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ABSTRACT 
 
The alphaproteobacterium Sinorhizobium meliloti secretes two acidic exopolysaccharides (EPS), 
succinoglycan (EPSI) and galactoglucan (EPSII), which differentially enable it to adapt to a 
changing environment.  Succinoglycan is essential for invasion of plant hosts, and thus for 
formation of nitrogen-fixing root nodules.  Galactoglucan is critical for population-based 
behaviors such as swarming and biofilm formation, and can facilitate invasion in the absence of 
succinoglycan on some host plants.  Biosynthesis of galactoglucan is not as completely 
understood as that of succinoglycan. We devised a pipeline to: identify putative 
pyruvyltransferase and acetyltransferase genes; construct genomic deletions in strains engineered 
to produce either succinoglycan or galactoglucan; and analyze EPS from mutant bacterial strains.  
EPS samples were examined by 13C cross-polarization magic-angle spinning (CPMAS) solid-
state nuclear magnetic resonance (NMR).  CPMAS NMR is uniquely suited to defining chemical 
composition in complex samples and enable detection and quantification of distinct EPS 
functional groups.  Galactoglucan was isolated from mutant strains, with deletions in five 
candidate acyl/acetyltransferase genes (exoZ, exoH, SMb20810, SMb21188, SMa1016) and a 
putative pyruvyltransferase (wgaE or SMb21322).  Most samples were similar in composition to 
wild-type EPSII by CPMAS NMR analysis.  However, galactoglucan produced from a strain 
lacking wgaE exhibited a significant reduction in pyruvylation.  Pyruvylation was restored 
through ectopic expression of plasmid-encoded wgaE.  Our work has thus identified WgaE as a 
galactoglucan pyruvyltransferase.  This exemplifies how the systematic combination of genetic 
analyses and solid-state NMR detection is a rapid means to identify genes responsible for 
modification of rhizobial exopolysaccharides. 
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IMPORTANCE 
 
Nitrogen-fixing bacteria are crucial for geochemical cycles and global nitrogen nutrition.  
Symbioses between legumes and rhizobial bacteria establish root nodules, where bacteria convert 
dinitrogen to ammonia for plant utilization.  Secreted exopolysaccharides (EPS) produced by 
Sinorhizobium meliloti (succinoglycan and galactoglucan) play important roles in soil and plant 
environments.  Biosynthesis of galactoglucan is not as well characterized as succinoglycan.  We 
employed solid-state nuclear magnetic resonance (NMR) to examine intact EPS from wild type 
and mutant S. meliloti strains.  NMR analysis of EPS isolated from a wgaE gene mutant revealed 
a novel pyruvyltransferase that modifies galactoglucan.  Few EPS pyruvyltransferases have been 
characterized.  Our work provides insight into biosynthesis of an important S. meliloti EPS and 
expands knowledge of enzymes that modify polysaccharides. 
 
INTRODUCTION 
 
The alpha-proteobacterium Sinorhizobium meliloti is an important soil saprophyte that forms an 
intracellular, nitrogen-fixing symbiosis with legumes such as alfalfa (1).  During life in the soil 
and symbiotic development, S. meliloti must respond appropriately to a changing environment 
and plant signals.  Symbiosis begins with a molecular signal exchange between plant root and 
bacteria that establishes bacteria-host recognition (2).  Tight association with plant roots and 
initiation of host invasion require live bacteria and involve bacterial envelope polysaccharides 
(3).  Concurrent with invasion, plant cells grow and divide to form a root nodule (4).  Bacteria 
are released into root nodule cells, where they differentiate into nitrogen-fixing bacteroids by 
genome endoreduplication, cell envelope remodeling, and novel gene expression (5-7). 
 The S. meliloti cell envelope plays an important role in soil survival and symbiosis (8).  
As with other Gram-negative bacteria, the S. meliloti envelope consists of inner and outer 
membranes, with a peptidoglycan layer in the periplasmic space between the two membranes (9).  
In addition to lipids and proteins, the S. meliloti envelope is associated with at least five 
symbiotically relevant polysaccharides: lipopolysaccharide, capsular polysaccharide, cyclic b-D-
glucan, two acidic exopolysaccharides (EPSI and EPSII) (10-12), as well as others whose roles 
remain to be defined (13-17). 
 Numerous studies report that exopolysaccharides (EPS) help cultured S. meliloti tolerate 
stresses such as detergent, salt, acidic pH, heat, antimicrobial peptides, and reactive oxygen 
species (18-28).  It is likely that EPS protect the bacteria from a variety of stresses encountered 
in the soil, rhizosphere and during symbiosis (29-31).  EPS also suppress host plant defense 
responses (32, 33) and may act as a specific signaling molecule to the plant, interacting with host 
plant receptors (34). 
 Although it has the potential to produce two different EPS molecules, S. meliloti strain 
Rm1021 (a commonly used lab strain) depends only upon EPSI (succinoglycan) for symbiosis 
with alfalfa.  It does not express genes for EPSII (galactoglucan) biosynthesis because the 
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genome carries a native insertion element in expR, encoding the required transcription activator 
(35).  When functional ExpR is restored to S. meliloti Rm1021, galactoglucan can substitute for 
succinoglycan for successful invasion of alfalfa, but not of other host plants tested (35).  Further 
experiments determined that an S. meliloti 1021 mutant strain unable to synthesize any EPS was 
able to form nodules on alfalfa when purified low molecular weight (LMW) forms of 
galactoglucan, but not high molecular weight (HMW) forms, were applied to plant roots along 
with the bacteria (36).  ExpR and galactoglucan are important for S. meliloti population 
behaviors such as biofilm formation, root colonization, cell population movement across a 
surface, and perhaps even protection from predation (37-43). 
 The enzymes for succinoglycan biosynthesis are encoded by the exo genes (10, 44, 45), 
while genes in the wga, wgb, wgc, wgd, and wge gene cluster (formerly exp genes) are required 
for galactoglucan production (35, 46).  In contrast to what is known about succinoglycan 
biosynthesis, these collective wgx genes have not been assigned to specific enzymatic steps, and 
the galactoglucan biosynthetic pathway has not been delineated. 
 Structurally, succinoglycan consists of repeating units containing one galactose and seven 
glucose molecules, decorated with acetyl, 1-carboxyethylidene (i.e., pyruvyl), and succinyl 
substituents, and joined by b-1,4-, b -1,3-, and b-1,6-glycosidic linkages (47, 48).  Galactoglucan 
consists of a disaccharide repeating unit: b-D-glucose-(1→3)-a-D-galactose-(1→3) that is 6-O-
acetylated on most D-glucose residues and pyruvate-ketal-modified [i.e., 4,6-O-(1-
carboxyethylidene) groups] on D-galactose residues (49, 50). 
 Early structural studies of S. meliloti LMW EPS samples employed 1H and 13C solution-
state NMR analysis, chromatography, and mass spectrometry (51, 52).  HMW EPS, like other 
large polymers and biomolecules, poses a challenge to quantitative analysis by solution-state 
NMR due to reduced molecular mobility (i.e., high viscosity) of the samples.  For this reason, 
analysis of HMW EPS composition usually integrates chemical and/or enzymatic digestion to 
produce smaller soluble species, including purified octasaccharides from succinoglycan and 
oligosaccharide fragments of galactoglucan (49-55).  The use of chemically digested HMW EPS 
samples enables reasonable 1H and 13C NMR spectra to be obtained but can be accompanied by 
undesired modification to the polysaccharide.  For instance, early 13C solution-state NMR 
analysis required succinoglycan depolymerase and acid hydrolysis to detect 13C peaks, which 
resulted in deacetylation of EPS (55).  In principle, chemical digestion can be avoided by using a 
suitable depolymerase; for example, Her et al. successfully used a crude S. meliloti enzyme 
preparation to covert HMW galactoglucan to LMW forms (49).  However, digestion and 
solubilization may be incomplete, providing only partial analysis of HMW EPS samples.  Solid-
state NMR is a unique direct detection method that overcomes the challenges faced by solution-
state NMR for large biomolecules and enables quantification of carbons in heterogeneous and 
insoluble systems at natural abundance levels, even in intact cells and tissues (56-61).  13C cross-
polarization magic-angle spinning (CPMAS) solid-state NMR (62), in particular, has a rich 
history in defining and quantifying composition and phenomena such as crosslink formation in 
polysaccharides and protein-polysaccharide composite materials, including cellulose (62-64), 
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chitin (65), pectin (66), bacterial and plant cell walls (60, 67-69), and insect exoskeletons (70, 
71). For example, 13C CPMAS solid-state NMR was employed to investigate the extracellular 
matrix polysaccharide of E. coli biofilms and revealed the unanticipated presence of 
phosphoethanolamine cellulose, the first example of a naturally chemically modified cellulose 
(72). 
 Although galactoglucan biosynthesis appears to be important for a wide range of S. 
meliloti behaviors, its biosynthesis remains largely uncharacterized, especially in comparison to 
succinoglycan.  By combining genetic and phenotypic tests with 13C CPMAS solid-state NMR, 
we examined genes that may be involved in galactoglucan modification, quantified the extent of 
modifications in intact succinoglycan and galactoglucan, and assigned a ketal-pyruvylation 
function to one of two putative pyruvyltransferases encoded in the wgx gene cluster. 
 
RESULTS AND DISCUSSION 
 
Identification of candidate EPS modification genes and construction of mutants.  
Succinoglycan produced by S. meliloti strain Rm1021 has succinyl, acetyl and pyruvyl 
modifications that are added by the ExoH succinyltransferase, ExoZ acetyltransferase, and ExoV 
pyruvyltransferase, respectively (45).  Galactoglucan produced by Rm1021 has acetyl and 
pyruvyl modifications; however, enzymes that perform these modifications have not been 
identified (49, 50). 
 To identify candidate galactoglucan pyruvyltransferases and acetyltranferases, we mined 
the S. meliloti genome in the Pfam protein families database (73).  Our intent was to obtain an 
overview of the types and numbers of predicted pyruvyltransferase and acetyl/acyltranferase 
domains, and then predict which domain-containing proteins were most likely to be involved in 
EPS modification.  S. meliloti appears to encode enzymes with only one type of Pfam 
pyruvyltransferase domain (PF04230, PS_pyruv_trans), which matched five S. meliloti proteins 
(Figure 1A), including the succinoglycan pyruvyltransferase ExoV, and two predicted 
pyruvyltransferases (WgaD and WgaE) in the galactoglucan biosynthesis gene cluster (Figure 
S1; Table S1).  Although WgaD and WgaE are encoded by adjacent genes, which are predicted 
to be cotranscribed (74), they are only 45% identical (Figure S2), suggesting they could have 
different functions or specificities. 

Among dozens of predicted acetyl/acyltransferases in the S. meliloti genome, we focused 
on a group of proteins with Pfam domain PF01757 (Acyl_transf_3).  This group includes 
membrane-bound proteins known to add acyl groups to polysaccharides (75), including the S. 
meliloti succinyltransferase ExoH and the acetyltransferase ExoZ (Figure 1B).  Other members 
of this family in S. meliloti are SMb21188 and SMb20810, whose genes are located in previously 
identified polysaccharide biosynthesis clusters (14, 15), and SMa1016 (Figure 1B). 
 Of the predicted pyruvyltransferases in Figure 1A, we made strains (Table 1) with non-
polar deletions of wgaE (CH23), wgaD (MB1235) or wgaD and wgaE (CH25).  We pursued 
these particular genes first, because we believed it to be more likely that galactoglucan would be 
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modified by pyruvyltransferase(s) encoded in the galactoglucan wgx gene cluster.  The 
SMb20253 gene is not located in a polysaccharide biosynthesis gene cluster and the SMb20812 
protein is predicted to modify LPS core or lipid A (14), making them less attractive candidates 
for galactoglucan pyruvylation.  Another likely possibility is that galactoglucan would be 
modified by the pyruvyltransferase ExoV, which is known to act on succinoglycan (45). 
 Since the wgx gene cluster does not appear to encode any acetyl/acyltransferases (Figure 
1, Table S1), we made single deletion mutants for three genes (SMa1016, SMb20810, 
SMb21188) encoding proteins with PF01757 acyltransferase domains (Figure 1B; Table 1) to 
evaluate whether these influence galactoglucan composition.  Galactoglucan could be acetylated 
by either ExoZ or ExoH, which act on succinoglycan, making them strong candidates.  We 
therefore evaluated the effect of eliminating the enzymes ExoZ and ExoH on galactoglucan, 
using a strain with the entire exo cluster deleted (DW28).  We also constructed and evaluated a 
strain (MB1279) lacking all five predicted Pfam domain PF01757 acyltransferases. 

Lastly, since S. meliloti Rm1021 with restored ExpR produces substantial amounts of 
both succinoglycan and galactoglucan, we designed strains in which production of each 
exopolysaccharide was deliberately blocked, using targeted deletions of known biosynthesis 
genes.  For the analysis of succinoglycan in the absence of galactoglucan, we employed a strain 
with a wgeB deletion (DW37), which abolishes galactoglucan biosynthesis.  For the analysis of 
galactoglucan, the primary focus of this study, we used a strain with an exoY deletion (DW11), 
which abolishes succinoglycan biosynthesis.  Strains lacking ExoY, which catalyzes the first 
committed step in EPSI biosynthesis (45), and WgeB, a bifunctional glycosyltransferase (38), 
have been previously used to eliminate EPS biosynthesis.  

 
Succinoglycan analysis in wild-type and mutant strains by solid-state NMR.  As proof of 
principle, we implemented 13C CPMAS solid-state NMR spectroscopy to detect succinoglycan 
substituents on intact polysaccharide samples at natural abundance 13C levels.  No isotopic 
labeling was necessary (Materials and Methods).  13C CPMAS is a powerful method of 
accounting for carbon spectral contributions from distinct chemical environments, such as those 
of each EPS substituent, and for monitoring changes in composition.  The analysis of well-
studied succinoglycan produced by S. meliloti allowed us to confirm the feasibility of this 
approach to identify key chemical modifications on polysaccharides. 

S. meliloti succinoglycan (EPSI) contains pyruvyl, O-acetyl, and O-succinyl substituents 
on a repeating backbone containing galactose and glucose (Figure 2A).  We analyzed 
succinoglycan from a DwgeB strain that is unable to produce galactoglucan.  We compared the 
expR+DwgeB strain (DW37) to the expR+DwgeBDexoH strain (DW50), which produces EPSI 
lacking the succinyl modification (76).  The 13C NMR spectrum of wild-type succinoglycan from 
the expR+DwgeB strain (Figure 2B) clearly showed carbon contributions associated with the 
polysaccharide: anomeric and sugar ring carbons for the polysaccharide backbone (55-110 ppm); 
carbonyl carbons associated with acetyl, pyruvyl and succinyl groups (~175 ppm); and three 
aliphatic carbon populations associated with succinyl methylene carbons (31 ppm), acetyl methyl 
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carbons (25 ppm) and pyruvyl methyl carbons (21 ppm).  The 13C NMR spectrum of 
succinoglycan prepared from the  expR+DwgeBDexoH strain (Figure 2B) revealed a complete 
loss of succinyl methylene carbons at 31 ppm and a concomitant reduction in carbonyl carbon 
intensity, consistent with the absence of succinylation (Figure 2B).  More specifically, the higher 
frequency succinyl carbonyl centerband peak at 180 ppm is completely abolished in the 
expR+∆wgeBDexoH (DW50) spectrum, along with a comparable decrease in intensity for the 
other succinyl carbonyl carbon that overlaps with the acetyl and pyruvyl carbonyls centered at 
175 ppm (Figure 2B).  Thus, we demonstrated that 13C CPMAS NMR provides a simple and 
clear readout of carbon composition, validating our approach. 

 
Quantitative 13C CPMAS analysis of succinoglycan modification.  To interrogate the extent 
of chemical modifications in succinoglycan (acetylation, pyruvylation, and succinylation), 
quantitative cross polarization (CP) array experiments were performed.  In 13C CPMAS NMR 
experiments, a single spectrum is insufficient to permit quantitative accounting of carbon types 
through peak integration due to possible differences in CP efficiency from 1H nuclei to 13C 
nuclei and in relaxation.  For quantification of carbon contributions in proton-rich samples, peak 
areas are determined for each peak through a series of CPMAS NMR spectra acquired with 
different CP contact times, and the resulting data are extrapolated to define the theoretical 
magnetization at time zero (77). 

The extent of modification for succinoglycan isolated from expR+∆wgeB strain DW37 
was determined through analysis of the acetyl (25 ppm) and pyruvyl (21 ppm) methyl carbon and 
succinyl methylene carbon (centered at 31 ppm) peaks that are unique to the modifications in 
comparison to the anomeric carbon magnetization.  Although there is spectral overlap of the 
three sets of aliphatic modification carbon contributions, they were sufficiently separated and 
exhibited standard lineshapes to be fit with modeled peaks (Materials and Methods).  The 
quantitative CPMAS spectral analysis revealed that 27% of the sugar units were modified 
(Figure 2C and Table S2).  More specifically, approximately 10% of the sugar units were 
modified with acetylation, 10% with pyruvylation and 7% by succinylation (Table S2).  The 
carbonyl intensity also supported this determination, wherein each pyruvyl group and acetyl 
group contains one carbonyl carbon for each methyl carbon.  Each succinyl group contains two 
carbonyl carbons with two methylene carbons.  The ratio of carbonyl carbons to aliphatic 
carbons was 1:1, as expected.  Full data analysis parameters are provided in Methods and Tables 
S2 and S3. 
 The overall extent of modification and relative ratio of acetyl:pyruvyl:succinyl 
modifications is similar to what has been estimated previously, with earlier studies estimating a 
1:1:1 ratio of acetyl:pyruvyl:succinyl modifications (35, 45, 47, 48).  Previous estimates (47-49, 
55, 78) enabled elucidation of the succinoglycan biosynthesis pathway (45), yet there are 
limitations to using solution-based analytical tools to interrogate insoluble polymers, namely 
selective analysis of small soluble components that result from sample preparation.  For 
example, solution-state NMR of highly viscous and partially insoluble polymers is useful for 
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assigning peaks of more soluble carbons and protons, if detectable above signals attributed to 
high molecular weight/low mobility components, but is unable to quantitatively determine their 
relative contributions compared to less mobile components.  Solution-state 13C NMR spectra 
have been reported for two intact EPS samples from S. meliloti 104A14 and a comparative 
mutant (53).  However, the HMW EPS spectra exhibited broad 13C peaks and much lower 
intensity carbonyl carbon peaks than expected, attributed to reduced mobility of the polymer, 
preventing quantitative analysis (53).  Similarly, Glazebrook and Walker’s 1989 publication 
identifying S. meliloti EPSII presented 1H NMR spectra, where broader peak contributions were 
observed under strong sharper peaks (35).  In addition, pioneering efforts implemented a variety 
of chemical digestion and secondary modifications to permit separations by HPLC and detection 
by mass spectrometry for structure sequencing and characterization (47-49, 55), including 
structure determination of an octasaccharide (78).  However, undigested material was not 
analyzed in such experiments.  The use of CPMAS solid-state NMR provides a complementary 
and straightforward approach to quantify carbons in intact polysaccharides. 
 
Galactoglucan analysis in wild-type and mutant strains by solid-state NMR.  We analyzed 
galactoglucan prepared from strains with deletions in candidate genes with possible 
pyruvyltransferase or acetyltransferase activities as described above.  Galactoglucan consists of a 
backbone containing galactose and glucose with pyruvyl and acetyl substituents, respectively 
(Figure 3A).  The 13C CPMAS NMR spectrum of galactoglucan prepared from the expR+DexoY 
strain (DW11) revealed the obvious anomeric and sugar ring carbons, with chemical shifts 
reflective of the distinct electronic environment around the galactoglucan carbons (Figure 3B).  
As expected, the acetyl and pyruvyl carbonyl carbons appear together centered at 175 ppm and 
acetyl methyl carbons are observed at 25 ppm and pyruvyl methyl carbons at 21 ppm. 

The three 13C NMR spectra of galactoglucan prepared from strains lacking putative 
acyltransferases SMb21188, SMb20810 or SMa1016, appeared similar to wild-type EPSII, 
indicating that none of these genes was solely responsible for acetylation (Figure S3).  Further, 
the 13C NMR spectra of galactoglucan produced by a strain with the entire exo gene cluster 
deleted (DW28) was similar to wild type (Figure S4A), indicating that the enzymes responsible 
for succinoglycan acetylation, pyruvylation, and succinylation were not required for 
galactoglucan modification, although it does not rule out possible redundancy between these and 
other acyltransferases.  To test for functional redundancy among the five putative 
acyltransferases, we introduced deletions of SMb21188, SMb20810, and SMa1016 into Dexo 
strain DW28.  The EPS spectrum of the resulting strain (Figure S4B; MB1279) was 
indistinguishable from wild type and DW28, indicating that none of the five acyltransferases are 
sufficient for galactoglucan O-acetylation under our growth conditions. 

Although we did not identify an acetyltransferase required for galactoglucan 
modification, we observed major changes in the 13C NMR spectrum associated with 
galactoglucan produced by a DwgaE strain (CH23), which lacks one of two putative 
pyruvyltransferases encoded in the galactoglucan biosynthesis gene cluster.  The 13C NMR 
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spectrum revealed a significant reduction in the pyruvyl methyl carbon peak and concomitant 
reduction in the carbonyl carbon intensity (Figure 3B), indicative of a significant reduction of 
pyruvylation of the polysaccharide.  Residual intensity at 21 ppm suggests that some limited 
pyruvylation still remains in the absence of wgaE.  It is possible that this residual pyruvylation is 
due to the activity of WgaD.  We were unable to examine galactoglucan from the DwgaD 
(MB1235) and DwgaDE (CH25) strains because, unlike the DwgaE strain, they failed to produce 
enough EPS for analysis.  In addition, the DwgaD strain was severely growth impaired, a 
phenotype similar to that of strains with mutations in exoV encoding the succinoglycan 
pyruvyltransferase (44), and which could be overcome by ectopic expression of wgaD on 
plasmid pMB1035 but not by ectopic expression of wgaE on pDW24.  The disparate mutant 
phenotypes of DwgaE and DwgaD mutant strains suggest that WgaD has some role other than 
pyruvylation of galactoglucan and/or that its function is somehow intrinsically linked to 
synthesis, polymerization, or export.  Finally, in order to validate the role of wgaE as a novel 
pyruvyltransferase gene, WgaE production was restored through complementation by ectopically 
expressing wgaE from the lac promoter on pSRKKm (pDW24; Materials and Methods).  As 
shown in Figure S5, the complemented strain (DW128) fully restores pyruvylation and its 
spectrum matches that of native galactoglucan. 

 
Quantitative analysis of galactoglucan modification by solid-state NMR.  We quantified the 
extent of modification for galactoglucan as performed above for succinoglycan.  From inspection 
of the CPMAS spectra, galactoglucan is clearly modified to a greater extent (Figure 3).  Pyruvyl 
and acetyl groups each have a single carbonyl carbon and a single methyl carbon.  The extent of 
modification for galactoglucan isolated from expR+DexoY strain DW11 was determined by 
comparing magnetization of carbonyl and methyl carbons unique to the pyruvyl and acetyl 
groups to the anomeric carbon magnetization.  This analysis revealed that 68% of sugars on the 
glucose galactose backbone are modified with either an acetyl or a pyruvyl group. (Figure 3C 
and Table S3).  We next examined the prevalence of acetylation versus pyruvylation 
modifications.  Although there is spectral overlap of the methyl carbon contributions, they were 
separated enough to be deconvoluted and modeled with Lorentzian peak fits (Figure S6).  
Analysis of these peak fits revealed that approximately 43% of the sugars were acetylated and 
25% were pyruvylated (Table S3; Figure S6).  Therefore, EPSII examined in this study exhibits 
more than twice the extent of overall modification as that of succinoglycan (EPSI), yet not all 
sugar residues are modified.  The first reports of EPSII modification suggested EPSII has 
alternating glucose and galactose residues with all galactose residues pyruvylated (35, 49, 50).  
However, this estimate was based on solution-state NMR analyses of "viscous" samples and 
spectra were not shown.  It is likely that parts of the polysaccharide analyzed in those studies 
were not sufficiently mobile and may have had broadened peaks that were indistinguishable from 
the baseline and unable to be observed, while sharper peaks for mobile components were 
analyzed.  Indeed, solution-state 1H NMR spectra reported in 1989 show broadened peaks 
consistent with less mobile components (35).  These previous experiments also included a size-
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exclusion chromatography step that may have resulted in inadvertent sample enrichment of 
soluble and LMW components that were more highly modified (35, 49, 50).   
 
Conclusions and outlook.  The complete S. meliloti galactoglucan biosynthesis pathway 
remains to be elucidated.  In this study, we combined genetic techniques, including a rapid 
method for creating precise genomic deletions, with state-of-the-art CPMAS solid-state NMR to 
identify a new enzyme involved in polysaccharide modification.  This enzyme, WgaE, is the 
primary pyruvyltransferase of galactoglucan.  WgaE adds a 4,6-O-(1-carboxyethylidene) 
modification to galactose, the most common pyruvylated monosaccharide in the Carbohydrate 
Structure Database (79). 
 Compared to enol-pyruvylation of N-acetylglucosamine, a well-characterized step in 
bacterial peptidoglycan precursor synthesis, little is known about ketal-pyruvylation of 
polysaccharides, including the role such modifications play in bacterial physiology (79).  To 
date, only a handful of bacterial pyruvyltransferases has been functionally characterized: ExoV 
(45), PssM (80), WcfO (81), CsaB (82) and GumL (83, 84).  Our work now adds an additional 
member to the cohort of enzymes that performs this unique function. 
 How pyruvyl modifications contribute to EPS function in S. meliloti is unknown, but 
studies of other bacteria suggest that pyruvylation may alter the ability of EPS to chelate calcium 
ions, which in turn may affect adhesion, biofilm formation, and virulence (85).  The degree of 
pyruvylation may also affect secondary structure and viscosity of exopolysaccharides (86).  An 
S. meliloti mutant lacking the WgaE pyruvyltransferase still produces abundant galactoglucan, 
unlike mutants lacking the ExoV pyruvyltransferase, which fail to produce detectible 
succinoglycan (45).  The former observation, taken together with the presence of two 
pyruvyltransferase genes in the ESPII gene cluster, suggests that galactoglucan biosynthesis is 
more complex than assumed.  Indeed, it is unclear why there are at least five putative 
glycosyltransferases in the galactoglucan cluster (Figure S1) yet there are only two sugar 
residues in the repeating unit of the exopolysaccharide.  The small peak of residual pyruvylation 
in the DwgaE mutant strain, according to CPMAS NMR, and the impaired growth and inability 
of the DwgaD mutant strain to produce galactoglucan, indicate that although both genes have 
pyruvyltransferase domains, they have non-overlapping activities in biosynthesis.  One of several 
interpretations of these data would be that synthesis of the known galactoglucan structure first 
requires the synthesis of an unidentified molecular precursor of different sugar composition, 
which itself is a substrate for pyruvylation.  Another interpretation is that not one, but two or 
more repeating units of galactoglucan, requiring multiple glycosyltransferases, are assembled in 
the cytoplasm prior to polymerization and export.  For example, if galactoglucan were a 
multimer, there would be galactose residues in different structural contexts, and these may be 
substrates for independent pyruvyltransferases.  If one of these modified residues were required 
for the subsequent steps of polymerization or export, similar to the proposed role of ExoV in 
succinoglycan biosynthesis (45), it could result in a cell growth defect due to “backing up” of 
galactoglucan production.  In support of this hypothesis, normal growth was restored for a wgaD 
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deletion strain lacking either ExpR or WgeB, which block galactoglucan biosynthesis early in the 
pathway (Table 1; MB1228 and MB1245).  Our work illuminates one crucial step in the 
biosynthesis of galactoglucan.  Ahead lie further questions about the overall mechanism of 
galactoglucan assembly and export.   
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MATERIALS AND METHODS 
 
Strains and plasmids.  Table 1 lists strains and plasmids used in this study.  S. meliloti strains 
were routinely grown in LB (5 g/l NaCl) (87) or TY medium (88) at 30°C.  E. coli strains were 
grown in LB medium at 37°C.  Antibiotics were used at the following concentrations: 
chloramphenicol (Cm), 25-50 µg ml-1; gentamicin (Gm), 5 µg ml-1 for E. coli and 25-50 µg ml-1 
for S. meliloti; kanamycin (Km), 25-40 µg ml-1 for E. coli; neomycin (Nm), 50-100 µg ml-1 for S. 
meliloti; and streptomycin (Sm), 500 µg ml-1 for S. meliloti.  Triparental conjugations were used 
(89) to transfer both replicative and nonreplicative plasmids to S. meliloti.  Oligonucleotide 
primers used in this study are listed in the Supplemental Data Set.  We used standard techniques 
for cloning and PCR amplification.  E. coli NEB5a (New England Biolabs; Ipswich, MA) was 
used as a plasmid host. 
 For production of EPS, S. meliloti was propagated in a modified M9 sucrose growth 
medium: 2% sucrose; 0.02% yeast extract; 1 mM MgSO4; 1X M9 salts (10X M9 salts stock = 58 
g l-1 NaHPO4, 30 g l-1 K2PO4, 5 g l-1 NaCl, 10 g l-1 NH4Cl); 1X vitamins (1000X vitamin stock = 
10 mg ml-1 calcium pantothenate, 10 mg ml-1 thiamine, and 0.2 mg ml-1 biotin); and 1X trace 
elements (1000X trace elements stock = 40 g l-1 citric acid•H2O, 30 g l-1 MnSO4•H2O, 10 g l-1 
NaCl, 1 g l-1 FeSO4•7H2O, 1 g l-1 CoCl2•6H2O, 1 g l-1 ZnSO4•7H2O, 0.1 g l-1 CuSO4•5H2O, 0.1 g 
l-1 H3BO3, 0.1 g l-1 Na2MoO4•2H2O and pH adjusted to 3.0 with NaOH).  Typically, 100 ml of 
EPS production medium in a 250 ml flask was inoculated with 1 ml of a saturated S. meliloti 
culture (grown in LB or TY).  Cultures were incubated at 30°C with shaking at 250 RPM for 72 
hours prior to EPS harvest.   
 Deletion strains.  To generate non-polar deletion mutants of candidate genes identified in 
this study, as well as those whose function has already been identified, we used pJQ200SK, 
which allows for integration and then sucrose counter-selection for targeted genome 
modification in S. meliloti (90).  Deletion cassettes were designed to retain the translation 
initiation codon of a given gene, directly followed by the native stop codon.  In cases where 
genes were within an operon, and where deletion of the targeted open reading frame (ORF) 
would alter the coding sequence(s) of adjacent ORFs, deletion plasmids were designed to 
preserve the ribosome binding sites and correct reading frame of those adjacent genes.  To 
generate a single cassette for insertion into pJQ200SK, DNA fragments ~500 bp flanking the 
ORF to be deleted were overlap-extension PCR amplified (91), using S. meliloti 1021 genomic 
DNA as a template.  The resulting DNA was cloned via Circular Polymerase Extension Cloning 
(CPEC) (92) in a reaction with pJQ200SK, which had been amplified using primers oDW11 and 
oDW12 (Supplemental Data Set).  CPEC reactions were incubated overnight at 37°C with DpnI 
(New England Biolabs) to remove template DNA.  Plasmids were verified using pJQ200SK-
specific primers (oDW18 and oDW44) for sequencing then introduced into S. meliloti 1021 by 
triparental conjugation (89).  Plasmid integration events from homologous recombination were 
identified by colony PCR with a pJQ200SK-specific primer (oDW44 or oDW18) and a primer 
external to either of the homologous genomic target regions.  Genomic insertions were 
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transferred from S. meliloti 1021 to other strains using N3 phage transduction as described (93).  
Sucrose counterselection was performed on LB plates containing 2% sucrose.  Sucrose-resistant, 
Gm-sensitive colonies were checked by PCR for the deletion, using primers external to the S. 
meliloti DNA cloned in pJQ200SK (Supplemental Data Set).  Additionally, for the mutant strain 
lacking all five predicted Pfam domain PF01757 acyltransferases (MB1279), we eliminated the 
unlikely possibility that one or more of the deleted ORFs was retained elsewhere in the genome 
by performing PCR amplification using ORF-specific primers (Supplemental Data Set). 
 Restoration of ExpR function to S. meliloti 1021.  In S. meliloti 1021, expR is interrupted 
by insertion of the native insertion element ISRm1 (35).  We used pJQ200SK and sucrose 
counter-selection, as described above, to replace expR DNA in strain 1021 with WT expR DNA 
amplified (primers ExpR-SpeI-2 and ExpR-XhoI-2, Supplemental Data Set) from the S. meliloti 
1021-derived strain, Rm8530 that carries a functional expR (35).  Double homologous 
recombination of WT expR DNA into the 1021 genome was verified by phenotype and PCR 
(primers ExpR-5-CK and ExpR-3). 
 Ectopic-expression plasmids.  pSRKKm is a pBBR-family, broad-host-range vector that 
encodes the LacI repressor, allowing for regulatable expression of cloned genes from Plac.  To 
ectopically express wgaE (pDW24) or wgaD (pMB1035), each ORF was PCR-amplified from S. 
meliloti 1021 genomic DNA as a NdeI-XbaI DNA and introduced into NdeI-XbaI-digested 
pSRKKm (94).  Cloned DNA was verified by sequencing. To induce expression of ORFs cloned 
into pSRKKm, we added 0.5 mM IPTG to the growth medium. 
 
EPS harvest and purification.  For EPS production, strains were propagated in modified M9 
medium as described above.  After approximately 72 hours of growth, cultures were decanted 
into polypropylene centrifuge bottles and centrifuged at room temperature at 10,000 g for 10 
minutes in an SLA-1500 rotor in an RC5B centrifuge.  For EPSI-producing strains, the culture 
volume was doubled with water prior to centrifugation to reduce viscosity and improve cell 
separation.  Cleared supernatant was decanted from the cell pellet, and 1 mM CaCl2 (according 
to starting culture volume) was added.  EPS was precipitated with two volumes of cold 
isopropanol and storage at 4°C for at least four hours.  Precipitated EPS was isolated by 
centrifugation at 6000 g for five minutes and washed 1X with 70% ethanol.  After washing, 
samples were centrifuged at 6000 g for five minutes, and ethanol was decanted.  Recovered EPS 
was incubated in a drying oven overnight at 60°C or until sample weight stabilized.  Prior to 
solid-state NMR, samples were ground to a fine powder using a mortar and pestle.   
 
Solid-state NMR measurements.  All NMR experiments were performed in an 89-mm-bore 
11.7T magnet using either an Agilent triple resonance BioMAS probe with a DD2 console 
(Agilent Technologies) or a home-built four-frequency 1H/19F/13C/15N all transmission-line probe 
with a Varian VNMRS console.  Samples were spun at 7143 Hz in either 36-µl-capacity 3.2-mm 
zirconia rotors or thin-walled 5-mm-outer-diameter zirconia rotors.  The field strength for cross-
polarization was 50 kHz with ramped CP at 57 kHz on 1H.  1H decoupling was performed at 
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83kHz.  Recycle time was 2 s for all experiments.  Spectrometer 13C chemical shift referencing 
was performed by setting the high-frequency adamantane peak to 38.5 ppm (95).  All spectra 
were the result of 32,768 scans, except for CP array experiments with 4096 scans, 8192 scans, or 
65,536 scans as indicated for each CP contact time (Tables S2 and S3).  NMR spectra were 
processed with 80-Hz line broadening.  
 
CPMAS NMR peak fitting and quantitative CPMAS.  Selected carbons from the EPSI and 
EPSII spectra were quantified to determine the extents of chemical modifications.  Carbon peaks 
corresponding to the modification aliphatic carbons (methyl and methylene carbons) and 
anomeric C1 carbons were deconvoluted and modeled using MATLAB with Lorentzian peak fits 
(shown in Figure S6) as used successfully in other biomaterials including cellulose (96).  In 
quantitative CPMAS experiments using CPMAS array experiments, the magnetization 
corresponding to each peak as a function of CP time depends on the buildup of magnetization 
through cross polarization (TIS) and the relaxation dictated by T1r(H), the proton spin-lattice 
relaxation time in the rotating frame (77).  Quantitative carbon intensities were obtained by using 
data from long CP time acquisitions after magnetization buildup was complete, for TIS<< T1r(H), 
to calculate the magnetization according to It = I0 [exp{-t/T1r(H)} where I0 is the maximum 
signal intensity (77, 97).  Carbonyl carbons are characterized by a large chemical shift anisotropy 
and can be difficult to quantify with peak contributions spread out among a carbonyl centerband 
peak (~175 ppm) and two spinning sidebands (118 ppm and 232 ppm) resulting from magic-
angle spinning.  The analysis on succinoglycan, which is less highly modified, was possible 
because over 64,000 scans were collected for each spectrum in the CP array analysis to limit 
error from spectral noise with full parameters provided in Tables S2 and S3. 
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FIGURES  
 
 

 
 
 
Figure 1.  Predicted pyruvyltransferases and acyltransferases in S. meliloti.  (A) Regions with 
similarity to polysaccharide pyruvyltransferase domains (Pfam PF04320) are shown in blue.  (B) 
Regions with similarity to cytoplasmic membrane-located acyltransferase domains (Pfam 
PF01757), including S. meliloti ExoZ, the acyltransferase that acetylates succinoglycan (98), are 
shown in gold.  Pfam release 32.0 was used to identify proteins and predict domains (73).  
Rectangles with smooth ends indicate a full-length match to the Pfam profile hidden Markov 
model (HMM).  Jagged ends indicate a match to a portion of the Pfam HMM.  At the end of each 
protein schematic, an E-value for the Pfam domain match is shown.  The E-value is the number 
of hits expected to have a score equal or better than the value shown by chance alone.  SignalP 
version 4.1 (99) and version 5.0 (100) predicted that none of the proteins contain an N-terminal 
signal sequence and thus are unlikely to be secreted. 
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Figure 2.  Analysis of S. meliloti succinoglycan (EPSI) (A) Structure of succinoglycan (EPSI) 
containing pyruvyl, acetyl, and O-succinyl substituents on a backbone of octamers composed of 
glucose and galactose (47, 48).  Colored dots indicate distinct carbons with carbonyls (blue), 
anomeric C1 (yellow), succinyl CH2 (red), acetyl CH3 (green), and pyruvyl CH3 (purple) groups.  
(B) 13C CPMAS NMR spectrum of EPSI purified from the expR+DwgeB strain (DW37, black) 
compared to EPSI from the expR+DwgeBDexoH strain (DW50, green).  Number of scans: 32,768.  
(C) Quantitative CP array plot of integrated intensities for fitted peaks of the spectrum for EPSI 
purified from the expR+DwgeB strain (DW37).  Tabulated data and scan counts for each 
experiment are provided in Table S2. 
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Figure 3.  Analysis of S. meliloti galactoglucan (EPSII) and validation of novel 
pyruvyltransferase WgaE.  (A) Structure of S. meliloti galactoglucan (EPSII) containing the 
pyruvyl and acetyl substituents on a backbone of glucose-galactose repeating units (49, 50).  
Colored dots indicate distinct carbons with carbonyls (blue), anomeric C1 (yellow), acetyl CH3 
(green), and pyruvyl CH3 (purple) groups.  (B) Solid state NMR spectrum of EPSII purified from 
the expR+DexoY strain (DW11, black) compared to that from the expR+DexoY DwgaE strain 
(CH23, red).  Number of scans: 32,768.  (C) Quantitative CP array plot of integrated intensities 
for fitted peaks of the spectrum for EPSII purified from the expR+DexoY (DW11) strain.  
Tabulated data and scan counts for each experiment are provided in Table S3.  
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TABLE 1. Strains and plasmids used in this study. 
Strain or plasmid Description Reference 
S. meliloti strains   
Rm1021 Wild type SU47; Smr (101) 
MB1187 Rm1021, expR corrected; Smr This study 
DW11 MB1187, DexoY; Smr This study 
DW28 MB1187, 22-kb exo deletion (DexoZ-exoP); Smr This study 
DW37 MB1187, DwgeB (SMb21313); Smr This study 
DW50 MB1187, DwgeB DexoH; Smr This study 
DW128 DW11, DwgaE (SMb21322); pDW24; Smr Nmr This study 
CH20 DW11, DSMb21188; Smr This study 
CH21 DW11, DSMb20810; Smr This study 
CH22 DW11, DSMa1016; Smr This study 
CH23 DW11, DwgaE (SMb21322); Smr This study 
CH25 DW11, DwgaD DwgaE; Smr This study 
MB1228 Rm1021, DwgaD (SMb21321); Smr This study 
MB1235 DW11, DwgaD (SMb21321); Smr This study 
MB1245 DW37, DwgaD; Smr This study 
MB1279 DW28, DSMb20810 DSMb21188 DSMa1016; Smr  This study 
   
Plasmids   
pRK600 ColE1; provides RK2 transfer functions; Cmr (89) 
pJQ200SK sacB vector; P15a ori, nonreplicative in S. meliloti; Gmr (90) 
pMB971 pJQ200SK, expR+ DNA, used to correct Rm1021 expR 

allele; Gmr 
This study 

pDW1 pJQ200SK, for making DexoH; Gmr This study 
pDW3 3' exoP and 3' exoZ for exo region deletion; Gmr This study 
pDW5 pJQ200SK, for making DwgeB; Gmr This study 
pCH1 pJQ200SK, for making DSMb21188; Gmr This study 
pCH2 pJQ200SK, for making DSMb20810; Gmr This study 
pCH3 pJQ200SK, for making DSMa1016; Gmr This study 
pCH4 pJQ200SK, for making DwgaE; Gmr This study 
pCH5 pJQ200SK, for making DwgaD; Gmr This study 
pCH6 pJQ200SK, for making DwgaD DwgaE; Gmr This study 
pSRKKm Broad-host-range Plac expression vector; Kmr (94) 
pDW24 pSRKKm, wgaE; Kmr This study 
pMB1035 pSRKKm, wgaD; Kmr This study 
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Figure S1.  The 27.4-kb S. meliloti region containing EPSII (galactoglucan) biosynthesis genes.  The region shown corresponds to 
nucleotides 969820 to 997228 on the pSymB megaplasmid.  wgaE encoding a ketal pyruvyltransferase is shown in red.
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Figure S2.  Amino acid sequence alignment of S. meliloti pyruvyltransferases WgaE 
(SMb21322) and WgaD (SMb21321). Identical amino acid residues are indicated in red. 
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Figure S3.  13C CPMAS solid-state NMR spectrum of galactoglucan (EPSII) purified from the 

expR+∆exoY strain (DW11, black) compared to spectra of EPSII from expR+∆exoY derivative 

strains each carrying a deletion of a putative acyltransferase gene.  SMb20810 acyltransferase 

(blue, CH21); SMb21188 acyltransferase (green, CH20); and SMa1016 acyltransferase (yellow, 

CH22).  Colored dots indicate distinct carbons with carbonyls (blue), anomeric C1 (yellow), 

acetyl CH3 (green), and pyruvyl CH3 (purple) groups.  Each spectrum is the result of 32,768 

scans. 
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Figure S4.  13C CPMAS solid-state NMR spectrum of galactoglucan (EPSII) purified from the 

expR+ 22-kb exo deletion (DexoZ-exoP) strain (DW28, grey) compared to (A) the wild type 

EPSII-producing strain expR+∆exoY (DW11, black) and (B) the spectrum of EPSII from strain 

MB1279 (green) lacking all five predicted Pfam PF01757 acetyl/acyltransferases (ExoH, ExoZ, 

SMa1016, SMb20810, SMb21188).  Colored dots indicate distinct carbons with carbonyls 

(blue), anomeric C1 (yellow), acetyl CH3 (green), and pyruvyl CH3 (purple) groups.  Each 

spectrum is the result of 32,768 scans.  
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Figure S5.  13C CPMAS solid-state NMR spectrum of galactoglucan (EPSII) purified from the 
expR+∆exoY strain (DW11, black) compared to the spectrum of EPSII from the 

expR+∆exoY∆wgaE strain with wgaE ectopically expressed from plasmid pDW24 (DW128, 

blue) showing the pyruvyltransferase complementation.  Colored dots indicate distinct carbons 

with carbonyls (blue), anomeric C1 (yellow), acetyl CH3 (green), and pyruvyl CH3 (purple) 

groups.  Each spectrum is the result of 32,768 scans. 
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Figure S6.  Comparison of experimental CPMAS spectra and peak fitting.  13C CPMAS solid-

state NMR spectra are shown in grey for spectra from the CP array experiment obtained with a 

CP time of 2ms as an example for EPSI (top) and EPSII (bottom).  Modeled Lorentzian peak fits 

are shown as overlays: the modeled succinyl CH2 (red), the modeled acetyl CH3 (green), and the 

modeled pyruvyl CH3 (purple).  The sums of the modeled fits are in black.  
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Table S1.  Genes in the EPSII biosynthesis cluster. 

Gene Former name(s) Protein predicted function 

wgeH expE8 Unknown 

wgeG expE7 Glycosyltransferase 

wgeF expE6 Unknown 

wgeE expE5 Unknown, possible membrane-anchored protein 

wgeD expE4 Glycosyltransferase 

wgeC expE3 Methyltransferase 

wgeB expE2 Glycosyltransferase, bifunctional 

wgeA expE1 RTX-motif calcium-binding protein, secreted by WgdAB 

wgdB expD2 Type I secretion, membrane fusion protein 

wgdA expD1 Type I secretion, ATP-binding protein 

wggR expG Transcription activator 

wgcA expC Glycosyltransferase 

wgaA expA1 Unknown 

wgaB expA2, expA3 Glycosyltransferase, bifunctional 

wgaD expA4 Pyruvyltransferase 

wgaE expA5 Pyruvyltransferase 

wgaF expA6 Unknown, possible periplasmic location 

wgaG expA7 Glucose-1-phosphate thymidyltransferase 

wgaH expA8 dTDP-4-dehydrorhamnose 3,5-epimerase 

wgaI expA9 dTDP-glucose, 4, 6-dehydratase 

wgaJ expA10 dTDP-4-dehydrorhamnose reductase 
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Table S2.  Numerical analysis of succinoglycan (EPSI) CPMAS NMR CP array peak integrals 

with spectral scan counts tabulated (A) and signal-to-noise analysis (B). 

 
  

EPSI

0.25 0.5 1 1.5 2 3 4 5 6 Fit at 0ms e^x/1000

anomeric C1 9.991 10.130 10.140 10.090 9.996 9.723 9.483 9.244 9.004 10.475 35.419

y = -0.2463x + 10.475      R2 = 0.9993

carbonyls 8.406 8.631 8.879 8.890 8.848 8.612 8.431 8.249 8.067 9.211 10.011

y = -0.1925x + 9.2114    R2 = 0.9969

acetyl CH3 7.738 7.843 7.926 7.906 7.846 7.798 7.603 7.460 7.204 8.231 3.756

y = -0.1622x + 8.231   R2 = 0.9582

pyruval CH3 7.575 7.867 7.811 7.898 7.762 7.751 7.571 7.346 7.188 8.145 3.445

y = -0.1553x + 8.1448   R2 = 0.946

succinyl CH2 8.467 8.408 8.252 8.091 8.012 8.015 7.856 7.536 7.268 8.524 5.035

y = -0.1967x + 8.5242   R2  = 0.9052

scan count 8192 8192 8192 8192 8192 65536 65536 65536 65536

CP Time (ms)

A

B 
EPSI Std dev Peak height Std dev/Peak height

acetyl CH3 0.19921 9.349 2.13%
pyruval CH3 0.19921 8.401 2.37%
succinyl CH2 0.19921 5.487 3.63%

0.12166 8.043 1.51%
0.12166 7.751 1.57%
0.12166 4.771 2.55%

0.11915 6.817 1.75%
0.11915 6.498 1.83%
0.11915 3.733 3.19%

0.10652 5.312 2.01%
0.10652 5.345 1.99%
0.10652 2.985 3.57%

0.10475 4.331 2.42%
0.10475 4.288 2.44%
0.10475 2.200 4.76%

CP: 2ms

CP: 3ms

 CP: 4ms

CP: 5ms

CP: 6ms

acetyl CH3
pyruval CH3
succinyl CH2

acetyl CH3
pyruval CH3
succinyl CH2

acetyl CH3
pyruval CH3
succinyl CH2

acetyl CH3
pyruval CH3
succinyl CH2
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Table S3.  Numerical analysis of galactoglucan (EPSII) CPMAS NMR CP array peak integrals 

with spectral scan counts tabulated (A) and signal-to-noise analysis (B). 

 

EPSII

0.25 0.5 1 1.5 2 3 4 Fit at 0ms e^x/1000

anomeric C1 9.402 9.561 9.623 9.608 9.569 9.434 9.295 9.845 18.862

y = -0.1374x + 9.8449    R2 = 0.9999

carbonyls 8.662 8.875 9.153 9.158 9.162 9.079 8.962 9.368 11.703

y = -0.0999x + 9.3676    R2  = 0.9909

acetyl CH3 8.686 8.808 8.809 8.766 8.735 8.603 8.474 8.995 8.059

y = -0.1302x + 8.9946    R2  = 0.9999

pyruval CH3 8.273 8.403 8.395 8.361 8.278 8.156 8.063 8.488 4.858

y = -0.1076x + 8.4884    R2  = 0.9943

CP Time (ms)

EPSII Std dev Peak height Std dev/Peak height

acetyl CH3 0.31939 38.92 0.82%
pyruval CH3 0.31939 31.15 1.03%

0.33494 34.06 0.98%

0.33494 28.14 1.19%

0.32465 30.24 1.07%

0.32465 25.18 1.29%

CP: 2ms

CP: 3ms

CP: 4ms

acetyl CH3

pyruval CH3

acetyl CH3

pyruval CH3

A

B 

scan count 4096 4096 4096 4096 4096 4096 4096
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