between R185 of M3K and K188 of MDD, we prepared a R185K 

mutant of M3K, which was active (Table 3.1). Thus, it is likely that the invariant Lys188 in MDD 

plays the same role as Arg185 in M3K, directly stabilizing a phospho-transfer transition state. All 

Michaelis-Menten plots corresponding to the mutants in Table 3.1 are show in figures 3.9-3.13.  

 

Ser105 of M3K is also oriented towards the broken P-O bond.  Ser105 is located in a 

loop region and spatially aligns between conserved Leu and Ala residues in MDD (Fig. 3.6).  
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Ser105 is 2.4 Å from the transferred phosphate and 3.4 Å from the β-phosphate of ADP.  A 

S105A mutant resulted in a 4.6 fold decrease in kcat, with only a marginal increase in Km (Table 

3.1), consistent with a modest role in stabilizing the transition state in phosphate transfer.  The 

transition state is likely further stabilized by hydrogen bonds between the phosphates and amide 

groups from the protein backbone (Fig. 3.8A). 

 

Residues involved in decarboxylation.  All MDDs have three invariant residues within 

the active site (Arg144, Asp283, and Lys17 in S. epidermidis MDD).25  Arg144 positions the 

substrate in the active site (Fig. 3.5C), and the Asp283/Lys17 pair has been proposed to directly 

deprotonate the 3-OH of MVAPP, triggering phosphorylation.15-17 The catalytic role for the 

invariant Asp/Lys pair of MDD is supported by its active site position and previous mechanistic 

studies, which showed that a D283A mutant yields a 105 fold reduction in activity,32 and a K17A 

mutant yields no detectable activity.31   

 

In M3K, Arg144 is conserved for positioning the mevalonate moiety, but the invariant 

Asp/Lys pair in MDD is replaced by Leu18 and Thr275 in M3K, respectively (Fig.3.14). To test 

the role of Leu18 and Thr275, we characterized mutants L18A and T275A.  Both L18A and 

T275A mutants had no significant effect on kcat while slightly increasing Km. Thus, these 

residues are not involved in kinase activity (Table 3.1). 

 

Some members of the GHMP kinase family, such as homoserine kinase (PDB: 1H72) 

are known to facilitate phosphate transfer without the presence of an active site Asp/Lys pair,33 

yet others such as mevalonate 5-kinase (PDB: 2HUF) and phosphomevalonate kinase (PDB: 

3GON) have an active site Asp/Lys pair.34, 35 These observations have led to two proposed 
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mechanisms of phosphate transfer, one involving simple transition state stabilization, and a 

second involving Asp/Lys mediated deprotonation, followed by nucleophilic attack on the γ-

phosphate of ATP.14 The current data raises a third possibility.  

 

We propose M3K and MDD both phosphorylate by stabilizing the phospho-transfer 

transition state (M3K via Arg185/Ser105, MDD via Lys188), leaving the invariant Asp/Lys pair, 

unique to MDD, to play a role in the decarboxylation step.  Testing this model has proven 

difficult since mutating D283 in MDD to Ala, Glu, Thr, Val or Asn results in no detectable kinase 

activity. This was explained by a crystal structure of a D283A mutant from Barta et al,25 in which 

the mutation caused catastrophic changes in MVAPP binding orientation. Barta et al. suggest 

D283 may play a critical role in positioning the substrate.  We can rule out the pyrophosphate 

moiety as the differentiating factor needed for decarboxylation as a recently characterized 

enzyme, mevalonate monophosphate decarboxylase from Haloferax volcanii 36 and Roseiflexus 

castenholzii 37 were shown to catalyze the identical reaction as MDD, but with mevalonate 5-

phosphate. A PHYRE (Protein Homology/Analogy Recognition Engine)38 model of both 

mevalonate monophosphate decarboxylases showed retention of the Asp/Lys pair in the same 

position as MDD, consistent with a role in decarboxylation (Figure 3.15).  

 

3.4 CONCLUSIONS  

The crystal structure of mevalonate-3-kinase provides new insight into the mechanism of 

mevalonate diphosphate decarboxylase. Despite sharing nearly identical overall folds, important 

active site differences can be identified. Glu140 in the center of the M3K active site is 

responsible for binding mevalonate while excluding mevalonate 5-diphosphate, Arg185/Ser105 

catalyze phosphate transfer, and an invariant Asp/Lys pair previously thought to be responsible 
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for phosphorylation in MDD, is missing in M3K and replaced by non-essential Thr275/Leu18.  

These findings lead us to propose a model in which M3K and MDD both phosphorylate by 

stabilizing a phospho-transfer transition state (M3K via Arg185/Ser105, MDD via Lys188), 

suggesting the invariant Asp/Lys pair unique to MDD may be critical for the decarboxylation step 

rather than phosphorylation.  

  

3.5 METHODS 

M3K expression, purification and assays.  M3K expression, purification and enzyme assays 

were all conducted as reported previously.20 In summary, the ta1305 gene (encoding 

mevalonate-3-kinase) was cloned into a pET28 plasmid, providing an N-terminal His tag. The 

plasmid was transformed into E. coli BL21 Gold (DE3), cells were grown in LB-media 

supplemented with 50 mg/L kanamycin, and protein production was induced with 0.5 mM IPTG 

for 20 hours at 37 ºC.  M3K was purified by Ni-NTA affinity chromatography followed by elution 

with 250 mM imidazole.  Further purification was accomplished by gel filtration on a Superdex 

S200 column in 50 mM Tris-HCl pH 7.5 and 100 mM NaCl.       

 

Crystal Growth Conditions.  A stock of M3K was prepared by concentrating the protein in 7 

mM Tris-HCl pH 7.5 and 45 mM NaCl to 7.0 mg/ml using a 30 kDa cutoff Amicon Ultra-15 

Centrifugal Filter (Millipore) and stored at 4°C.  Some precipitation of the stock was observed 

upon cooling, but it clarified upon incubation at room temperature for 5 min.  Crystallization 

conditions were screened using the hanging drop method39 in 96 well plates. For each 

condition, three 210 nL hanging drops with varying protein stock to reservoir ratios (2:1, 1:1, 1:2) 

were prepared using a TTP LabTech Mosquito nanoliter-pipetting robot in the UCLA 

Macromolecular Crystallization Facility.  Large single crystals grew after 2 days in ProComplex 
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condition 68, (Quiagen Cat No. 135468A) which consists of 0.1 M sodium acetate pH 5.0 and 

1.0 M ammonium sulfate (2:1 protein:reservoir ratio). Crystals were cryo-protected by a quick 

soak in a solution consisting of 65% reservoir, 35% (v/v) glycerol, then flash frozen in a 

cryogenic nitrogen stream and maintained at 100 K for data collection. 

 

Binding of Substrate and Products.  Substrate complex crystals were obtained by soaking 

substrates into the apo crystals that were prepared as described above.  For the mevalonate 

soaks, a single crystal was removed from the hanging drop and placed directly into 8 µL of 65 

mM (R)-mevalonate for 2 hours (no mother liquor). During the soak, the crystal morphology 

remained intact without cracking or dissolving. The crystal was removed from the mevalonate 

solution and quickly cryo-protected with 20% glycerol, 80% 65 mM (R)-mevalonate solution, and 

placed into a cryogenic nitrogen stream for data collection.  To bind products, a mixture of 25 

mM (R)-mevalonate 3-phosphate and 25 mM ADP was prepared enzymatically in a 1 mL 

reaction consisting of 25 mM (R)-mevalonate, 25 mM ATP, 1 mM MgCl2 and 36 µg mevalonate-

3-kinase. The reaction was incubated at 42°C for 1 hr, then cooled to room temperature before 

attempting crystal soaks. 2 µL of the product solution was mixed with 8 µL of mother liquor so 

the final concentration of products was approximately 5 mM.  A crystal soaked in this 5 mM 

solution for 40 min was rapidly transferred into a solution of 35% glycerol, 65% mother liquor for 

5 seconds and placed into the cryogenic nitrogen stream for data collection.  

 

X-Ray Data Collection. X-ray diffraction data for the apo (2.1 Å) and substrate (2.0 Å) crystals 

were collected with a Rigaku FR-E rotating anode X-ray source, using CuKα radiation (λ = 

1.5418 Å) and an R-AXIS HTC imaging plate detector. Data for crystals soaked with products 

were first collected in-house, and then flash frozen and shipped to the Advanced Photon Source 
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(Argonne National Laboratory) for data collection on APS-NECAT beamline 24-ID-C with a 

DECTRIS-PILATUS 6 M detector. A crystal soaked with products diffracted to 2.3 Å on the APS 

beamline. Reduction and scaling of data were performed using XDS/XSCALE.40 All data sets 

were consistent with space group C2 (Table 3.2). 

 

Structure Determination and Refinement. The apo structure was determined using the 

automated molecular replacement pipeline, MrBUMP.41 The path that led to a successful 

solution employed PHASER42 for molecular replacement and a search model prepared by 

CHAINSAW43 from PDB entry 1FI4, mevalonate 5-diphosphate decarboxylase .24 Trimming of 

the 1FI4 coordinate set by CHAINSAW was important for success as the full coordinate set did 

not lead to a correct molecular replacement solution. The sequence identity between TA1305 

and 1FI4 is under 20%. The apo model was initially refined using Refmac5 44 with no non-

crystallographic symmetry restraints. The residual Fo-Fc map showed clear positive difference 

density for side chain atoms that were not included in the model, indicating the correctness of 

the solution. The automatic chain tracing program, Buccaneer,45 built in missing parts of the 

model. This was followed by automated building and refinement with the program ARP/wARP.46 

After each refinement step, the models were visually inspected in COOT,47 and modified using 

guidance from both 2Fo-Fc and Fo-Fc difference maps. Structures for substrate and product 

bound data sets were solved by refinement against the apo structures using phenix.refine .48 

Data collection and refinement statistics are reported in Table 3.2. The models were validated 

with PROCHECK,49 ERRAT,50 and VERIFY3D.51 The coordinates of the final models and 

structure factors have been deposited in the Protein Data Bank with PDB code 4RKP (apo), 

4RKS (substrate), and 4RKZ (products). The structures were illustrated using Pymol52 and 

compared to S. epidermidis MDD (PDB: 4DU7 & 4DPW) with MDD residues numbered as per 

their PDB files. 
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Mutagenesis. 100 ng of pET28a plasmid containing the ta1305 gene was subjected to 32 

cycles of the PCR protocol outlined in the manual of PfuUltra II Fusion HS DNA Polymerase 

(Agilent Cat No. 600670). Mutagenic primers were designed using PrimerX.53 50 µL of the 

completed PCR reaction was treated with 1 µL DpnI (New England Biolabs) for 1 hour at 37°C, 

and then 3 µL was used to transform 100 µL of E. coli BL21 Gold (DE3) cells. Transformants 

were selected on LB-agar containing 50 µg/mL kanamycin. Mutations were verified by 

sequencing the plasmid from the T7 promoter.    

 

Kinetic Values for M3K Variants. Kinetic measurements for all mevalonate-3-kinase variants 

were carried out in duplicate on a SpectraMax M5 microplate reader. Continuous monitoring of 

M3K activity under optional conditions (pH 8.5 and 55°C) was achieved through a coupled 

kinase assay as previously described in detail.20 Initial rates of ATP consumption were 

determined over a range of (R)-mevalonate concentration, while holding ATP at a saturating 

concentration of 5 mM. These values were plotted with KaleidaGraph, version 4.0 (Synergy 

Software, Reading, PA, USA) and fit to a Michaelis-Menten curve to yield Km and kcat values 

with respect to (R)-mevalonate. 

  

Sequence Alignment. A pdb structure for M3K (apo) and 8 known MDD structures from the 

Protein Data Bank (H. sapiens, M. musculus, T. brucei, S. cerevicie, L. pneumophila, S. aureus, 

S. epidermidis, S. pyogenes) were submitted to PROMALS3D, a structure alignment server.54 

The output sequences were edited with Macromedia Fireworks MX 200455 to improve loop 

alignment and to fill in structurally disordered residues. The final alignment was rendered with 

Espript 3.0.56  
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Comparison of Monomer and Dimer Activity. Monomer was prepared by incubating enzyme 

with 1 mM β-mercaptoethanol for 1 hour at 37°C, and dimer was prepared by incubating the 

enzyme with 100 µM copper acetate complexed with 100 µM 1,10-phenanthroline for 1 hr at 

37°C. Heat stability was tested by incubating 0.16 mg/mL of both enzyme forms at 40-81°C for 

60 min in increments of 1-3°C. After heating, residual activity was tested as described 

previously in an assay buffer without reducing agent.20    
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Figure 3.1. Enzymatic Reactions. (A) ATP-dependent phosphorylation catalyzed by mevalonate-3-

kinase. (B) Identical phosphorylation catalyzed by mevalonate diphosphate decarboxylase, but with 

concomitant decarboxylation to yield isopentenyl pyrophosphate. 

 

 

 

Figure 3.2. Overall Structure of M3K. (A) The asymmetric unit of M3K highlighting the disulfide bond 

between the two proteins. (B) Overlay of M3K (red) with S. epidermidis MDD (blue) shows a nearly 

identical overall fold. (C) M3K surface rendering using a hydrophobicity scale57 shows the deep active site 

cleft. Red indicates hydrophobic residues and white indicates hydrophilic residues.  
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Figure 3.3. SDS-PAGE gel showing dimer form (Lanes 1,2) and monomer form (Lanes 3,4) of 

mevalonate-3-kinase.  The enzyme was incubated for 1 hour at 37°C in the following conditions: 

(Lane 1) 1 mM copper-1,10-phenanthroline, (Lane 2) 100 µM copper-1,10-phenanthroline, 

(Lane 3) 10 mM β-mercaptoethanol, (Lane 4) 1 mM β-mercaptoethanol. The gel was a 4-20% 

SDS-PAGE gel (GenScript, Piscataway, NJ, USA) run at 150V with Tris-MOPS buffer. Lane (L) 

is an AccuRuler RGB Pre-stained Protein Ladder (Biopioneer, San Diego, CA, USA). 
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Figure 3.4. Comparison of the thermal stability of the monomer and dimer forms of mevalonate-

3-kinase.  Monomer was prepared by incubating enzyme with 1 mM β-mercaptoethanol for 1 

hour at 37°C, and dimer was prepared by incubating the enzyme with 100 µM copper acetate 

complexed with 100 µM 1,10-phenanthroline for 1 hr at 37°C. Heat stability was tested by 

incubating 0.16 mg/mL of both enzyme forms at 40-81°C for 60 min in increments of 1-3°C 

using a PCR machine gradient. After heating, residual activity was tested as described 

previously in an assay buffer without reducing agent (see paper, reference 20). 

 



79 
 

Figure 3.5. Substrate Binding to M3K. (A) Electron density for mevalonate. The blue mesh is a 

simulated annealing Fo-Fc omit map contoured at 2.5 Ϭ. This omit map was obtained by subjecting the 

refined protein coordinates without ligands to a round of simulated annealing refinement starting at 10,000 K.  

(B) A simulated annealing Fo-Fc omit map for mevalonate 3-phosphate and ADP, generated in the same 

manner as mevalonate and contoured at 1.9 Ϭ. (C) M3K with bound mevalonate (yellow) is overlayed 

against MDD with bound mevalonate diphosphate (green) showing the conserved binding location.  

 

 

 

Figure 3.6. Sequence Alignment of M3K and MDDs. A structure-based amino acid sequence alignment 

of M3K from T. acidophilum (Ta1305) aligned against the sequences of eight known MDD structures. The 

numbering corresponds to M3K and residues discussed in this paper are highlighted in green. 
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Figure 3.7. Binding Site Comparison of MDD and M3K.  (A) S. epidermidis MDD active site 

highlighting residues that make polar contacts to the pyrophosphate. (B) M3K active site showing Glu140 

and the web of polar contracts that engage the 5-OH tail of mevalonate. 
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Figure 3.8. Catalysis of Phosphate Transfer. (A) Polar contacts of Arg185 and Ser105 to mevalonate 

3-phosphate and ADP. (B) The two conformations of the flexible loop of MDD. The outward conformation 

(yellow) is from L. pneumophila, and the inward conformation (also yellow) is a D283A mutant from S. 

epidermidis.  Lys188 of MDD (yellow) overlays with Arg185 of M3K (blue) when the loop is oriented 

inward.  
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Figure 3.9. Michaelis-Menten plot for wildtype mevalonate-3-kinase (Ta1305). The enzyme was 

found to have a Km of 130 ± 10 µM and kcat of 5.3 ± 0.1 s-1 with respect to (R)-Mevalonate.  

 

     

Figure 3.10. Michaelis-Menten plot for a T275A mutant of mevalonate-3-kinase. The mutant 

was found to have a Km of 590 ± 40 µM and kcat of 5.8 ± 0.1 s-1 with respect to (R)-Mevalonate.        
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Figure 3.11. Michaelis-Menten plot for a L18A mutant of mevalonate-3-kinase. The mutant was 

found to have a Km of 3100 ± 200 µM and kcat of 5.1 ± 0.1 s-1 with respect to (R)-Mevalonate.  

 

 

 

Figure 3.12. Michaelis-Menten plot for a S105A mutant of mevalonate-3-kinase. The mutant 

was found to have a Km of 270 ± 10 µM and kcat of 1.16 ± 0.01 s-1 with respect to (R)-

Mevalonate.  
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Figure 3.13. Michaelis-Menten plot for a R185K mutant of mevalonate-3-kinase. The mutant 

was found to have a Km of 1680 ± 60 µM and kcat of 0.31 ± 0.01 s-1 with respect to (R)-

Mevalonate. 
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Figure 3.14. Resides Implicated in Decarboxylation. The invariant MDD residues of S. epidermidis are 

show in blue (Arg144, Lys17 and Asp283).  In M3K, Lys17 of MDD is replaced by Leu18 (yellow) and 

Asp283 is replaced by Thr275 (also yellow).   

 

 

 



86 
 

 

 

Figure 3.15. Decarboxylase homology models.  PHYRE models of mevalonate monophosphate 

decarboxylases from Roseiflexus castenholzii (Green) and Haloferax volcanii (Purple) are 

overlayed with a known structure of mevalonate diphosphate decarboxylate (Grey, PDB: 4DU7). 

Retention of the Asp/Lys pair in all known mevalonate pathway decarboxylases and absence in 

mevalonate-3-kinase, suggests the Asp/Lys pair is not necessary for phosphorylation. 

 

Table 3.1.  Kinetic parameters of M3K variants 

 

 

 

 

 

 

 

 
aIn the presence of 5 mM ATP, which was found to be sufficient to saturate all the enzyme 

variants. bPercentage values of kcat/Km are relative to wildtype M3K. cRate not detectable. The 

minimum detectable rate of the coupled assay is 0.2% relative to wildtype activity. 

 

Mutation Km (µM)a kcat (s-1)a kcat/Km × 103 (%)b 

wildtype 130 ± 10 5.3 ± 0.1 39 ± 9 (100%) 

T275A 590 ± 40 5.8 ± 0.1 10 ± 3 (25.6%) 

L18A 3100 ± 200 5.1 ± 0.1 1.7 ± 0.5 (4.4%) 

S105A 270 ± 10 1.16 ± 0.01 4 ± 1 (10.3%) 

R185K 1680 ± 60 0.31 ± 0.01 0.19 ± 0.05 (0.5%) 

R185A 0.0c 0.0c --- 



87 
 

 

Table 3.2. X-ray Crystallography Statistics (Molecular Replacement).  

 

Mevalonate-3-Kinase apo mevalonate mevalonate-3P / ADP 

     

PDB Accession Code 

Data Collection 

 

4RKP 

 

4RKS 

 

4RKZ 

Beamline 

Wavelength (λ) 

Space group 

UCLA 

1.5418 

C2 

UCLA 

1.5418 

C2 

APS-24-ID-C 

0.9789 

C2 

Cell dimensions    

    a, b, c (Å) 150.5, 62.5, 103.2 148.0, 61.2, 104.0 146.4, 61.1, 103.6 

()  90, 123.72, 90 90, 123.22, 90 90, 122.95, 90 

Resolution (Å) 2.1  2.0  2.3 

Rsym (%) 10.9 (74.3) 7.4 (58.1) 7.4 (68.8) 

I / I 16.3 (3.1) 20.0 (3.6) 15.0 (3.2) 

CC (1/2) 99.8 (84.0) 99.9 (90.8) 99.8 (91.6) 

Completeness  99.5 (99.7) 97.7 (97.7) 99.2 (99.4) 

Redundancy  

Wilson B-factor (Å2) 

 

Refinement 

7.4 (7.3) 

27.7 

7.4 (7.3) 

27.3 

6.7 (6.8) 

53.0 

Resolution (Å) 2.1 2.0 2.3 

No. reflections 46796 51657 34194 

Rwork / Rfree 0.182/0.218 0.195/0.242 0.202/0.249 

No. atoms    

    Protein 4875 4950 4747 

    Non-protein 227 232 114 

    Avg. B-factors (Å2) 30.5 32.7 57.0 

R.M.S.D.    

    Bond lengths (Å) 0.008 0.007 0.003 

    Bond angles () 1.013 0.970 0.672 

Ramachandran    

    Favored (%) 97.8 98.0 97.3 

    Allowed (%) 2.2 1.7 2.7 

    Outliers (%) 0.0 0.3 0.0  

             *One crystal for each structure was used for collection and refinement. 

              *Highest-resolution shell is shown in parentheses. 

*Rsym = ∑|I−<I>| / ∑<I>, where I is the observed intensity and <I> is the average intensity from 

observed symmetry-related reflections. CC(1/2) = correlation coefficient between two halves of the 

data. Rwork = ∑|Fobs – Fcalc|/∑Fobs, where Fobs and Fcalc are the observed and calculated structure factor 

amplitudes, respectively. Rfree is calculated from 10% of reflections not included in the refinement. 
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CHAPTER 4 

 

Mutating Mevalonate Pathway Enzymes to Produce Isoprenol 

 

 

4.1  ABSTRACT 

 In this study we attempt to rationally redesign three mevalonate pathway 

enzymes (mevalonate 3-kinase, mevalonate 5-pyrophosphate decarboxylase, and mevalonate 

5-monophosphate decarboxylase) in order to create a new enzyme we call “mevalonate 

decarboxylase.” In addition, we developed a robust E. coli selection platform to allow random 

mutagenesis to give rise to mevalonate decarboxylase. Unfortunately, neither rational design 

nor selection yielded the new enzyme. We believe this is because the enzyme mechanism 

requires the presence of at least one phosphate attached to the mevalonate moiety in order to 

trigger a conformational change allowing the active enzyme-substrate complex to form.  

 

4.2 INTRODUCTION 

In the last 10 years, significant progress has been made in the microbial production of 

fuels such as isopropanol, pharmaceuticals such as artemisinin, and commodity chemicals 

such as acrylic acid.1
 
This progress has been dependent on advances in synthetic biology, 

which focuses on isolating genes from organisms that synthesize the compound of interest, 

introducing them into microorganisms optimized for industrial biochemical production, and 

then optimizing expression for maximum production of the compound.2  Perhaps the best 

known example is the production of ethanol (grain alcohol) by yeast or E. coli which consume 

glucose and convert it to ethanol through metabolic processes. Decades of modern 
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biochemistry research has made ethanol production more cost effective by optimizing the 

fermentation pathway, increasing ethanol tolerance, and reducing competing pathways that 

consume carbon.3 

 

Here we attempt to produce isoprenol, a 5-carbon alcohol that has several desirable 

properties for use as a biofuel: a very high octane rating, an energy density greater than 

ethanol, and is less hygroscopic than ethanol.4,5 These properties make it an ideal drop-in 

biofuel since it can be used directly in conventional combustion engines and it can be derived 

from renewable resources. Today the majority of isoprenol is produced through the 

condensation of formaldehyde and isobutene (a petroleum product). While isoprenol is not 

directly formed in nature, a phosphorylated form is produced through the native mevalonate 

pathway of eukaryotes.6,7 In brief, the mevalonate pathway begins with the condensation of 

three acetyl-CoA molecules and one reduction step to yield mevalonate. Mevalonate is then 

phosphorylated twice at the 5-OH position to yield mevalonate 5-pyrophosphate. In the final 

step, mevalonate 5-pyrophosphate  is converted to isopentenyl pyrophosphate (IPP) through 

the action of mevalonate pyrophosphate decarboxylase (MDC) (Figure 4.1).  

 

Previous attempts to produce isoprenol from glucose have relied on the mevalonate 

pathway to produce isopentenyl pyrophosphate (IPP) and then coupling this pathway with a 

promiscuous phosphatase (NudB) to hydrolyze IPP into isoprenol and pyrophosphate.8–10 At the 

time of this writing, the highest titer obtained using this method was 2.23 g/L isoprenol.8 This 

yield is suspected to be limited by the in vivo accumulation of IPP, which is toxic to E. coli cells 

at high concentration. 
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Our recent structural analysis of mevalonate 3-kinase (M3K) and comparison to 

mevalonate pyrophosphate decarboxylase (MDC) suggested that it may be possible to produce 

isoprenol directly from mevalonate (Fig. 4.2).11 This would avoid toxic accumulation of IPP, 

consume less ATP, use fewer enzymes, and would ideally increase the final titer of isoprenol. 

 

Mevalonate 3-kinase from Thermoplasma acidophilum converts (R)-mevalonate into (R)-

mevalonate 3-phosphate in an ATP dependent manner (Fig 4.2A).12 This reaction is unusual 

because it represents exactly half the reaction of its eukaryotic homolog: mevalonate 

pyrophosphate decarboxylase (MDC). MDC attaches a phosphate to the 3-OH position of 

mevalonate 5-pyrophopshate, but then concomitant decarboxylation follows to produce IPP, 

CO2, and PO4 (Fig 4.2B).13 It may be possible to transfer the MDC decarboxylation resides into 

mevalonate 3-kinase in order to create mevalonate decarboxylase, or in the inverse approach, it 

may be possible to move M3K binding residues into MDC, in order to achieve the same goal: an 

enzyme capable of directly converting mevalonate to isoprenol. 

 

Partway through this work, another mevalonate pathway enzyme was discovered: 

mevalonate 5-monophosphate decarboxylase (MMD) from the green non-sulfur bacteria, 

Roseiflexus castenholzii.14 MMD converts (R)-mevalonate 5-phosphate and ATP into 

isopentenyl phosphate, ADP, and PO4 (Fig 4.2C). While no crystal structure of MMD was 

available at the time of this research, a PHYRE homology model was generated with a 100.0% 

confidence interval allowing us to attempt to modify the active site of this MMD so that it can 

accept mevalonate as a substrate.15 In all we made 42 mutants of three mevalonate pathway 

enzymes (M3K, MDC, and MMD) in an attempt to rationally design a mevalonate 

decarboxylase. However, this effort was ultimately unsuccessful.  
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We also attempted to select for mevalonate decarboxylase by randomly mutating two 

known mevalonate pathway decarboxylases (MDC and MMD) and then transforming them into 

an E. coli strain requiring isoprenol for growth.  Our selection platform contains a deletion in the 

dxs gene (1-deoxy-D-xylulose-5-phosphate synthase) which blocks native production of IPP 

through the E. coli DXP pathway.16 We then created a plasmid that produces mevalonate in vivo 

and can convert isoprenol into IPP (an essential molecule). We screened two 106 libraries of 

MDC and MMD mutants but were unable to isolate mevalonate decarboxylase. We suspect our 

selection was unsuccessful due to the enzyme’s inability to form the active enzyme-substrate 

complex without at least one phosphate attached to 5-OH tail of mevalonate. We propose that 

polar contacts to the 5-phosphate initiates conformational rearrangements of loop regions 

surrounding the active site. Movement of these loops sequester the ligand within the binding 

pocket and forms the enzyme-substrate complex. 

 

4.3 RESULTS AND DISCUSSION 

Re-designing mevalonate 3-kinase to add decarboxylation function. In our previous 

study we superimposed a structure of mevalonate 3-kinase (M3K) from Thermoplasma 

acidophilum (PDB: 4RKP) with mevalonate pyrophosphate decarboxylase (MDC) from 

Staphylococcus epidermidis (PDB: 4DU7).11 This showed that they have nearly identical overall 

fold (RMSD of 2.4Å) and their substrates bind in analogous locations in each enzyme (Fig 3.2, 

3.5). All known MDDs characterized to date contain an invariant catalytic triad of arginine, 

aspartate, and lysine in the active site (Fig 4.3).17 The arginine positions the mevalonate moiety 

in the active site and we previously proposed that the Asp/Lys residues were involved in 

decarboxylation as they are absent from the active site of M3K where they are substituted with 

threonine and isoleucine, respectively (Fig 3.14).11  Mutating the threonine or leucine to alanine 

in M3K had no effect on kcat indicating they played no role in catalysis. We attempted to 
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introduce the missing asp and lys residues into the M3K enzyme active site to allow conversion 

of mevalonate to isoprenol (Fig 4.4). Our first variant has two mutations: L18K and T275D. We 

also created two variants with only one of the mutations (L18K or T275D). All three enzymes 

expressed and were soluble, however they did not produce any detectable isoprenol after 24 

hours of incubation with 10 mM mevalonate and subsequent analysis by gas chromatography 

as described in the methods.  

 

 We suspected that the Asp and Lys residues might not be correctly oriented in the active 

site so we followed the protocol from our previous paper to crystalize the L18K/T275D double 

mutant. A crystal of this mutant protein grew in 0.1 M sodium acetate (pH 4.6), 0.2 M 

ammonium sulfate, and 30% (w/v) PEG 4000. Data was collected in house and refined to 2.1Å. 

Analysis of the mutant’s active site clearly showed that the sidechains of the asp/lys acid-base 

pair were not in the expected orientation (Fig 4.5A). The residues pointed away from each other 

instead of making a polar contact. To address this we made a second generation of mutants in 

which we mutated three residues surrounding the Asp/Lys pair to more closely mimic the 

environment of the Asp/Lys residues in MDC (Fig. 4.5B). The three additional mutations were 

added individually to the variant already containing L18K/T275D to make triple mutants. The 

added mutations were: G26S, I273T, Y281K (Table 4.1).  All triple mutants expressed and were 

soluble, however they did not produce any detectable isoprenol after 24 hours of incubation with 

10 mM mevalonate and subsequent gas chromatography analysis.  

 

 It is likely that simply substituting the threonine and leucine of M3K for aspartate and 

lysine was not sufficient since they must be oriented by a web of interactions with the side 

chains around it, and in turn, those residues are likely anchored by yet another layer. We 
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decided that the strategy most likely to yield “mevalonate decarboxylase” would be the inverse 

approach: instead of attempting to give mevalonate 3-kinase a new function, we would mutate 

the existing decarboxylase to bind mevalonate.  

 

Re-designing mevalonate pyrophosphate decarboxylase to bind mevalonate. 

Since yeast mevalonate pyrophosphate decarboxylase (MDC) already does the required 

decarboxylation chemistry, we decided to mutate residues in the binding pocket to allow it to 

accept mevalonate as a substrate. Analysis of the binding pocket of Staphylococcus epidermidis 

MDC shows there are many polar contacts between protein sidechains and the large 

pyrophosphate group (Fig 3.7).18,19 In M3K, the binding pocket is significantly different. The key 

difference is Glu140 protrudes into the middle of the binding pocket and makes a polar contact 

to the 5-OH tail of mevalonate. Furthermore, Glu140 is held in place by a network of polar 

contacts with residues H192, S141, D189, and R28.11 Our strategy was to mutate the 

pyrophosphate binding residues in MDC to the analogous mevalonate binding residues from 

M3K (Fig 4.6). A total of 22 MDC variants were made (Table 4.1B). The first generation of 

mutants contained seven designs. One variant in which all six residues that are responsible for 

binding mevalonate were introduced into MDC, and six additional variants in which only one of 

the six mutations was made (Y19L, K22I, N28R, G154E, T209D, or M212H) (Table 4.1).  None 

of the single point mutants showed any activity towards mevalonate when tested through an 

ATP consumption assay (observed as the absorbance at 340 nm via coupling to pyruvate 

kinase and lactate dehydrogenase) and the variant which combined all six mutations together 

was not soluble when expressed in E. coli. A second generation of designs was created to 

revert each one of the 6 mutations to its wild type form. Only reversion of the G154E mutation 

resulted in MDC becoming soluble (Fig 4.7). This is problematic because G154E is the most 

important mevalonate binding residue that makes a direct polar contact to the 5-OH tail of 
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mevalonate. Without this mutation, the other mutations do not serve a purpose. Therefore, a 

third generation of variants was created in which we started with the most critical mutation, 

G154E, and built in residues one-by-one to support it (Table 4.1B). These third generation 

designs contain G154E with an additional 1 to 4 mutations to support it in the correct orientation. 

Unfortunately, none of the 22 MDC variants produced any detectable isoprenol after 24 hours of 

incubation at 37°C with 10 mM mevalonate as determined by subsequent gas chromatography 

analysis.  All variants were also tested for decarboxylation activity on mevalonate 3-phosphate 

by including mevalonate 3-kinase in the assay reaction mixture as described in the methods. 

We also attempted this reaction using 50 mM phosphate buffer and another variation in which 

we supplemented the reaction with 10 mM sodium pyrophosphate. No isoprenol was detected in 

any of these conditions. 

 

Re-designing mevalonate 5-monophosphate decarboxylase to bind mevalonate.  

During the time we were mutating MDC to generate isoprenol, a new enzyme was described in 

the literature: mevalonate monophosphate decarboxylase (MMD) from Roseiflexus castenholzii 

(18). This enzyme converts mevalonate 5-monophosphate and ATP to isopentenyl phosphate, 

ADP, and PO4 (Fig 4.2C). It essentially carries out the exact same reaction as MDC, but it uses 

a substrate that has only one phosphate attached to the 5-OH tail of mevalonate instead of two. 

MMD is potentially a better mutagenesis target because its substrate is more analogous to 

mevalonate. No crystal structure was available for MMD at the time of this work so we planned 

our mutagenesis designs based on a homology model generated by the PHYRE2 homology 

modelling web server.15 The model generated by PHYRE2 gave a confidence score of 100% 

with the Asp/Lys/Arg catalytic triad from MDC conserved in the same positions in MMD. 

Structural superposition of MMD with M3K shows the binding sites are remarkably similar (Fig 

4.8). In fact, the binding site of M3K could be replicated completely with just two MMD 
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mutations: G202E and Y74L. G202E is needed to make a polar contact to the 5-OH of 

mevalonate; remarkably all other residues which position the glutamate residue in M3K are 

already present in MMD with the exception of a tyrosine (Y74) below the substrate which needs 

to be mutated to leucine to completely match the M3K binding site (Fig 4.8). We generated 14 

designs of MMD (Table 4.1C). The first design attempted to replicate the binding site of M3K via 

a double mutant: G202E and Y74L. We produced several additional variations of this double 

mutant by varying two parameters: (1) Y74 was changed to either phenylalanine, leucine, or 

alanine to reduce the bulk of Y74, (2) G202 was changed to glutamate or aspartate (Table 

4.1C). All proteins were soluble and well expressed but were inactive. One final attempt was 

made to allow mevalonate-binding by making a polar contact to the 5-OH from an alternative 

position. In these second generation variants, threonine 255 was mutated to glutamate or 

aspartate, and alternatively tyrosine 74 was mutated to glutamate or aspartate (Fig 4.9). As 

previously, none of the 14 enzyme designs produced any detectable isoprenol after 24 hours of 

incubation at 37°C with 10 mM mevalonate or mevalonate 3-phosphate, as tested with both bis-

tris propane and phosphate buffer systems.  

 

Design of a selection platform to create mevalonate decarboxylase. Due to the lack 

of success of rational design, we decided to create a selection platform that would allow us to 

quickly analyze millions of mutants instead of a few designed mutants that were tested one by 

one. Such a selection platform would require E. coli to produce mevalonate and consume 

isoprenol.  E. coli does not natively produce mevalonate but this is a simple fix since there are 

existing plasmids which allow E. coli to produce mevalonate.20 The challenge is that E. coli does 

not naturally utilize isoprenol and there exists no known enzyme that natively phosphorylates it. 

Searching the literature suggested two possible enzymes might have promiscuous kinase 

activity on isoprenol. The first, farnesol kinase, a membrane protein from Arabidopsis thaliana, 
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is known to phosphorylate farnesol.21 Farnesol resembles three isoprenol molecules linked 

together end to end. A second candidate is hydroxyethylthiazole kinase, an E. coli enzyme 

identified as having promiscuous activity on isoprenol in a patent which described the 

conversion of isoprenol to isoprene.22 In vitro testing of hydroxyethylthiazole kinase shows it 

phosphorylates isoprenol with a KM of 8 mM and a kcat of 1.5 s-1 (Fig. 4.10). Once isoprenol is 

phosphorylated to isopententyl phosphate (IP), we can use IP kinase from Thermoplasma 

acidophilum to generate the essential molecule, IPP.23 

.  

E. coli have an absolute requirement for IPP because it is used to generate all of its 

isoprenoids.24 Blocking the E. coli DXP pathway, which generates IPP, causes cell death. 

Indeed, this can be demonstrated by using the antibiolotic fosmidomycin (fos), which inhibits the 

enzyme DXP reductoisomerase (dxr) and causes E. coli to stop growing at 50 µM fosmidomycin 

concentration.25 To test the ability of E. coli to utilize isoprenol, we transformed E. coli 

BL21(DE3) with two plasmids. One containing farnesol kinase or hydroxyethylthiazole kinase 

and a second plasmid containing IP kinase. As shown in figure 4.11, E. coli without any plasmid 

did not grow on an LB-agar plate containing fosmidomycin and isoprenol because it could not 

utilize the exogenous isoprenol. The E. coli strain expressing farnesol kinase and IP kinase 

grew because it could convert the exogenous isoprenol into IPP. While this was a strong proof 

of concept, the resulting strain was not yet ready for selection because: (1) it grew slow, (2) 

contained two plasmids, (3) required 40 mM isoprenol, and (4) did not produce mevalonate in 

vivo. We next optimized these parameters to create a more robust selection strain.  

 

First, we constructed a single plasmid, which could simultaneously produce mevalonate 

and utilize isoprenol. This was done by modifying an existing plasmid, pJBEI-6409, created by 
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researchers at the Joint Bioenergy Institute.26 pJBEI-6409 already expressed three optimized 

enzymes necessary to produce mevalonate (Fig. 4.12, grey arrows). Since this plasmid was 

originally intended to generate limonene, we replaced all the downstream genes with farnesol 

kinase and IP kinase, with the exception of IDI (Isopentenyl-diphosphate delta isomerase). IDI 

was left intact to balance the intracellular ratio of IPP and it’s isomer DMAPP (Fig 4.12, black 

arrow).27   

 

This one plasmid should now allow E. coli to produce mevalonate via the first three 

genes (atoB, HMGS, and HMGR), and convert isoprenol to IPP through the last three genes (IP 

kinase, farnesol kinase, and IDI). We named this new plasmid pSELECT-03. As shown in 

Figure 4.13, E. coli BL21(DE3) containing pSELECT-03 can grow on a plate containing 

fosmidomycin and 40 mM isoprenol, but it cannot grow on fosmidomycin without isoprenol. 

 

E. coli are known to develop resistance to fosmidomycin quite easily because it is 

imported into the cells primarily through the glycerol 3-phosphate pump.25 To prevent this issue, 

we deleted the DXP synthase gene (dxs) in our selection strain E. coli BL21(DE3). This deletion 

permanently blocks the first step of the E. coli DXP pathway, which produces IPP.28 Next we 

used directed evolution to decrease the selection strain’s requirement for isoprenol from 40 mM 

to 200 µM. The strain was grown in LB media supplemented with 40 mM isoprenol and 

subsequently inoculated in LB containing lower concentrations of isoprenol for multiple days 

(Fig 4.14). Using this method, we were able to evolve a selection strain that required only 200 

µM isoprenol and formed large colonies in 24 hours (Fig 4.15).  
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To confirm the cells were producing mevalonate internally at a level that would allow for 

its rescue, we transformed plasmid pMBI into the selection strain. Plasmid pBMI contains the 

known lower mevalonate pathway from eukaryotes (mevalonate 5-kinase, phosphomevalonate 

kinase, mevalonate pyrophosphate decarboxylase) allowing conversion of mevalonate to IPP.20 

When the selection strain was transformed with plasmid pMBI it was able to grow on LB plates 

without exogenous isoprenol, even in the nascence of IPTG (Fig 4.16). This test confirms that 

mevalonate is being produced in vivo at a level that allows for plasmid-based rescue, even 

when no IPTG is added.   

 

The final selection strain we developed, called final-2, represents a robust dead/alive 

selection, contains all genes on a single plasmid, produces mevalonate internally, contains IDI 

to balance IPP/DMAPP ratio, grows in 24 hours, has an undetectable spontaneous reversion 

rate due to the dxs deletion, and requires only 200 µM isoprenol to grow (Fig 4.17).  

 

We next conducted a control experiment to test the ability of the selection strain to be 

rescued with wildtype MMD or MDC. The selection strain (final-2) was transformed with pET28a 

containing MMD from R. castenholzii or MDC from S. cerevisiae. The addition of the un-mutated 

decarboxylase did not rescue growth (the expected result); however IPTG is needed to over-

express the decarboxylase. When growing the selection strain on a high concentration of IPTG, 

we saw a rise in spontaneous mutants after 72 hours (Fig 4.18). This issue could be avoided by 

conducting the screening tests at 10 µM IPTG at which point the rate of spontaneous reversion 

mutants was less than 1 in 43,000 at 72 hours. The SDS-PAGE gel shown in figure 4.19 shows 

that significant MMD is expressed during induction with 10 µM IPTG.  
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Screening mutant libraries to create mevalonate decarboxylase. We created two 

mutant libraries with 106 diversity: a library of R. castenholzii MMD variants and a library of S. 

cerevisiae MDC variants. The mutagenesis library was constructed by Synbio Technologies and 

their protocol is described in the methods section. For MMD, there was an average of 1.5 amino 

acid mutations per protein with 73% of clones having between 1-5 amino acid mutations per 

protein. For MDC, there was an average of 1.7 amino acid mutations per protein with 85% of 

clones having between 1-5 amino acid mutations per protein. In both libraries, distribution of the 

mutations appeared randomly across the 400 amino acids.  

 

Characterization of hits from the selection experiments. Two selection experiments 

were carried out in parallel on LB agar plates containing kanamycin, chloramphenicol, and 10 

µM IPTG (Fig 4.20). Over 600,000 mutants were subjected to our selection for each library (1.2 

million in total). For MMD, there were 27 colonies that gained the ability to grow without 

isoprenol and 1 for MDC. We picked these 28 colonies, mini-prepped the plasmids and 

sequenced the DNA. Only nine out of 28 plasmids contained mutations in the decarboxylase 

gene. We then transformed each of the 9 plasmids coding for mutant decarboxylases into fresh 

final-2 competent cells. Four out of nine plasmids gave the freshly transformed final-2 cells the 

ability to grow without isoprenol. Sequencing upstream of the decarboxylase gene in these four 

plasmids revealed that each of them also contained a mutation in either the lac operator or the 

LacI protein (Table 4.2). It is likely that the upstream mutations cause the decarboxylase to be 

constitutively overexpressed, which in turn allows the cells to grow without isoprenol (essentially 

mimicking the effect of high IPTG in the control experiment (figure 4.18). Next the four mutant 

decarboxylases were expressed in E. coli BL21(DE3) and affinity purified using their his-tags. 

None of the four mutant MMDs showed the ability to produce isoprenol, after 24 hours of 

incubation at 55°C, from mevalonate or mevalonate 3-phosphate. Finally, we tested the ability of 



105 
 

these four mutant decarboxylases as well as wildtype MMD and MDC to produce isoprenol 

when the reaction was supplemented with 1, 10, or 100 mM sodium phosphite in order to take 

the place of the missing phosphate in the active site. No isoprenol production was detected in 

any of these conditions.  

 

Analysis of the selection outcome. While the selection did not result in the generation 

of “mevalonate decarboxylase” we believe the selection platform is not to blame. The false 

positive rate of the selection was 1 out of 43,000 colonies, or 28 colonies out of a total of 

1,200,000 subjected to the selection. Even if only one colony out of 1,200,000 grew that 

contained a true mevalonate decarboxylase, it would be detected under these experimental 

conditions. Assuming the worst case scenario that only 1 specific AA change is able to create 

mevalonate decarboxylase, the probability of this mutation occurring at random would be 1 out 

of 8,000 (400 AA in protein sequence x 19 AA substitutions). At this rate, we would expect to 

see approx. 75 hits per library. Our hit rate was zero. It is likely that a small number of mutations 

(1-2) is not enough to enable these decarboxylases to gain the ability to act on mevalonate. The 

possible reasons are discussed in the conclusion.   

 

4.4 CONCLUSION 

Our inability to mutate M3K, MDD, or MMD to mevalonate decarboxylase suggests that 

one of our core assumptions was incorrect. We assumed that the phosphate attached to 5-OH 

tail of mevalonate was not essential to the enzyme mechanism. A review of the literature and 

our own research provides some support for this theory.  
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A mutagenesis study of S. episodemidis MDC showed that the function of residue S192 

is catalytic (Fig 4.21A, black arrow).18 This was surprising because it sits at the far edge of the 

binding pocket (distant from the known decarboxylation residues) and makes a polar contact to 

the pyrophosphate. S192 is positioned at the base of a large loop, which has been observed in 

both open and closed conformations (Fig. 4.21B, yellow chains).18,19,29 In our most recent 

publication, we show that MMD is not active on its intermediate, mevalonate 3,5-bisphsophate, 

in the absence of ADP, suggesting that the molecule is needed in order to close the loops and 

form the active enzyme-substrate complex.30 We propose that closing of this loop (Fig 4.41B, 

yellow chain) is dependent on invariant S192 making a polar contact to the phosphate group 

attached to mevalonate. Without the polar contact to phosphate, this loop does not close and 

catalysis does not occur. This model explains why S192A is reported as being involved in 

catalysis; S192 likely functions to detect bound substrate and triggers closing of the loop. Re-

designing MMD and MDC in order to allow them to accept mevalonate therefore requires the 

adaptation of two functions simultaneously: (1) mevalonate binding; and (2) creation of an 

alternative way to open and close the loop without S192 contacting the phosphate. Asking the 

enzyme to solve both of these issues simultaneously is likely too tall of an order.  

  

4.5 METHODS 

Materials.  Miller LB media (BD Difco) was used for growth of bacterial strains. E. coli BL21 

Gold (DE3) (Agilent) was used as the host strain for both cloning and expression of recombinant 

proteins.  Plasmid pET28a(+) was purchased from Novagen.  HotStart Taq Mastermix (Denville) 

was used for gene amplification. Phusion DNA polymerase (Finnzymes), Taq DNA ligase 

(MCLab), and T5 Exonuclease (Epicenter) were purchased separately and used to make the 

assembly master mix (AMM) for cloning.  Ni-NTA resin and miniprep regents were purchased 
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from Qiagen.  Primers were synthesized by IDT.  All other chemicals were purchased from 

Sigma Aldrich unless otherwise noted. 

 

Mutagenesis. 100 ng of plasmid containing the gene of interest was subjected to 32 cycles of 

the PCR protocol outlined in the manual of PfuUltra II Fusion HS DNA Polymerase (Agilent Cat. 

No. 600670). 50 µL of the completed PCR reaction was treated with 1 µL DpnI (New England 

Biolabs) for 2 hours at 37°C, and then 3 µL was used to transform 100 µL of E. coli BL21 Gold 

(DE3) cells. Transformants were selected on LB-agar containing 50 µg/mL kanamycin. 

Mutations were verified by sequencing the plasmid using universal primers found upstream and 

downstream of the gene.   

 

Expression and Purification.  All E. coli strains were grown at 37°C in LB-media with 50 

µg/mL kanamycin.  1 L of LB-media was inoculated with 5 mL of overnight starter culture.  

Protein expression was induced during log phase (OD600 0.5-0.8) with 0.5 mM IPTG.  After 20 

hours, cells were pelleted, resuspended in 12 mL of buffer A (50 mM Tris HCl [pH 7.5], 100 mM 

NaCl), lysed by sonication, and cell debris was removed by centrifugation at 30,000xg for 20 

min.  The lysate was mixed with 3 mL of a Ni-NTA slurry and incubated at 4°C with gentle 

mixing.  After 1 hour, the lysate mixture was applied to a column and the Ni-NTA beads were 

washed 3 times with 25 mL buffer A containing 10 mM imidazole.  Protein was then eluted with 

4 mL buffer A containing 250 mM imidazole. 

 

Isoprenol Analysis by GC-FID Assay. A 50 µL sample of IMAC eluate was added to a 150 µL 

reaction mixture consisting of 50 mM bis-tris propane buffer [pH 8.5], 10 mM (R)-mevalonate, 20 

mM ATP, 10 mM KCl, and 5 mM MgCl2. The reaction was incubated for 24 hours at 37°C for 
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MDC variants and 24 hours at 55°C for MMD and M3K variants. The reaction was extracted 

with 200 µL hexanes.  Five µL of the hexanes layer was injected into a HP5890 Series II Gas 

Chromatograph (flame ionization detector) connected to a HP-INNOWAX column (0.320 mm x 

30 m, Agilent). The carrier gas was helium with a flow rate of 5 mL/min. Initial oven temperature 

was set to 70°C for 2 min, followed by a ramp of 20°C/min for 1 min, and finally a ramp at 

50°C/min to a final temperature of 200°C, which was held for 1 min. The inlet was kept at 250°C 

and the detector at 330°C. Isoprenol eluted at 2.98 min and the sample concentration was 

determined by comparison to a standard. In order to test activity of the enzyme variants on 

mevalonate 3-phosphate, 10 µg of mevalonate 3-kinase (Ta1305) was added to the reaction 

mixture and incubated at 55°C for 1 hour prior to adding the IMAC eluate.   

 

M3K Crystallization.  A stock of mutant M3K in 50 mM Tris-HCl [pH 7.5] and 100 mM NaCl 

was concentrated to 10.5 mg/ml using a 30 kDa cutoff Amicon Ultra-15 Centrifugal Filter 

(Millipore).  A broad screen was setup using a 288 drop experiment. Crystals appeared directly 

in the screening tray after a few days at room temperature in a condition containing 0.1 M 

sodium acetate [pH 4.6], 0.2 M ammonium sulfate, and 30% (w/v) PEG 4000 as the reservoir 

solution. Crystals were cryo-protected by a quick soak in a solution consisting of 65% reservoir 

solution, 35% (v/v) glycerol, then flash frozen in a cryogenic nitrogen stream and maintained at 

100 K for data collection.  

 

X-Ray Data Collection and Refinement. X-ray diffraction data for the mutant protein was 

collected to 2.1 Å in-house on a Rigaku FR-E rotating anode X-ray source, using CuKα radiation 

(λ = 1.5418 Å) and an R-AXIS HTC imaging plate detector. Reduction and scaling of data were 
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performed using XDS/XSCALE.31 The structure was solved by molecular replacement using the 

apo structure of mevalonate 3-kinase (PDB: 4RKP) and refined using phenix.refine.32  

 

Construction of pSELECT-03. The selection plasmid was constructed using pJBEI-6409 as a 

parent (30). This plasmid, as well as pMBI, were obtained from the plasmid repository at 

DNASU (Arizona State University) and originated at the Joint Bioenergy Institute. Farnesol 

kinase from Arabidopsis thaliana (Accession: NP_200664.1) was codon optimized and 

synthesized by IDT. IP kinase (Accession: WP_010900530.1) was amplified from 

Thermoplasma acidophilum genomic DNA. The construction was accomplished in two phases: 

(1) deletion of the third operon of pJBEI-6409 and (2) replacement of the second (except IDI) 

with IP kinase and farnesol kinase. The sequence of pJBEI-6409 from the beginning of the 

LacUV5 promoter until the end of HMGR was left intact. All modifications were made using the 

Gibson assembly method.33 The fully annotated plasmid sequence of pSELECT-03 is available 

as a .dna file in the supplement.  

 

Dilution Series for E. coli Survival on Fosmidomycin. We grew the E. coli constructs in LB 

liquid culture overnight and standardized the culture to an OD600 of 0.1. A dilution series was 

made using a 96 well plate. 90 µL of LB was aliquoted into each well and 10 µL of the 0.1 OD 

culture was added to the first well. After mixing, 10 µL of this dilution was added to the next well. 

This 10 fold dilution was repeated 6 times. A multi-channel pipette was used to spot 5 µL of 

each dilution on an LB agar plate containing 50 µM fosmidonycin and 40 mM isoprenol.  

 

Deletion of DXP Synthase via Lambda Red Recombineering. Chemically competent E. coli 

BL21(DE3) was cotransformed pSELECT-03 and the pSIM-6 recombineering plasmid.34 A 
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colony was picked and grown at 30°C to an OD600 of 0.5. The culture was transferred to 37°C 

for 30 min and then 42°C for 30 min to induce protein expression from pSIM-6. The heat-

shocked cells were then made electrocompetent and 1 µg of PCR product was transformed. 

The PCR product was made by amplifying plasmid pKD4 with primers the incorporated the 

flanking the dxs gene of E. coli. The outgrowth phase of the electroporation used TB media 

supplemented with 2% glycerol (v/v) and 40 mM isoprenol. The resulting culture was plated on 

LB-agar with kanamycin and 40 mM isoprenol at 37°C. To remove the kanamycin cassette, the 

strain was made electrocompetent and transformed with plasmid pCP20.35 Outgrowth used TB 

media with 2% glycerol and 40 mM isoprenol. This electroporation reaction was plated on 

ampicillin plates supplemented with 40 mM isoprenol and grown at 30°C. The next day colonies 

were re-streaked on identical plates and grown at 42°C to remove the temperature sensitive 

pCP20 plasmid. The phenotype of the resulting strain was confirmed by streaking on LB plates 

with no drug (no growth), isoprenol (growth), isoprenol + ampicillin (no growth), and isoprenol + 

kanamycin (no growth). 

 

Competent Cell Preparation. The evolved selection strain was prepared fresh for each 

experiment. We found that storing competent cells of final-2 at -80°C severely reduced the 

transformation efficiency from approx. 1x105 (fresh) to 1x102 (frozen). A 5 mL LB culture 

containing 34 µg/mL chloramphenicol and 200 µM isoprenol was inoculated with a glycerol 

stock of final-2 and grown overnight (12 hours) in a test tube rotator at 37°C. The next day, 2 

mLs of the culture was diluted into 50 mL of fresh LB with 34 µg/mL chloramphenicol and 200 

µM isoprenol and grown at 37°C with shaking for approximately 4 hours. When the OD600 

reached 0.5, the culture was put on ice for 15 minutes. The culture was spun down for 10 min at 

3,000g in a pre-chilled centrifuge and the supernatant was removed. The pellet was gently re-

dissolved in 40 mLs of ice cold 0.1 M CaCl2. This was pelleted again at 3,000g for 10 min in a 
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pre-chilled centrifuge. The supernatant was completely removed with a pipette and the pellet 

was gently resuspended in 3 mLs of ice cold 0.1 M CaCl2 and kept on ice. The cells were used 

immediately.  

 

Random Mutagenesis. Random mutagenesis was conducted by Synbiotech Inc (Monmouth 

Junction, NJ). pET28a containing Roseiflexus castenholzii mevalonate monophosphate 

decarboxylase (MMD) or Saccharomyces cerevisiae mevalonate pyrophosphate decarboxylase 

(MDC) inserted between the NdeI and XhoI restriction sites were used as the templates. The 

pET constructs contained an N-terminal his-tag. The following was done by Synbiotech: The 

inserted gene was amplified by PCR using a proprietary polymerase with the following primers 

flanking the gene (forward: GCCTGGTGCCGCGCGGCAGCCATATG and reverse: 

GGATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTTA). Separately, pET28a was cut with 

NdeI and XhoI restriction sites and gel purified. The cut plasmid and mutated insert were 

combined using Gibson assembly. The assembly reaction was electroporated into E. coli and 

plated on LB plates with kanamycin. A dilution of the transformation showed there were over 106 

individual transformants. 48 individual colonies were sequenced for each library using the 

universal T7 promoter and T7 terminator primers. For the plate calculated to have 106 colonies, 

the surface of the agar plate was scraped to collect all the colonies. They were grown in LB-kan 

and miniprepped to yield 20 µg of plasmid. The plasmid was lyophilized and sent to UCLA.  

 

Transformation into Selection Strain. To 50 µL of these competent cells, we added 1 µL of 

plasmid DNA (70 ng/µL). This was mixed by flicking the tube and putting the mixture on ice for 

30 min. This was followed by a 42 second heat shock at 42°C, followed by 2 minutes on ice. To 

each 1.5mL tube we added 1 mL of SOC media supplemented with 1 mM isoprenol. This was 

placed in the 37°C shaker for 45 min for the outgrowth phase. The tubes were spun down and 
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the supernatant (SOC with 1 mM isoprenol) was completely removed. The pellet was re-

suspended in 200uL of LB and the entire amount was plated onto an LB plate containing 34 

µg/mL chloramphenicol, 10 mM IPTG, and 50 µg/mL kanamycin. 

 

Selection. 50 tubes each containing 50 µL of competent final-2 cells were mixed with 1 µL of 

the mutated plasmid library stock prepared by Synbio tech (70 ng/µL). Each tube was 

individually transformed using the method above. An additional 3 transformations were included 

in parallel which used un-mutated plasmid stock to determine the background mutation rate. A 

control plate received a 1/10 dilution of cells and contained isoprenol and kanamycin which 

selected only for the addition of the plasmid and allowed us to calculate how many mutants 

were screened in the experiment. Each plate screened 4000 mutants. The plates were 

incubated at 37°C for 5 days and checked daily. Colonies were picked, mini-prepped, 

sequenced, and re-transformed to determine if the ability to grow without isoprenol 

supplementation travels with the plasmid.  
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FIGURE 4.1.  Mevalonate pathways.  Eukaryotes use the pathway shown in black. Archaea use 

the same pathway up until mevalonate 5-phosphate then follow the blue pathway. Extreme 

acidophiles of the archaeal order thermoplasmatales use the red pathway after mevalonate.     
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FIGURE 4.2. Reaction scheme for mevalonate pathway enzymes. (A.) The reaction scheme for 

mevalonate 3-kinase. (B.) The reaction scheme for mevalonate pyrophosphate decarboxylase 

(C.) The reaction scheme for mevalonate monophosphate decarboxylase. The moiety 

connected to carbon 5 of mevalonate is highlighted in red. M3K does not decarboxylate 

mevalonate 3-phosphate into isoprenol (shown in grey). Such is the goal of this work.   
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FIGURE 4.3 Catalytic residues of S. epidermidis mevalonate pyrophosphate decarboxylase 

(PDB: 4DU7). All MDCs characterized to date contain the aspartate, lysine, and arginine in the 

orientations shown here. 
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FIGURE 4.4 Adding decarboxylation residues to mevalonate 3-kinase. (A.) The active site of 

wildtype M3K (PBD: 4RKP) (B.) The two mutations shown (T275D and L18K) were modelled 

with PyMOL and introduced into M3K by site-directed mutagenesis in order to introduce 

decarboxylase activity.  

 

 

 

FIGURE 4.5 Orientation of T275D and L18K in the M3K double mutant. (A.) The actual 

orientation of the aspartate and lysine in the T275D/L18K mutant of M3K as seen in our crystal 

structure. (B.) The active site of S. epidermidis MDC is shown with the residues surrounding the 

Asp/Llys pair in grey. The proposed mutations to correctly orient the Asp/Lys sidechains in M3K 

are shown in stick representation and labelled in black.  
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FIGURE 4.6 Adding residues that bind mevalonate to mevalonate pyrophosphate 

decarboxylase (MDC). (A.) The active site of MDC from S. epidermidis (PDB: 4DU7) with 

mevalonate modeled into the active site. (B.) The S. epidermidis MDC active site with residues 

from M3K modeled in the active site (yellow). 
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FIGURE 4.7 SDS-PAGE analysis of MDC mutants. The MDC variant containing all six 

mutations for binding mevalonate (Y19L, K22I, G154E, N28R, T209D, M212H) was insoluble. 

We made single mutations reverting each of the introduced mutations to wildtype residues. (L) 

is protein ladder and the numbers 1-6 correspond to reverting the Y19L, K22I, G154E, N28R, 

T209D, and M212H mutations, respectively. Only when G154E (lane 3) is reverted to glycine 

does the enzyme become soluble.   
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FIGURE 4.8 Structural superposition of MMD with M3K with substrate binding residues shown 

in stick representation. Substrate binding residues of M3K are shown in yellow and the residues 

of MMD are shown in magenta. The substrate binding site of M3K can be mimicked in MMD 

with only two mutations: G202D and Y74L (PDBs: 4RKP and MMD PHYRE model). 
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FIGURE 4.9 Alternative variants of Roseiflexus castenholzii MMD. Y74 was mutated to Ala, Leu 

or Phe, and T255 was mutated to Glu, Asp, or Ser. None of these mutants were active on 

mevalonate. (MMD PHYRE model shown). 
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FIGURE 4.10. Michaelis-Menten plot for the activity of E. coli hydroxyethylthiazole kinase on 

isoprenol as measured by ATP consumption in a coupled assay.  
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FIGURE 4.11. Farnesol kinase and IP Kinase allow E. coli to utilize isoprenol. Seven E. coli 

constructs were plated horizontally in a dilution series on an LB-agar plate containing 50 µM 

fosmidomycin, 40 mM isoprenol, and 50 µM IPTG. When IP kinase and farnesol kinase were 

combined, the strain was able to grow in the presence of the fosmidomycin antibiotic due to its 

utilization of the exogenous isoprenol.  

 

 

FIGURE 4.12 Schematic of selection plasmid. Plasmid pSELECT-03 (bottom) was constructed 

by first deleting the third operon from plasmid pJBEI-6409 (green), and then replacing most of 

the second operon (black), with farnesol kinase and IP kinase (red). 
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FIGURE 4.13. Growth of E. coli strain containing plasmid pSELECT-03. This strain did not grow 

on LB-fosmidomycin plates with no isoprenol (left side), however robust growth was observed in 

24 hours when the plate was supplemented with 40 mM isoprenol (right side).  

 

 

FIGURE 4.14.  Directed evolution of selection strain. E. coli BL21(DE3) Δdxs pSELECT-03 was 

subcultured in decreasing concentrations of isoprenol. Serial dilutions are shown in horizontal 

rows for each strain grown at various concentrations of isoprenol. The unevolved strain could 

not grow below 20 mM isoprenol, however after 30 rounds sub-culturing it could grow at 1 mM 

isoprenol.  
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FIGURE 4.15. The final selection strain. The selection strain final-2 is E. coli BL21(DE3) Δdxs 

pSELECT-03 evolved to require only 200 µM exogenous isoprenol to grow to large colonies in 

24. In this image final-2 is shown growing on plates containing 250 µM isoprenol.  
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FIGURE 4.16. Rescue with plasmid pMBI. When the selection strain (final-2) is transformed with 

plasmid pBMI (which converts mevalonate to IPP) it gains the ability to grow on LB without 

isoprenol (left side). When final-2 is transformed with H2O instead of pMBI, it cannot grow (right 

side). There was no IPTG used in this experiment. 
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FIGURE 4.17. Selection strain schematic. The selection strain (final-2) contains a deletion in the 

dxs gene which blocks endogenous IPP production. The pSELECT-03 plasmid contains the 

artificial pathway shown here. It produces mevalonate (black) and utilize isoprenol (red). The 

creation of mevalonate decarboxylase would complete the step shown in the red square. 
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FIGURE 4.18. Titration of IPTG into the selection strain (final-2) containing wild type 

decarboxylases. When final-2 is transformed with wildtype decarboxylase and plated on LB 

plates with chloramphenicol, there is no detectable growth. If IPTG is added to the plate media, 

rescue with the native MMD occurs above 20 µM IPTG and rescue with native MDC occurs at 

100 µM IPTG. To avoid this issue the selection was conducted at 10 µM IPTG. 
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FIGURE 4.19. MMD expression at various IPTG concentrations. In this expression test, final-2 

was grown in LB liquid culture with chloramphenicol, kanamycin, 200 µM isoprenol, and IPTG 

(concentration  indicated across the top). Significant levels of MMD (black arrow) are produced 

at 10 µM IPTG. The cultures were sonicated, heated at 60°C for 1 hour, and spun down prior to 

running gel to remove background of E. coli proteins (MMD is stable at 60°C).  
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FIGURE 4.20. Selection strategy. MMD and MDC were genetically mutated using error prone 

PCR. The resulting plasmid library was transformed into the final-2 selection strain and plated 

on LB-agar plates with chloramphenicol and kanamycin. Any colonies that grew were picked, 

mini-prepped, sequenced, and isolated plasmids were re-transformed into fresh final-2 cells. 
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FIGURE 4.21. Proposed mechanism that requires a 5-phosphate moiety. The active site of S. 

epidermidis MDC (PDB: 4DU7) is overlayed with Legionella pneumophila MDC (PDB: 3LTO). 

Serine 192 is shown making a polar contact to the pyrophosphate group of mevalonate 

pyrophosphate. Two loops bordering the active site are highlighted in yellow and purple. The 

purple loop is known to clamp down when ATP is bound, and the active confirmation of the 

yellow loop is known to face inwards.11,19  We believe a polar contact via S192 to the 5-

pyrophosphate moiety is required for closure of the yellow loop and activation of the enzyme. 
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ID Mutations Generation Soluble? Activity 

A. Mevalonate 3-Kinase Variants (M3K) 

1 wildtype - Y N.D. 

2 L18K 1 Y N.D. 

3 T275D 1 Y N.D. 

4 L18K, T275D 1 Y N.D. 

5 L18K, T275D, G26S 1 Y N.D. 

6 L18K, T275D, I273T 1 Y N.D. 

7 L18K, T275D, Y281K 1 Y N.D. 

B. Mevalonate Pyrophosphate  Decarboxylase Variants (MDC) 

8 wildtype - Y N.D. 

9 M212H 1 Y N.D. 

10 Y19L 1 Y N.D. 

11 G154E 1 Y N.D. 

12 N28R 1 Y N.D. 

13 K22I 1 Y N.D. 

14 T209D 1 Y N.D. 

15 Y19L, K22I, N28R, G154E, T209D, M212H 1 N N.D. 

16 Y19L, K22I, N28R, G154E, T209D 2 N N.D. 

17 Y19L, K22I, N28R, G154E,               M212H 2 N N.D. 

18 Y19L, K22I, N28R,               T209D, M212H 2 Y N.D. 

19 Y19L, K22I,             G154E, T209D, M212H 2 N N.D. 

20 Y19L,           N28R, G154E, T209D, M212H 2 N N.D. 

21            K22I, N28R, G154E, T209D, M212H 2 N N.D. 

22 G154E, Y19L 3 N N.D. 

23 G154, Y19A 3 Y N.D. 

24 G154E, N28R 3 Y N.D. 

25 G154E, Y19A, N28R 3 N N.D. 

26 G154E, Y19L, N28R 3 N N.D. 

27 G154E, M212H 3 Y N.D. 

28 G154E, Y19A, M212H 3 Y N.D. 

29 G154E, Y19L, M212H 3 N N.D. 

30 G154E, Y19L, K22I, N28R, 3 N N.D. 

C. Mevalonate Monophosphate  Decarboxylase Variants (MMD) 

31 wildtype - Y N.D. 

32 Y74L, G202E 1 Y N.D. 

33 Y74L, G202D 1 Y N.D. 

34 Y74A, G202E 1 Y N.D. 

35 Y74A, G202D 1 Y N.D. 

36 G202D 1 Y N.D. 

37 G202E 1 Y N.D. 

38 Y74L 1 Y N.D. 

39 Y74A 1 Y N.D. 

40 Y74F 1 Y N.D. 

41 T255S 2 Y N.D. 

42 T255D 2 Y N.D. 

43 T255E 2 Y N.D. 

44 Y74D 2 Y N.D. 

45 Y74E 2 Y N.D. 
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Table 4.1.  Enzyme variants generated to convert mevalonate to isoprenol. (A.) variants of 

mevalonate 3-kinase (M3K). (B.) variants of mevalonate pyrophosphate decarboxylase (MDC) 

(C.) variants of mevalonate monophosphate decarboxylase (MMD). Protein solubility is marked 

as either yes (Y) or no (N). Activity on mevalonate or mevalonate 3-phosphate was not detected 

(N.D.) for any sample.    

 

 

Mevalonate Monophosphate  Decarboxylase Selection Hits 

Hit Number Upstream Mutations MMD Mutations Soluble? Activity 

1 LacI S97L A36T, A401E Y N.D. 

2 Lac Operator G5011A R39C Y N.D. 

3 LacI R294C A142V, H223Y Y N.D. 

4 Lac Operator G5011A R39C Y N.D. 

 

Table 4.2. Decarboxylase variants. The selection experiments yielded 4 plasmids which 

conferred the ability to grow without isoprenol. Each contained both a mutation upstream of the 

decarboxylase and a mutation in the decarboxylase. All four were tested in vitro and did not 

show any activity on mevalonate or mevalonate 3-phosphate.  
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CHAPTER 5 

 

 

A Novel Protein Co-Expression Technology Using Thermosomes and Prefoldins 
 

 

 

5.1  ABSTRACT 

 Production of recombinant proteins in E. coli is one of the cornerstones of modern 

synthetic biology. The ability to quickly and cheaply produce milligram quantities of soluble 

protein is often essential for crystallographic and biochemical studies. However, it is a common 

occurrence for recombinant proteins to suffer from low or no soluble expression due to 

misfolding or aggregation. Here we demonstrate for the first time a method of solubilizing 

recombinant proteins using an archaeal chaperone system composed of thermosomes and 

prefoldins. First we show that an archaeal enzyme, mevalonate 3,5-bisphosphate 

decarboxylase (MBD) is completely inactive when expressed on its own, however co-expression 

with thermosomes and prefoldins produces active MBD. The level of activity is ~30 times higher 

than co-expression with the GroEL/GroES chaperone system. We expanded the analysis 

beyond our model protein by testing MBD homologs. Soluble expression of four out of five 

homologs were improved with the thermosome co-expression system. Collaborators are now 

evaluating our system on a test set of 48 poorly expressing human and archaeal proteins to 

determine if it can be used as a general strategy to quickly and efficiently produce soluble 

recombinant proteins in E. coli.  
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 5.2 INTRODUCTION 

 Expressing soluble protein in a model organism like E. coli has become the most 

common method for producing large quantities of pure protein for scientific research.1,2 While 

the majority of recombinant proteins can be produced in soluble form using E. coli, a significant 

proportion of these targets misfold, aggregate, or form insoluble inclusion bodies.3,4 There are 

dozens of methods that can help researchers express recombinant proteins more efficiently to 

increase yield and stability. Traditional methods include varying expression time, temperature, 

and amount of inducing agent added to the cultures (typically IPTG, isopropyl β-D-1-

thiogalactopyranoside).2 For more difficult targets, the protein of interest can be fused to a 

solubilization tag like maltose binding protein, an export signal can be appended to the 

sequence to send the protein to the periplasm, the target protein can be expressed in an 

engineered E. coli strain optimized for production of toxic proteins, or the recombinant protein 

can be co-expressed with molecular chaperones.5–10  

 

 All known organisms contain molecular chaperones, proteins that assist in protein 

folding.11 Chaperones are often called Hsp proteins (heat shock proteins) since they are over-

expressed when the organism is grown at high temperature. The most well studied chaperone 

system is the GroEL/ES system of E. coli.12,13 The GroEL/ES complex is a large cage-like 

structure made up of two stacked rings of GroEL proteins (57 kDa each). Unfolded polypeptide 

binds to the hydrophobic residues on the outer rim of the cage, then ATP binding induces 

conformational change, which is followed by the binding of a lid on the GroEL ring (Fig. 5.1A-B). 

The lid is composed of a 6-8 subunits of GroES proteins. Upon attachment of the lid, the 

unfolded protein enters the cage of the GroEL/ES complex. Inside the cage is where the 

physical constraints and unique environment promotes correct protein folding. After the protein 

has folded correctly, ADP is released, the GroES lid detaches, and the correctly folded protein is 
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released (Fig. 5.1D-E).12,13 Numerous studies have shown that over-expressing GroEL/ES 

improves the yield of soluble recombinant protein and in some cases solubilizes proteins that 

cannot otherwise fold properly.8–10,14,15 

 

GroEL/ES is an example of a group I chaperonin and is found in bacteria. Archaea and 

eukaryotes use a similar system based on group II chaperonins.16 While both systems use a 

cage to trap unfolded proteins and promote proper folding inside a large complex, the properties 

and mechanism of group I and group II chaperonins are quite different (Fig 5.2). The eukaryotic 

analog of GroEL/ES, called the TCP-1 ring complex (TRiC), uses a cage composed of 8 unique 

proteins and is required to fold actin and tubulin.17 In archaea, the GroEL/ES analog is called a 

thermosome and the cage is made up of six proteins, most often three α and three β subunits.18 

The main difference between the chaperonin systems is that group I uses a separate protein as 

a lid (GroES), while group II have a built in lid (Fig 5.2A-B). Binding of the lid in group I 

chaperonins causes expansion of the cage, while closing of the built-in lid in group II 

chaperonins causes constriction of the cage. The chaperonins also contain different surface 

properties in their cages. The charged residues in the GroES cage are largely negatively 

charged, while the cavities in eukaryotic and archaeal chaperonins are largely positively 

charged (Fig. 5.2C-D). Additionally, the cavity of the thermosome is significantly more 

hydrophilic than that of its bacterial and eukaryotic counterparts (Fig 5.2E-F).19 

 

One final difference is that group II chaperonins use prefoldins to deliver unfolded 

proteins to the cage, while bacteria do not contain a prefoldin homolog.20 Prefoldins are small 

hexameric proteins with long α-helices dangling from a core structural element thus resembling 

tentacles.21 It functions as a transfer protein, binding unfolded proteins like actin and tubulin and 
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delivering them to the thermosome or TCP-1 ring complex. It does not use chemical energy and 

only binds unfolded protein.20 

 

In this study, we show that co-expressing archaeal thermosomes and prefoldins in 

conjunction with the recombinant protein of interest improves the yield of soluble recombinant 

protein. We first establish this on a single model protein, mevalonate 3,5-bisphosphate 

decarboxylase (MBD), from Thermoplasma acidohpilum.22 We show that T. acidophilum MBD 

becomes active when co-expressed with thermosomes and prefoldins from Ferroplasma 

acidarmanus. We then expand the study to show that the method improves soluble protein 

expression in 4 out of 5 MBD homologs. Through a collaboration, we are now evaluating the 

ability of our system to be used with other recombinant targets by co-expressing thermosomes 

and prefoldins with a test set of 48 poorly expressing human and archaeal proteins. 

 

5.3 RESULTS AND DISCUSSION 

Recombinant mevalonate 3,5-bisphsophate decarboxylase co-purifies with GroEL 

and GroES. In our previous publication, we were unable to express T. acidophilum mevalonate 

3,5-bisphsophate decarboxylase (MBD) in the soluble fraction of E. coli lysate using standard 

molecular biology expression conditions.2 We tried numerous techniques to produce soluble 

protein including varying induction parameters, in vitro expression, refolding kits, periplasmic 

export, and various solubility tags. We only saw MBD on an SDS-PAGE gel when a truncated 

version was co-expressed with GroEL/ES (Fig 5.3). The band for truncated MBD was seen at 

the expected molecular weight of ~47 kDa on an SDS-PAGE gel, however, there were two 

larger bands present in the affinity purified fraction at around 57 kDa and 10 kDa, which 

correspond to GroEL and GroES respectively.   
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This was particularly striking since neither GroEL nor GroES were his-tagged. We 

hypothesized that misfolded MBD was binding GroEL at the rim of the cage, so when MBD was 

purified by its N-terminal his-tag, the GroEL protein was co-purified (For example see Fig 5.1C). 

Since GroEL forms a double ring with 14 identical subunits, we should expect about 14 times 

the amount of GroEL on the gel. Additionally, we saw a band for GroES (the lid protein) which 

can be explained by the fact that GroEL forms two back-to-back cages, and while one side is 

bound to MBD, the other side could be associated with GroES. Our data suggested that 

GroEL/ES interacts with truncated MBD, but GroEL/ES could not properly fold the target protein.   

 

MBD is produced in soluble form when co-expressed with thermosomes and 

prefoldins. Since MBD is an archaeal protein, we hypothesized that co-expressing it with the 

archaeal equivalent of GroEL/ES could increase the yield of active protein. To test this 

hypothesis, we modified two commercially available chaperone plasmids (pGro7 and pG-KJE8) 

which express bacterial GroEL/ES and/or DnaKJE, to instead express archaeal thermosomes 

and prefoldins (Fig 5.4).15  We simply swapped out the chaperone genes present in pGro7 and 

pG-KJE8 with genes encoding the α and β subunits of thermosomes and prefoldins from either 

Thermoplasma acidophilum or Ferroplasma acidarmanus. A total of 12 plasmid variations were 

constructed that express thermosomes only, prefoldins only, both together, and archaeal 

chaperones expressed in conjunction with DnaKJE.15 The 12 plasmids are listed in table 5.1 

and figure 5.5 shows the expression of chaperones from the constructed plasmids to confirm 

they function properly. All proteins expressed in soluble form except for prefoldin from 

Thermoplasma acidophilum. 
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Next, his-tagged MBD was co-expressed with each of the 12 plasmids, affinity purified, 

and the IMAC eluates were subjected to our GC-FID assay to test for decarboxylase activity. As 

shown in figure 5.6, co-expressing MBD with thermosomes and prefoldins from Ferroplasma 

acidarmanus (plasmid 10) yielded ~30X the decarboxylase activity as the GroEL/ES system, 

however a band for MBD was not visible by SDS-PAGE (Fig. 5.7). We believed this is because 

the amount of soluble MBD produced was insufficient to be visualized on a gel. 

 

Co-expression with thermosomes and prefoldins improve soluble protein yield in 

4 out of 5 MBD homologs. Next we tested if plasmid 10 can improve soluble expression of 

MBD homologs from 5 different organisms. The organisms were as follows (sequence identify 

compared to the Thermoplasma acidophilum MBD is shown in parenthesis): Acidiplasma sp. 

MBA-1 (68%), Thermoplasma volcanium (63%), Ferroplasma sp. Type II (50%), Ferroplasma 

acidarmanus (48%), and Picrophilus torridus (40%). By co-expressing these MBD homologs 

with plasmid 10, we were able to improve active protein yield in 4 out of 5 homologs (Fig 5.8).  

 

Three MBD homologs (Ferroplasma acidarmanus, Ferroplasma sp. Type II, and 

Acidiplasma sp. MBA-1) were completely inactive when expressed without chaperone, however 

strong activity was detected in the respective IMAC eluates when co-expressed with plasmid 10 

(Fig 5.8). Most significantly, we were able to clearly see bands appear on an SDS-PAGE gel for 

the purified MBD homologs from Acidiplasma sp. MBA-1, Thermoplasma volcanium, and 

Ferroplasma sp. Type II (Fig 5.8, black arrows). The only protein which was not improved by 

plasmid 10 was the P. torridus homolog. The reason for this is unclear.  
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Soluble expression of MBD from Acidiplasma MBA-1 is greatly improved when 

thermosomes and prefoldins are expressed together. We determined if the improved 

expression of recombinant protein in the presence of plasmid 10 was due to the action of the 

thermosomes, the prefoldins, or both expressed together. We co-expressed MBD from 

Acidiplasma MBA-1 with plasmid 10 under different induction conditions which induced 

thermosomes only (tetracycline), prefoldin only (arabinose) or both together (arabinose and 

tetracycline). As show in figure 5.10, a band corresponding to MBD was visible when 

thermosomes or prefoldins were expressed alone, however induction of both chaperones 

together produced a much larger band. This data suggests that the ability for plasmid 10 to 

promote production of soluble protein in the case of Acidiplasma sp. MBA-1 MBD is due largely 

to the thermosomes and prefoldins working together (Fig 5.9).  

 

5.4 FUTURE DIRECTIONS 

Collaborators in the UCLA Protein Expression Technology Center (PETC) will evaluate 

the potential of this system to be used as a general strategy for producing soluble recombinant 

proteins. PETC will test our system on a subset of 48 archaeal and eukaryotic proteins, which 

were previously scored by the Northeast Structural Genomics Consortium (NESG) as either 

insoluble or very poorly soluble (Table 5.2 and 5.3).23 If a significant number of proteins from the 

test set become soluble, our novel method could be widely implemented by researchers and 

industry allowing the study of previously unobtainable proteins. 

 

5.5 METHODS 

General Materials.  Miller LB media (Gentrox) was used for growth of bacterial strains. E. coli 

BL21(DE3) (Lucigen) was used as the host strain for both cloning and expression of 
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recombinant proteins.  Plasmid pET28a(+) was purchased from Novagen. Phusion DNA 

polymerase (Finnzymes), Taq DNA ligase (MCLab), and T5 Exonuclease (Epicenter) were 

purchased separately and used to make the assembly master mix (AMM) used for cloning.  

Talon metal affinity resin was purchased from Clontech. Primers were synthesized by IDT.  All 

other chemicals were purchased from Sigma Aldrich unless otherwise noted. 

 

Existing plasmids. The plasmid expressing truncated T. acidophilum MBD was obtained from 

the DNASU plasmid repository at Arizona State University (Catalog No. TaCD00532176). 

Plasmid pBB541 was obtained from addgene (Catalog No: 27394). Plasmids pGro7 and pG-

KJE8 were purchased from Takara Bioscience. 

 

Construction of plasmids expressing MBDs. All MBD homologs were codon optimized and 

synthesized by IDT. The protein sequences corresponding to the following NCBI accession 

numbers were used for each homolog: T. acidophilum (WP_010901303.1), T. volcanium 

(WP_010916684.1), P. torridus (WP_010917040.1), F. acidarmanus (WP_009887850.1), F. sp. 

Type II (EQB73519.1), and A. sp. MBA-1 (WP_048100791.1). The DNA sequence of each 

homolog was inserted between the NdeI and XhoI sites of the pET28a(+) vector, which allowed 

for the addition of an N-terminal 6xHis tag. This was accomplished using Gibson assembly.24 In 

brief, the gene to be inserted was synthesized with an extra 25 base-pairs complementary to the 

pET28a(+) vector at the NdeI and XhoI sites. 30 ng of synthesized DNA was mixed with 10 ng 

of pET28a(+) digested with NdeI and XhoI and 10 µL of 1X Gibson assembly mix.  After 

incubation at 50ºC for 2 hrs, 5 µL was used to transform E. coli BL21(DE3) and transformants 

were selected on LB-agar plates containing 50 µg/mL kanamycin.  
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Construction of plasmids 1-12. Plasmids expressing thermosomes and prefoldins were 

constructed using Gibson assembly by modifying plasmids pGro7 and pG-KJE8 (23). Only the 

chaperone genes within the araB and tet operons of pGro7 and pG-KJE8 were changed. The 

NCBI accession numbers for the prefoldins and thermosomes used in this study are as follows: 

T. acidophilum prefoldin α subunit (WP_010901487), T. acidophilum prefoldin β subunit 

(WP_010901545), T. acidophilum thermosome α subunit (CAC12109), T. acidophilum 

thermosome β subunit (WP_010901684), F. acidarmanus prefoldin α subunit (WP_009887419), 

F. acidarmanus prefoldin β subunit (WP_009886466), F. acidarmanus thermosome α subunit 

(WP_019841453), F. acidarmanus thermosome β subunit (WP_009886573). Codon optimized 

DNA sequences corresponding to these chaperones were synthesized by IDT. They were 

inserted into pGro7 and pG-KJE8 in place of the existing chaperones between the ATG start 

and TAA stop codons using Gibson assembly.24 All plasmid sequences used in this study are 

available as fully annotated .dna files in the supplemental material. 

 

Expression and Purification.  All E. coli strains expressing MBD homologs were grown at 

37ºC in LB-media with 50 µg/mL kanamycin and 34 µg/mL chloramphenicol when appropriate. 

100 mL of LB-media was inoculated with 5 mL of overnight starter culture.  Chaperone 

expression was induced during late log phase (OD600 ~0.7) by the addition of 0.2% w/v L-

arabinose and/or 10 ng/mL tetracycline. After 1 hour of incubation, expression of MBD 

homologs was induced by the addition of 0.5 mM IPTG.  After 16 hours, cells were pelleted, 

resuspended in 1 mL of buffer A (50 mM bis-tirs propane [pH 7.0], 200 mM NaCl), lysed by 

sonication, and cell debris was removed by centrifugation at 5,000xg for 15 min.  The lysate was 

mixed with 200 µL of a Talon affinity resin slurry and incubated at 4°C with gentle mixing.  After 

15 min, the lysate mixture was pelleted and washed 3 times with 1 mL buffer A containing 5 mM 

imidazole. The talon resin was again pelleted, but this time resuspended in 200 µL buffer A 
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containing 300 mM imidazole, vortexed, and then pelleted. The supernatant could be used 

directly in the GC-FID assay below or analyzed by SDS-PAGE. 

 

GC-FID Decarboxylase Assay. A 40 µL sample of IMAC eluate was added to a 200 µL 

reaction mixture consisting of 10 mM (R)-mevalonate, 20 mM ATP, 10 mM MgCl2, 100 mM 

NaCl, 5 µg mevalonate 3-kinase (Ta1305), and 15 µg mevalonate-3-phosphate-5-kinase 

(Ta0762). The reaction was incubated for 24 hours at 55°C for testing MBD homologs from P. 

torridus, T. volcanium, and T. acidophilum. The reaction was incubated at 37C° for all other 

homologs. Any generated isopentenyl phosphate was then hydrolyzed into isoprenol and free 

phosphate by adding 100 µL of 1 M bis-tris propane [pH 8.75], followed by 30 U of alkaline 

phosphatase from bovine intestinal mucosa (NEB).  After incubation at 37°C for 2 hours, the 

reaction was extracted with 200 µL n-hexanes.  5 µL of the n-hexane layer was injected into a 

HP5890 Series II Gas Chromatograph (flame ionization detector) connected to a HP-INNOWAX 

column (0.320 mm x 30 m, Agilent). The carrier gas was helium with a flow rate of 5 mL/min.  

The oven temperature was kept at 50°C for 2 min, then raised to 100°C at 10°C/min,  then 

ramped to 250°C at 25°C/min, and finally held at 250°C for 2 min.  The inlet and detector 

temperatures were kept at 250 and 330°C respectively. Isoprenol eluted at 6.44 min and the 

sample concentration was determined by comparison to an authentic standard.  

 

SDS-PAGE. 10 µL of IMAC eluate was diluted in buffer A containing 300 mM imidazole to yield 

a protein concentration of 1 mg/mL. 10 µL of this diluted Ni-NTA eluate was mixed with 5 µL of 

4X SDS-PAGE loading dye containing 10 mM β-mercaptoethanol, vortexed, and heated to 96°C 

for 3 minutes. 10 µL of this solution was loaded onto a 4-20% PAGE gel from Genscript. The gel 

was run in MOPS buffer at room temperature at 120V for 60 min and stained overnight with 
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Instant Blue Stain (Expedeon). To reduce background when trying to detect low levels of MBD, 

the protein solution was headed to 60°C for 1 hour then spun down prior to mixing with loading 

dye in order to precipitate E. coli proteins. 

 

Induction test of plasmids 1-12. E. coli BL21(DE3) harboring each of the 12 plasmids was 

inoculated in 5 mL of LB with 34 µg/mL chloramphenicol. When the OD600 reached 

approximately 0.7, inducer was added as follows: 0.2% w/v L-arabinose and/or 10 ng/mL 

tetracycline. After induction, cultures were incubated for 20 hours at 37°C in a rotator spinning at 

60 rpm. 1 mL of the culture was spun down at 10,000g. The supernatant was removed and the 

pellet was resuspended in 200 µL buffer A (50 mM bis-tirs propane [pH 7.0], 200 mM NaCl). 

The resulting solution was sonicated on ice using a sonic dismembrator 550 (Fisher Scientific) 

equipped with a microtip. The sample was spun down at 10,000g and the supernatant was 

diluted 10 fold before analyzed by SDS-PAGE. E. coli containing no chaperone plasmid served 

as the control.  

 

Differential expression using plasmid 10. A glycerol stock of E. coli BL21(DE3) harboring 

plasmid 10 and the recombinant protein of interest was inoculated in 20 mL of LB with 34 µg/mL 

chloramphenicol and 50 µg/mL kanamycin. The following day 5 mL of this overnight culture was 

inoculated into each of four 1 L baffled flasks containing LB with the same antibiotics. When the 

OD600 reached approximately 0.7 we induced the chaperones: the first flask received 0.2% w/v 

L-arabinose, the second received 10 ng/mL of tetracycline, the third received 0.2% w/v L-

arabinose and 10 ng/mL of tetracycline, and the fourth flask received no inducer. After 1 hour at 

37°C, IPTG was added to a final concentration of 0.5 mM. Cultures were incubated for 20 hours 

at 37°C in a rotator spinning at 190 rpm. Cultures were spun down and the cell pellet was 
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resuspended in 5 mLs of buffer A (50 mM bis-tirs propane [pH 7.0], 200 mM NaCl), and 

processed identically as described in the expression and purification section above. 

 

Selection of 48 test proteins. We selected a test set of 24 eukaryotic and 24 archaeal proteins 

from an initial list of 7,354 protein constructs with known expression characteristics. NESG has 

previously scored these 7,354 protein constructs for expression and solubility on a qualitative 

scale of 0-5.23 The expression score was based on the size of the band observed via SDS-

PAGE analysis of the total cell lysate and solubility score was based on the size of the band 

observed via SDS-PAGE analysis of the soluble fraction. We filtered the list to include only 

eukaryotic and archaeal proteins that express well (expression score: 4 or 5) but are poorly 

soluble (solubility score: 0 or 1). These constraints brought the total number of proteins to 236 

(majority of the list was bacterial proteins). From this subset, we eliminated all proteins identified 

as hypothetical, proteins suspected to bind an unusual co-factor (Ex. Fe-S clusters), insoluble 

partial sequences, and subunits of hetero-oligomeric complexes. This was done via manual 

inspection of each NCBI entry. This step brought the total to 71 eligible proteins. From this 

subset, we eliminated suspected membrane proteins and proteins containing export signal 

peptides by submitting each protein sequence to Protter and manually inspected each graphical 

output.25 5 proteins were eliminated using Protter. Next we submitted each protein sequence to 

PrDOS, the Protein DisOrder prediction System, which predicts natively disordered regions in 

proteins.26 This step eliminated 10 proteins, which brought the total eligible candidates to 56. 

Finally, eight were eliminated at random to yield the 48 protein test set. The plasmids 

corresponding to these 48 proteins were obtained from DNASU.       
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FIGURE 5.1 Review of the GroEL/ES mechanism. (A.) GroEL proteins form two back-to-back 

cages and the rim of the cage binds unfolded protein. (B.) Upon binding of ATP and the GroES 

cap, the unfolded protein enters the cage. (C.) ATP is hydrolyzed to ADP, which reduces the 

affinity of the GroES cap to the GroEL cage. (D.)  The GroES cap dissociates when the opposite 

side binds ATP. (E.) The folded protein is released and the cycle repeats. A version of this 

figure originally appeared in Current Opinion in Structural Biology and it has been reprinted with 

permission from Elsevier (License No. 4112191036680).27 
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FIGURE 5.2 Structural comparison of GroEL/ES and the thermosome. (A.) Structure of 

GroEL/ES with the GroES cap shown in purple. (B.) Structure of the thermosome from 

Thermoplasma acidophilum. (C, D.) Charged residues lining the inside of the two chaperonins 

are highlighted where red is negatively charged and blue is positively charged. (E., F.) 

Hydrophobic residues lining the cages of the two chaperonins are shown in yellow. Panels C-F 

are reprinted here as per PNAS’s permissions policy. © 2009 National Academies of Science.19  
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FIGURE 5.3. SDS-PAGE gel of truncated T. acidophilum MBD (Ta0893) co-expressed with 

GroEL/ES. His-tagged MBD with a 30 AA truncation on the N-terminus was co-expressed with 

GroEL/ES (plasmid pBB541). The recombinant protein was purified using standard affinity 

chromatography procedure and then heated to 60°C for 1 hour to remove E. coli proteins (MBD 

is thermostable). This IMAC eluate was run on an SDS-PAGE gel. The left side shows a 

standard protein ladder in kilodaltons (kDa). 

 

 

 

 

 



152 
 

 

 

FIGURE 5.4. Map of Takara parent plasmids used in this work. The plasmids were modified by 

replacing the chaperone genes shown blue and red, with thermosomes and prefoldins. Table 

5.1 lists the various derivatives constructed from these parent plasmids. Genes are not shown 

to scale. Construction of plasmids is detailed in the methods.  
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Figure 5.5. SDS-PAGE analysis of the chaperone expression from the 12 plasmids constructed 

in this work. Plasmids 1-4 (pGro7 derivatives) were induced with 0.2% w/v L-arabinose and 

plasmids 5-12 (pG-KJE8 derivatives) were induced with 0.2% w/v L-arabinose and 10 ng/mL 

tetracycline. The soluble fraction was run on the SDS-PAGE gel shown above. (-) is E. coli 

without any plasmid. (C1) is pGro7 parent plasmid and (C2) is pG-KJE8 parent plasmid. Bands 

were visible for all inducible proteins except prefoldin from T. acidophilum. The left side shows a 

standard protein ladder in kilodaltons (kDa). 
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FIGURE 5.6. Activity of MBD co-expressed with each of the 12 thermosome plasmids. Full 

length T. acidophilum MBD was co-expressed with the 12 chaperone plasmids constructed in 

this study and the two parent plasmids: pGro7 (GroEL, GroES) and pG-KJE8 (GroEL, GroES, 

DnaK, DnaJ, and GrpE). NC is E. coli with no chaperone plasmid.  
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FIGURE 5.7. SDS-PAGE of T. acidophilum MBD co-expressed with each of the 12 thermosome 

plasmids. The IMAC eluates from each of the co-expressions was heated at 60°C for 1 hour to 

reduce background (MBD is thermostable), and then run on a SDS-PAGE gel. No bands were 

observed near the expected MBD mass of 48 kDa.  
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FIGURE 5.8. MBD homologs co-expressed with plasmid 10. The top row shows the activity of 

MBD homologs from five organisms co-expressed with either no chaperone (NC), GroEL/ES 

(gro), or plasmid 10 (Plas 10). Co-expression with plasmid 10 improved yield of active protein in 

four out of five MBD homologs. The bottom row shows the corresponding SDS-PAGE gel of the 

IMAC eluates used in the activity assay in the top panels. A band corresponding to MBD (~43 

kDa) was visible when F. type II, Acidiplasma MBA-1 and T. volcanium MBD were co-expressed 

with plasmid 10 (black arrows).  
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FIGURE 5.9. Differential expression of Acidiplasma MBD with plasmid 10.  An E. coli strain 

containing plasmid 10 and a plasmid expressing Acidiplasma MBD was grow in various 

conditions: (1) no inducer, (2) with arabinose to induce prefoldin expression (3) with tetracycline 

to induce thermosome expression, and (4) with both inducers together to express thermosomes 

and prefoldins. A large band for Acidiplasma MBD was visualized on an SDS-PAGE gel when 

thermosomes and prefoldins were expressed together. The corresponding activity assay shows 

that expression of both chaperones together produces the largest increase in active MBD.  
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Plasmid Parent Arabinose Inducible Tetracycline Inducible 

Each Element Independently  

1 pGro7 TA prefoldin - 

2 pGro7 FR prefoldin - 

3 pGro7 TA thermosome - 

4 pGro7 FR thermosome - 

Each Element With DnaK, DnaJ, GrpE 

5 pG-KJE8 TA prefoldin DnaKJE 

6 pG-KJE8 FR prefoldin DnaKJE 

7 pG-KJE8 TA thermosome DnaKJE 

8 pG-KJE8 FR thermosome DnaKJE 

Thermosomes and Prefoldins Together 

9 pG-KJE8 TA prefoldin TA  thermosome 

10 pG-KJE8 FR prefoldin FR thermosome 

Thermosomes and Prefoldins with DnaK, DnaJ, and GrpE) 

11 pG-KJE8 TA prefoldin + TA thermosome DnaKJE 

12 pG-KJE8 FR prefoldin + FR thermosome DnaKJE 

 

TABLE 5.1. List of plasmids constructed in this work. TA is short for Thermoplasma acidophilum 

and FR is short for Ferroplasma acidarmanus. All prefoldins and thermosomes used in this 

study have two subunits (α and β) and we expressed in tandem. Expression of the chaperones 

is induced with 0.2% w/v L-arabinose and/or 10 ng/mL tetracycline. Full annotated sequences 

for all 12 plasmids is included in the supplement as .dna files.    
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ID Protein Annotation Organism Accession Size E/S 

1 actin-like protein 6A Homo sapiens NP_004292 49 5/0 

2 alpha-crystallin B chain Homo sapiens NP_001876 19 4/0 

3 
eukaryotic translation 
initiation factor 6  

Homo sapiens NP_002203 28 4/0 

4 tumor susceptibility gene 101 Homo sapiens EAW68381 22 4/0 

5 heat shock protein beta-2 Homo sapiens NP_001532 20 5/1 

6 
MAPK/MAK/MRK overlapping 
kinase 

Homo sapiens NP_055041 36 5/0 

7 
ectoderm-neural cortex 
protein 1 

Homo sapiens NP_001243505 15 5/1 

8 
dual specificity mitogen-
activated protein kinase 

Homo sapiens NP_659731 37 4/0 

9 microspherule protein 1 Homo sapiens NP_006328 40 5/0 

10 cyclin-dependent kinase 4 Homo sapiens AAP36759 35 5/1 

11 calpain-5 Homo sapiens NP_004046 70 4/0 

12 Cullin-2 Homo sapiens ELK38740 13 5/0 

13 nitric oxide synthase 2 Homo sapiens XP_009430818 23 5/0 

14 HECT E3 ubiquitin ligase Homo sapiens AAR00320 48 5/0 

15 
dedicator of cytokinesis 
protein 9 

Homo sapiens NP_001123521 18 4/0 

16 cyclin B3 Homo sapiens EAW89920 18 5/0 

17 nephronophthisis 1  Homo sapiens EAW50635 20 5/0 

18 toll-interacting protein  Homo sapiens NP_061882 32 5/1 

19 sedoheptulokinase Homo sapiens AAQ02580 53 5/0 

20 procaspase-8 Homo sapiens AAL87632 20 5/1 

21 
down syndrome candidate 
reg. 1 

Homo sapiens AAB84371 20 5/1 

22 copine-4 Homo sapiens NP_001276041 63 5/0 

23 DET1 homolog isoform 1 Homo sapiens NP_060466 65 5/0 

24 
2-oxoglutarate and Fe-
dependent oxygenase 
domain-containing protein 2 

Homo sapiens NP_078899 31 5/1 

 

TABLE 5.2. Test set of 24 eukaryotic proteins. The first number of the E/S score is the 

previously reported expression from 0-5 and the number after the slash is the previously 

reported solubility from 0-5. Size is given in kilodaltons (kDa).  
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ID Protein Annotation Organism Accession Size E/S 

1 menaquinone biosynthesis 
decarboxylase 

Archaeoglobus fulgidus WP_010877720 56 5/0 

2 4-hydroxybutyrate CoA-
transferase 

Archaeoglobus fulgidus WP_010878641 55 4/1 

3 hydantoin utilization protein A Archaeoglobus fulgidus WP_010878406 55 5/0 

4 DNA-binding protein Thermoplasma volcanium WP_010917235 16 4/0 

5 ATP-binding protein Archaeoglobus fulgidus WP_010877985 30 5/0 

6 FAD/NAD(P)-binding 
oxidoreductase 

Haloarcula marismortui WP_004962086 63 5/0 

7 oleate hydratase Haloarcula marismortui WP_011223911 61 5/0 

8 ATPase Methanosarcina mazei WP_048045837 55 4/0 

9 transposase Haloarcula marismortui AAV46477 30 5/0 

10 thioredoxin Thermoplasma volcanium WP_010916989 53 4/1 

11 Geranylgeranyl reductase Methanosarcina mazei AAM31545 46 4/0 

12 ArsR family transcriptional 
regulator 

Methanothermobacter 
thermautotrophicus 

WP_010875835 55 4/1 

13 glycosyl transferase Methanosarcina mazei WP_011033090 37 5/0 

14 Biotin synthase Methanosarcina mazei AAM32190 38 5/0 

15 3',5'-cyclic-nucleotide 
phosphodiesterase 

Methanosarcina mazei WP_080503007 27 5/0 

16 N-acyl homoserine lactonase 
family protein 

Archaeoglobus fulgidus WP_010879006 30 5/0 

17 cobyric acid synthase Methanococcus 
maripaludis 

WP_011171159 28 4/0 

18 amidohydrolase Methanosarcina 
acetivorans 

WP_011022897 59 5/0 

19 flavodoxin Methanosarcina 
acetivorans 

WP_011022152 23 5/0 

20 Xaa-Pro dipeptidase Methanosarcina 
acetivorans 

WP_011020271 39 5/0 

21 DEXX-box ATPase Pyrococcus furiosus WP_011011419 54 4/0 

22 HTR-like protein Haloarcula marismortui WP_007188402 32 4/0 

23 mannosyltransferase Methanothermobacter 
thermautotrophicus 

WP_010875970 26 5/0 

24 anaerobic ribonucleoside-
triphosphate reductase 
activating protein 

Methanothermobacter 
thermautotrophicus 

AAB84793 28 5/0 

 

TABLE 5.3. Test set of 24 archaeal proteins. The first number of the E/S score is the previously 

reported expression from 0-5 and the number after the slash is the previously reported solubility 

from 0-5. Size is given in kilodaltons (kDa). 
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