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 Pattern recognition receptors (PRR) are the innate immune system’s first-line 

sentinels for distinguishing “self” from “non-self.” Many molecules found in the bacterial 

cell wall are PRR ligands, including lipopolysaccharide (LPS), cardiolipin (CL), and 

peptidoglycan (PGN). Molecular structural biology techniques are essential for 

determining both basic cell biology and host-bacteria interactions through ligand-receptor 

binding mechanisms. Recent interest in designer PRR ligands or PRR ligand mimetics for 

use in drug discovery pipelines have given this research more translational value as well. 

Mass spectrometry (MS) has the unique capability to derive primary structures of ions as 

well as monitor many different ions in complex mixtures. Several different advances in 

PRR ligand structure analysis were achieved in this dissertation.  

First, chemical structure of an LPS-derived vaccine was determined using a top 

down tandem MS approach. Several different instrumental configurations and methods 

were employed to demonstrate complementarity of data and broad applicability of the 

approach. Second, CL from a newly discovered Actinomycete marine sponge symbiont 

was analyzed and compared to CL from a terrestrial Firmicute to generate hypotheses 

about host-bacterium interactions. This was the first molecular analysis of any secondary 

metabolites from this species of bacteria. Third, PGN subunits (muropeptides) from 



 

 

 

Rickettsia typhi were analyzed in a data dependent global LC-tandem MS approach. This 

was the first example of PGN structure discovery for R. typhi and the first example of this 

approach applied to PGN structure elucidation for any Rickettsiae species. 

All of these developments will help to advance PRR-ligand interaction research – 

an emerging and promising field for development of novel disease treatment and 

prevention approaches. Modulation of the innate immune response to bacterial insult is a 

challenging task without a clear understanding of underlying molecular mechanisms and 

how they might be manipulated by medicine. One key step in this process is development 

of sensitive and specific chemical analysis methods fit to acquire unequivocally 

interpretable data. While all of the methods described herein were applied to specific 

biological problems, their applicability to other scientific questions is broad. 

 

 

 

 

 

 

 

 

 

 



 

 

 

Advances in Mass Spectrometric Structural Biology Techniques for Pattern Recognition 
Receptor Ligands of Microbial Origin 

 
 
 
 

by 
Benjamin Lee Oyler 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dissertation submitted to the Faculty of the Graduate School of the 
University of Maryland, Baltimore in partial fulfillment 

of the requirements for the degree of 
Doctor of Philosophy 

2018 
 



 

iii 
 

Acknowledgements 

I would like to thank everyone who advised me throughout the process of my 

dissertation research. It was a group effort. First, thanks to my primary advisor, Prof. 

David Goodlett, for giving me the opportunity to join his lab and for providing me with 

many opportunities to grow as a researcher, make myself visible to the scientific 

community, and collaborate with fine people. I cannot thank him enough for taking a 

chance on me and I hope that it has been a mutually valuable experience. I believe that 

we have become friends throughout this process and I value that friendship. The same is 

true for Prof. Allen Place, who rescued me from the proverbial fire, for which I am 

forever grateful. I hope that we will continue to work together on interesting problems in 

the future. To Prof. Robert Ernst, I appreciate your constant willingness to help and your 

enthusiasm for your profession. You have had a clear impact on all of your students, 

including myself. To Dr. Alison Scott, we have had a close working relationship and it 

has been quite fun attacking problems with you as my battle-buddy. I really appreciate 

your willingness to include me in your research and I hope that I have lived up to my end 

of the bargain. To Prof. William Randall, a huge thank you for allowing me to join the 

Toxicology Ph.D. program and for your constant support and positive attitude. 

I would also like to thank current and former members of the Goodlett, Place, and 

Ernst labs for their professional help and friendship. Specifically, Dr. Mohsin Khan, Dr. 

Shivangi Awasthi, Dr. Tao Liang, Dr. Saddef Haq, Dr. Will Fondrie, Dr. David Kilgour, 

Dr. Bao Tran, Dr. Sung Hwan Yoon, Dr. Thomas Schneider, Dr. Erin Harberts, Courtney 

Chandler, and Belita Opene. Thank you for including me in your research and helping me 

with mine. All of you were instrumental in my Ph.D. process and I hope that we remain 



 

iv 

 

friends and colleagues. A special thanks to Mohsin who has been my partner-in-crime as 

well as a great friend since we started the Ph.D. program together. 

Other friends and colleagues along the way have been supportive and opened up 

countless opportunities for me. If I do not mention you by name, please know that I 

appreciate and value our friendship and I will not forget your kindness and loyalty. I 

would like to specifically thank Laura Mulderig for introducing me to Dave and getting 

the bearings greased for this amazing experience. 

To my parents, Jonathan and Kimberly Oyler, thank you for believing in me even 

when there wasn’t much to believe in. Jonathan, as a father you have always encouraged 

me to try new things and not to be afraid of the unknown. I respect that most about you. 

When I am afraid, I think about the example you set. Thank you for introducing me to 

mass spectrometry and some of the people I now call friends and colleagues. This would 

not have been possible without you. Kimberly, as a mother you have always been 

supportive of me even when I acted like an idiot. You have been honest and caring, and 

when I needed a gentle nudge in a particular direction, you gave it. You taught me not to 

become attached to earthly things and that it is never too late to change direction (or to 

get another certification). I respect those attributes most about you. I love you both and I 

hope that you know I appreciate all of the ways in which you have molded me into the 

man I am today (still imperfect, but working on it). To the rest of my family, especially 

my wonderful grandparents, thank you for loving me and for always believing in me. If I 

am honest, I do not see what you see in me, but I’m glad that you see it. 

Finally, and most importantly, to God be the glory for this experience. He has 

ordered all of the events in my life. I know this to be true. There is no other explanation. 



 

v 

 

Table of Contents 

 

Chapter 1. A brief introduction to innate immunity and mass spectrometry ...................... 1 

Chapter 2. Lipid A structural modifications in extreme conditions and identification of 
unique modifying enzymes to define the Toll-like receptor 4 structure-activity 
relationship ........................................................................................................................ 14 

2.1 Abstract .............................................................................................................. 14 

2.2 Introduction ........................................................................................................ 14 

2.3 Lipid A Innate Recognition and Signaling via TLR4 ........................................ 16 

2.4 Biosynthesis of Lipid A ..................................................................................... 19 

2.5 Lipid A Structural Modifications and Consequences ........................................ 22 

2.5.1 Early modifications of lipid A structure that alter TLR4 complex 
binding ...................................................................................................... 22 

2.5.2 Late modifications of lipid A structure that alter TLR4 complex 
binding ...................................................................................................... 24 

2.5.3 Contribution of lipid A termini and modifications thereof to TLR4 
complex activity ........................................................................................ 27 

2.6 Effective Strategies for Lipid A-Based Treatment Approaches Depend on 
Structure ................................................................................................................... 28 

2.7 Finding Novel Sources of Lipid A Modifying Enzymes ................................... 30 

2.8 Novel Lipid A Bacterial Sources from Extreme Environments ........................ 32 

2.8.1 Marine .............................................................................................. 32 

2.8.2 Lone species ..................................................................................... 33 

2.8.3 Cyanobacteria .................................................................................. 36 

2.8.4 Psychrophiles and Thermophiles ..................................................... 37 

2.8.5 Halophiles ........................................................................................ 39 

2.9 Exotic Lipid A Modifying Enzymes .................................................................. 40 

2.10 Structural Characterization .............................................................................. 41 

2.11 Conclusions/Perspectives................................................................................. 43 

Chapter 3. Top down tandem mass spectrometric analysis of a chemically modified 
rough-type lipopolysaccharide vaccine candidate ............................................................ 44 

3.1 Abstract .............................................................................................................. 44 

3.2 Introduction ........................................................................................................ 45 

3.3 Experimental ...................................................................................................... 50 



 

vi 
 

3.3.1 Materials .......................................................................................... 50 

3.3.2 Detoxification of R-LPS and preparation of vaccine ....................... 50 

3.3.3 Cell culture and cytokine reporter assay .......................................... 50 

3.3.4 Defining mixture composition differences between intact and 
detoxified LPS samples............................................................................. 51 

3.3.5 Ultra-high mass resolving power, high mass accuracy FT-ICR MS to 
determine empirical formulae and define J5 LPS primary structure ........ 52 

3.3.6 Multi-stage MS (MSn) to confirm structural inferences .................. 53 

3.3.7 Data analysis .................................................................................... 53 

3.4 Results and Discussion ...................................................................................... 54 

3.4.1 Cell culture and cytokine reporter assay .......................................... 54 

3.4.2 Defining mixture composition differences between intact and 
detoxified LPS samples............................................................................. 55 

3.4.3 Ultra-high mass resolving power, high mass accuracy FT-ICR MS to 
determine empirical formulae and define J5 LPS primary structure ........ 60 

3.4.4 Multi-stage MS (MSn) to confirm structural inferences .................. 82 

3.5 Conclusions ........................................................................................................ 84 

Chapter 4. Cardiolipin structure differences observed in membranes from an 
actinomycete sponge symbiont and Staphylococcus aureus ............................................ 86 

4.1 Abstract .............................................................................................................. 86 

4.2 Introduction ........................................................................................................ 86 

4.3 Materials and Methods....................................................................................... 87 

4.3.1 Cell culture ....................................................................................... 87 

4.3.2 Extraction of cardiolipins ................................................................. 88 

4.3.3 Ion mobility separation – mass spectrometry .................................. 88 

4.4 Results and Discussion ...................................................................................... 89 

4.5 Conclusion ......................................................................................................... 93 

Chapter 5. Rickettsia typhi peptidoglycan mapping with data-dependent tandem mass 
spectrometry ...................................................................................................................... 94 

5.1 Abstract .............................................................................................................. 94 

5.2 Introduction ........................................................................................................ 94 

5.3 Materials and Methods....................................................................................... 96 

5.3.1 R. typhi culture and peptidoglycan isolation .................................... 96 

5.3.2 Peptidoglycan digestion and preparation for LC/MS analysis ........ 97 



 

vii 
 

5.3.3 Data-dependent acquisition of tandem mass spectra ....................... 98 

5.3.4 Data analysis .................................................................................... 99 

5.4 Results and Discussion .................................................................................... 100 

5.4.1 Qualitative assessment of muropeptide mass chromatograms....... 100 

5.4.2 Evaluation of tandem mass spectra and structure assignment ....... 102 

5.5 Conclusions ...................................................................................................... 107 

Chapter 6. Conclusions and Perspectives ....................................................................... 108 

References ....................................................................................................................... 115 

 

 

 



 

viii 
 

List of Tables 

Table 3.1 Picked monoisotopic m/z peaks for J5 LPS in broadband negative ion FT-ICR 
experiment, sorted by charge ............................................................................................ 61 
 

Table 5.3 Abbreviated list of identified PGN muropeptides with empirical formulae and 
measured m/z ................................................................................................................... 105 



 

ix 

 

List of Figures 

Figure 2.1 Signaling pathways from TLR4 to early-/late-phase inflammation and the 
lipid A-MD-2-TLR4 (NF-κB-mediated) structure activity relationship (SAR) range. (A) 
Surface and endosomal TLR4 signaling results in both divergent and convergent 
inflammatory processes. Convergent: surface TLR4 signaling via the MyD88 axis leads 
to early NF-κB activation and endosomal TLR4 signaling via TRIF/TRAM leads to late 
NF-κB activation, both resulting in proinflammatory cytokine production. Divergent: 
surface TLR4 activation of multiple MAP kinase cascades (involving p38 and JNK) 
results in the activation of CREB and AP1 transcription factors whereas endosomal TLR4 
results in an IRF-3-mediated Type I interferon response via TRAF3. Selectively biasing 
these downstream signaling components is the goal of SAR refinement, resulting in a 
customized response. (B) Inflammatory activity of the lipid A-MD-2-TLR4 complex is 
dependent on lipid A structure. E. coli (Ec) hexa-acylated lipid A is a potent agonist of 
TLR4. Pseudomonas aeruginosa (Pa) hexa-, hepta-, and penta-acylated lipid A are 
associated with different human diseases and elicit diverse strong to weak TLR4 agonist 
responses. Two tetra-acylated molecules from Yersinia pestis (Yp) grown at 37°C (also 
lipid IVA) and Eritoran both result in TLR4 antagonism. ................................................. 17 

 

Figure 2.2 Representative lipid A structures from E. coli (A) and F. novicida (B). E. coli 
lipid A is a hexa-acylated, bis-phosphorylated structure associated with highly 
proinflammatory properties. Carbon numbers are given for reference points in the text. F. 

novicida lipid A is a tetra-acylated, monophosphorylated structure with nonstimulatory 
activity through the MD-2/TLR4 complex. The blue acyl chains are C18 added by LpxD1 
at warm temperatures. At cooler growth temperatures LpxD2 activity is higher resulting 
in one or both (2, 2’) N-linked positions being modified with a C16 addition [72]. ........ 23 

 

Figure 2.3 Pathway to systematic identification of novel lipid A biosynthetic and/or 
modifying enzymes. Species from exotic source libraries (marine, thermal vents, etc.) 
must first be isolated and cultured for LPS and lipid A extraction. By comparing the 
known lipid A structures and their respective biosynthetic pathways to novel structures 
identified from exotic sources predictions can be made about new, unique, or alternative 
enzymatic functions. Where novel enzymes are predicted, homology searches of the 
available genome(s) can be performed using similar enzymes of known function and 
sequence. Some species may require genome sequencing and assembly prior to 
bioinformatic mining. Homology searches resulting in meaningful predictions can be 
cloned and exogenously expressed in a model organism and further evaluated at the lipid 
A structural modification level. Homology searches not yielding meaningful predictions 
may lead to gene identifications using a more laborious positional cloning approach for 
the most interesting potential modifying enzymes. Careful consideration of atypical 
growth conditions, unique inducing conditions, and unforeseen technical hurdles will be 
necessary. .......................................................................................................................... 31 

 

Figure 2.4 Representative lipid A structures from V. fischeri (A) and B. bacteriovorus 
(B). V. fischeri produces  mono-phosphorylated lipid A with unusual modifications, 
including secondary phosphoglycerol, lysophosphatidic acyl groups, and phosphatidic 



 

x 

 

acyl groups. The amide-linked, β-hydroxyl-substituted C14:1 fatty acyl group at the C-2’ 
position is, so far, unique among Gram-negative bacteria [139]. B. bacteriovorus 
produces a unique, neutral lipid A with α-D-mannopyranose residue substitutions at 
positions C-1 and C-4’. It also incorporates unsaturated and branched chain fatty acyl 
groups in the lipophilic domain [140]. (Red and blue colors were used for contrast only 
and do not denote any physicochemical properties. Bond positioning of terminal 
attachments are arbitrary.) ................................................................................................ 34 

 

Figure 2.5 Representative lipid A structures from G. obscuriglobus (A) and 
Synechococcus sp. CC9311 (B). G. obscuriglobus produces mono-phosphorylated lipid A 
with unusual modifications, including an acidic GalA substitution at the C-4’ position 
and amide-linked fatty acyl chains at the C-3 and C-3’ positions. The ester-linked, β-
hydroxyl-substituted myristate group at the C-2’ position is a unique finding among 
Gram-negative bacteria [141]. Synechococcus sp. CC9311 produces a rudimentary, tetra-
acylated lipid A with no phosphate substitutions. It also incorporates at least one 
unsaturated fatty acyl group in the lipophilic domain and an acidic GalA substitution at 
the C-4’ position, as in G. obscuriglobus [144]. (Red and blue colors were used for 
contrast only and do not denote any physicochemical properties. Bond positioning of 
terminal attachments are arbitrary.) .................................................................................. 36 
 

Figure 3.1 Agonists were cultured with HEK-Blue hTLR4 cells over a 5-log dose range 
from 0.1-1000 ng mL-1. W3110 E. coli LPS (red), J5 E. coli LPS (orange), J5 dLPS 
(pink), J5 dLPS/GBOMP (green), or PHAD (blue) were incubated for 16 hours. Then 
NF-κB activation was measured by quantification of SEAP in the supernatant. Mean ± 
SD of duplicate samples and an associated 4-parameter non-linear regression are shown
........................................................................................................................................... 55 
 

Figure 3.2 Full broadband negative mode TOF mass spectra for J5 E. coli LPS (a) and 
dLPS (b). Red boxes indicate regions where [M-3H]3- ions corresponding to Lipid A with 
full core OS attached are found ........................................................................................ 56 
 
Figure 3.3 Ion mobility filtered, broadband TOF mass spectra for J5 E. coli LPS (a) and 
dLPS (b)  ........................................................................................................................... 58 
 
Figure 3.4 Averaged IMS-CID tandem mass spectra of (a) J5 LPS m/z 1071 and (b) J5 
dLPS m/z 789 after collision energy ramping. Insets show deprotonated fatty acid product 
ions’ presence in (a) and absence in (b)  ........................................................................... 60 
 
Figure 3.5 Zoomed negative mode FT-ICR mass spectrum (R ~ 300,000 FWHM, in 
absorption mode) after direct infusion of J5 LPS. Eight potential isotopic distribution 
envelopes can be identified in absorption mode in this 4 m/z window; these are denoted, 
at the m/z of their respective monoisotopic ions, with blue arrows. (inset) Magnified 
portion of the spectrum showing fine detail (including the magnitude mode and the 
proposed overlap between isotopologues from envelopes 2 and 5)  ................................ 80 
 

 



 

xi 
 

Figure 3.6 Comparison of trap CID (blue) and beam CAD (red) for the same precursor 
ion at m/z 1071. Ninety-nine monoisotopic product ions common to both experiments 
were observed, fifteen of which are annotated in the CID mass spectrum with 
corresponding bond cleavages in the structure on the right. All product ion m/z were 
measured with less than 100 ppb error ............................................................................. 82 
 
Figure 3.7 MS3 CID mass spectra from MS2 product ions representing J5 E. coli lipid A 
at m/z 1796 (top) and core OS at m/z 1418 (bottom). Similar dissociation phenomena 
were observed as in MS2 experiments for chemically isolated lipid A and 
oligosaccharides, indicating feasibility of LPS top down sequencing in this manner ...... 84 
 
Figure 4.1 Overlay of single stage mass spectra zoomed in on an envelope from m/z 693 
to 699. Upper trace (black) represents ions from the actinomycete R45601 and lower 
trace (red) represents ions from S. aureus MRSA M2 strain. R45601 ions show 
overlapping isotopic distributions shifted to the left by 2 and 4 Da (1 and 2 m/z), leading 
to hypothesis that these ions originate from CLs with unsaturated fatty acyl chains ....... 89 
 
Figure 4.2 Comparison of fatty acid product ion regions from tandem mass spectra of CL 
precursor ions. Upper trace (black) represents product ions from the actinomycete 
R45601 and lower trace (red) represents product ions from S. aureus MRSA M2 strain. 
Product ions corresponding to unsaturated fatty acids are missing from lower trace ...... 91 
 

Figure 4.3 (top) Heat map from post-dissociation traveling wave ion mobility 
spectrometry experiment showing two dimensional separation of fatty acid product ions 
in both the mass-to-charge and drift time domains from CL precursor. (bottom) Arbitrary 
intensity v. drift time plot extracted from above experiment .............................................92 

Figure 5.1 Total ion current chromatogram (TIC) monitoring ion image current in the 
Orbitrap mass analyzer for R. typhi PGN muropeptides using data dependent acquisition 
LC/MS Experiment 1. (inset) Zoomed-in portion of the mass chromatogram showing 
elution profile of most of the detected muropeptides ..................................................... 101 
 
Figure 5.2 Total ion current chromatogram (TIC) monitoring ion image current in the 
Orbitrap mass analyzer for R. typhi PGN muropeptides using data dependent acquisition 
LC/MS Experiment 2. (inset) Zoomed-in portion of the mass chromatogram showing 
elution profile of most of the detected muropeptides ..................................................... 102 
 
Figure 5.3 (right) Tandem mass spectrum for a subunit of R. typhi PGN consisting of a 
disaccharide backbone with a tripeptide stem. (left) Chemical structure assigned to the 
precursor ion at m/z 435.1854 from the tandem mass spectrum. The product ion at m/z 
463.2024 corresponds to muramyl tripeptide, a good diagnostic ion for mDAP-type 
muropeptides and Gram-negative bacterial PGN ........................................................... 103 
 
 

 



 

xii 
 

Figure 5.4 Extracted ion chromatogram (EIC) of m/z 895.5-896.5 in LC/MS Experiment 
2. Structure assignment is shown with exact mass for the empirical formula. Three 
chromatographic peaks were observed, all measured within ± 5 ppm of the calculated 
mass. These peaks are probably due to mutarotation of the non-reduced glycan ends of 
MurNAc residues ............................................................................................................ 106 
 

 



 

xiii 
 

List of Abbreviations 

PAMP 

DAMP 

PRR 

TLR 

CLR 

RLR 

NLR 

DC 

NF-κB 

MyD88 

RIP2, RIPK2 

CARD9 

IFN 

LPS 

CL 

PGN 

MD-2 

pathogen associated molecular pattern 

damage associated molecular pattern 

pattern recognition receptor 

Toll-like receptor 

C-type lectin receptor  

RIG-I-like receptor 

NOD-like receptor 

dendritic cell 

nuclear factor kappa-light-chain-enhancer of activated B cells 

myeloid differentiation primary response gene 88 

receptor-interacting serine/threonine-protein kinase 2 

caspase recruitment domain-containing protein 9 

interferon 

lipopolysaccharide 

cardiolipin 

peptidoglycan 

myeloid differentiation factor-2 



 

xiv 

 

TNF-α 

IL 

MAPK 

LTA 

MDP 

IBD 

MS 

ESI 

MALDI 

NMR 

Tandem MS, 
MS/MS, MS2 

FT-ICR 

QqQ 

QTOF 

CID 

CAD 

ETD 

ECD 

tumor necrosis factor-alpha 

interleukin 

mitogen-activated protein kinase 

lipoteichoic acid 

muramyl dipeptide 

irritable bowel disease 

mass spectrometry 

electrospray ionization 

matrix assisted laser desorption/ionization 

nuclear magnetic resonance 

tandem mass spectrometry 

Fourier transform-ion cyclotron resonance 

triple quadrupole or tandem quadrupole 

quadrupole time-of-flight 

collision induced dissociation 

collisionally activated dissociation 

electron transfer dissociation 

electron capture dissociation 



 

xv 

 

IRMPD 

UVPD 

MSn 

FAB 

HiTMS 

SAWN 

LC/MS 

MSI 

IMS 

SAR 

KDO 

CAMP 

Pa 

CF 

Rs 

LOS 

Li 

Yp 

infrared multiphoton dissociation 

ultraviolet photodissociation 

multiple stage tandem mass spectrometry 

fast atom bombardment 

Hierarchical Tandem Mass Spectrometry 

surface acoustic wave nebulization 

liquid chromatography/mass spectrometry 

mass spectrometry imaging 

ion mobility spectrometry/separation 

structure-activity relationship 

3-deoxy-D-manno-octulosonic acid 

cationic antimicrobial peptide 

Pseudomonas aeruginosa 

cystic fibrosis 

Rhodobacter sphaeroides 

lipooligosaccharide 

Leptospira interrogans 

Yersinia pestis 



 

xvi 
 

Fn 

WT 

Vc 

Pg 

Bt 

DPLA 

Ab 

MPLA, MPL 

GLA 

GC/MS 

GalA 

m/z 

MALDI-TOF 

GC/FID 

HCD 

rLPS, R-LPS 

dLPS  

core OS 

Francisella novicida 

wildtype 

Vibrio cholera 

Porphyromonas gingivalis 

Bacterioides thetaiotaomicron 

diphosphoryl lipid A 

Acinetobacter baumanii 

monophosphoryl lipid A 

glucopyranosyl lipid A 

gas chromatograph/mass spectrometer 

galacturonic acid 

mass-to-charge ratio 

matrix assisted laser desorption/ionization-time-of-flight 

gas chromatograph/flame ionization detector 

higher energy collisional dissociation 

rough-type lipopolysaccharide 

detoxified lipopolysaccharide 

core oligosaccharide 



 

xvii 
 

S-LPS 

3D 

OMP 

HPV 

DMEM 

FBS 

TWIMS 

nESI 

LTQ 

S:N 

GlcN 

GlcNAc 

NCE 

CDP-DAG 

PG 

mDAP 

GM-TriDAP 

MOI  

smooth-type lipopolysaccharide 

three dimensional 

outer membrane protein 

human papillomavirus 

Dulbecco’s Modified Eagle’s Medium 

fetal bovine serum 

traveling wave ion mobility separation 

nanoelectrospray ionization 

linear trapping quadrupole 

signal to noise ratio 

glucosamine 

N-acetylglucosamine 

normalized collision energy 

cytidine diphosphate-diacylglycerol 

phosphatidylglycerol 

meso-diaminopimelic acid 

N-acetyl-d-glucosaminyl-N-acetyl-d-muramyl-l-alanyl-d-
isoglutamyl-meso-diaminopimelic acid 

multiplicity of infection 



 

xviii 
 

MurNAc 

DDA 

TIC 

EIC  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N-acetylmuramic acid 

data dependent acquisition 

total ion current chromatogram 

extracted ion chromatogram  



 

1 

 

Chapter 1. A brief introduction to innate immunity and mass spectrometry 

1.1 Pattern recognition receptors and innate immunity 

The innate immune system is largely responsible for acute phase inflammation 

and clearance of particles and cells determined to be “non-self”. Acute phase 

inflammation occurs when molecules categorized as either pathogen-associated 

molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) are 

bound to a particular receptor and activate a cellular inflammation signaling cascade [1]. 

The receptors for PAMPs and DAMPs are collectively called pattern recognition 

receptors (PRRs) and the known PRRs are classified into four different groups, namely: 

i.) Toll-like receptors (TLRs), ii.) C-type lectin receptors (CLRs), iii.) RIG-I-like 

receptors (RLRs), and iv.) NOD-like receptors (NLRs) [2]. TLRs and CLRs are trans-

membrane proteins, while RLRs and NLRs are cytosolic proteins. TLRs and NLRs are 

known to recognize PAMPs from bacteria, which are the foci of this dissertation.  

 Innate immune cells such as macrophages and dendritic cells (DCs), as well as 

nonprofessional phagocytes, express PRRs and cumulatively produce the innate immune 

response [2]. Ultimately, activation of PRRs leads to translocation of nuclear 

transcription factors responsible for upregulation of both pro-inflammatory and anti-

inflammatory gene products in a complex interplay. Most pertinent to this research, 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) is a protein 

transcription factor complex found in most animals, including humans, and activated 

after both TLR and NLR stimulation although the pathways for nuclear translocation are 

different. TLRs predominantly use the cytosolic adaptor protein myeloid differentiation 
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primary response gene 88 (MyD88) [3] and NLRs use the adaptor proteins receptor-

interacting serine/threonine-protein kinase 2 (RIP2 or RIPK2) [4] and caspase 

recruitment domain-containing protein 9 (CARD9) [5] to activate the NF-κB-mediated 

inflammatory response. The most well understood responses following NF-κB 

translocation are those of upregulated pro-inflammatory cytokines, type 1 interferons 

(IFNs), and chemokines. 

1.2 Bacterial PRR ligands 

Many molecules found in the membranes of bacteria are known to activate PRRs. 

Three of these molecular classes have been investigated using either novel or cutting-

edge analytical approaches in this dissertation research. They are lipopolysaccharide 

(LPS or endotoxin), cardiolipin (CL), and peptidoglycan (PGN). All of these molecules 

have structural features that lead to differential innate immune response depending on 

bacterial species, strain, and often growth conditions. 

LPS is a major component of most Gram-negative bacterial outer membranes. It 

is composed of three distinct chemical moieties named lipid A, core oligosaccharide, and 

O-antigen [6, 7]. Lipid A is the membrane anchor portion of LPS and binds directly in a 

hydrophobic β-cup pocket of myeloid differentiation factor-2 (MD-2), which forms a 

tetrameric, homodimer of heterodimers with TLR4 when bound by ligand [8]. Chapter 2 

of this dissertation provides an extensive, peer-reviewed literature review of lipid A 

structural features and approaches to discover and utilize novel lipid A or lipid A 

mimetics to modulate the innate immune response to TLR4-mediated disease. Chapters 2 

and 3 also provide pertinent background information on LPS structure. 
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CLs, or diphosphatidylglycerols, are membrane phospholipids found in the 

innermost leaflets of bacterial and mitochondrial membranes. They were named 

according to the first place they were found: bovine heart [9]. They are both direct 

agonists of TLR2 [10] and indirect agonists of later stage TLR response through anti-CL 

antibodies which activate TLRs. Additionally, CLs have been shown to bind directly to 

the MD-2/TLR4 complex and competitively inhibit binding of LPS [11]. These findings 

add complexity to an often oversimplified picture of host-bacteria interactions and will 

help to refute the “one ligand, one receptor” dogma that is sometimes portrayed in 

biological systems. Chapter 4 of this dissertation further expands upon literature review 

and biology of CL with respect to host-bacteria interactions. 

PGN is a polymeric substance produced only by bacteria and found in the 

bacterial cell wall. Its structure is composed of a disaccharide (N-acetylglucosamine-N-

acetylmuramic acid; GlcNAc and MurNAc, respectively) covalently bound to a short 

“stem” peptide. These stem peptides are crosslinked to varying degrees, making PGN 

molecules variable in molecular weight [12]. A single subunit of PGN is often called a 

muropeptide and some of these muropeptides are NLR ligands. The two canonical 

ligands for the NLRs NOD1 and NOD2 are N-acetyl-d-glucosaminyl-N-acetyl-d-

muramyl-l-alanyl-d-isoglutamyl-meso-diaminopimelic acid (GM‑TriDAP, Gram-negative 

bacteria) [13] and muramyl dipeptide (MDP, Gram-positive and Gram-negative bacteria) 

[14], respectively. PGN provides protection and cell wall stability to bacteria, as well as 

providing a layer for proteins and other membrane molecules to anchor. PGN has been a 

drug target for over 70 years, with drugs like vancomycin directly binding to specific 

moieties on PGN and inhibiting its continued synthesis. This disrupts the stability of the 

bacterial cell wall and makes the cell more susceptible to lysis by immune mechanisms. 
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Chapter 5 of this dissertation adds additional literature review and context, demonstrating 

the first structure of PGN from Rickettsia typhi through muropeptide analysis.   

1.3 Diseases and conditions arising from dysregulated innate immune response to 

bacteria 

 There is evidence that many diseases and conditions arise following an improper 

innate immune response to bacterial insult, a selection of which will be discussed 

forthwith. The most common, and most expensive to treat, of these is sepsis [15]. Sepsis 

is the result of an over-activated innate immune response to pathogenic stimuli [16]. A 

so-called “cytokine storm” ensues after PAMP and/or DAMP recognition by PRRs and 

subsequent release of pro-inflammatory cytokines such as tumor necrosis factor-alpha 

(TNF-α) and interleukins (IL) [17]. This response can lead to organ failure and death, 

especially in immunocompromised patients. The risk of death increases rapidly with 

progression of the condition through the clinical stages of “sepsis” to “severe sepsis” to 

“septic shock”. Since sepsis is classified by the host response rather than the pathogen, its 

treatment depends on rapid diagnosis of the causative agent and availability of efficacious 

treatment options. 

 Gram-negative bacterial sepsis is caused, in part, by host response to LPS. 

Common causative bacteria (e.g. Escherichia coli) for this condition usually produce 

highly inflammatory LPS structures, capable of activating TLR4 with maximum efficacy 

at low concentrations. Interestingly, missense mutations to TLR4 in humans have been 

associated with reduced response to inhaled LPS [18], suggesting that these mutations 

may play an important role in outcomes from pulmonary infection. After the initial wave 

of cytokine production, damaged tissues liberate DAMPs which further exacerbate the 
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condition through other PRR signaling mechanisms in a positive feedback loop. This is 

one possible explanation for the often rapid progression of sepsis and low rate of 

treatment success. Another is that killing the causative bacteria through treatment will 

inevitably lead to excessive release of sequestered, highly inflammatory, membrane lipids 

like LPS into the infected system, thereby creating a second wave acute cytokine storm 

response. Most Gram-negative bacteria also produce PGN which can activate cytosolic 

NLRs and act synergistically with TLRs to identify and eradicate infection. As mentioned 

before, NLR activation leads to NF-κB translocation, as with TLRs, along with mitogen-

activated protein kinase (MAPK) activation disparate from the pathways activated by 

TLRs. 

 Gram-positive bacterial sepsis is not as clearly defined on the molecular level, but 

there is evidence that it proceeds through similar mechanisms, including hyper-activation 

of NF-κB-mediated cellular responses [19–21]. This is expected since the innate immune 

system is designed to be a relatively non-specific catch-all for protection of “self” from 

harmful “non-self” entities. The most common causative bacterial species for Gram-

positive sepsis is Staphylococcus aureus. The ligands from Gram-positive bacterial cell 

walls currently known to activate PRRs and possibly contribute to onset and progression 

of sepsis are lipoteichoic acid (LTA), CL, and muramyl dipeptide (MDP)- a subunit of 

Gram-positive bacterial PGN. 

 Another disease positively correlated with dysregulated PRR response to bacteria 

is Crohn’s disease (reviewed in [22]). Much rarer than sepsis, Crohn’s disease is a form 

of irritable bowel disease (IBD) for which the etiology is unclear. It has been 

hypothesized that, at least in part, Crohn’s disease either arises or is exacerbated by a 
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dysregulation of commensal gut microbiota. The one result that has been consistently 

observed in studies of gut microbial communities in Crohn’s disease vs. controls is that 

Proteobacteria species are increased while Firmicute species are decreased. Many other 

studies have been conducted to identify causative bacterial agents for Crohn’s disease or 

other IBDs, but a “silver bullet” has not been identified. It is reasonable to assume that 

the host-microbiome interaction as a whole, rather than a single causative agent, results in 

the etiology of Crohn’s disease. 

 Differences in PRR expression or function, specifically in TLRs and NLRs, have 

been identified as possible indicators of a patient’s propensity to develop Crohn’s 

disease. Several studies have identified a D299G mutation in human TLR4 that has been 

positively correlated with Crohn’s disease [18, 23]. In a cell line, this result has been 

recapitulated and rescued by transfection with wild-type TLR4 [18]. Other bacteria-

sensing TLRs have been implicated in Crohn’s disease as well, when mutations to 

multiple PRRs coexist (reviewed in [22]). NLRs identified as possible contributing 

factors to the genesis of Crohn’s disease include NOD1, NOD2, and NLRP3 [22]. NOD1 

and NOD2 are receptors for the PGN subunits GM‑TriDAP (Gram-negative bacteria) and 

MDP (Gram-negative and Gram-positive bacteria), respectively. The primary implication 

of all of the aforementioned results is that polymorphisms in the genes for PRRs 

dysregulate the host’s ability to regulate bacterial growth and proliferation in a way that 

is not detrimental to itself. This means that bacteria may be left to compete for a niche 

with less input from the host, possibly leading to IBDs like Crohn’s disease. 
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1.4 Mass spectrometry as a tool for PRR ligand structural biology 

 Mass spectrometry (MS) has long been used to elucidate specific structural 

features of molecules through gas phase decomposition of ions. The advents of 

electrospray ionization (ESI) [24] and matrix assisted laser desorption/ionization 

(MALDI) [25] for the transfer of non-volatile, high molecular weight ions from the liquid 

or solid phase to the gas phase have revolutionized biological research. In fact, it is 

becoming uncommon to find molecular research articles in the peer-reviewed literature 

without MS methods employed. For demonstrating the application of ESI and MALDI to 

analysis of large biomolecules, John B. Fenn and Koichi Tanaka shared the Nobel Prize 

in Chemistry for 2002, along with nuclear magnetic resonance (NMR) spectroscopist 

Kurt Wüthrich [26]. 

 Tandem mass spectrometry (tandem MS, MS/MS, or MS2) is the process of 

combining two mass analyses in the same experiment. Often, the mode employed is 

called a product ion analysis, wherein a precursor ion is selected in the first mass filtering 

event, decomposed by some controlled dissociation mechanism, and the resultant product 

ions are analyzed in the second stage. Tandem MS can be performed in two 

configurations: tandem-in-time and tandem-in-space. Tandem-in-time experiments are 

performed in trapping-type instruments, whereas tandem-in-space experiments are 

performed in beam-type instruments. Trapping-type instruments include quadrupole ion 

traps, Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometers, 

Orbitraps, and others. Beam type instruments include triple quadrupoles (QqQ), 

quadrupole time-of-flight (QTOF) mass spectrometers, and others. There are advantages 
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and disadvantages to each type of mass spectrometer as discussed in context throughout 

this dissertation. 

There are many tandem MS experiments that can be executed on commercial MS 

instrumentation, including collision induced dissociation or collisionally activated 

dissociation (CID or CAD, respectively), electron transfer dissociation (ETD), electron 

capture dissociation (ECD), infrared multiphoton dissociation (IRMPD), and ultraviolet 

photodissociation (UVPD). The two dissociation methods employed in the following 

research were CID and UVPD. CID is a method wherein a precursor ion or packet of 

precursor ions is accelerated through an electric field into inert gas molecules – usually 

molecular nitrogen, argon, or helium – undergoing collisions until enough internal energy 

is imparted to the precursor ion to cause fragmentation at relatively labile bonds. CID can 

currently be performed in either quadrupole ion traps or beam-type instruments. In ion 

traps, multiple stage tandem MS (MSn; practically, n ~ 4-5) can be performed on the 

same original pool of ions until the operator chooses to scan the product ions out or there 

are no detectable ions left in the trap. Since most beam-type instruments only have one 

collision cell with no trapping capability, they are limited to MS2 experiments only. 

However, they are not limited by a product ion low mass cutoff, determined by trapping 

stability equations, as in ion traps. So, beam-type instruments can detect sometimes 

diagnostic subunit ions as is discussed later. 

UVPD is a technique that employs photons generated by a UV laser to 

specifically excite electrons in a precursor ion according to the UV absorbance of that 

ion. Often, the mechanism proceeds by an absorbance of a single photon and prompt 

fragmentation subsequently occurs. These experiments provide complementary structural 
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data to those obtained with CID; however, UVPD experiments are usually quite 

inefficient due to space considerations. It is difficult (or impossible) to focus ions with 

either an electric or magnetic field in a packet with a cross-section small enough to fully 

interact with the photon beam generated by the laser. It is possible to defocus the laser 

beam with a lens (or lenses) always at the expense of laser power. Mostly, UVPD is 

performed in trapping-style instruments because of these experimental hurdles. The first 

example of UVPD tandem MS to examine bio-molecule (in this case, peptide) structure 

was published in 1984 by Bowers, et al. using an FT-ICR for both storage and detection 

of precursor and product ions [27]. 

 Since before the time of ESI and MALDI, MS and MS with hyphenated analytical 

techniques have facilitated new discoveries in PRR ligand biology. Beginning in the early 

1980’s, chemically liberated lipid A has been analyzed using various ionization methods 

for sample introduction to the inlet of the mass spectrometer, beginning with fast atom 

bombardment (FAB) [28] - a technique that uses a neutral beam of atoms with high 

momentum to transfer charge and ionize molecules of interest, co-deposited with a 

chemical matrix, on a surface under high vacuum [29]. In fact, even an intact rough-type 

LPS (forms of LPS are defined in Chapter 3) was structurally characterized by Qureshi et 

al. in 1988 using plasma desorption mass spectrometry [30], another pioneering 

analytical technique for biological MS applications prior to the development of ESI and 

MALDI. 

 ESI and MALDI, coupled to mass spectrometers, have supplanted most other 

ionization techniques for non-volatile biological molecule analyses. Shortly after their 

original reports, both techniques were adopted for primary structure elucidation of lipid 
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A. The first example of ESI-MS, published by Harrata et al. in 1993, for analysis of lipid 

A examined chemical structures from Enterobacter agglomerans by single stage MS and 

tandem MS [31]. The first example of MALDI-MS for lipid A analysis was published in 

1997 by Kaltashov et al. and coupled MALDI to both a quadrupole ion trap and a TOF 

mass analyzer [32], although they did not report tandem mass spectra generated with 

either of these apparatus. One of the most common approaches to lipid A structure 

elucidation using MS is MSn with a quadrupole ion trap mass spectrometer. Notable 

developments from the Goodlett laboratory in this area have been comprehensive 

characterization of a lipid A mixture from Francisella novicida [33], software algorithm 

development for automated lipid A structure assignment (hierarchical tandem mass 

spectrometry, HiTMS) [34], and data acquisition using a novel front-end sample 

introduction method, surface acoustic wave nebulization (SAWN), coupled to data 

analysis with HiTMS to obtain information complementary to ESI-MS and MALDI-MS 

studies [35]. 

Most recently, researchers from the Brodbelt and Goodlett laboratories have 

developed methods for top down sequencing of intact LPS using ESI coupled to various 

mass spectrometers, including quadrupole ion traps, a quadrupole-ion mobility 

separation-orthogonal acceleration TOF, an Orbitrap, and an FT-ICR [36–38]. Top down 

tandem mass spectrometric approaches leave the ion of interest intact before analysis, 

rather than decomposing it into subunits offline. The ion is then decomposed in the gas 

phase in the mass spectrometer to generate structurally informative data. One of these 

publications, investigating primary structure of an LPS-derived vaccine, is included as 

Chapter 3 of this dissertation. 
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The definitive article for determining CL structure from tandem mass spectra was 

published by Hsu et al. in 2005 [39]. They showed that absolute position of fatty acyl 

chain substitution could be defined for CL using MS alone. They also showed that 

isobaric compounds in a single precursor ion mass channel could be determined from the 

tandem mass spectra acquired. Since CLs are ubiquitous phospholipids, involved in many 

interesting and important cellular processes, the applications of this method are immense. 

So far, this paper has 67 citations in Scopus, including many other liquid 

chromatography/mass spectrometry (LC/MS) applications as well as MALDI-mass 

spectrometry imaging (MSI) experiments to show local differences in relative 

abundances of CLs in tissues and cells. Several other papers beforehand had 

demonstrated either quantitative methodologies with LC/MS or incomplete structure 

assignment fit-for-purpose [40–42]. An application of MS-based structure 

characterization, including gas phase ion mobility separation (IMS), of CLs from an 

actinomycete marine sponge symbiont as compared to S. aureus is the focus of Chapter 4 

of this dissertation. IMS is often coupled to mass spectrometry online as an orthogonal 

technique to liquid separations. It is a gas phase ion separation based on size, shape, and 

charge, similar to electrophoresis. 

PGN structural features have also been defined for over two decades using ESI-

tandem MS approaches. The first example of this was published in 1996 by Billot-Klein 

et al. [43] and investigated differences in PGN features between vancomycin-resistant 

and -susceptible strains of Enterococcus faecium. Since PGN can be a very high 

molecular weight polymer with many different sizes in the same cell wall, top down 

approaches would be quite difficult and have not been published thus far. Extracted PGN-

derived NOD1/2 ligands have been isolated by either sonication of cell membranes and 
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subsequent molecular weight-based filtration [44] or digestion of pure PGN extract with 

lysozyme and/or mutanolysin. As can be seen in the results of Chapter 5 of this 

dissertation, different isolation and purification strategies produce different results, 

potentially making comparisons between independent research reports difficult. 
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1.5 Research Aims 

 Chapters 3 through 5 of this dissertation are primary research articles, either 

already peer-reviewed and published or in preparation. The broad aims of these chapters 

are as follows: 

Chapter 3: Define the primary chemical structure of a vaccine candidate derived from 

intact rough-type LPS using a top down tandem mass spectrometric approach. 

Chapter 4: Define CL features, and discover new CL compounds, from a newly 

discovered actinomycete marine sponge symbiont as compared to Staphylococcus aureus 

using MS. 

Chapter 5: Provide the first report of PGN muropeptide structure for a Rickettsiae species 

(R. typhi) using accurate tandem MS coupled to LC. 
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Chapter 2. Lipid A structural modifications in extreme conditions and identification 

of unique modifying enzymes to define the Toll-like receptor 4 structure-activity 

relationship1

2.1 Abstract 

Strategies utilizing Toll-like receptor 4 (TLR4) agonists for treatment of cancer, 

infectious diseases, and other targets report promising results. Potent TLR4 antagonists 

are also gaining attention as therapeutic leads. Though some principles for TLR4 

modulation by lipid A have been described, a thorough understanding of the structure-

activity relationship (SAR) is lacking. Only through a complete definition of lipid A-

TLR4 SAR is it possible to predict TLR4 signaling effects of discrete lipid A structures, 

rendering them more pharmacologically relevant. A limited ‘toolbox’ of lipid A-

modifying enzymes has been defined and is largely composed of enzymes from 

mesophile human and zoonotic pathogens. Expansion of this ‘toolbox’ will result from 

extending the search into lipid A biosynthesis and modification by bacteria living at the 

extremes. Here, we review the fundamentals of lipid A structure, advances in lipid A uses 

in TLR4 modulation, and the search for novel lipid A-modifying systems in extremophile 

bacteria. 

2.2 Introduction 

Lipid A (also referred to as endotoxin) is the amphipathic lipid base structure of 

lipopolysaccharide (LPS). LPS is a unique bacterial lipid comprising the outer leaflet of 

the asymmetric outer membrane of most Gram-negative bacteria. LPS is composed of 

                                                           
1 Scott, A. J.*, Oyler, B. L.*, Goodlett, D. R., Ernst, R. K.: Lipid A Structural Modifications in Extreme 
Conditions and Identification of Unique Modifying Enzymes to Define the Toll-like Receptor 4 Structure-
Activity Relationship. Biochim. Biophys. Acta. 11, 1439-1450 (2017) 
*equal contribution 
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three distinct regions: O-antigen, core, and lipid A – descending from the outer bacterial 

surface to the membrane [6, 7]. These structurally and functionally distinct regions have 

important roles in such diverse aspects as growth, virulence, stress adaptation, innate and 

adaptive immune avoidance, maintenance of membrane permeability, and resistance to 

antibiotics. O-antigen, the exterior polysaccharide of LPS, is a highly divergent structure 

and is one of the antigenic molecules forming the basis for bacterial serotyping. Diversity 

of O-antigen structure and length can vary widely, even within a single bacterial species. 

Structure, composition, regulation, antigenicity, and the functional consequences of 

compositional variation of O-antigen have been extensively reviewed [45–47]. Core 

oligosaccharide (‘core’ for the purposes of this review) links lipid A to O-antigen 

polysaccharide and is more structurally conserved in contrast. Two 3-deoxy-D-manno-

octulosonic acid (KDO) sugars are attached to the non-reducing glucosamine of the lipid 

A backbone, typically followed by extension with heptose sugars. Though core is 

considerably less diverse than O-antigen, structural modifications are observed including 

phosphorylation and phosphoethanolamine addition [48, 49]. Modifications to core have 

important consequences for virulence and resistance to cationic antimicrobial peptides 

(CAMPs) and represent an active field of study [50, 51]. Relative to O-antigen and core 

the most conserved moiety of LPS is lipid A; however, substantial diversity in lipid A 

structure exists across the Gram-negative, LPS-bearing bacteria often with unique 

stimulatory properties based on the structurally-dependent interaction of lipid A with 

innate immune receptors. Potential therapeutic uses for lipid A are continually emerging 

as our understanding of the fundamental mechanisms of diseases and their links to both 

canonical and non-canonical innate immune components are gleaned. Discovery and 

characterization of novel lipid A structures in order to harness unique lipid A modifying 
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systems is the goal of this review, specifically focusing on the structure-activity 

relationship (SAR) of lipid A and Toll-like receptor 4 (TLR4) to improve the effects of 

lipid A-based therapies through structural optimization. 

 

2.3 Lipid A Innate Recognition and Signaling via TLR4 

The endotoxic activity of LPS is derived from the interaction of lipid A and the 

cognate TLR4 receptor complex [52–56]. Agonism of TLR4 by extracellular, pro-

inflammatory lipid A structures results in a strong nuclear factor kappa-B (NF-κB)-driven 

response (Figure 2.1A) via the MyD88-dependent pathway typified by release of 

inflammatory cytokines (IL-6, TNF-α, and IL-1β) [1, 3, 57]. TLR4 signaling triggered 

from the endosomal compartment can signal through NF-κB via RIP1 [58], but 

endosomal TLR4 signaling is typically associated with the IRF-3 axis via TRIF/TRAM 

resulting in IFN-β production [59]. Several studies have demonstrated differential 

activation of the NF-κB and IRF-3 axes as a result of lipid A structural modification [59–

61]. In addition, mitogen-activated protein kinases (MAPKs) such as p38 and JNK are 

both directly activated (quickly through the MyD88 pathway, and slowly through the 

TRIF/TRAM pathway) and indirectly activated after cytokine and chemokine induction 

(through Ras GTPases) [62, 63]. Constitutive activation of these kinases is a hallmark of 

some cancer types, making modulation of their activities an attractive goal in oncological 

drug discovery. To date, few universal rules have been established delineating the 

contribution of discrete lipid A structural components to the resulting agonist/antagonist 

activity. In order to effectively exploit the therapeutic uses of lipid A, we must first 

improve the structure-activity relationship (SAR) definition (Figure 2.1B) and expand the 

current lipid A modifying enzyme ‘toolbox.’  
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Figure 2.1 Signaling pathways from TLR4 to early-/late-phase inflammation and 
the lipid A-MD-2-TLR4 (NF-κB-mediated) structure activity relationship (SAR) 
range. (A) Surface and endosomal TLR4 signaling results in both divergent and 
convergent inflammatory processes. Convergent: surface TLR4 signaling via the 
MyD88 axis leads to early NF-κB activation and endosomal TLR4 signaling via 
TRIF/TRAM leads to late NF-κB activation, both resulting in proinflammatory 
cytokine production. Divergent: surface TLR4 activation of multiple MAP kinase 
cascades (involving p38 and JNK) results in the activation of CREB and AP1 
transcription factors whereas endosomal TLR4 results in an IRF-3-mediated Type 
I interferon response via TRAF3. Selectively biasing these downstream signaling 
components is the goal of SAR refinement, resulting in a customized response. (B) 
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Inflammatory activity of the lipid A-MD-2-TLR4 complex is dependent on lipid A 
structure. E. coli (Ec) hexa-acylated lipid A is a potent agonist of TLR4. 
Pseudomonas aeruginosa (Pa) hexa-, hepta-, and penta-acylated lipid A are 
associated with different human diseases and elicit diverse strong to weak TLR4 
agonist responses. Two tetra-acylated molecules from Yersinia pestis (Yp) grown 
at 37°C (also lipid IVA) and Eritoran both result in TLR4 antagonism. 

Lipid A stimulates the TLR4 receptor as a myeloid differentiation factor-2 (MD-

2)-bound heterodimer complex in which two MD-2-lipid A complexes bind two TLR4 

extracellular domains resulting in ligation of two TLR4 receptors (in the presence of 

CD14) [8, 64]. Species diversity among TLR4s is substantial and the TLR4 SAR 

interpretations and inferences here are limited to human (hu)TLR4. Reviews of TLR4  

structure [65, 66] and species diversity [67, 68] are offered here. Our understanding of 

the basis for MD-2/TLR4 interaction with bound lipid A is expanding and the role of  

MD-2 in differential activity is coming into focus through analysis of binding with 

various lipid As [69]. Human MD-2 is a small (160 amino acid residues including the 16 

amino acid secretion signal), secreted protein with two β sheets comprising an 

immunoglobulin fold [70]. The deep interior cavity is lined with hydrophobic residues 

conducive to acyl binding [70, 71]. The F126 (referring to Phe126 residue) loop of MD-2 

has been implicated in differential activity of the bound complex [71–73]. The structural 

change induced at the F126 loop of MD-2 following binding by pro-inflammatory hexa-

acylated lipid A (example E. coli lipid A, Figure 2.1B) is a crucial component of TLR4 

ligation [74]. In contrast, antagonistic tetra-acylated structures, such as the fundamentally 

minimal lipid A unit lipid IVA or Eritoran (example Eritoran [71], Figure 2.1B) bind MD-

2 without displacement of the F126 loop resulting in a bound, but not ligated huTLR4 

complex (evidenced by attenuated downstream NF-κB activity) [73]. Regulated lipid A 

structures within a single species comprise a range of stimulatory potential illustrated by 

the diverse and conditional structures from Pseudomonas aeruginosa (Pa). Hexa-acylated 
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Pa lipid A, associated with infections from patients with Cystic Fibrosis (CF), is a 

stronger agonist of MD-2-TLR4 than the bronchiectasis-associated penta-acylated Pa 

lipid A (Figure 2.1B) [75]. Non-stimulatory lipid As, such as the penta-acylated structure 

derived from Rhodobacter sphaeroides (Rs, lipid A referred to as Rs LA) can also bind 

MD-2, forming a successful MD-2-lipid A complex capable of binding to huTLR4. 

However, in murine and human systems Rs LA is inhibitory due to flipped loading of the 

MD-2-RsLA complex [73]. Crystallographic structural studies of bound lipid A-MD-2-

TLR4 complexes are few [8, 71], but have been well-reviewed and the interpretations are 

supported by follow-up studies [76]. The time-consuming and fickle nature of ligand-

bound crystallization precludes correlative studies of the full range of lipid A structures, 

but functional studies can be readily performed to evaluate the SAR using downstream 

reporters such as cytokine production. Accurately defining the SAR between discrete 

lipid A structures and MD-2/TLR4 is crucial to successful uses of engineered lipid A-

based therapeutics.  

2.4 Biosynthesis of Lipid A 

Lipid A produced by E. coli is the canonical pro-inflammatory lipid A structure 

shown in Figure 2.2A. E. coli lipid A is a hexa-acylated, bis-phosphorylated structure 

containing 3-hydroxylated 14-carbon primary acyl chains with one each of 14-carbon and 

12-carbon secondary (acyl-oxo-acyl) chains [77]. In this configuration, E. coli lipid A 

results in a highly endotoxic structure with strong TLR4 agonism [57, 64, 78]. The 

fundamentals of lipid A synthesis, defined in E. coli, are well-established through the 

career-long work of Christian Raetz [79] and colleagues and is briefly described [6, 77, 

80].  



 

20 

 

Lipid A synthesis begins with LpxA-mediated acylation of UDP-GlcNAc at the 3-

position resulting in UDP-GlcNAc with an ester linked 14-carbon acyl chain (in E. coli). 

LpxC removes an acetate molecule from the 2-position leaving an exposed amino group 

and resulting in UDP-3-acyl-GlcN. Deacetylation of UDP-GlcNAc is an energetically 

unfavorable reaction and represents the thermodynamic commitment step toward lipid A 

biosynthesis, making LpxC a potential target for antibacterial strategies [7, 81]. The 

aminotransferase LpxD further acylates UDP-3-acyl-GlcN at the 2-position, in E. coli 

with a 14-carbon acyl chain, resulting in UDP-2,3-diacyl-GlcN. The next enzyme in the 

series, LpxH relieves UMP from UDP-2,3-diacyl-GlcN resulting in lipid X, a 1-

phosphorylated 2,3-diacyl-GlcN. To form the characteristic diglucosamine lipid A 

backbone, one lipid X molecule and one UDP-2,3-diacyl-GlcN are condensed by LpxB 

forming the β,1’-6 glycosidic bond. LpxK phosphorylates the 4’ position of the tetra-

acylated 1-phosphorylated diglucosamine product of LpxB, thus completing biosynthesis 

of the base molecule lipid IVA. Lipid IVA is a tetra-acylated, 1,4’-bis-phosphorylated 

minimal lipid A unit and is a notable antagonist of huTLR4.     

The remaining enzymes of lipid A synthesis, still in the inner membrane, prepare 

the final structure for export to the outer membrane. The process begins with KdtA-

mediated attachment of two KDO sugars to the 6’ position of lipid IVA resulting in 

KDO2-lipid IVA. In Ec KDO2-lipid IVA is further processed by secondary acylations by 

the pair of acyltransferases, LpxL (adding a secondary 12-carbon acyl chain to the 3’ 3-

hydroxymyristate) and LpxM (adding a secondary 14-carbon acyl chain to the 2’ 3-

hydroxymyristate). The resulting product is complete E. coli KDO2-lipid A, a potent 

human and murine TLR4 agonist. The addition of core sugars follows and the entire, 

nascent E. coli lipooligosaccharide (LOS) is flipped to the periplasmic surface of the 
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inner membrane via the ABC transporter, MsbA. In the periplasm O-antigen 

oligosaccharides are polymerized to complete the mature E. coli LPS molecule. Reviews 

of core attachment, LOS flipping, O-antigen polymerization, and final LPS flipping to the 

outer leaflet of the outer membrane are noted here as these topics are outside the scope of 

this review [7, 45–47].  

The characteristic enzymes of the Raetz pathway of lipid A biosynthesis, defined 

in E. coli, often have variable or extended permissivity for alternative substrates in 

different LPS-bearing species. For example, LpxD in E. coli is permissive for both 3-OH 

C16 and 3-OH C14 with a substantial preference for the latter; alternative LpxD enzymes 

are discussed in detail vide infra [82, 83]. Additionally, the substrate pool for lipid A 

biosynthetic enzymes often controls the final structure. LpxA from Leptospira 

interrogans (Li LpxA) is selective for the 3-aminated precursor UDP-GlcNAc3N; as 

such, Li LpxA cannot acylate UDP-GlcNAc and results in a four primary N-linked acyl 

chains in the mature Li lipid A [84]. While UDP-GlcNAc is abundant it is not used for 

lipid A synthesis by Li. UDP-GlcNAc3N is generated in Li as a result of two enzyme-

directed modifications of UDP-GlcNAc by the enzymes GnnA and GnnB [84]. Complete 

primary amine-linked lipid A structures confer unique properties. The same use of UDP-

GlcNAc3N in Campylobacter jejuni not only increased antimicrobial resistance but also 

reduced huTLR4 activation [85]. The use of alternative backbone sugars for lipid A 

synthesis may prove a useful tool for lipid A structural customization aimed to influence 

the lipid A/TLR4 SAR.  
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2.5 Lipid A Structural Modifications and Consequences 

Natural structural modification of lipid A is achieved both through constitutive 

and regulated processes in response to alterations in growth condition (ex: temperature, 

nutrient, osmolarity), evasion of detection in vivo (ex: conversion of structures from 

agonist to antagonist), resistance to cationic antimicrobials (ex: modulation of surface 

exposed negative charge), and membrane-disrupting antimicrobials (ex: deacylases of the 

outer membrane), to list only a few. Through manipulation of the current lipid A 

modifying systems and biosynthetic enzymes, the basic fundamentals of the relationship 

between lipid A structure and TLR4 downstream activity has been established. In 2013, 

Needham and Trent published a thorough and still current review of lipid A modifying 

enzymes and the regulatory systems thereof [86]. Many of the lipid A modifying systems 

discussed herein are related directly to bacterial transmission (carriage and transmission 

via arthropod vectors) and/or bacterial pathogenesis (especially immunomodulation) [51, 

67]. Pa isolates from patients with cystic fibrosis produce a highly proinflammatory lipid 

A structure, as compared to bronchiectasis patient isolates [87, 88]. Yersinia pestis (Yp) 

modulates lipid A structure as a complex, regulated component of flea-to-mammalian 

host transmission using lipid A modifications [89–91]. A selection of lipid A 

modifications and the respective functional consequence follows to illustrate the 

purposeful use of lipid A modification in defining the SAR of lipid A/TLR4 to design 

appropriate lipid A-based therapeutics via exogenous or ectopic enzyme expression. 

 

2.5.1 Early modifications of lipid A structure that alter TLR4 complex binding  

To maintain membrane fluidity and accommodate growth in lower temperatures, 

Francisella novicida (Fn) incorporates shorter primary and secondary acyl chains during 
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lipid A synthesis [92, 93]. As above, the enzyme LpxD adds the amide-linked primary 

acyl chains to the 2 and 2’ sites of the diglucosamine backbone [33, 83]. Reduced growth 

temperature was shown to result in lipid A acyl-shortening in the model species Fn, with 

longer chain fatty acids added at mammalian body temperature [83, 94]. Two LpxD 

functional homologs, LpxD1 and LpxD2 were identified in Francisella with N-

acyltransferase activity, though with different length hydrocarbon ruler specificites, 

optimal temperature ranges, and sharing only modest sequence identity (34%) [83]. 

LpxD2 functions at lower temperature adding a 16-carbon acyl chain, whereas LpxD1 

adds 18-carbon chains to the 2 and 2’ backbone sites at higher temperatures. Lipid A 

extracted from Fn wildtype (WT), ΔlpxD1, or ΔlpxD2 strains (Figure 2.2B) are 

astimulatory in human macrophages [83, 95]. In Fn lipid A derived from these strains the 

3’-position is empty, the result of the theorized Fn LpxR deacylase enzyme that has been  

Figure 2.2 Representative lipid A structures from E. coli (A) and F. novicida (B). 
E. coli lipid A is a hexa-acylated, bis-phosphorylated structure associated with 
highly proinflammatory properties. Carbon numbers are given for reference points 
in the text. F. novicida lipid A is a tetra-acylated, monophosphorylated structure 
with nonstimulatory activity through the MD-2/TLR4 complex. The blue acyl 
chains are C18 added by LpxD1 at warm temperatures. At cooler growth 
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temperatures LpxD2 activity is higher resulting in one or both (2, 2’) N-linked 
positions being modified with a C16 addition [80]. 

reported in Salmonella [96] and Helicobacter [97] though a homolog has not been 

reported in any Francisella family member [98]. The empty 3’ position is one of the 

structural characteristics along with the longer primary acyl chains (C18) implicated in 

the astimulatory properties noted above. Several members of the Francisella family of 

mesophiles are culturable from niches ranging from cold, fresh water lakes in 

Scandinavia to arthropod vectors at ambient outdoor temperature in the mid-southern US 

and warm-blooded mammalian reservoirs; LpxD2 contributes to viability across this 

substantial temperature range [99].  

 

2.5.2 Late modifications of lipid A structure that alter TLR4 complex binding  

Alteration in the overall number of fatty acids affects TLR4 stimulation [100]. 

Secondary or late acylation on lipid A structures are known to alter the ability of lipid A 

to bind to MD-2 and stimulate a strong innate immune response [101]. Late additions to 

lipid A at the inner membrane are made to the acyl chains at the 2’ and 3’ positions to 

form β-substituted acyl-oxo-acyl groups by the acyltransferases HtrB (LpxL) and MsbB 

(LpxM), respectively. In addition to position specificity, each enzyme has a substrate 

preference, laurate (C12:0) or myristate (C14:0) for LpxL or LpxM, respectively with 

LpxL acylation proceeding LpxM [102, 103].   

Another widely recognized example of lipid A modification associated with a low 

temperature growth condition is the addition of a monounsaturated acyl chain by Yp. Yp 

is transmitted through the bite of infected fleas that have fed on a warm-blooded infected 

rodent [91, 104]. This warm-cool-warm cycle of growth and transmission requires a 

responsive system to maintain membrane function. Yp lipid A at mammalian temperature 
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is a tetra-acylated structure containing only primary 3-hydroxymyristates. Grown at the 

temperature of a flea (21-25°C) two secondary acyltransferases are active, Yp LpxP and 

Yp MsbB (LpxM homolog). Yp LpxP attaches a cis-9-palmitoleic acid (C16:1) to the 

hydroxyl group of the 2’-3-hydroxymyristate of Yp lipid A at flea temperatures [105]. 

Similarly, Yp MsbB attaches a lauroyl group to the 3’-3-hydroxymyristate at low 

temperature. While the activity of both contribute to maintenance of membrane fluidity, 

the presence of unsaturations in membranes correlates strongly with maintenance of 

membrane fluidity at lower temperatures [106–108]. In contrast to the Fn example above, 

Yp lipid A grown and extracted from low and high temperature are differentially active in 

TLR4 stimulations [90, 91]. The hexa-acylated structure resulting from low temperature 

growth (21-25°C) is a TLR4 agonist, whereas the warm temperature (37°C) tetra-

acylated structure is a TLR4 antagonist [91, 95]. Overall acyl density, positioning, degree 

of unsaturation, and length all play a role in low temperature growth as described above 

and these substantial modifications have important consequences for TLR4 activity.    

Subsequent to transport to the outer membrane by the Lpt system, lipid A can be 

further modified in the outer membrane by acyltransferases (PagP) or deacylases (PagL 

or LpxR). PagP is a palmitoyltransferase that transfers a palmitate (C16:0) to the 

hydroxyl group of the 3-hydroxymyristate chain at position 2 (as examples Salmonella 

and E. coli) or the 3’ position (Pa) resulting in a hepta- or hexa-acylated structure, 

respectively [109, 110]. PagL [111] and LpxR [96] are 2 (as examples Salmonella and 

Pa) and 3’ (Hp, Salmonella, and Yersinia) position deacylases, respectively. PagP and 

PagL are regulated by the two component regulatory system, PhoP/PhoQ, whereas LpxR 

is a Ca2+-dependent enzyme in Salmonella and temperature regulated in Yersinia. 

Together, alterations in lipid A biosynthesis can lead to changes in membrane 
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permeability that result in increased sensitivity of bacterial cells to environmental 

changes, susceptibility to alpha-helical antimicrobial peptides, a greatly reduced ability to 

stimulate NF-κB-mediated cytokines, and reduced virulence due to underacylated or less-

toxic lipid A in mouse infection models [112–115]. These results indicate that targeting 

the “later” modifications could be a successful strategy for novel antimicrobial therapies. 

In addition to acyl chain modifications, hydroxylation of the acyl-oxo-acyl fatty 

acids is observed at the 2-hydroxy position of the secondary acyl chains through the 

enzymatic activity of LpxO, an oxygen-dependent, aspartyl/asparaginyl β-hydroxylase 

homologue in a PhoP/PhoQ-dependent manner [116]. The 3-hydroxyl is commonly a site 

for secondary acyl additions; however, the addition of glycine and diglycine to the 

available hydroxyl group of the secondary 3’-3-hydroxylauroyl group was reported in 

Vibrio cholera (Vc) O1 El Tor [117]. Typically, these additions to the free hydroxyl are 

associated with membrane integrity and changes in antibiotic susceptibility patterns and 

in the case of glycine modification of lipid A little change was observed in TLR4 

stimulation assays compared to unmodified Vc lipid A [117]. There are also important 

lipid A-TLR4 SAR implications from the study of branched acyl chain lipid A structures 

in the oral pathogen P. gingivalis (Pg) and the enteric commensal Bacterioides 

thetaiotaomicron (Bt). Pg lipid A structure is unique compared to that of the enteric 

pathogens and stimulates far lower pro-inflammatory cytokine production than E. coli 

lipid A [118–120]. Pg lipid A is a heterogeneous mixture of structures with several 

commonalities including methyl branches found on the primary N-acyl chain (methyl-

C16), 1-phosphorylation, and a straight chain typically present at the 3-position, though 

3-O-deacylated Pg lipid A is described [121]. Bt lipid A is characterized by the presence 

of a 4’-phosphorylation and a long branched 2’-N-acyl chain, yet Pg and Bt lipid As 
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elicited opposite effects in TLR4 stimulation studies [122]. These results implicated the 

importance of phosphorylation position in potency of TLR4 stimulation, but the 

contribution of branched chains (and positioning) to lipid A-TLR4 SAR are still poorly 

defined.  

 

2.5.3 Contribution of lipid A termini and modifications thereof to TLR4 complex 

activity  

In studying the position of a mono-phosphorylation in Pg versus Bt and the 

outcomes in TLR4 stimulations, the Darveau group made a striking observation. 

Engineered E. coli mutants bearing either a 1- or 4’-monophosphorylation exhibited 

markedly different TLR4 activities with the 4’-monophosphorylated structure eliciting a 

lower NF-κB-driven response (E. coli wildtype structure given in Figure 2.2A for 

reference) [122]. The same logic follows from the 4’-monophosphorylated structure of 

MPLA stimulating TLR4 at weak agonist levels compared to the parent 1- and 4’-

phosphorylated Salmonella enterica LA molecule (commonly, diphosphoryl lipid A - 

DPLA) stimulating a robust agonist response. Mono- and bis- (or di-) phosphorylation 

status alone can drive differential activation, but these structural changes are often 

accompanied by other modifications and must be considered in the larger context for 

MD-2 binding and TLR4 ligation.  

Finally, modifications to the terminal phosphate moieties, involved in modulating 

the bacterial surface charge and permeability have not been shown to play a role in 

recognition by the host innate immune system. However, such terminal phosphate 

modifications (including additions of the amino containing moieties, such as 

galactosamine, aminoarabinose, and phosphoethanolamine) can impart profoundly 
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consequential antimicrobial resistance properties [50, 123]. Addition of 

phosphoethanolamine and/or galactosamine to the lipid A terminal phosphate of 

Acinetobacter baumannii (Ab) renders the bacterium resistant to polymixin, an antibiotic 

of last resort for multiply drug resistant species [124]. The recent emergence of a 

phosphoethanolamine transferase gene (mcr-1) on a mobile element is a harbinger of 

extensive failure of the last effective antibiotics against MDR infections [125]. Though, 

with respect to MD2/TLR4 stimulation no alteration of the SAR has been noted. 

Specifically, modifications of lipid A by amino-containing sugars are predicted to reside 

outside the binding pocket of MD2 and therefore should not play a significant role in 

altering TLR4 activation. 

 

2.6 Effective Strategies for Lipid A-Based Treatment Approaches Depend on 

Structure 

Ribi et al. established the use of lipid A-based treatments for cancer 

immunotherapy in 1975 [126]. In the intervening forty-one years, the suggested uses for 

both agonistic and detoxified lipid A as immune modulators have exploded [127–129]. 

Notably, the first new adjuvant approved by the FDA in decades is a lipid A derivative. 

Monophosphoryl lipid A (MPLA, commonly MPL) is chemically derived from a deep 

rough (Re)-LPS strain of Salmonella enterica (serovar Minnesota R595) [28]. While 

MPLA has markedly reduced toxicity compared to Salmonella lipid A, it retains modest 

TLR4 stimulating properties [130]. Two of the major lipid A species in MPLA include 1-

dephosphorylated lipid A and 1-dephosphorylated, 3-O-deacylated lipid A. MPLA is a 

success story in terms of productive uses for lipid A; however, chemical processing of 

lipid A (MPLA) or production of a similar molecule by synthetic processes 



 

29 

 

(glucopyranosyl lipid A, GLA [131]) limits the structural possibilities, thus attenuating 

the potential for highly engineered or structurally customized lipid A. In contrast, several 

groups have demonstrated the use of structurally modified lipid A to modulate the TLR4 

response, purposefully engineered through the expression or disruption of endogenous 

and exogenous lipid A modifying enzymes [60, 61, 132]. The formulary uses for MPLA-

based (and similar – GLA and other synthetic TLR4 agonists) based protein-in-adjuvant 

vaccines are growing and mark a new era of the vaccine age. The approval of MPLA as 

an adjuvant served two important roles: one, new and efficacious vaccines and 

formulations are now available to help save lives and prevent disease including 

prophylactic cancer vaccines; two, establishing a path to human use for related, low 

toxicity lipid A-based TLR4 agonist and antagonist molecules. With these advances in 

mind novel sources of enzymes and regulatory systems must be discovered, characterized 

and understood to harness the potential uses for lipid A. 

Similarly, novel prophylactic and therapeutic uses for MPLA and other lipid A 

structures are on the rise, outside of the vaccine context [133, 134]. In 2013, Michaud and 

colleagues reported reduced Alzheimer’s-related pathology, including prevention of 

amyloid beta plaque accumulation in genetically disposed mice chronically dosed with 

MPLA [135]. Several attempts have been made to establish MPL or similar synthetic 

TLR4 agonists, such as Eritoran, as prophylactic treatments for sepsis with promising 

results, but limited success [136–139]. An interesting finding linking amyloidogenic 

blood clotting to LPS-precipitated fibrin net formation suggesting a role for low doses of 

circulating lipid A in hypercoagulation was reported in 2016 [140]. The therapeutic and 

prophylactic uses of synthetic TLR4 antagonists deviating from the basic lipid A mimetic 

template are not discussed here, but have been tested for prevention of aortic aneurysms 
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[141], neuropathic pain [142], and other TLR4-linked pathologies [143]. Together, these 

studies highlight the role of TLR4 in a wide variety of disease states and emphasize the 

need for improvements in TLR4 design with rational basis in SAR outcome. To achieve 

this goal we must have a diverse enzyme ‘toolbox’ for customization of therapeutic lipid 

As. 

 

2.7 Finding Novel Sources of Lipid A Modifying Enzymes 

The lipid A modifying enzymes described to date are generally from mesophile 

species that grow best between 20° and 45°C. In order to accommodate growth in exotic, 

non-uniform conditions, unique mechanisms for maintaining membrane fluidity, 

resistance to detrimental solutes, and evasion of detection within their niche are required. 

Modification of lipid A structure is one such accommodation mechanism. The underlying 

molecular mechanisms for unique lipid A structures are of interest to cultivate new 

enzymatic resources for intentional lipid A modification aimed at customizing lipid A-

based therapeutics. The following section is a review of the growing archive of novel 

lipid A structures from bacterial sources, description of molecular mechanism of unique 

structures (where possible), improved mass spectrometric approaches for structural 

elucidation of lipid A, and a rational approach (Figure 2.3) to identifying and cloning 

useful enzymes from sources sharing potentially low homology to known enzymes of the 

same function. By harnessing new lipid A modifying enzymes alongside the complete 

description of the lipid A-MD-2/TLR4 SAR, it will be possible to effectively design and 

test lipid A-based therapeutics to treat cancer, chronic inflammatory diseases of aging, 

acute endotoxemia, and other pathologies propagated by lipid A.  
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Figure 2.3 Pathway to systematic identification of novel lipid A biosynthetic and/or 
modifying enzymes. Species from exotic source libraries (marine, thermal vents, 
etc.) must first be isolated and cultured for LPS and lipid A extraction. By 
comparing the known lipid A structures and their respective biosynthetic pathways 
to novel structures identified from exotic sources predictions can be made about 
new, unique, or alternative enzymatic functions. Where novel enzymes are 
predicted, homology searches of the available genome(s) can be performed using 
similar enzymes of known function and sequence. Some species may require 
genome sequencing and assembly prior to bioinformatic mining. Homology 
searches resulting in meaningful predictions can be cloned and exogenously 
expressed in a model organism and further evaluated at the lipid A structural 
modification level. Homology searches not yielding meaningful predictions may 
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lead to gene identifications using a more laborious positional cloning approach for 
the most interesting potential modifying enzymes. Careful consideration of atypical 
growth conditions, unique inducing conditions, and unforeseen technical hurdles 
will be necessary. 

 

2.8 Novel Lipid A Bacterial Sources from Extreme Environments 

 

2.8.1 Marine 

Marine bacteria can be found in myriad environments disparate from terrestrial 

ones. They are ubiquitous, inhabiting open and coastal waters at all depths, as well as in 

the sediment of the ocean floor and near hydrothermal vents. They can be planktonic, 

symbiotic, or pathogenic to other marine life. The observation of microbial life in these 

“extreme” environments has resulted in the generation of interesting hypotheses 

regarding differences in their intracellular machinery versus their terrestrial cousins. 

These, in turn, have led to the discovery of novel lipid A structures synthesized and 

utilized by marine bacteria as physical adaptations to their local environments. A 

literature review of endotoxin structures produced by Gram-negative marine bacteria was 

published by Leone et al. [144] and focused on diverse marine organisms, including 

several Gammaproteobacteria genera, Flavobacteria, Cellulophaga, Arenibacter, and 

Chryseobacteria. Currently, there is a resurgence in the discovery of lipid A structural 

variants from marine bacterial sources owing to their generally low inflammatory 

potentials and consequent toxicities.  

One particularly interesting source for new bacterial species, and consequently 

new lipid A structures and modifying enzymes, are the marine sponges of the phylum 

Porifera. Sponges contain diverse and abundant microbiomes comprising, in part, prey 

organisms, pathogens, and symbionts. Sponges have also been shown to possess a TLR-
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mediated innate immune response and can respond to LPS from E. coli [145]. 

Interestingly, most of the structures discovered, when tested against human innate 

immune cells, have exhibited mild or no inflammatory potential. These observations 

could be due to four factors: i) the degree of acylation on marine bacterial lipid As trends 

toward hypo-acylation (primarily penta-acylated) when compared to E. coli, ii) three-

dimensional conformational changes caused by unsaturated fatty acyl chain 

incorporation, iii) hypo-phosphorylation relative to E. coli lipid A, and iv) fatty acyl 

chains incorporated into marine bacterial lipid As tend to be shorter in carbon chain 

length than their highly inflammatory counterparts. Many of the marine bacteria with 

reported lipid A structures in the literature can be divided into several groups, including 

cyanobacteria, psychrophiles and thermophiles, and halophiles [146]. These 

classifications have extensive overlap because they do not fall on the same continuum. 

 

2.8.2 Lone species 

Three bacteria, for which lipid A structures have been reported, that do not fall 

into any of the following categories are Vibrio fischeri [147], Bdellovibrio bacteriovorus 

[148], and Gemmata obscuriglobus [149]. Representative lipid A structures for V. fischeri 

and B. bacteriovorus are shown in Figure 2.4. In both cases, the structures represented are 

for the base peak in the single stage scan mass spectrum. V. fischeri is a symbiont of the 

Hawaiian bobtail squid, Euprymna scolopes, and lends its bioluminescence to the squid’s 

light organ [147]. Several interesting discoveries have been made with regard to its lipid 

A structure, as shown in Figure 2.4A. First, a β-hydroxyl-C14:1 fatty acyl chain appears 

to be incorporated through amide linkage at the 2’ position. This is, so far, a unique 

finding in Gram-negative bacteria whose biosynthesis pathway is largely conserved. 
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Other unique substitutions have been observed at the C-3 secondary position, namely 

phosphoglycerol, lysophosphatidic acyl groups, and phosphatidic acyl groups [147]. The 

mechanism by which these modifications are made to V. fischeri lipid A is unknown, and 

no modifying enzymes have been identified thus far.  

 

Figure 2.4 Representative lipid A structures from V. fischeri (A) and B. 

bacteriovorus (B). V. fischeri produces  mono-phosphorylated lipid A with unusual 
modifications, including secondary phosphoglycerol, lysophosphatidic acyl 
groups, and phosphatidic acyl groups. The amide-linked, β-hydroxyl-substituted 
C14:1 fatty acyl group at the C-2’ position is, so far, unique among Gram-negative 
bacteria [147]. B. bacteriovorus produces a unique, neutral lipid A with α-D-
mannopyranose residue substitutions at positions C-1 and C-4’. It also incorporates 
unsaturated and branched chain fatty acyl groups in the lipophilic domain [148]. 
(Red and blue colors were used for contrast only and do not denote any 
physicochemical properties. Bond positioning of terminal attachments are 
arbitrary.) 

B. bacteriovorus is a bacterium that survives by predation on other Gram-negative 

bacteria. It is known to have an “attack” phase, wherein it invades the periplasm of its 

prey, presumably by means of its inherent motility. Once inside the prey bacterium, it 

grows, replicates, and ultimately lyses its victim [148]. It has been inferred that 

Bdellovibrio species are at least partially responsible for bacterial count reduction in the 
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environment and within mammalian gut microbiomes [150, 151]. B. bacteriovorus was 

the first Gram-negative bacterium identified that synthesizes a neutral lipid A (depicted in 

Figure 2.4B) for incorporation into its membrane. Unlike most other Gram-negative 

bacteria, which produce negatively charged lipid A with phosphate moieties at the 1 and 

4’ position, B. bacteriovorus adds α-D-mannopyranose residues at those same positions 

[148]. So far, this is a unique finding in prokaryotes. These neutral modifications are 

believed to drive the ~1000-fold decrease in inflammatory response from exposed human 

mononuclear cells as compared to Ec lipid A. Additionally, B. bacteriovorus decorates its 

lipid A with at least two unsaturated fatty acyl chains and branched fatty acids, producing 

a large proportion of hexa-acylated structures. The degree of unsaturation and neutral 

sugar modifications are thought to contribute to a more fluid outer membrane than that 

found in other mesophilic bacteria. 

G. obscuriglobus belongs to the phylum Planctomycetes. Planctomycetes are 

unique prokaryotes that contain both genotypic and phenotypic characteristics of 

eukaryotic cells. G. obscuriglobus is the first organism of its phylum to have a putative 

lipid A structure reported [149], as can be seen in Figure 2.5A. Most notably, the lipid A 

structure is mono-phosphorylated at C-1, with a GalA residue modification at the C-4’ 

position. This lipid A also contains relatively long chain fatty acyl groups, amide linkages 

at C-3 and C-3’, and an ester linkage at C-2’. These are all unusual modifications with 

potentially unique enzymes responsible for their existence. It should, however, be noted 

that more descriptive structural work is required to confirm the structure proposed in this 

study. 
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Figure 2.5 Representative lipid A structures from G. obscuriglobus (A) and 
Synechococcus sp. CC9311 (B). G. obscuriglobus produces mono-phosphorylated 
lipid A with unusual modifications, including an acidic GalA substitution at the C-
4’ position and amide-linked fatty acyl chains at the C-3 and C-3’ positions. The 
ester-linked, β-hydroxyl-substituted myristate group at the C-2’ position is a unique 
finding among Gram-negative bacteria [149]. Synechococcus sp. CC9311 produces 
a rudimentary, tetra-acylated lipid A with no phosphate substitutions. It also 
incorporates at least one unsaturated fatty acyl group in the lipophilic domain and 
an acidic GalA substitution at the C-4’ position, as in G. obscuriglobus [152]. (Red 
and blue colors were used for contrast only and do not denote any physicochemical 
properties. Bond positioning of terminal attachments are arbitrary.) 

2.8.3 Cyanobacteria 

Cyanobacteria are ubiquitous, heterotrophic, photosynthetic Gram-negative 

organisms. Many species are found in marine environments and they are the most 

abundant phytoplankton phylum on earth. Endotoxin structures from cyanobacteria were 

reviewed in 2015 [153], and the authors refer the reader to that publication for more 

information about specific components and physiology. However, very few complete 

structures have been elucidated. Interestingly, the LPS structure reported for 
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Synechococcus strains contains mostly glucose as the saccharide component of core, with 

no heptose or KDO sugars detected. Additionally, no phosphate modifications were 

detected. This is supported by the absence of a 4’ kinase [152]. The authors propose that 

all of these observations are indications of earlier inception of LPS synthesis than in 

enteric bacteria [152]. It is certain that cyanobacteria have been identified in earlier strata 

than their enteric cousins. These findings are in stark contrast to the aforementioned G. 

obscuriglobus, and a comparison is presented in Figure 2.5. Marine cyanobacterial LPS 

structures (or structural components) have been identified in Synechococcus [152], 

Microcystis [154], Anacystis [155], Agmenellum [156], Shizothrix [157], Anabaena [158], 

Spirulina [159], and Oscillatoria [160] species. All of the species reported to date make 

unique endotoxins, and presumably have unique endotoxin synthesis and modifying 

enzymes. Some of these structures include long fatty acyl chains with varying degrees of 

unsaturation and all lacking phosphate modifications as in Synechococcus. Most of the 

structures reported have not been directly supported in the literature, thus far, with 

genomic, transcriptomic, or proteomic data. 

 

2.8.4 Psychrophiles and Thermophiles 

Lipid A structures have been reported for five cold water-adapted (psychrophilic) 

bacteria and one hot water-adapted (thermophilic) bacterium [161] including two strains 

of the Antarctic isolate psychrophile Pseudoalteromonas haloplanktis [162, 163]. In both 

strains, mass spectra of lipid A extracts produced base peaks due to a bis-phosphorylated, 

penta-acylated structure containing saturated, C12:0 acyl chains, including three β-

hydroxyl substituted chains. However, the location of the only secondary acyl chain 

differed by occurring as part of an acyloxyamide in the TAB 23 [163] strain and as an 
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acyloxyacyl in the TAC 125 [162] strain. One interesting observation in P. haloplanktis 

is that its overall acyl chain incorporation, when taking into account all structures 

available, tends to be highly heterogeneous. This can be inferred from the many ions at 

differing m/z values observed in its MALDI-TOF mass spectrum as well as the 

differences in structures between strains of the same species. However, this is not due to 

an abnormal number of acyltransferase domains in the genome, which indicates that its 

acyltransferases are more promiscuous than most and/or they have multiple proteoforms 

not coded for in the genome. One advantage of using promiscuous acyltransferases in a 

lipid A-by-design biosynthesis (in an organism that makes many different fatty acids) 

would be an increased number of compounds synthesized per unit time.  

Lipid As from the obligate psychrophile Psychromonas marina and the 

psychrotolerant Psychrobacter cryohalolentis were characterized in 2014 [164]. In both 

of these species and the aforementioned P. haloplanktis, only unusual acyl chain 

incorporations were observed due to the analytical experimental design. In P. marina, a 

very unusual C14:2 fatty acid methyl ester was observed in the gas chromatograph/mass 

spectrometer (GC/MS) analysis of hydrolyzed fatty acyl chains. It is unclear whether this 

is an adaptation to low temperatures. In P. cryohalolentis lipid A extracts, as in P. 

haloplanktis, a high acyl variability was observed including shorter chain fatty acyls and 

odd chain fatty acyls. The diversity of acyl forms may allow this bacterium to adapt to a 

wide range of temperatures, while the short chain lengths and odd chains may allow it to 

maintain a fluid membrane at low temperatures. In fact, lipid A acyl structure was shown 

to be temperature dependent in P. cryohalolentis [165]. The P. cryohalolentis genome 

does not contain an unusual number of Lpx-type acyltransferases, so it is likely that the 

heterogeneity and unusual fatty acyl chains incorporated in its lipid A are a result of 
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enzyme promiscuity. The highest abundance lipid A form observed in P. cryohalolentis is 

a bis-phosphorylated, hexa-acylated form with C10:0 and C12:0 fatty acyl chains, 

including β-hydroxyl substituted chains. 

In the thermophile Thermomonas hydrothermalis galacturonic acid (GalA) 

residues were reported as modifications to the backbone phosphates [161]. These GalA 

residues probably contribute to the observed low immunostimulatory activity in human 

MD2/TLR4 models, as compared to E. coli. The acylation profile, inferred from mass 

spectra of lipid A extracts and fatty acid methyl ester analysis, resulted in a putative hexa-

acylated structure including only undecylic acid (C11:0) residues. The C11:0 chains were 

covalently bound through both ester and amide linkages on the commonly observed 

diglucosamine lipid A backbone, and some were β-hydroxyl substituted. These shorter 

fatty acyl substitutions provide another possibility for differential inflammatory response, 

as compared to E. coli. Additionally, one of the postulated mechanisms by which T. 

hydrothermalis is able to survive temperatures up to 50˚C is a highly negatively charged 

LOS structure that enables it to form ionic bonds with divalent cations common on the 

membrane surface. The additional charge at physiological pH is due to the two GalA 

residues attached to the lipid A moiety as well as an additional phosphate residue and 

acidic sugar moiety in the core region. 

 

2.8.5 Halophiles 

Lipid A structures for four halophilic bacteria have been published for 

Pseudoalteromonas issachenkonii [166], Halomonas magadiensis [167], Salinivibrio 

sharmensis [168], and Halomonas pantelleriensis [169]. All of these species synthesize 

lipid As that are, on average, hypo-acylated and/or comprise shorter fatty acyl chains 
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when compared with lipid A from E. coli. However, it should be noted that, for both 

Halomonas species, an acid hydrolysis step was used to liberate lipid A from full length 

LPS. So, it is impossible to know whether the net hypo-acylation is an artifact of ester 

hydrolysis or a true depiction of lipid A distribution in the cell membrane. The lipid As 

(after acid hydrolysis of LPS) from both Halomonas species also produced a weaker 

inflammatory response, measured by TLR4 induced cytokine production, when compared 

to LPS from E. coli. All of the halophilic bacteria studied to date produce bis-

phosphorylated lipid A. 

  

2.9 Exotic Lipid A Modifying Enzymes 

Non-terrestrial Gram-negative bacteria have genes that code for the enzymes 

described in the canonical lipid A synthesis pathway [6]. However, none of these 

enzymes were found with sufficient description in the literature for non-terrestrial 

organisms whose lipid A structures have been elucidated to date. The P. haloplanktis 

genome has been fully sequenced [170]. However, genes coding for lipid A synthesis or 

modification were not specifically reported. The fact that odd-chain fatty acids and/or 

short-chain fatty acids, with varying degrees of unsaturation, and unusual decorations at 

the O-1 and O-4’ positions are incorporated into some lipid As from non-terrestrial 

bacteria is cause for further exploration of their parent organisms’ genomes, 

transcriptomes, and proteomes. It is a relatively safe assumption that new homologs of 

the lipid A synthesis genes will be discovered (Figure 2.3) that will be useful in the lipid 

A-by-design toolbox. 
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2.10 Structural Characterization 

Historically, lipid A has been structurally assigned after liberation from full length 

LPS using a combined analytical approach. At first, lipid A structures were postulated 

from mass-to-charge ratio (m/z) obtained from matrix-assisted laser 

desorption/ionization-time of flight (MALDI-TOF) mass spectra, and fatty acyl 

components were liberated from the GlcN backbone and separately analyzed by a 

GC/MS or gas chromatograph-flame ionization detector (GC/FID) to strengthen 

structural inferences. The analytical methodologies utilized have gradually become more 

sophisticated due to both advancements in instrumentation and greater adoption of state-

of-the-art techniques. The most widely used method begins with the extraction of LPS 

followed by a separate hydrolysis step to liberate lipid A and electrospray ionization 

tandem mass spectrometry (ESI-MS/MS) to obtain product ion spectra. Often, ion trap 

instruments have been used for these experiments because of their tandem-in-time 

configuration. This allows the analyst to perform multiple, sequential tandem events 

(MSn) using the same original pool of ions. Ultimately, this achieves a relatively simple 

to interpret, data rich set of tandem mass spectra that can then be used to infer primary 

chemical structure of the original precursor ion isolated. Several different dissociation 

methods, including collision-induced dissociation (CID) [171], ultraviolet 

photodissociation (UVPD) [172], higher-energy collisional dissociation (HCD), and 

combinations thereof, have been used in an attempt to disambiguate tandem mass spectra 

and increase probability of correct assignment. 

Recently, efforts have been directed toward top-down analysis of full length 

rough-type LPS (rLPS, or LOS) [38]. Advantages to these methods include reduced 

sample preparation time, increased species and strain specificity, greater clarity with 
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regard to which chemical structures (rather than components of structures) actually exist 

in the membrane, and a greater overall understanding of how a bacterium survives in a 

given environment. Regarding the latter, one example is that many marine bacteria have 

greater net negative charge associated with their membranes. It is thought that this charge 

stabilizes the membrane in harsh environments by allowing more ionic interactions 

between divalent cations and anionic modifications to the membrane glycolipid. In 

general, both quantity and quality of data are increased by the analysis of intact biological 

molecules when it is feasible to do so.  

To date, lipid As have been presumed too difficult to separate by liquid 

chromatography coupled to mass spectrometry (LC/MS), so most published research in 

this area has been conducted either by MALDI-TOF or direct infusion ESI-MS/MS. 

These are not ideal approaches to structural assignment because lipid A extracts are 

always complex mixtures. Therefore, tandem mass spectra acquired are never produced 

by a single precursor ion. Recently, more thorough attempts have been made at 

chromatographic separation of both lipid A [173] and rLPS [38] with great success. 

Every extract analyzed thus far has been quite heterogeneous. This is an important 

finding because proper structure-activity relationships cannot be established through the 

administration of mixtures. It should also change a common perception in the field that a 

single characterized lipid A structure from a bacterium is sufficient for drawing structure-

driven biological conclusions. It is, in fact, impossible to know which molecules elicit 

which biological response without administering them one at a time. However, it is often 

possible and sometimes proper to derive species-driven biological conclusions about 

activity using the widely adopted mixture administration workflow. As is the case for all 

biological sciences research, along with advances in analytical technology and methods 
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have come great advances in general understanding about biological processes on the 

molecular level. 

2.11 Conclusions/Perspectives 

The emerging uses for TLR4-binding therapeutics are growing rapidly as both the 

role of TLR4-mediated inflammation in pathogenesis and customized control of 

downstream signaling events become more apparent. Through customization of lipid A 

structure, TLR4-modulating therapies can be engineered to alter disease course. Here we 

have covered lipid A biosynthesis and modifying enzymes and unique potential sources 

for their discovery outside the human and zoonotic pathogens previously curated for lipid 

A-based drugs. By expanding the structural diversity of lipid A therapeutic candidates the 

potential applications increase.  

Lipid A structural elucidation is accessible through current methods as discussed 

herein. However, isolation of pure product for structural characterization and drug 

discovery is paramount. For instance, characterizing the SAR of lipid A with the MD-

2/TLR4 complex demands individual structure. Much of our understanding of the 

biological activity caused by lipid A administration is based on stimulations with mixed 

lipid A products (biological extracts). While this may achieve acceptable results for 

regulatory acceptance criteria, rational drug design efforts would be greatly improved 

through establishment of fundamental rules about structure-function. In addition, we 

propose that administering a single active ingredient would reduce off-target effects. 

Batch-to-batch reproducibility would be easier to achieve in the scale-up manufacturing 

process as well. With the continual advancements in separation science and analytical 

capability these goals should be increasingly achievable. 
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Chapter 3. Top down tandem mass spectrometric analysis of a chemically modified 

rough-type lipopolysaccharide vaccine candidate1

 

3.1 Abstract 

Recent advances in lipopolysaccharide (LPS) biology have led to its use in drug 

discovery pipelines, including vaccine and vaccine adjuvant discovery. Desirable 

characteristics for LPS vaccine candidates include both the ability to produce a specific 

antibody titer in patients and a minimal host inflammatory response directed by the innate 

immune system. However, in-depth chemical characterization of most LPS extracts has 

not been performed; hence, biological activities of these extracts are unpredictable. 

Additionally, the most widely adopted workflow for LPS structure elucidation includes 

nonspecific chemical decomposition steps before analyses, making structures inferred 

and not necessarily biologically relevant. In this work, several different mass 

spectrometry workflows that have not been previously explored were employed to show 

proof-of-principle for top down LPS primary structure elucidation, specifically for a 

rough-type mutant (J5) E. coli-derived LPS component of a vaccine candidate. First, ion 

mobility filtered precursor ions were subjected to collision induced dissociation (CID) to 

define differences in native J5 LPS v. chemically detoxified J5 LPS (dLPS). Next, ultra-

high mass resolving power, accurate mass spectrometry was employed for unequivocal 

precursor and product ion empirical formulae generation. Finally, MS3 analyses in an ion 

trap instrument showed that previous knowledge about dissociation of LPS components 

can be used to reconstruct and sequence LPS in a top down fashion. A structural rationale 

                                                           
1 Oyler, B. L., Khan, M. M., Smith, D. F., Harberts, E. M., Kilgour, D. P. A., Ernst, R. K., Cross, A. S., 
Goodlett, D. R.: Top Down Tandem Mass Spectrometric Analysis of a Chemically Modified Rough-type 
Lipopolysaccharide Vaccine Candidate. J. Am. Soc. Mass Spectrom. 29, 1221-1229 (2018) 
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is also explained for differential inflammatory dose-response curves, in vitro, when HEK-

Blue hTLR4 cells were administered increasing concentrations of native J5 LPS v. dLPS, 

which will be useful in future drug discovery efforts. 

3.2 Introduction 

Lipopolysaccharide (LPS), also known as endotoxin, is a major component of the 

outer leaflet of most Gram-negative bacterial outer cell membranes [6, 174]. It is 

amphipathic, allowing it to interact with a wide range of ions and molecules to maintain 

cell membrane integrity [6], participate in cell-cell interactions [8, 175, 176], contribute 

to pathogenicity [177], and protect the bacterium from exogenous threats [178–181]. LPS 

is composed of three parts (listed in order from the membrane to the extracellular space): 

1.) a lipophilic, multiply acylated diglucosamine membrane anchor that produces the 

canonical biologic activity of Gram-negative bacterial infection (lipid A), 2.) a non-

repeating oligosaccharide core (core OS), and 3.) a polysaccharide, composed of 

repeating oligosaccharide units, that produces an immunodominant antigen responsible 

for the O serotype (O-antigen). LPS exists as a mixture of biosynthetic products that can 

be broadly classified into two groups: rough-type LPS (R-LPS) or lipooligosaccharide 

(LOS), and smooth-type LPS (S-LPS). S-LPS is a complete LPS molecule, comprising 

all three aforementioned parts, while R-LPS lacks the O-antigen portion, usually resulting 

in a loss of virulence. The biosynthesis pathway enzymes for making lipid A and core OS 

in Gram-negative bacteria are relatively well-conserved. However, due to differences in 

abundance or structure of LPS modifying enzymes, the resultant products from these 

syntheses can vary greatly, both in structure and function, even within one species [182]. 

Many non-stoichiometric substitutions of phosphate groups, sugars, amino acids, amines, 
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and other R-groups are also observed in LPS extracts, making accurate structural 

analyses challenging. 

The dramatic increase in antibiotic resistance has left clinicians with fewer 

options to treat Gram-negative bacterial infections. Vaccines have proven to be one of the 

most efficient strategies to prevent infectious disease-related mortality and morbidity 

[183]. Although some of the structural features of LPS resulting in specific illnesses like 

sepsis have been established (e.g. lipid A-TLR4 ligand-receptor binding induced cytokine 

storm), there is no FDA-approved drug or vaccine against Gram-negative bacteria-

induced sepsis in large part because anti-lipid A antibodies have not shown much 

promise in clinical settings [184–187]. Lipid A three dimensional (3D) structure is 

usually quite flexible and varies greatly between species of Enterobacteriaceae; however, 

the 3D structure of core OS remains similar due to conservation of biosynthetic enzymes 

[6]. In the past, studies have drawn a correlation between survival after Gram-negative 

bacterial sepsis and measured levels of circulating anti-core endotoxin antibodies in 

patient sera [188, 189]. Consequently, one feasible strategy for preventing sepsis is 

modification of LPS to generate antibodies to conserved epitopes in the core OS without 

eliciting a strong innate immune response. Passive infusion of immune sera after 

immunization of human volunteers with a vaccine composed of a heat-killed mutant of E. 

coli O111 which lacked the O polysaccharide (J5, or Rc chemotype mutant) resulted in 

protection against Gram-negative bacterial sepsis. A subsequent vaccine was developed 

using the purified J5 R-LPS that was alkali-treated to reduce the lipid A-induced toxicity 

and make the vaccine less reactogenic.  This detoxified J5 LPS (J5 dLPS) was non-

covalently complexed with group B meningococcal outer membrane protein (OMP) to 

form a hydrophobic complex. The hydrophilic portion on the outer surface enhanced its 
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solubility and delivery. When administered to rodents, it improved survival from 

polymicrobial sepsis [190–192] and was well tolerated in humans [193] where it elicited 

a 37–142-fold increase in anti-core LPS antibody titer post-vaccination [192].  

Interestingly, anti-core LPS vaccines (e.g. J5 Bacterin®) have been successful in treating 

bovine mastitis and decreasing Gram-negative bacterial sepsis incidence in animals [194, 

195]. Additional vaccines have been developed against core OS but have not progressed 

to clinical trial [189, 196]. 

The core glycolipid-carrier protein complex or liposome-associated preparations 

have been developed to facilitate vaccine delivery and immunization processes as lipid A 

in liposomes imparts significantly reduced toxicity [197] and liposome-encapsulated 

TLR4 ligands produce higher antibody response [198]. Since LPS is highly reactogenic 

and can impart severe toxicity, chemical modification of LPS vaccines, such as the J5 

vaccine, to reduce lipid A toxicity while retaining core OS immunogenicity has been 

proposed [192, 195]. In addition, the potent pro-inflammatory activity of the lipid A 

portion of the LPS has been modified to safely provide adjuvant activity for many 

vaccines. In fact, a chemically modified LOS, monophosphoryl lipid A (MPL®), that has 

diminished reactogenicity but potent adjuvanticity [28, 199] is used as a vaccine adjuvant 

in GlaxoSmithKline’s hepatitis B vaccine Fendrix® and human papillomavirus (HPV) 

vaccine Cervarix®. Recently, rationally designed lipid A-based Toll-like receptor 4 

(TLR4) ligands have been reported for vaccine adjuvant discovery and modulating the 

innate immune response [61, 200]. Given both the potential use of core OS as a vaccine 

and a modified lipid A as a vaccine adjuvant, LPS structure elucidation capability to 

support these efforts is critical. 
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In the past, LPS has been mostly analyzed after hydrolysis into its three distinct 

components by mass spectrometry (MS), nuclear magnetic resonance (NMR) 

spectroscopy, or most commonly, a combination of both techniques, and then 

reconstructed by inference to demonstrate “representative” LPS structures for a species or 

strain. The results from these experiments can be misleading for several reasons 

mentioned below; this list is not exhaustive. First – and most importantly – LPS extracts 

are always a mixture of very similar compounds, sometimes producing exactly isobaric 

ions, making exact data interpretation very difficult. This problem is compounded by 

relatively nonspecific methods like hydrolysis or solvolysis for dissociation. Mixture 

complexity inevitably increases when these methods are employed. Second, it is 

impossible, using this sub-component based structure definition approach, to infer which 

candidate LPS structures are actually present in the cell membrane and are consequently 

of biological relevance. Third, biological activities cannot be positively attributed to 

specific structures because the complete structures are unknown. Attribution of structure 

to activity, or structure-activity relationships (SAR), are also impossible to infer from 

mixtures of biologically active molecules unless the relative activities of each of the 

components, as well as any interactions they may have with one another, are known. 

Indeed, it has been shown that pure, chemically synthesized lipid As corresponding to 

molecular formulae found together in extracted E. coli lipid A mixtures cause markedly 

different cytokine responses in murine macrophages [201]. Therefore, even though the 

hypothesis has not been exhaustively tested, it is reasonable to work on the assumption 

that differences in activity between LPS extracts are cumulative, since any mixture of 

LPS molecules likely contains full agonists, partial agonists, and antagonists of TLR4. 
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Qureshi et al. showed that R-LPS could be purified based on the number of acyl 

chains present and analyzed offline by plasma desorption mass spectrometry in 1988 

[30]. Recently, O’Brien et al. published a top down liquid chromatography-tandem MS 

approach to determining primary structural features of R-LPS from E. coli laboratory 

strains using collision induced dissociation (CID) and ultraviolet photodissociation 

(UVPD) [38]. Although it has been feasible to perform top down tandem MS experiments 

on R-LPS since the 1980’s, most researchers have opted for the divide-and-conquer 

approach of wet chemistry followed by MS analysis of the separate components. 

With advances in MS instrument hardware, software, and electronics have come 

substantial increases in mass spectrometer capabilities since the heyday of plasma 

desorption. Modern instruments have become more sensitive, can analyze many more 

samples in the same amount of time, and possess greater mass resolving powers and mass 

accuracies than older mass spectrometers. These benefits allow operators to separate, 

detect, and identify many ions solely in the gas phase. This approach was applied to the 

following research, using several different MS instruments for confirmation of previous 

results and to add complementary data for strengthened structural conclusions. Since the 

primary chemical structure of the J5 vaccine’s LPS component has never been evaluated, 

and to investigate the hypothesis that the detoxified R-LPS vaccine from the J5 strain of 

E. coli derives its decreased inflammatory potential, while maintaining therapeutic value, 

from complete O-deacylation of the lipid A moiety, the following research was 

conducted: 
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3.3 Experimental 

3.3.1 Materials 

Purified (low protein and nucleic acid content) and lyophilized LPS from E. coli 

J5 strain was purchased from both List Biological Laboratories, Inc. (Campbell, CA) and 

Sigma Aldrich (St. Louis, MO). Note: LPS can be toxic if ingested or inhaled; proper 

personal protective equipment should be worn at all times. All solvents and water used 

throughout all experiments were Fisher (Waltham, MA) Optima LC/MS grade. 

3.3.2 Detoxification of R-LPS and preparation of vaccine 

To prepare a detoxified E. coli J5 LPS (J5 dLPS), purified LPS from List 

Biological Laboratories was re-suspended in water (4 mg mL-1) and an equal volume of 

0.2 M NaOH solution was added slowly with gentle stirring, followed by heating in a 

water bath at 65 °C for 2 hours. The mixture was shaken every 5 minutes for the first 

hour and every 10 minutes thereafter. The solution was then neutralized with 1 M acetic 

acid, ethanol precipitated, and lyophilized to isolate the dry product. To prepare J5 

dLPS/group B meningococcal outer membrane protein (OMP) complex vaccine, OMP 

extracted from phenol-killed bacteria was mixed with J5 dLPS as described elsewhere 

[190, 193]. Briefly, OMP was extracted from phenol-killed bacteria by Empigen BB 

(Huntsman Corporation, The Woodlands, TX; licensed to Sigma Aldrich for sale) 

detergent. Extracted OMP was mixed with J5 dLPS (in 0.9% NaCl) at a ratio of 1.2:1 

(w/w) in Tris-EDTA buffer, pH 8.0 containing 0.1% Empigen BB. Extensive dialysis was 

achieved to remove detergent and the vaccine was further filter sterilized and stored at 5 

°C. 
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3.3.3 Cell culture and cytokine reporter assay 

HEK-Blue hTLR4 cells (Invitrogen, Waltham, MA) were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM; Gibco, Gaithersburg, MD) supplemented with 10% 

heat-inactivated fetal bovine serum (FBS; Sigma Aldrich, St. Louis, MO), 100 IU mL-1 

penicillin, 100 µg mL-1 streptomycin, 1 mM sodium pyruvate, and 200 mM L-glutamine 

in a humidified incubator at 37 °C, 5% CO2. For cell stimulation, lyophilized LPS was 

reconstituted in sterile, endotoxin-free water at a concentration of 1 mg mL-1. This stock 

was serially diluted in DMEM before addition to the cell culture for the stimulation 

experiment. Post-stimulation (16 h), supernatants were collected from HEK-Blue cells, 

and the production of SEAP reporter was detected using Quanti-Blue (Invitrogen) 

according to the manufacturer’s instructions. NF-κB reporter cell line stimulation data 

were plotted as the mean (± SD) from biological duplicates using GraphPad Prism 7.0 

(La Jolla, CA). 

3.3.4 Defining mixture composition differences between intact and detoxified LPS 

samples 

Both intact J5 LPS and J5 dLPS samples from List Biological Laboratories, Inc. 

were dissolved in a solution, composed of 50% (v/v) 2-propanol and 50% water, and 

directly infused by syringe pump (5 µL min-1, at an estimated concentration of 20 µg mL-

1) into the source of a Waters (Milford, MA) Synapt G2 HDMS quadrupole-ion mobility 

separation-orthogonal acceleration time of flight mass spectrometer, equipped with a 4 

kDa quadrupole, and operated with negative polarity electrospray ionization (ESI) and in 

“Resolution” mode. Traveling wave ion mobility separation (TWIMS) was employed to 

isolate ions with similar size, shape, and charge and to consequently simplify mass 

spectra. TWIMS was also used for gas-phase separation after quadrupole precursor 
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isolation and prior to tandem MS experiments. The ion mobility separations were all 

performed using N2 as buffer gas at a flow rate of 90 mL min-1, with a wave velocity of 

650 m s-1 and a wave height of 40.0 V. The ESI source was operated with a capillary 

potential of 3.00 kV, source temperature of 100 ˚C, sampling cone at 40.0 V, source 

offset at 40.0 V, source gas (N2) flow at 0.0 mL min-1, desolvation temperature of 400 ˚C, 

cone gas flow at 25 L hr-1, desolvation gas flow at 400 L hr-1, and nebulizer gas pressure 

at 5.0 bar. Collision induced dissociation (CID) tandem MS experiments were performed 

using ultra-pure argon (Airgas, Radnor Township, PA) as collision gas, with manual 

collision energy ramping from 0 V to 100 V in increments of 10 V to produce 

comprehensive product ion spectra. All other instrument parameters are available upon 

request. 

3.3.5 Ultra-high mass resolving power, high mass accuracy FT-ICR MS to 

determine empirical formulae and define J5 LPS primary structure 

Intact E. coli J5 LPS from Sigma Aldrich (St. Louis, MO), dissolved in a solution 

of 50% 2-propanol and 50% water at an estimated total LPS concentration of 50 µg mL-1, 

was directly infused through a home-built nano-electrospray ionization (nESI) source at a 

flow rate of 1 µL min-1 into a hybrid linear ion trap – 21 Tesla Fourier transform-ion 

cyclotron resonance (FT-ICR) mass spectrometer, described in detail in a previous 

publication [202]. The ion spray was visually optimized for each experiment by adjusting 

capillary voltage and position while monitoring for constant signal as well as observation 

of a uniform electrospray plume. Multiple tandem MS experiments were performed, 

including trap CID, beam-type collisionally activated dissociation (beam CAD), and in-

cell ultraviolet photodissociation (UVPD). Trap CID and beam CAD were performed 

with stepped collision energy. UVPD was carried out similarly to a previous publication 
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[203] using a Coherent (Santa Clara, CA) Excistar XS ArF excimer laser operated at 193 

nm wavelength and 522 µJ per pulse. The laser was previously aligned through a window 

in the rear of the ICR magnet housing on-axis with the ICR cell. 

3.3.6 Multi-stage MS (MSn) to confirm structural inferences 

Intact E. coli J5 LPS from both List Biological Laboratories, Inc. (Campbell, CA) 

and Sigma Aldrich (St. Louis, MO) were directly infused in a solution composed of 50% 

2-propanol and 50% water at a flow rate of 2 µL min-1 into a home-built nESI source of a 

linear ion trap (linear trapping quadrupole; LTQ) mass spectrometer (Thermo Finnigan, 

San Jose, CA) with post-production ion funnel optics added for increased ion 

transmission efficiency. The mass spectrometer was operated in negative ionization mode 

with a capillary potential of 2.3 kV. Tandem MS experiments were performed in the ion 

trap with ultra-pure helium as collision gas. MS3 was carried out on product ions from 

LPS, corresponding to lipid A and core OS, at stepped normalized collision energies to 

evaluate its utility for top down sequencing. 

3.3.7 Data analysis 

Data acquired on the Synapt G2 HDMS instrument were initially processed in 

Driftscope version 2.7 and MassLynx version 4.1 software (Waters, Milford, MA). When 

necessary, data were converted to mzML format using the ProteoWizard msconvert 

utility. Automated peak picking was performed using mMass version 5.5 

(www.mmass.org) [204]. Data acquired on the FT-ICR instrument were converted from 

magnitude mode to absorption mode and processed (including peak picking and 

absorption mode isotopic modeling) using AutoVectis (Spectroswiss Sàrl, Lausanne, 

Switzerland) [205–209]. For rapid visualization and spot checking of data, ICR mass 
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spectra were saved as Thermo .raw files and manipulated in Thermo (San Jose, CA) 

Xcalibur version 3.0.63. Data acquired on the LTQ instrument were processed in 

Xcalibur version 3.0.63, and when necessary, were converted to mzML format for use in 

open source software suites. Peak picking for LTQ data was also performed using mMass 

version 5.5. Data were plotted using QtiPlot version 0.9.8.9 (www.qtiplot.com) and 

Figures were generated in Inkscape version 0.91 (https://inkscape.org) and when 

necessary, modified to an acceptable format using GIMP version 2.8.18 (www.gimp.org). 

3.4 Results and Discussion 

3.4.1 Cell culture and cytokine reporter assay 

To test the pro-inflammatory capacity of various LPS described in this 

manuscript, LPS were incubated with the HEK-Blue hTLR4 reporter cell line from which 

NFκB activation can be directly measured (Figure 3.1). Both E. coli strains tested had 

similar stimulation profiles with J5 LPS reaching maximum stimulation at a slightly 

higher concentration than the W3110 strain. The J5 dLPS reached a lower maximum 

signaling level at a lower concentration, indicating that it is less inflammatory but 

maintained a strong binding affinity to the activated signaling pathway. The J5 

dLPS/GBOMP formulation reached a similar maximal signaling level as the J5 dLPS but 

activation could be titrated down at a much higher concentration. PHAD, an adjuvant 

molecule already in use, stimulated cells at a much lower level than all other molecules 

tested, only rising above baseline at the highest concentration tested. At low 

concentrations J5 dLPS/GBOMP is capable of maintaining NF-κB stimulation while 

PHAD, a known adjuvant molecule, is not. This novel method of detoxifying LPS could 

be used to create TLR4 agonists that are not toxic and still capable of stimulating the 

immune system to a desirable level for adjuvant use.  
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Figure 3.1 Agonists were cultured with HEK-Blue hTLR4 cells over a 5-log dose 
range from 0.1-1000 ng mL-1. W3110 E. coli LPS (red), J5 E. coli LPS (orange), 
J5 dLPS (pink), J5 dLPS/GBOMP (green), or PHAD (blue) were incubated for 16 
hours. Then NF-κB activation was measured by quantification of SEAP in the 
supernatant. Mean ± SD of duplicate samples and an associated 4-parameter non-
linear regression are shown 

3.4.2 Defining mixture composition differences between intact and detoxified LPS 

samples 

Direct infusion of J5 LPS and dLPS into the Synapt G2 HDMS produced many 

ions attributed to intact LPS and fragments thereof (Figure 3.2). For the sake of 

simplicity, ions which could be easily associated with the “canonical” structures for E. 

coli LPS were isolated in the quadrupole, separated from isobars by ion mobility (Figure 

3.3), and subjected to CID in the “Transfer” region of the collision cell by ramping 

collision energy and averaging the resultant tandem mass spectra. The precursor ions 

used for direct comparison (m/z 1071 for LPS and m/z 789 for dLPS) happened to have 

the largest complete LPS peak amplitudes and represented [M-3H]3- ions. 
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Figure 3.2 Full broadband negative mode TOF mass spectra for J5 E. coli LPS (a) 
and dLPS (b). Red boxes indicate regions where [M-3H]3- ions corresponding to 
Lipid A with full core OS attached are found 

In the single stage mass spectrum of dLPS, there were no detectable ions 

corresponding to the complete R-LPS structure. This was interpreted to mean that the 

detoxification chemistry had proceeded to completion. After dissociation of J5 LPS and 

dLPS, one difference in the tandem mass spectra was immediately obvious: Liberated O-

linked fatty acids were not present in dLPS product ion spectra (Figure 3.4). The 

observation of low m/z product ions, including deprotonated fatty acids and phosphorous-

containing ions, is a particular advantage to using a beam-type mass spectrometer for 
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LPS tandem MS experiments rather than any quadrupolar ion trap mass analyzer because 

the 1/3 cutoff rule, meaning product ions less than ~30% the m/z of the precursor ion are 

always unstable under trapping conditions, does not apply. These product ions can be 

directly diagnostic to structural changes in LPSs for which some structural information is 

already known. In aggregate, they can inform the analyst about which class of compound 

has been detected in an unknown. 
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Figure 3.3 Ion mobility filtered, broadband TOF mass spectra for J5 E. coli LPS 
(a) and dLPS (b). 
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A total of 179 monoisotopic product ions were detected by the Synapt G2 HDMS 

above a signal to noise ratio (S:N) of 10:1 in the J5 LPS IMS-CID spectrum of m/z 1071; 

221 were detected in the dLPS IMS-CID spectrum of m/z 789. Singly and doubly 

deprotonated product ions representing the full-length core OS (m/z 1418 and 708, 

respectively) were detected in both LPS and dLPS sample mass spectra, while the 

product ions representing the bis-phosphorylated, hexa-acylated E. coli lipid A (m/z 1796 

and 897) were only present in the native LPS mass spectrum. Product ions assigned to the 

detoxified, di-acylated lipid A (m/z 951 and 475) were detected in the dLPS mass 

spectrum. These data further confirmed that the vaccine detoxification chemistry had 

proceeded as hypothesized. 

It is important to emphasize that both the LPS and dLPS samples produced 

heterogeneous mass spectra, even after crude IMS filtering, presumably due to many 

different LPS structures in the samples. Other analyses of R-LPS by both ESI-MS and 

MALDI-MS have demonstrated similar results [38, 210]. This means that the activity 

data shown in the previous section are cumulative and cannot be attributed to a particular 

R-LPS structure. However, the alkaline hydrolysis that was performed produced an 

entirely different mass spectrum than the commercial product. Since the mass spectra are 

complex, quality control and quality assurance protocol development will be necessary to 

maximize the vaccine’s robustness. One example to illustrate this need can be seen in 

Figure 3.2. Second and third envelopes of ions were observed in the dLPS spectrum 

corresponding to differences in the number of core OS sugars. It is unclear from this 

study whether these differences were part of the original LPS mixture or if they were a 

result of the sample processing. 
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Figure 3.4 Averaged IMS-CID tandem mass spectra of (a) J5 LPS m/z 1071 and 
(b) J5 dLPS m/z 789 after collision energy ramping. Insets show deprotonated fatty 
acid product ions’ presence in (a) and absence in (b) 

3.4.3 Ultra-high mass resolving power, high mass accuracy FT-ICR MS to 

determine empirical formulae and define J5 LPS primary structure 

In total, 252 unique, unambiguous monoisotopic masses were observed above a 

S:N of 10:1 in the Sigma J5 LPS sample with masses greater than the monoisotopic mass 

of KDO2-lipidIV A (J5 lipid A attached to two 2 – 4 linked 3-Deoxy-D-manno-oct-2-

ulosonic acid residues through a 2 – 6’ glycosidic bond, [M] = 1844.971 Da), excluding 
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redundant masses from additional charge states; 3-, 4-, and 5- ions were observed for 

intact R-LPS (Table 3.1). One hundred ninety-six of these masses were larger than the 

mass of the canonical E. coli, hexa-acylated lipid A attached to five core OS sugars. 

Interestingly, thirty-six monoisotopic masses observed were greater than the mass of the 

intact, canonical J5 E. coli R-LPS. Some of these ions corresponded to empirical 

formulae for E. coli R-LPS with known substitutions such as phosphoethanolamine and 

phosphate/pyrophosphate. A few were inferred to be cation adducts of multiply 

deprotonated ions. The vast majority, however, were unable to be inferred using accurate 

mass alone. In short, the R-LPS mixture was very heterogeneous, including ions not 

previously described in the literature for E. coli R-LPS. One example of the heterogeneity 

observed in only a 4 m/z window is shown in Figure 3.5. In this window, at least eight 

different monoisotopic masses were observed, at a mass resolving power of ~300,000 

FWHM, in absorption mode. There was also not a single dominant species in the mixture 

as has sometimes been reported.  

 

Table 3.1 Picked monoisotopic m/z peaks for J5 LPS in broadband negative ion 
FT-ICR experiment, sorted by charge 

m/z int. S/N z R [M] 

526.5818 35455.54 84.51492 5 202107.3 2637.9511 

567.8150 42965.21 60.81756 5 188939.5 2844.1168 

588.0201 25325.44 28.16849 5 186122 2945.1425 

596.4466 83169.86 84.91948 5 178301.2 2987.2747 

605.0550 221306.3 208.4926 5 174365.5 3030.3170 

609.4514 24610.78 22.30515 5 182111.6 3052.2988 

610.6613 13184.16 11.82228 5 192814.9 3058.3482 

611.0646 39336.62 35.12345 5 188294.8 3060.3650 

615.4608 27549.14 23.51001 5 175111.1 3082.3459 

620.8925 28297.93 22.89717 5 173586.4 3109.5044 

621.0483 80284.13 64.8652 5 171040 3110.2832 
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Table 3.1 Continued 

625.4446 34343.55 26.63197 5 170052.8 3132.2650 

626.0951 29530.21 22.76401 5 172028.6 3135.5172 

627.0579 22336.02 17.06879 5 183656.5 3140.3312 

629.6567 51487.19 38.44504 5 167144.3 3153.3255 

636.8858 29269.13 20.54687 5 146405.9 3189.4707 

642.0883 77000.78 51.82208 5 164051.1 3215.4835 

646.4845 48672.97 31.65268 5 126929.1 3237.4646 

650.6969 281786.4 177.5141 5 162481.4 3258.5261 

655.0932 158795.5 96.87043 5 161850.3 3280.5077 

666.6902 216959 121.8766 5 160725.1 3338.4927 

671.0867 184430.8 100.5102 5 139023.3 3360.4752 

675.2985 299593.6 158.7304 5 156887.3 3381.5346 

679.6949 128378.7 66.09869 5 162869 3403.5162 

682.9106 41770.14 21.07151 5 155312.2 3419.5947 

691.2919 53169.21 25.47935 5 159087.4 3461.5013 

540.4274 29093.67 57.24577 4 190536.6 2165.7429 

605.7653 100848 94.40671 4 173951.4 2427.0945 

611.2608 56003.79 49.9024 4 187885.2 2449.0765 

618.7581 40890.71 33.77455 4 172725.5 2479.0660 

631.2522 39637.3 29.18672 4 145111.7 2529.0424 

632.0148 56245.95 41.14392 4 167402.1 2532.0925 

636.5175 194446.6 136.9187 4 165469.9 2550.1033 

642.0129 98811.7 66.54083 4 163534.5 2572.0851 

649.5103 116093.5 73.78469 4 162299.2 2602.0749 

655.0057 38229.78 23.33611 4 153186.5 2624.0562 

656.5091 87421.83 52.79234 4 166482.5 2630.0699 

657.8111 229488.4 137.3103 4 160351.6 2635.2777 

659.2766 120280.9 71.23117 4 162864.8 2641.1400 

662.0045 117674.8 68.34576 4 149809.9 2652.0514 

665.3228 120417 68.29799 4 162079.4 2665.3246 

667.2696 102561 57.38079 4 157151.6 2673.1119 

667.5001 33884.08 18.92704 4 163269.2 2674.0337 

669.2702 100498 55.45306 4 158003.4 2681.1143 

670.8039 49530.57 27.04488 4 156417.6 2687.2490 

670.8182 60790.4 33.18978 4 161534.5 2687.3061 

672.5114 22415.96 12.09907 4 158244.6 2694.0789 

673.7728 228309.7 122.1939 4 157600.4 2699.1246 

674.7656 77982.29 41.46239 4 154837.9 2703.0961 

677.8027 175208.9 91.31905 4 158122.7 2715.2441 

679.2682 636921.2 328.8337 4 150935.4 2721.1062 

679.3823 40112.43 20.6943 4 20841.47 2721.5628 
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Table 3.1 Continued 

683.2590 57882.91 29.13599 4 163662 2737.0696 

683.2981 106949.8 53.82117 4 149764.6 2737.2259 

684.5334 104498.7 52.18338 4 156511.6 2742.1671 

684.7637 218903.5 109.1571 4 154297 2743.0882 

688.5633 403572.6 196.6008 4 153323.8 2758.2866 

689.0082 23913.12 11.61792 4 151872.1 2760.0662 

689.2618 69029.54 33.48581 4 150737.2 2761.0806 

690.0288 112425.8 54.28534 4 153348.5 2764.1487 

693.0659 78828.64 37.37964 4 155901.3 2776.2969 

693.7644 129239.9 61.03211 4 154139.3 2779.0912 

694.0484 256298 120.8319 4 152594.4 2780.2272 

694.7571 50072.94 23.50905 4 145859 2783.0620 

695.8220 26030.14 12.14537 4 158010.6 2787.3214 

696.0750 186324.4 86.80919 4 155498.6 2788.3334 

697.7944 33375.06 15.39585 4 154442.3 2795.2109 

699.2599 302467.1 138.3618 4 142003.9 2801.0730 

700.0224 231811.3 105.5817 4 151756.3 2804.1232 

701.5558 182228.7 82.28241 4 153096.9 2810.2569 

701.5704 99908.72 45.10847 4 148963.6 2810.3150 

704.0211 35136.75 15.64834 4 157558.6 2820.1181 

704.5250 889574.6 395.072 4 150528.2 2822.1334 

704.7554 252663 112.0681 4 139466.8 2823.0552 

705.5178 122388.1 54.05711 4 153679.8 2826.1048 

707.8556 52539.88 22.91131 4 152889.1 2835.4559 

708.5548 360087.5 156.4306 4 151054.8 2838.2527 

709.0680 79810.85 34.57567 4 154235.9 2840.3054 

710.0205 1053681 454.1403 4 147231 2844.1156 

710.2511 73381.21 31.58843 4 160191.1 2845.0381 

714.0402 118380.1 50.02304 4 156224.2 2860.1944 

714.0504 152386.3 64.38965 4 147985.5 2860.2349 

714.8633 341902.7 143.9051 4 147955.4 2863.4869 

715.5158 297427.4 124.7952 4 150580.7 2866.0966 

715.5629 28784.51 12.07475 4 129846.8 2866.2851 

716.0669 68249.43 28.561 4 163661.2 2868.3010 

718.8107 26914.8 11.11784 4 161272.3 2879.2765 

718.8342 65698.96 27.13563 4 152227.1 2879.3705 

719.2513 81439.95 33.57123 4 121903.8 2881.0388 

719.3153 86545.18 35.66499 4 140840.8 2881.2948 

719.5100 36550.23 15.04848 4 174086.2 2882.0733 

719.5358 71349.89 29.37266 4 150843.9 2882.1766 

720.3590 53080.77 21.76775 4 147871.4 2885.4694 
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721.5622 84360.54 34.40178 4 141089.5 2890.2822 

723.8180 46963.68 18.9529 4 151209.8 2899.3053 

724.5167 231074.9 92.9551 4 147104.2 2902.1001 

724.7469 98242.33 39.47854 4 110218.5 2903.0210 

724.8006 307623.6 123.5877 4 146185.1 2903.2359 

725.8186 703049.9 281.1401 4 145493.8 2907.3078 

726.5760 29316.26 11.68285 4 63726.71 2910.3377 

726.8272 83029.9 33.05064 4 162634.8 2911.3423 

727.8563 75896.31 30.07072 4 146138.6 2915.4587 

730.0121 409498.2 160.6827 4 141003.3 2924.0818 

730.2429 53673.95 21.03937 4 122523.3 2925.0050 

731.3141 618885.1 241.4384 4 144419.2 2929.2901 

732.8274 28272.18 10.9558 4 177889.2 2935.3431 

733.3306 167466.5 64.75137 4 154157.3 2937.3561 

734.8549 134950.4 51.83087 4 146136.4 2943.4532 

735.2772 150713.6 57.77834 4 145394 2945.1421 

735.5075 255475.1 97.84181 4 143590.6 2946.0637 

736.5792 94400.68 35.98528 4 145108.4 2950.3504 

736.8095 91886.06 34.99172 4 146074.5 2951.2714 

738.3220 28821.51 10.90414 4 155290 2957.3215 

738.6078 79148.95 29.90785 4 144651.3 2958.4648 

738.8259 279948.1 105.6842 4 147416.3 2959.3370 

740.3504 165532.7 62.08374 4 140535.3 2965.4350 

740.7726 183884.1 68.84229 4 144119.6 2967.1239 

741.0033 67873.24 25.38531 4 143650.6 2968.0468 

744.0912 63056.17 23.27738 4 150845.8 2980.3981 

744.3214 120478.6 44.43203 4 145485.1 2981.3190 

744.7922 85029.17 31.29651 4 142396.7 2983.2023 

745.6156 745744 273.5398 4 141253.1 2986.4961 

745.8102 417287.9 152.9374 4 144577.1 2987.2742 

746.0940 110098.4 40.30366 4 161436.8 2988.4094 

746.2682 68562.92 25.08057 4 148668.2 2989.1062 

746.6001 44399.62 16.2191 4 228787.6 2990.4340 

747.8479 49814.55 18.10315 4 132941.5 2995.4253 

749.5864 74953.88 27.04439 4 144172.2 3002.3789 

751.1110 242042.2 86.78817 4 141983.7 3008.4777 

751.3059 346374.7 124.0995 4 141189.5 3009.2572 

753.0690 45591.09 16.2177 4 150801.4 3016.3096 

753.6060 143046.6 50.77415 4 141518.8 3018.4576 

755.2969 58238 20.53108 4 146009.4 3025.2211 

756.0673 28459.15 10.00197 4 150361.4 3028.3029 
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756.5709 1419667 497.9378 4 139146 3030.3170 

756.8016 145443.7 50.96632 4 131411.3 3031.2401 

758.5995 40762.17 14.18206 4 150497.7 3038.4316 

758.6084 188552.2 65.59918 4 142503.8 3038.4671 

758.8179 131672.2 45.77204 4 147122.4 3039.3050 

762.0664 667175.1 229.1259 4 140741.7 3052.2992 

762.8792 62810.45 21.51678 4 143384.5 3055.5501 

763.5786 100960 34.51118 4 125163.1 3058.3480 

764.0829 424878.9 145.0116 4 147479.6 3060.3653 

764.1043 57852.64 19.74387 4 122584.8 3060.4505 

764.3135 83437.29 28.45709 4 135894.3 3061.2876 

765.6072 362831.7 123.2581 4 139268.8 3066.4623 

766.0852 73363.66 24.88613 4 154269.2 3068.3744 

768.3747 67333.71 22.68223 4 139632.6 3077.5325 

769.0741 41797.02 14.0501 4 135261.5 3080.3301 

769.5783 472128.4 158.4647 4 142651.6 3082.3465 

771.1029 281467.8 94.03878 4 141190.2 3088.4451 

773.5978 40356.07 13.38268 4 145048.8 3098.4248 

775.0736 135256 44.65637 4 140602.4 3104.3279 

776.3680 249091 81.92545 4 147019.7 3109.5055 

776.5626 145948.8 47.97461 4 133095.8 3110.2841 

776.5985 69058.64 22.69775 4 134042.5 3110.4273 

777.3520 54729.94 17.9483 4 193483.9 3113.4416 

781.8645 57188.99 18.50839 4 72843.55 3131.4917 

782.0582 165749.3 53.61214 4 140424.2 3132.2662 

782.8709 460655.8 148.6491 4 133212.2 3135.5172 

784.0749 91248.55 29.34248 4 137735.4 3140.3331 

784.3585 99353.53 31.92258 4 127516 3141.4677 

787.5536 99507.1 31.67941 4 137352.9 3154.2479 

788.3667 650867.1 206.7309 4 137528.5 3157.5004 

789.5702 123717.7 39.16107 4 145747.9 3162.3143 

793.6315 137282.9 42.95821 4 133136.3 3178.5594 

793.8619 163451.4 51.11364 4 132472.8 3179.4812 

794.8349 77517.48 24.1747 4 139937 3183.3730 

795.0656 87779.22 27.35723 4 144228.7 3184.2958 

796.1387 95447.85 29.65802 4 136060.8 3188.5884 

796.3603 57636.43 17.89799 4 140106.2 3189.4746 

799.1269 106874.9 32.93366 4 130375.8 3200.5411 

800.3305 72275.58 22.19777 4 143373.2 3205.3557 

801.3508 64285.33 19.68826 4 137395.7 3209.4368 

802.8626 334738.9 102.0932 4 130158.7 3215.4837 
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803.1465 486005.6 148.1132 4 128618.9 3216.6196 

806.6156 198828.7 60.02354 4 130191.6 3230.4960 

808.6096 564453.8 169.4829 4 138889.7 3238.4718 

812.1108 165031 49.08807 4 136123.4 3252.4767 

813.6233 1387432 411.025 4 129024.4 3258.5266 

813.6494 82176.32 24.34294 4 147600.7 3258.6312 

813.8542 196470.7 58.16842 4 125656.9 3259.4501 

819.1191 1000105 292.7138 4 133162.6 3280.5100 

823.1385 196593.5 57.09676 4 128013.4 3296.5874 

824.6145 310248.5 89.85174 4 129696.6 3302.4914 

833.6148 324923.7 92.51212 4 126649.7 3338.4928 

833.8989 360097.3 102.4721 4 124794.4 3339.6290 

839.1110 372141.8 104.8741 4 141301.1 3360.4774 

844.3755 274178.4 76.51842 4 123508.3 3381.5355 

844.4015 81887.1 22.85217 4 124733.1 3381.6396 

844.6065 237303.8 66.19924 4 136648.2 3382.4594 

849.8714 206027 56.92297 4 132407 3403.5190 

853.8905 90343.69 24.77956 4 121243.2 3419.5955 

864.6508 118567.7 31.90018 4 113982.4 3462.6369 

395.4164 44799.26 237.9147 3 267277.8 1189.2743 

422.0718 41694 288.4823 3 253727.2 1269.2406 

429.3991 27083.3 185.0093 3 247893.9 1291.2225 

445.0901 127535.1 848.1296 3 235581.1 1338.2955 

471.4297 187276.1 987.2789 3 222757.3 1417.3142 

486.0930 451839.8 1903.984 3 215985.8 1461.3041 

493.4203 128163.3 490.8395 3 212891.6 1483.2860 

775.6731 153312.7 50.52806 3 135862 2330.0445 

804.0649 117251.2 35.6433 3 132183.7 2415.2197 

806.0177 103837.4 31.39801 3 71776.06 2421.0781 

808.0233 330555 99.40986 3 131399.2 2427.0949 

815.3504 230809.8 68.06391 3 127489.4 2449.0764 

825.3471 107784.5 31.1721 3 126388.7 2479.0665 

832.6743 125620.5 35.82987 3 122445 2501.0481 

839.6946 95623.44 26.91867 3 124569 2522.1089 

845.0675 168835.3 47.05908 3 124508.1 2538.2277 

847.0219 134806.3 37.43981 3 126236.4 2544.0909 

849.0263 392080.2 108.4944 3 123597.1 2550.1041 

852.3814 103305.3 28.41221 3 125440 2560.1694 

856.3535 323286.5 88.2782 3 124213.5 2572.0856 

866.3501 125346.2 33.62259 3 122115.4 2602.0756 

873.6781 135971.1 36.00601 3 94999.4 2624.0593 
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877.4177 312016.8 82.27471 3 120283.3 2635.2782 

879.3719 165574.5 43.56719 3 121413.9 2641.1407 

880.1346 125418.2 32.97365 3 121109.5 2643.4289 

883.0093 112479.9 29.48011 3 122762.9 2652.0529 

884.7451 301270.3 78.81268 3 119946.1 2657.2604 

886.6993 184481.5 48.159 3 118318.1 2663.1230 

887.4336 178159.1 46.47178 3 122182.6 2665.3260 

890.0290 110334.6 28.69996 3 122056 2673.1123 

890.3368 68856.91 17.90498 3 120561.5 2674.0356 

893.3843 71473.44 18.52479 3 122458.5 2683.1779 

894.7416 188046.6 48.66807 3 118136.4 2687.2500 

894.7611 119162.1 30.83952 3 124370.5 2687.3084 

898.7001 185844.3 47.89564 3 112889 2699.1254 

902.0690 145734.1 37.4244 3 121578.3 2709.2320 

906.0275 480336 122.8347 3 119011.6 2721.1077 

909.0891 116605.1 29.723 3 117169.7 2730.2924 

913.0476 162884.4 41.34758 3 114510.1 2742.1679 

913.3550 266903.4 67.73059 3 118136.3 2743.0901 

918.4207 356369.6 89.9568 3 116036.3 2758.2871 

918.7282 53625.64 13.53215 3 113985.4 2759.2096 

920.3750 257927.9 64.97533 3 116083.9 2764.1503 

921.1376 200784.8 50.5402 3 115655.4 2766.4381 

924.4242 133372.9 33.45752 3 115985.5 2776.2979 

925.7344 826771.3 207.1204 3 113658.3 2780.2283 

925.7482 280506.3 70.27064 3 118271.2 2780.2696 

928.4367 307782.4 76.89 3 114744.4 2788.3351 

931.7523 102000.5 25.3949 3 129014.4 2798.2821 

931.7918 40768.15 10.14957 3 118696.9 2798.4004 

932.6833 182515.8 45.39726 3 116480.6 2801.0751 

933.0618 377060 93.74994 3 114578.4 2802.2106 

934.1595 52674.17 13.08186 3 113901.8 2805.5035 

935.0784 43700.37 10.84296 3 114067.8 2808.2603 

935.7447 312772.6 77.55244 3 114234.8 2810.2591 

935.7644 258962.6 64.20886 3 118042.4 2810.3184 

939.7030 416072.7 102.9951 3 111176.4 2822.1342 

940.0109 199844.3 49.46494 3 116069.2 2823.0577 

941.4391 155415.5 38.451 3 111448.1 2827.3424 

943.0721 172798.7 42.73011 3 117981.8 2832.2415 

944.1439 104206.7 25.75995 3 115883.3 2835.4569 

944.1565 74789.32 18.48788 3 100691.5 2835.4946 

945.7607 95732.62 23.65329 3 117609.3 2840.3072 
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947.0309 634303.2 156.6598 3 116046.9 2844.1180 

947.3382 103478.5 25.55462 3 111364.6 2845.0397 

947.7932 74284.55 18.34243 3 114653.2 2846.4048 

948.7662 197858.6 48.84075 3 111470.4 2849.3239 

952.3901 201863.8 49.77361 3 111576.6 2860.1954 

953.0882 71362.46 17.59206 3 123692.2 2862.2896 

953.4878 690441.9 170.1847 3 109924.7 2863.4884 

954.3582 495412.9 122.0798 3 115693.4 2866.0996 

955.0921 53726.48 13.2363 3 122430.6 2868.3013 

958.7823 84799.02 20.86768 3 114616 2879.3721 

959.7177 152409.7 37.49478 3 117216.1 2882.1783 

960.8156 345153.9 84.88361 3 115353.2 2885.4718 

961.6855 122309.2 30.0714 3 115368.9 2888.0816 

966.1096 83434.84 20.48567 3 110114.7 2901.3540 

966.7374 508382 124.7984 3 108812.6 2903.2375 

968.0948 156902.7 38.50063 3 105213.8 2907.3096 

968.1429 84825.62 20.81412 3 107679.1 2907.4539 

969.4400 66911.85 16.41197 3 103753.1 2911.3451 

970.8114 169262.5 41.49878 3 110046.3 2915.4594 

973.6865 148067.9 36.27036 3 120157.3 2924.0847 

974.0649 277486.8 67.96461 3 110288.5 2925.2198 

975.4223 300150.8 73.48506 3 110815.9 2929.2919 

978.1104 122039.7 29.85398 3 108446.8 2937.3563 

978.1393 209871.5 51.33941 3 114561.9 2937.4430 

980.1432 210963.6 51.57487 3 106466.5 2943.4547 

981.0146 160143.8 39.14037 3 124431.2 2946.0688 

982.4421 271694.8 66.37524 3 106280.4 2950.3513 

982.7497 240127.4 58.65776 3 107001.2 2951.2743 

985.1470 137532.8 33.57155 3 114237.3 2958.4661 

985.1592 112606.5 27.48698 3 115343.1 2958.5026 

985.4380 242094.4 59.08961 3 111694.1 2959.3392 

987.4712 202896.9 49.49161 3 117693.7 2965.4387 

988.0341 94347.1 23.00965 3 118141.2 2967.1274 

988.3417 121789.9 29.6997 3 119105.3 2968.0501 

989.7696 283018.4 68.98676 3 105837.7 2972.3339 

992.4580 98991 24.10961 3 107873.2 2980.3992 

992.4747 103451.9 25.19595 3 121812 2980.4491 

992.4865 115707.2 28.18066 3 114741.8 2980.4846 

992.7654 149854.6 36.4942 3 111054.9 2981.3215 

994.4908 1050155 255.6103 3 105001.8 2986.4975 

995.1277 294990.4 71.78743 3 113629 2988.4082 
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997.4668 65090.09 15.82871 3 113378.5 2995.4254 

997.8458 188280.8 45.78113 3 105957 2996.5625 

999.7854 142095.9 34.5307 3 108614.6 3002.3812 

1001.8185 718572.5 174.5121 3 110517 3008.4806 

1002.4554 114956.7 27.91291 3 108774.4 3010.3915 

1004.7959 60988 14.81623 3 137783.6 3017.4128 

1005.1446 325364.8 79.05622 3 106118.8 3018.4589 

1007.1389 82421.39 20.04556 3 90647.72 3024.4419 

1007.7405 128464.6 31.25264 3 97214.88 3026.2466 

1009.0976 187419.6 45.62463 3 104705.1 3030.3178 

1009.1455 219626.8 53.46624 3 115036.3 3030.4616 

1011.8145 306721.8 74.76403 3 105259.8 3038.4687 

1012.0937 101820.9 24.82234 3 116530.1 3039.3063 

1012.1366 45143.91 11.00561 3 38602.79 3039.4348 

1012.4721 166017 40.47967 3 43938.12 3040.4415 

1016.4254 282445.5 68.99872 3 107785.2 3052.3014 

1017.5092 156436.8 38.23585 3 105560.3 3055.5528 

1019.1133 253510.7 62.01006 3 102184.8 3060.3650 

1019.1425 237008.4 57.97433 3 111629.3 3060.4525 

1019.4211 101206.7 24.75935 3 115963.7 3061.2883 

1021.1463 279936.2 68.54075 3 102796.4 3066.4640 

1024.5014 66107.97 16.21227 3 105498.1 3076.5295 

1024.8363 310727 76.21474 3 103512.4 3077.5340 

1026.4414 339792.8 83.40835 3 110413.2 3082.3493 

1026.4700 83195.47 20.42213 3 110821 3082.4351 

1028.4746 260550.5 64.01954 3 114298.5 3088.4488 

1031.7999 75277.58 18.52605 3 92990.1 3098.4247 

1032.1642 133958.7 32.97345 3 105923.7 3099.5178 

1033.7688 261415.1 64.39626 3 106397.4 3104.3316 

1033.7954 105394.5 25.96292 3 95889.92 3104.4112 

1035.4947 202573.9 49.94313 3 108122.6 3109.5091 

1036.1298 182945.1 45.11765 3 61657.34 3111.4144 

1038.8488 142738.8 35.24839 3 99683.58 3119.5715 

1041.0958 82159.56 20.31085 3 105833.4 3126.3126 

1042.1351 44541.64 11.01679 3 63276.5 3129.4305 

1042.1482 124179.5 30.71438 3 108322 3129.4699 

1042.8234 141635.3 35.04334 3 63840.42 3131.4954 

1044.1647 380513.3 94.20774 3 102217.9 3135.5192 

1044.5436 53676.94 13.29182 3 109860.2 3136.6559 

1046.1477 247088.4 61.23326 3 99503.85 3141.4681 

1049.4752 51900.04 12.88267 3 113693.6 3151.4507 
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1050.1506 53822.14 13.36416 3 60353.03 3153.4770 

1051.4924 638336.3 158.604 3 103600.5 3157.5022 

1053.0972 70478.99 17.52525 3 108225 3162.3168 

1053.4753 109758.6 27.29751 3 101743.3 3163.4510 

1056.8157 48990.88 12.20416 3 96284.61 3173.4721 

1058.5122 259943.8 64.80855 3 98872.17 3178.5617 

1058.8197 345549.4 86.16447 3 102705.1 3179.4841 

1060.4251 62198.23 15.52163 3 112834.5 3184.3003 

1061.8550 232329.1 58.01854 3 99206.69 3188.5902 

1065.8394 331076.5 82.83997 3 99526.68 3200.5432 

1066.1464 79049.64 19.7823 3 103071.8 3201.4643 

1070.8202 142131.9 35.65051 3 100937.2 3215.4856 

1071.1987 1152563 289.1477 3 97352.83 3216.6211 

1078.1482 284790.6 71.86344 3 104693.9 3237.4697 

1078.5262 431585 108.9559 3 99733.48 3238.6038 

1083.1514 108437.3 27.5322 3 107038.8 3252.4792 

1085.1676 660988.2 168.2444 3 95547.91 3258.5280 

1085.2019 104715 26.65472 3 95643.78 3258.6309 

1085.4758 301548.5 76.78389 3 105034.4 3259.4524 

1090.7984 72251.13 18.51975 3 74465.42 3275.4202 

1092.4957 931644.1 239.3107 3 99128.52 3280.5122 

1092.8025 154105.3 39.60012 3 114059.5 3281.4326 

1097.8169 164637.6 42.57388 3 89445.95 3296.4759 

1097.8546 342880.8 88.67027 3 94388.98 3296.5889 

1099.8232 662029.5 171.6291 3 98794.54 3302.4947 

1102.8578 172306.1 44.84171 3 95075.99 3311.5986 

1105.1448 117547.6 30.68009 3 80701.84 3318.4596 

1105.1826 254239.5 66.36005 3 98016.94 3318.5728 

1107.1503 210200.6 55.00294 3 97392.08 3324.4760 

1111.8233 142033.2 37.38841 3 93911.18 3338.4950 

1112.2019 865858.9 228.037 3 91863.52 3339.6309 

1119.1514 267542.2 71.09531 3 96088.02 3360.4794 

1119.5294 397952.2 105.8016 3 91871.99 3361.6134 

1126.1711 113854.6 30.53267 3 90138.77 3381.5384 

1126.2059 84944.79 22.78089 3 95559.57 3381.6428 

1126.4794 257490.1 69.07958 3 84035.55 3382.4633 

1131.8001 111949.7 30.24429 3 84439.62 3398.4253 

1133.4990 151915.8 41.13352 3 94358.1 3403.5222 

1133.8062 198600.7 53.79594 3 96125.87 3404.4438 

1138.8576 131647 35.89923 3 89570.69 3419.5980 

1140.8263 119904.8 32.78296 3 93990.61 3425.5041 
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1146.1861 89704.84 24.70243 3 88549.56 3441.5834 

1153.2053 250964.3 69.82151 3 89488.32 3462.6410 

1160.5331 102691.5 28.96689 3 92709.5 3484.6244 

466.2211 49054.12 283.923 2 226805.7 934.4590 

487.2264 191388.5 794.1635 2 215576.9 976.4695 

492.5821 247737.4 958.7804 2 212601.3 987.1809 

493.5857 8840.23 33.78675 2 317903.2 989.1882 

501.5874 166454.6 578.6995 2 209383.1 1005.1915 

518.5901 190182.5 516.3565 2 203007.9 1039.1969 

523.5823 119378.2 298.2216 2 202101.4 1049.1813 

532.1240 286649.1 629.9626 2 197029.9 1066.2647 

557.3047 92068.85 149.3766 2 188957.6 1116.6262 

558.0874 67621.08 108.8261 2 197525.1 1118.1915 

559.7196 16948.82 26.82513 2 193613.4 1121.4560 

566.3099 367308.5 530.7057 2 185192.7 1134.6366 

567.0927 142870.5 204.2246 2 184742.1 1136.2022 

572.1072 38866.75 52.00422 2 187439.7 1146.2311 

573.2996 18987.77 25.02527 2 188529.7 1148.6160 

578.3100 47426.67 58.80511 2 184466.6 1158.6367 

579.3178 112862.9 138.2931 2 181625.3 1160.6524 

580.3255 18108.54 21.93061 2 191661.7 1162.6678 

581.5028 19534.4 23.3402 2 189382.7 1165.0223 

583.0982 48659.73 57.10228 2 183225.6 1168.2131 

586.3073 20627.3 23.36729 2 191484 1174.6314 

587.3153 512139.6 573.9218 2 178377.6 1176.6473 

588.3231 29567.72 32.78171 2 200496.3 1178.6629 

588.6137 1418734 1568.132 2 179531 1179.2442 

589.6150 53599.3 58.625 2 106595.1 1181.2468 

589.6179 57522.8 62.91452 2 108965.2 1181.2525 

593.6282 246791.5 259.0904 2 177295.9 1189.2732 

597.6191 818840.2 826.6323 2 175445.2 1197.2549 

598.0929 166454.8 167.276 2 178075.6 1198.2025 

598.6204 33127.87 33.12391 2 109701.8 1199.2576 

598.6232 32298.3 32.2936 2 108789 1199.2631 

601.2438 11626.61 11.34163 2 162436.3 1204.5043 

601.2627 23877.77 23.28841 2 177482.6 1204.5421 

601.3309 23434.01 22.84111 2 179304.4 1204.6786 

606.3412 26234.75 24.43353 2 177867 1214.6992 

610.6087 211381.4 189.6519 2 174440.3 1223.2342 

611.6164 30506.96 27.08211 2 183868.5 1225.2496 

613.2310 32123.4 28.04301 2 174884.3 1228.4787 
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619.6140 690164 565.3418 2 168980.1 1241.2448 

620.6157 33745.5 27.37738 2 113503 1243.2481 

621.5997 54157.18 43.52732 2 170811.6 1245.2161 

625.7569 31226.1 24.14556 2 171537.5 1253.5306 

627.7271 36849.87 27.99117 2 171482.4 1257.4709 

628.1557 53365.98 40.38175 2 171943.1 1258.3281 

628.5970 254175.8 191.5789 2 168514.1 1259.2107 

630.6049 231797.2 171.6476 2 166702.6 1263.2266 

633.2225 35548.26 25.73539 2 166157.9 1268.4618 

633.6115 38974.42 28.12238 2 168931.6 1269.2397 

636.9987 20238.88 14.19438 2 183223.1 1276.0141 

637.6022 89958.69 62.7784 2 165436 1277.2212 

638.7497 28191.05 19.48928 2 169420.3 1279.5162 

639.5879 60919.4 41.82943 2 164370.4 1281.1926 

644.6024 60799.16 40.11767 2 165106.2 1291.2215 

645.0077 26257.25 17.27109 2 173170 1292.0321 

646.1440 133572.6 87.09152 2 163874.5 1294.3047 

647.9766 37166.03 23.89608 2 169745 1297.9700 

648.5869 49574.24 31.72717 2 165117.7 1299.1906 

652.0063 34669.75 21.63009 2 165682.5 1306.0294 

653.4720 37482.31 23.1353 2 156435.3 1308.9607 

653.5401 29239.57 18.03866 2 167904.5 1309.0970 

653.7812 36362.38 22.39364 2 164517.2 1309.5791 

654.4804 30260.97 18.54193 2 166951.1 1310.9776 

655.5934 21730.18 13.20857 2 167483.1 1313.2036 

656.3857 32151.73 19.43288 2 161933.7 1314.7882 

657.1350 131599.5 79.11771 2 162083.8 1316.2867 

658.2261 31807.67 18.97596 2 163177.3 1318.4690 

658.4814 31745.52 18.90493 2 83549.1 1318.9795 

659.5971 148357.9 87.66232 2 160061.2 1321.2110 

661.3960 44300.96 25.8439 2 164492.1 1324.8088 

662.3137 39707.86 23.01089 2 163247.2 1326.6442 

663.3065 30898.83 17.77855 2 161320.1 1328.6297 

665.3909 173030 98.09172 2 159531.1 1332.7986 

668.1389 329126 183.0299 2 157166.3 1338.2945 

670.4014 1078089 590.2787 2 156954 1342.8196 

670.5882 87488 47.84077 2 158192.7 1343.1931 

672.7649 51850.5 27.93879 2 140949.3 1347.5465 

672.7885 25647.63 13.81761 2 164891.2 1347.5938 

673.4634 42850.54 22.9815 2 154246.4 1348.9436 

676.4196 43979.15 23.12977 2 158309.6 1354.8560 
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678.3157 34304.99 17.82041 2 160207.8 1358.6481 

678.3988 119874 62.23746 2 155381.5 1358.8144 

679.1298 986238.7 509.6352 2 154600.7 1360.2764 

679.4067 6348772 3274.866 2 154166.1 1360.8301 

680.4709 65361.31 33.48601 2 157942.1 1362.9586 

681.1705 46312.41 23.62134 2 159171.9 1364.3578 

681.3062 27564.27 14.04686 2 157050.6 1364.6291 

683.4092 70610.51 35.50913 2 156903.6 1368.8351 

684.4169 63299.6 31.63276 2 148533.7 1370.8506 

685.3147 23513.42 11.68505 2 168973.7 1372.6461 

685.4248 154840.6 76.89597 2 151736.7 1372.8663 

685.6534 126808.7 62.88596 2 156059.3 1373.3236 

686.1272 134159.1 66.33687 2 153229.9 1374.2711 

686.6952 159241.9 78.46478 2 154528.1 1375.4071 

687.1168 48438.88 23.80611 2 145472.9 1376.2504 

687.4786 132253.9 64.85473 2 157492.6 1376.9740 

689.6601 91993 44.51803 2 136212.6 1381.3370 

690.7955 39549.09 19.00877 2 148812.2 1383.6077 

690.8097 38571.96 18.53755 2 146259.5 1383.6362 

691.4066 326333.1 156.2758 2 152003.3 1384.8300 

693.4223 214610.9 101.5521 2 149743.7 1388.8614 

694.0588 34033.87 16.04433 2 150432.8 1390.1343 

694.4867 81020.54 38.0991 2 149843.1 1390.9902 

697.1120 57129.76 26.45764 2 162882.1 1396.2407 

697.1182 84656.12 39.20411 2 158512 1396.2531 

698.4328 50689.5 23.29746 2 153158.5 1398.8823 

698.5607 39041.25 17.93066 2 113510.5 1399.1381 

699.5438 29488.74 13.46765 2 156652.9 1401.1044 

700.4119 33072.55 15.03012 2 151821.9 1402.8406 

700.4866 54240.87 24.63984 2 152986.3 1402.9900 

700.6510 111991.7 50.82683 2 149781 1403.3187 

701.4945 160057.8 72.29643 2 149374.3 1405.0058 

706.4302 278412.7 122.3566 2 146948.2 1414.8771 

707.6482 783839.6 342.1982 2 148715.1 1417.3132 

708.6902 492495.8 213.7952 2 148136.5 1419.3971 

718.6393 784689.7 324.3979 2 148796.8 1439.2952 

719.1130 245086.9 101.0956 2 150004.4 1440.2428 

719.3900 169218.5 69.70996 2 147137.8 1440.7968 

725.0621 25930.01 10.40492 2 111753.6 1452.1409 

727.0957 58941.54 23.43356 2 130263.2 1456.2082 

729.6432 555297.6 218.2527 2 142356 1461.3032 
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732.0711 47374.33 18.41962 2 66808.48 1466.1589 

734.0027 43615.66 16.81433 2 164556.9 1470.0221 

735.0046 100510.4 38.57813 2 142987.5 1472.0260 

740.6344 958032.4 358.8786 2 143077.6 1483.2855 

748.1997 287308.7 104.2593 2 140141.4 1498.4161 

750.6668 207783.7 74.63969 2 140440 1503.3503 

751.6252 461381.9 165.0892 2 140317.2 1505.2672 

769.4825 291648.4 97.9169 2 136530.9 1540.9818 

770.1946 350977.7 117.5831 2 135351 1542.4060 

783.4984 6610788 2129.359 2 132927 1569.0135 

783.8211 32645.91 10.50554 2 130709.5 1569.6589 

791.6025 58003.48 18.25455 2 47443.61 1585.2217 

791.6085 101361.8 31.89951 2 75108.86 1585.2338 

792.5035 435713 136.7764 2 130987.3 1587.0237 

798.5217 3438372 1061.319 2 128973.2 1599.0602 

808.3583 719900.8 216.3042 2 135795.7 1618.7333 

812.5375 122173.2 36.29868 2 126488.4 1627.0917 

823.4815 104101.4 30.21439 2 127617.8 1648.9797 

883.5874 521377 136.5635 2 118519.6 1769.1916 

897.6033 3577466 923.0581 2 116468.7 1797.2233 

902.6136 128488.7 32.97676 2 116139 1807.2439 

911.6187 201128.5 51.13223 2 116686.3 1825.2541 

937.5864 195653.4 48.46409 2 112348.2 1877.1895 

1016.7193 66807.6 16.32275 2 101326 2035.4554 

1095.6732 119380.3 30.78757 2 95558.65 2193.3631 

1503.2318 19384.42 14.52613 2 66047.08 3008.4804 

227.2017 380446.2 222.4349 1 461691.6 228.2100 

558.6030 12591.65 20.15723 1 189660 559.6113 

625.1387 184562.4 143.5219 1 168467 626.1471 

636.7477 16508.26 11.60203 1 185032.9 637.7561 

643.1492 425138.9 283.7321 1 163357.7 644.1576 

650.0790 22712.57 14.374 1 166647.2 651.0874 

657.9754 30688.46 18.34062 1 158024.5 658.9837 

662.4765 90221.51 52.22238 1 165863.4 663.4849 

674.4792 36312.16 19.34352 1 135597.5 675.4876 

674.6804 32962.83 17.53591 1 176751 675.6888 

686.2761 21964.21 10.85056 1 172544.2 687.2844 

688.4924 136554.7 66.55138 1 157850.9 689.5008 

698.5438 36283.35 16.66564 1 129195 699.5521 

702.5081 804604.6 361.3697 1 149444.3 703.5164 

703.7524 40847.72 18.21893 1 172586.4 704.7608 
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705.1049 152579.2 67.54567 1 130221 706.1133 

707.5528 30405.11 13.28075 1 153238.8 708.5611 

707.9962 32949.56 14.35749 1 150718.4 709.0046 

709.2475 28043.43 12.13721 1 184296 710.2559 

714.5084 48964.41 20.64401 1 92621.85 715.5168 

714.5121 42364.36 17.86103 1 88546.32 715.5204 

716.5237 192475.7 80.37208 1 136863 717.5321 

719.4871 80824.03 33.28049 1 145523.3 720.4955 

719.6085 28858.2 11.87602 1 187628.9 720.6169 

728.5237 65840.47 26.00816 1 144036.2 729.5320 

730.5393 299567 117.2704 1 145127.4 731.5477 

733.5026 244150 94.32979 1 142911.5 734.5110 

733.8533 34749.83 13.40525 1 160314.3 734.8617 

743.3179 34199.2 12.66594 1 177271.8 744.3263 

745.0976 116189.6 42.71097 1 129815.7 746.1059 

745.8466 33836.68 12.39937 1 126596 746.8550 

747.5184 170953.2 62.21114 1 140530.1 748.5268 

761.5342 156627.6 53.87871 1 138175.7 762.5426 

763.0736 69611.11 23.83218 1 190565.8 764.0820 

766.1580 263704.1 89.4328 1 137640.9 767.1663 

766.5616 45882.82 15.5416 1 153940.4 767.5699 

774.0694 34779.16 11.5171 1 136619.5 775.0778 

775.5950 43467.48 14.32912 1 158749.1 776.6034 

781.6094 166729.4 53.99965 1 135151.4 782.6178 

783.1968 2362877 761.7566 1 133886.8 784.2052 

788.6949 202128.3 64.14061 1 133168.5 789.7033 

792.8582 54884.09 17.21165 1 148759.4 793.8666 

799.1918 220775.7 68.02011 1 131450.9 800.2002 

801.2074 1216998 372.8695 1 131460.7 802.2158 

805.5113 97352.99 29.47785 1 130743.4 806.5197 

812.8503 89442.32 26.55187 1 145297.4 813.8587 

813.1015 49952.29 14.81891 1 140209.1 814.1099 

817.2025 642280.2 188.6823 1 127667.2 818.2109 

818.3455 35850.5 10.50852 1 129997.8 819.3538 

823.6105 112144.8 32.54087 1 93677.52 824.6188 

823.8618 68073.85 19.74339 1 100388.4 824.8702 

827.1869 151569.5 43.68184 1 127155.2 828.1953 

835.2131 808234.9 229.432 1 125473.4 836.2214 

835.4730 183712.5 52.12473 1 126886.4 836.4814 

838.0999 64437.39 18.19342 1 135717.4 839.1083 

838.3506 39068.17 11.02546 1 137790.2 839.3590 
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842.3405 100997.2 28.2925 1 123627.4 843.3489 

843.6030 100347.4 28.04508 1 130147.7 844.6114 

843.8537 66328.02 18.52879 1 130211.3 844.8621 

845.1529 245436.2 68.39915 1 118252 846.1612 

845.1974 1224862 341.3215 1 123544.1 846.2058 

849.0984 38817.37 10.73993 1 95193.63 850.1068 

849.3336 39548.29 10.93747 1 127078.2 850.3420 

849.6681 46589.69 12.87698 1 122770 850.6765 

863.1636 375740 101.3588 1 121406.5 864.1720 

881.1740 196535.8 51.61296 1 119310.1 882.1824 

885.1457 386320.4 101.0182 1 117754 886.1540 

897.1690 320693.8 82.78371 1 115997.4 898.1774 

906.2059 2374186 607.0281 1 115032.4 907.2143 

915.1798 224866.9 56.9544 1 116749 916.1882 

919.1512 141631.6 35.72426 1 115824.8 920.1596 

924.2166 1136505 285.1615 1 114054.8 925.2250 

925.1642 207380.3 51.98298 1 112676.9 926.1726 

928.1880 437451 109.3118 1 113186.6 929.1964 

937.1618 513207.5 127.1402 1 112823.2 938.1702 

946.1984 165024.3 40.76811 1 111210.9 947.2068 

947.1462 246826.9 60.95899 1 110446.1 948.1546 

957.2505 181062 44.57752 1 111410.9 958.2588 

958.2222 286067.1 70.4087 1 108991.3 959.2306 

968.2065 1214304 297.9544 1 107806.3 969.2149 

975.2611 2120441 519.167 1 106902.8 976.2694 

980.2043 275508.4 67.35305 1 107049.3 981.2126 

986.1722 160340.8 39.12667 1 105020.9 987.1806 

989.1709 45859.56 11.18048 1 108996 990.1793 

990.1885 428243.6 104.3726 1 106476.3 991.1969 

993.2718 1931741 470.3654 1 106220.2 994.2801 

996.2829 181495.6 44.15233 1 108418.5 997.2913 

1001.4669 51065.82 12.40314 1 94544.68 1002.4753 

1001.8017 52543.23 12.76068 1 128674.7 1002.8101 

1008.1420 104892 25.52281 1 102851.5 1009.1504 

1008.1545 307699.3 74.87129 1 105371.1 1009.1628 

1017.6410 129423.7 31.63539 1 103197.2 1018.6494 

1019.2509 151160.4 36.97709 1 104337 1020.2592 

1021.2666 239795.7 58.71596 1 101118.7 1022.2750 

1023.7528 167205.3 40.99053 1 109924.7 1024.7612 

1029.1340 54170.32 13.31435 1 191195.8 1030.1424 

1035.6517 388094.8 95.68924 1 102127.1 1036.6601 
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1035.8018 179373 44.22968 1 110152.8 1036.8102 

1036.1370 203957.2 50.29981 1 64145.65 1037.1454 

1037.2173 400091.9 98.722 1 102006.4 1038.2257 

1037.2617 1216185 300.098 1 100611.5 1038.2700 

1043.2488 353763.3 87.54602 1 100302.8 1044.2572 

1053.6623 147152.9 36.60101 1 99071.99 1054.6706 

1055.2278 1343366 334.3877 1 99271.54 1056.2362 

1059.2438 173244.8 43.20843 1 101181.5 1060.2522 

1065.2567 181798.8 45.47559 1 99483.01 1066.2651 

1069.1827 86360.34 21.64407 1 100365.5 1070.1911 

1070.1537 93850.22 23.53246 1 72733.22 1071.1621 

1073.1672 76674.9 19.25437 1 91677.53 1074.1755 

1073.2385 676704.7 169.938 1 97394.43 1074.2468 

1075.8240 89953.78 22.63406 1 97786.15 1076.8323 

1076.4663 61499.27 15.48657 1 108945 1077.4747 

1077.1427 40330.13 10.16425 1 50621.31 1078.1511 

1077.2098 1452107 365.9992 1 96549.35 1078.2182 

1080.5420 62296.52 15.76617 1 73293.54 1081.5503 

1083.4706 59941.84 15.22523 1 30587.06 1084.4789 

1084.4717 51990.08 13.22186 1 54486.1 1085.4800 

1087.2387 220521.6 56.27495 1 96354.84 1088.2471 

1088.5107 67381.13 17.22224 1 98809.17 1089.5191 

1090.4791 95698.47 24.5201 1 100017.2 1091.4875 

1092.5294 65051.38 16.7104 1 88755.54 1093.5378 

1095.2204 425246.4 109.6065 1 95996.99 1096.2288 

1095.8392 48502.3 12.51111 1 88195.92 1096.8476 

1098.2702 1361785 352.3473 1 94743.55 1099.2786 

1099.2177 155374.7 40.24962 1 99256.8 1100.2260 

1109.5013 42828.71 11.24063 1 98007.38 1110.5097 

1110.1858 73733.28 19.36866 1 97023.36 1111.1942 

1112.5090 80101.28 21.1042 1 117233.4 1113.5174 

1115.6187 130001 34.38852 1 94714.96 1116.6271 

1116.2808 1266732 335.3684 1 93539 1117.2892 

1117.2283 703648 186.5194 1 93781.35 1118.2367 

1120.2524 432075.4 114.9815 1 94437.12 1121.2608 

1121.5441 56598.08 15.08683 1 67236.95 1122.5524 

1122.2140 77141.19 20.58073 1 60277.52 1123.2224 

1124.4716 65372.6 17.49228 1 61632.09 1125.4800 

1125.4739 61650.14 16.51782 1 68481.49 1126.4823 

1126.8565 64442.72 17.29725 1 115016.7 1127.8648 

1133.5337 67790.06 18.35603 1 92863.98 1134.5421 
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1135.1947 101036.9 27.4186 1 90582.74 1136.2031 

1136.3305 1211594 329.2876 1 91553.65 1137.3389 

1138.2630 237996 64.84862 1 94682.04 1139.2713 

1139.1280 56209.58 15.33347 1 77592.4 1140.1364 

1139.2107 778851.1 212.487 1 91239.47 1140.2190 

1140.1315 48089.03 13.13578 1 90855.37 1141.1399 

1141.1334 58889.82 16.10755 1 97351.4 1142.1418 

1144.2759 176775.8 48.55509 1 89968.95 1145.2843 

1148.1536 59359.97 16.38949 1 94439.93 1149.1620 

1153.5134 42130.73 11.72807 1 110506.7 1154.5218 

1154.1821 60706.73 16.9203 1 99573.82 1155.1905 

1154.3412 390726.4 108.9365 1 89969.46 1155.3496 

1157.1754 211830.2 59.37457 1 53327.62 1158.1838 

1160.2710 745803.7 210.2695 1 90033.95 1161.2794 

1164.2421 50431.49 14.32627 1 89959.04 1165.2505 

1166.2575 162777.8 46.41949 1 85033.4 1167.2659 

1178.2371 424703.5 123.9584 1 88946.23 1179.2455 

1178.3414 167767.9 48.9765 1 89835.37 1179.3498 

1179.1582 170755.8 49.92877 1 85926.51 1180.1666 

1182.2528 416562.5 122.5473 1 87105.64 1183.2611 

1188.2659 157614.1 46.9258 1 88104.61 1189.2743 

1196.2475 263561.6 79.74235 1 87559.65 1197.2559 

1198.3315 441205 134.0575 1 87726.42 1199.3398 

1200.2187 1012678 308.8863 1 82240.08 1201.2271 

1210.2477 142872.6 44.49341 1 81871.2 1211.2560 

1212.5405 42467.77 13.28907 1 88905.87 1213.5489 

1216.1842 83936.94 26.46844 1 58620.32 1217.1926 

1216.2976 137094.5 43.24139 1 86558.88 1217.3060 

1218.2289 232643.7 73.68041 1 69465.84 1219.2373 

1219.1762 120193.7 38.14334 1 63784.49 1220.1845 

1222.2009 271996.5 86.87815 1 84608.78 1223.2092 

1234.3078 52234.97 17.13041 1 85971.68 1235.3162 

1235.3126 95441.45 31.37427 1 84254.58 1236.3209 

1240.2116 76882.9 25.56963 1 84731.53 1241.2200 

1240.2374 149904.7 49.85823 1 84768.5 1241.2458 

1241.1585 82310.07 27.43672 1 77242.25 1242.1669 

1243.8356 47135.64 15.81336 1 86502.02 1244.8440 

1259.3398 335794.9 117.0315 1 82503.47 1260.3482 

1261.8461 113744 39.89269 1 82903.37 1262.8544 

1262.2189 203761.7 71.53123 1 73004.87 1263.2273 

1277.3501 119090.6 43.46731 1 82522.55 1278.3585 
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1278.2978 52935.34 19.36924 1 82715.71 1279.3062 

1279.3028 98994.74 36.31857 1 82109.72 1280.3112 

1279.8569 360778.1 132.5537 1 81139.94 1280.8653 

1284.2014 130363.9 48.4532 1 79450.69 1285.2098 

1301.3503 52370.24 20.39968 1 81531.39 1302.3587 

1321.3405 126946.1 52.38181 1 80448.49 1322.3489 

1341.8128 64468.93 28.16729 1 78688.18 1342.8212 

1359.8238 129672.4 59.73779 1 76929.57 1360.8321 

1374.4008 63421.85 30.56305 1 76987.07 1375.4092 

1381.8055 69433.96 34.26191 1 75916.03 1382.8139 

1389.1071 26073.94 13.17738 1 77558.15 1390.1155 

1418.3903 43609.66 24.37712 1 76006.25 1419.3987 

1430.7369 20162.91 11.70346 1 76404.8 1431.7453 

1488.0402 141048.7 99.6223 1 70513.72 1489.0486 

1492.2416 19152.56 13.74591 1 71177.63 1493.2499 

1514.2232 15677.57 12.29065 1 62142.97 1515.2316 

1518.0885 43524.42 34.66933 1 70977.75 1519.0968 

1568.0072 79320.89 75.21297 1 66097.48 1569.0155 

1589.9892 20790.5 21.51793 1 64327.78 1590.9976 

1598.0544 22613.3 24.21767 1 69369.55 1599.0627 

1607.3034 18977.75 21.16758 1 66743.28 1608.3118 

1607.8055 31626.3 35.35529 1 66082.26 1608.8139 

1618.2962 12504.06 14.67046 1 68674.39 1619.3046 

1618.7965 21414.68 25.18436 1 65156.32 1619.8049 

1650.2386 8193.633 10.85651 1 57278.32 1651.2470 

1661.2297 7446.043 10.27667 1 70745.24 1662.2380 

1668.8088 9758.549 13.86634 1 68846.12 1669.8172 

1669.3109 17297.85 24.62747 1 66431.61 1670.3192 

1679.7994 7319.179 10.86582 1 72403.04 1680.8077 

1680.3002 14724.52 21.90425 1 61281.46 1681.3085 

1716.2501 24869.85 43.36023 1 61673.99 1717.2585 

1796.2168 29743.98 71.18972 1 59043.76 1797.2251 

1818.1991 13048.19 34.03072 1 58729.98 1819.2075 
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Figure 3.5 Zoomed negative mode FT-ICR mass spectrum (R ~ 300,000 FWHM, 
in absorption mode) after direct infusion of J5 LPS. Eight potential isotopic 
distribution envelopes can be identified in absorption mode in this 4 m/z window; 
these are denoted, at the m/z of their respective monoisotopic ions, with blue 
arrows. (inset) Magnified portion of the spectrum showing fine detail (including 
the magnitude mode and the proposed overlap between isotopologues from 
envelopes 2 and 5) 

The highest intensity complete R-LPS monoisotopic mass in the J5 LPS spectrum, 

as in the previous experiment, was m/z 1071.1976. This mass corresponded to a similar 

structure to that reported in [211, 212] (Empirical formula: [C143H257N3O69P3]3-, ∆ = 

0.139 ppm). The only differences observed were an addition of a phosphate moiety on the 

second heptose and a terminal glucosamine (GlcN) rather than an N-acetylglucosamine 

(GlcNAc). An ion was also observed in the spectrum at m/z 1085.2009, corresponding to 

the previously published structure with an added phosphate group (Empirical formula: 

[C145H259N3O70P3]3-, ∆ = -0.381 ppm). An isolation of m/z 1071 prior to CID experiments 

resulted in an error of 0.064 ppm, in magnitude mode, for a single 0.767 second transient. 
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Tandem MS experiments on m/z 1071 (3.5 m/z isolation) using trap CID, beam 

CAD, and UVPD all yielded feature-rich tandem mass spectra. Trap CID at normalized 

collision energy (NCE) of 30% yielded 201 monoisotopic product ions above a S:N of 

4:1. Six pairs of product ions (twelve ions total) were found to be duplications due to 

multiple charge states. Beam CAD at 35 V yielded 152 product ions, with three pairs of 

duplicate identifications due to multiple charge states, using the same peak picking 

parameters. For many ions charge was not automatically identified, probably due to 

insufficient isotopic ion abundance. A wider precursor ion selection window and/or 

spectral averaging or summing would improve this statistic. Ninety-nine ions were 

detected in both trap CID and beam CAD experiments; either set of product ions was 

sufficient to confirm a hypothesized structure for the precursor ion (Figure 3.6), when 

taking into account the cumulative effect of measuring every product ion at low ppb mass 

accuracy. These product ions corresponded to acyl chain cleavages, glycosidic bond 

cleavages, cross-ring cleavages, neutral losses of modifications, and combinations 

thereof. UVPD yielded ninety product ions, twenty-five of which were common to the 

CID and/or beam CAD experiments. This demonstrates, as in O’Brien et al.’s publication 

[38], a complementary set of product ions to those obtained through collisional 

activation. However, the efficiency of the UVPD process in this experiment was very 

low, so its value added would only be noticed with respect to very specific structural 

questions in this particular configuration and for this application (e.g. Are there 

hydroxylated fatty acyl chains in the lipid A moiety?). These types of questions are 

beyond the scope of this work. 
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Figure 3.6 Comparison of trap CID (blue) and beam CAD (red) for the same 
precursor ion at m/z 1071. Ninety-nine monoisotopic product ions common to both 
experiments were observed, fifteen of which are annotated in the CID mass 
spectrum with corresponding bond cleavages in the structure on the right. All 
product ion m/z were measured with less than 100 ppb error 

3.4.4 Multi-stage MS (MSn) to confirm structural inferences 

After conducting multiple product ion scans on intact R-LPS precursor ions, it 

became apparent that abundant product ions were always formed which corresponded to 

both the lipid A and core OS moieties. Since there have been many published papers 

describing dissociation phenomena for both chemically isolated lipid A [33, 213–217] 

and oligosaccharides [218–222], it seemed that the logical next step would be to 

dissociate these products to determine whether MS3 product ions would be formed 

according to these well-established rules. If so, top down sequencing data interpretation 

and deconvolution for R-LPS would become much less challenging, and could be 

performed with confidence on nominal mass accuracy, low resolving power ion trap 

instruments.  



 

83 

 

Figure 3.7 shows an MS3 experiment for both J5 lipid A (m/z 1796) and core OS 

(m/z 1418) ions formed in the ion trap after dissociation from intact R-LPS (m/z = 1071). 

Characteristic tandem mass spectra for both lipid A and core OS were obtained, 

suggesting the feasibility of simplified top down sequencing for both moieties and 

attribution of these to a specific LPS precursor. These data demonstrate that gas phase 

decomposition chemistry proceeds similarly to the widely adopted approach of solution 

phase decomposition followed by analyses of the reaction products separately. The 

primary benefit of the gas phase decomposition approach is that both lipid A and core OS 

can be directly attributed to a R-LPS structure present in the sample precluding the need 

for inference when analyzed separately. For lipid A, product ions indicative of neutral 

losses of ester-linked fatty acyl chains and metaphosphoric acid were the most abundant 

features in the mass spectra. For core OS, B- and Y- ions, as described by Domon and 

Costello [218], corresponding to glycosidic bond cleavages were the most abundant 

product ions, with minor product ions corresponding to cross-ring cleavages. It is likely 

that any MS3-capable trapping instrument, as well as beam-type instruments outfitted 

with post-CID ion mobility separation capability and subsequent secondary CID, will be 

able to perform a similar experiment. As in our previous work with lipid A [35], stepped 

or ramped collision energy at the MS3 level was able to simulate subsequent levels of 

MSn, with qualitatively minimal ion losses, to provide more complete dissociation and 

primary structure coverage for lipid A and core OS (data not shown). 
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Figure 3.7 MS3 CID mass spectra from MS2 product ions representing J5 E. coli 
lipid A at m/z 1796 (top) and core OS at m/z 1418 (bottom). Similar dissociation 
phenomena were observed as in MS2 experiments for chemically isolated lipid A 
and oligosaccharides, indicating feasibility of LPS top down sequencing in this 
manner 

3.5 Conclusions 

As with all biologically active molecules, LPS activity is directly related to LPS 

structure. In this work, a chemically modified R-LPS vaccine candidate’s reduced innate 

immunogenicity was shown to be the result of O-deacylation of its lipid A moiety. 

Several different approaches were employed to more completely define structural 

features in commercially available, heterogeneous R-LPS mixtures. This study has shown 

that R-LPS can be analyzed on three different mass spectrometers with similar but 
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complementary results. Success of LPS-based drugs in the clinic will be partially 

dependent on well-defined compositions of LPS extracts, if purification of single 

compounds or total chemical synthesis prove to be unfeasible, and batch-to-batch 

reproducibility of LPS production. This will inevitably lead to a better understanding of 

off-target effects and decrease probability of drug attrition. Reproducibility of 

immunological studies will also be improved through these efforts by improving quality 

control and quality assurance guidelines. In the past, this has been an onerous 

undertaking, but with improved data acquisition efficiency and the ability to acquire more 

complete data sets, the current rate limiting step is user-friendly, automated software 

development.
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Chapter 4. Cardiolipin structure differences observed in membranes from an 

actinomycete sponge symbiont and Staphylococcus aureus1

 

4.1 Abstract 

 Cardiolipin (CL) structure and function has gained much interest recently as it has 

been found to provide unique cell membrane structural features as well as participate in 

many cellular functions. Some bacterial CLs are pattern recognition receptor ligands. 

Thus, they participate in host-bacteria interactions with eukaryotes. CL from a recently 

discovered actinomycete symbiont (R45601) isolated from a marine sponge was 

investigated to elucidate differences in its structure when compared to a terrestrial 

firmicute. R45601’s CLs were found to be, on average, higher in molecular weight than 

CLs from S. aureus. Additionally, R45601’s CLs contained unsaturated fatty acyl chains, 

whereas the CLs from S. aureus did not. These structural features may play a role in how 

R45601 interacts with its marine sponge host. 

4.2 Introduction 

Cardiolipin (CL), or diphosphatidylglycerol, is a major component of the inner 

leaflet of Gram-positive bacterial membranes and the inner leaflet of the inner Gram-

negative bacterial cell membrane. Its interactions with other molecules and cells provide 

unique anatomy, physiology, and multi-organism biology. CL is often at least partially 

responsible for the non-spheroid cell shapes observed in bacteria due to packing 

constraints and protein complex interactions. It is also involved in extensive lipid-protein 

                                                           
1 Oyler, B. L., Chandler, C. E., Zhang, F., Ernst, R. K., Hill, R. T., Goodlett, D. R.: Cardiolipin Structure 
Differences Observed in Membranes from an Actinomycete Sponge Symbiont and Staphylococcus aureus. 
Manuscript in preparation, (2018) 
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interactions [223, 224], allowing many cellular processes to occur at specific loci. 

Additionally, CL has been shown to activate specific signaling pathways including those 

of the innate immune pattern recognition receptors (PRRs) [10]. Finally, when CL was 

presented to macrophages along with lipopolysaccharide from Escherichia coli O55:B5, 

a Toll-like receptor 4 (TLR4) agonist, the production of TLR4-induced cytokine 

expression was decreased [11], indicating a complex interplay between host immune cells 

and the membrane lipids of bacterial pathogens. 

Changes in bacterial phenotype due to CL remodeling or synthesis regulation can 

have profound consequences with regard to survival and proliferation in a given 

environment. For instance, E. coli has been shown to increase CL production when 

environmental osmotic pressure is increased [225]. This allows E. coli to survive in 

conditions with increased osmolality through interactions with the proline transporter 

ProP. Increased intracellular proline is a protectant against osmotic stress. In this work, 

CL content was qualitatively compared between two Gram-positive bacterial species that 

survive in very different environments. 

4.3 Materials and Methods 

4.3.1 Cell culture 

R45601, an actinomycete isolated from Xestospongia muta tissue, was cultured in 

10 mL ISP2 medium in a 50 mL conical flask at 30 °C with shaking at 150 rpm for two 

days. Archival lyophilized lipid extracts, processed in the same way as below, were used 

to generate mass spectra for Staphylococcus aureus CL. 
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4.3.2 Extraction of cardiolipins 

A previously published micro-scale method [226] for extraction of lipid A from 

Gram-negative bacteria was used with minor modifications to extract CLs from Gram-

positive bacteria in this study. 400 µL of a solution of isobutyric acid and 1 M 

ammonium hydroxide (5:3 v/v) was added per 10 mg of washed bacterial cells. Samples 

were incubated at 100 °C for one hour. After incubation, the samples were rapidly cooled 

on ice and subsequently centrifuged at 2,000 g for 15 minutes. The supernatant was 

aspirated from the tube, diluted 1:1 with water, and lyophilized. The dry powder obtained 

after lyophilization was washed with 1 mL methanol (per 10 mg cells) and centrifuged 

again at 2,000 g for 15 minutes. The precipitates were each dissolved in 150 µL of a 

mixture consisting of chloroform, methanol, and water (12:6:1, v/v) prior to analysis. 

4.3.3 Ion mobility separation – mass spectrometry 

Samples were directly infused into the electrospray ionization source of a hybrid 

quadrupole ion mobility spectrometer-orthogonal acceleration time of flight (Q-IMS-

oaTOF) mass spectrometer (Waters Synapt G2-S HDMS; Milford, MA) operated in 

resolution mode with negative ionization. Source conditions were manually optimized for 

maximum CL ion signal. Tandem mass spectra were acquired using ultra-pure argon as 

collision gas with collision potential ramping from 5 V to 100 V after ion mobility 

filtering to simulate a multiple stage tandem MS (MSn) experiment. Traveling wave ion 

mobility separations were performed using ultra-pure nitrogen as buffer gas at a flow rate 

of 90 mL min-1, wave height of 40.0 V, and wave velocity of 650 m s-1. Data were 

filtered by drift time and mass-to-charge ratio (m/z) using band selection in Driftscope 

v2.7 software (Waters, Milford, MA) and converted to .mzML format using 
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ProteoWizard MSConvert [227]. Monoisotopic ions were chosen using the peak picking 

tool in mMass v5.5 software [204]. 

4.4 Results and Discussion 

A comparison of broadband mass spectra of extracted lipids, filtered by drift time 

in the ion mobility cell and m/z, from a clinical isolate [228] of methicillin-resistant S. 

aureus (MRSA-M2) and a recently discovered [229], marine sponge-associated 

actinomycete (R45601) showed that R45601 produces a pool of CLs with greater mean 

mass and possibly a higher degree of unsaturation than those produced by MRSA-M2 

(Figure 4.1). 

 

Figure 4.1 Overlay of single stage mass spectra zoomed in on an envelope from 
m/z 693 to 699. Upper trace (black) represents ions from the actinomycete R45601 
and lower trace (red) represents ions from S. aureus MRSA M2 strain. R45601 ions 
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show overlapping isotopic distributions shifted to the left by 2 and 4 Da (1 and 2 
m/z), leading to hypothesis that these ions originate from CLs with unsaturated fatty 
acyl chains 

In this work, the most abundant CL ions were doubly charged, with singly 

charged CL ions also detected at higher m/z. In total, 70 unique monoisotopic CL ions 

were detected in the R45601 extract and 48 were detected in the MRSA-M2 extract. 

These are the minimum numbers of different CL species present in each extract since we 

cannot be certain whether stereoisomers or isobars containing branched acyl chains were 

present or are separable by this method without authentic reference standards. 

The discovery that CLs were extracted from these bacteria by a method devised to 

extract lipid A from Gram-negative bacteria was serendipitous. It is possible that CLs 

have not been observed in the extracts from other bacteria because the membranes of 

species in this study contain much higher CL proportions than many others. In fact, 

strains of both S. aureus and Streptococcus pneumoniae have been shown to synthesize 

membranes with 30-40% CL [230, 231] versus 5% CL content in E. coli [232]. It is also 

possible that CL is not extracted to an appreciable extent from Gram-negative bacteria 

using this method because CL resides on the inner cell membrane, which may not be as 

completely dissociated as the single membrane of Gram-positive species under these 

specific extraction conditions and duration. A third possibility is that CLs have not been 

observed in some lipid A extracts simply because no one looked for them. 

To identify the fatty acyl groups incorporated into CLs from each species, tandem 

MS experiments were performed. Figure 4.2 clearly demonstrates that the fatty acyl 

groups from CLs are released in the gas phase upon collisional activation as ionized free 

fatty acids with a single negative charge. 
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These data can be used to prove that ions observed in the single stage mass spectra which 

differ by multiples of 2 Da do indeed correspond to CLs with unsaturated fatty acyl 

groups. Furthermore, these free carboxylate anions can be separated in the gas phase by 

IMS and the trendlines observed on a plot of m/z v. drift time give further evidence that 

the product ions are, in fact, from the same molecular class (Figure 4.3). Considering the 

entirety of the data, very confident molecular assignments can be made for each CL ion 

of interest. CLs from MRSA-M2 did not contain an appreciable amount of unsaturated 

fatty acyl groups, whereas many CLs from R45601 contained at least one unsaturation. 

One possible explanation for this difference is that the mechanisms for CL synthesis 

differ between bacterial phyla. Specifically, actinomycetes have been shown to possess a 

similar CL synthesis pathway to that of eukaryotes, creating CL from one cytidine 

Figure 4.2 Comparison of fatty acid product ion regions from tandem mass spectra 
of CL precursor ions. Upper trace (black) represents product ions from the 
actinomycete R45601 and lower trace (red) represents product ions from S. aureus 
MRSA M2 strain. Product ions corresponding to unsaturated fatty acids are missing 
from lower trace 
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diphosphate-diacylglycerol (CDP-DAG) and one phosphatidylglycerol (PG), while other 

bacterial phyla use different cellular machinery to transesterify two PG molecules into 

final products of CL and glycerol [233, 234]. Different growth temperatures have also 

been shown to cause relative changes in fatty acid unsaturation, so it is notable that the 

different growth conditions required for R45601 and MRSA-M2 may play a role in the 

differences observed. 

 

Figure 4.3 (top) Heat map from post-dissociation traveling wave ion mobility 
spectrometry experiment showing two dimensional separation of fatty acid product 
ions in both the mass-to-charge and drift time domains from CL precursor. (bottom) 
Arbitrary intensity v. drift time plot extracted from above experiment. 

Disparities in CL structure observed between bacterial phyla may play a role in 

host recognition of a bacterium as friend or foe; clearly CLs are bioactive compounds. 
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CLs have recently been shown to activate the Toll-like receptor 2 (TLR2) driven 

inflammation pathway in a mouse model [10]. Thus, CLs or CL mimetics with less 

inflammatory characteristics have potential as immunomodulatory therapies. Along this 

same line of reasoning, CL structures may contribute to selection of bacterial symbionts 

for higher organisms, including both marine sponges and humans, making their study 

relevant to defining biological symbioses.  

4.5 Conclusion 

Comparisons of similar pools of molecules from different organisms can be useful 

for generation of interesting and testable hypotheses about cellular machinery, cell-cell 

interactions, and membrane biophysics and physiology. In this study, two general 

observations were made. First, CLs from the actinomycete R45601 were, on average, 

larger than CLs from the firmicute MRSA-M2. Second, CLs from R45601 contained 

unsaturated fatty acyl chains, whereas MRSA-M2 CLs did not. Since CLs are known 

Toll-like receptor (TLR) ligands [10], these structural differences may have important 

implications with regard to bacteria-host interactions. Development of extraction and 

molecular structure determination methods like the one described in this study will be 

valuable for future studies to define structure-activity relationships for such interactions. 

Clearly, differences in CL structure will affect bacterial phenotype and behavior. 
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Chapter 5. Rickettsia typhi peptidoglycan mapping with data-dependent tandem 

mass spectrometry1

 

5.1 Abstract 

 Rickettsia species are the etiological agents for many vector-borne illnesses. R. 

typhi is a Gram-negative intracellular pathogen responsible for endemic typhus. Subunits 

of peptidoglycan are pattern recognition receptor ligands partially responsible for 

activation of the innate immune response to bacterial insult. In this work, peptidoglycan 

from R. typhi was digested and the resultant subunits were analyzed by two different, 

complementary, sample preparation and LC/MS methods to infer structure. R. typhi 

peptidoglycan was determined to be similar to most other Gram-negative bacteria, with 

mDAP-type muropeptide subunits. Sometimes, additional alanine residues were observed 

elongating the muropeptide stems, rather than the usually observed glycine residues. 

5.2 Introduction 

 Rickettsia typhi is an obligate intracellular mammalian pathogen of the 

Alphaproteobacteria class responsible for murine (or endemic) typhus. It is a Gram-

negative bacterium which is small and rod-shaped, containing a peptidoglycan (PGN) 

layer in its cell wall between its two bilayer cell membranes. Mostly, R. typhi is 

transmitted to humans through the feces of infected fleas carried by other mammalian 

species [235]. Diagnosis of murine typhus is difficult because its symptoms are not 

specific and often misdiagnosed by physicians in the United States due to its relatively 

                                                           
1 Oyler, B. L., Rennoll-Bankert, K. E., Azad, A. F., Gillespie J. J., Goodlett, D. R.: Rickettsia typhi 
peptidoglycan mapping with data-dependent tandem mass spectrometry. Manuscript in preparation, (2018) 
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low incidence in urban areas [236]. Symptoms of murine typhus usually present 7-14 

days after infection and include fever, headache, rash, and myalgia [235, 236]. There are 

two different groups of pathogenic rickettsiae: spotted fever group and typhus group. R. 

typhi belongs to the typhus group. The entire genome of R. typhi was sequenced in 2004 

[237]. 

 The primary sites of infection with R. typhi are usually vascular endothelial cells 

near to a flea-bite locus. R. typhi readily invades endothelial cells [238], where it grows 

and proliferates until it causes host cell lysis, after which R. typhi is able to travel 

throughout the circulation and infect almost all host cell types [239]. Interestingly, R. 

typhi seems to be able to infect macrophages, first-line responders of the innate immune 

system [240]. Since R. typhi displays several known innate immune pattern recognition 

receptor (PRR) ligands in its membrane, it is probably phagocytosed by recognition of 

these pathogen markers, after which it is able to evade the killing mechanisms of the 

macrophage. Specific PRR ligands expressed in the cell wall of R. typhi include the 

pathogen associated molecular patterns (PAMPs) lipopolysaccharide (LPS or endotoxin) 

and PGN. 

 PGN is a polymer of disaccharide β-linked N-acetylglucosamine and N-

acetylmuramic acid subunits, covalently bound to a short “stem” peptide at the C-3 

position of N-acetylmuramic acid and cross-linked with short peptides, that forms a thin 

layer in the periplasm between Gram-negative bacterial membranes and forms a thick 

layer on the outer leaflet of Gram-positive membranes between the cell and the 

extracellular space [12]. Thus, Gram-positive bacteria are defined by their ability to retain 

crystal violet stain in their thick PGN layer. The peptide cross-links in Gram-negative 
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bacteria, like R. typhi, usually consist of a direct link between one D-alanine residue and 

one meso-diaminopimelic acid (mDAP) residue on two distinct PGN stem peptides [241]. 

However, PGN from R. typhi has never been characterized possibly due to the difficult 

nature of rickettsiae culture and the low yield of PGN from most Gram-negative 

organisms in general. PGN subunits, namely N-acetyl-d-glucosaminyl-N-acetyl-d-

muramyl-l-alanyl-d-isoglutamyl-meso-diaminopimelic acid (GM‑TriDAP, Gram-negative 

bacteria) and muramyl dipeptide (MDP, Gram-positive and Gram-negative bacteria), are 

ligands for the PRRs NOD1 and NOD2, respectively [13, 14]. PGN is only found in 

bacteria; therefore, many successful antibiotics have targeted PGN. It is worth noting that 

resistance to PGN-targeting antibiotics is on the rise. 

NOD1 and NOD2 are two members of a larger family of PRRs called NOD-like 

receptors (NLRs), responsible for acute phase inflammation events following bacterial 

infection. NOD1 or NOD2 activation by PGN results in NF-κB translocation to the 

nucleus where it facilitates expression and release of cytokines and chemokines [4, 5]. 

NLRs act in concert with other PRRs, such as Toll-like receptors (TLR), to recognize and 

clear bacterial infection in the acute phase. The aim of this work was to define PGN 

subunit structure for R. typhi because there is no pertinent molecular information in the 

current scientific literature. 

5.3 Materials and Methods 

5.3.1 R. typhi culture and peptidoglycan isolation 

R. typhi cells were cultured according to a previously published method [242].  To 

paraphrase, host cells Vero76 (African green monkey kidney, ATCC: CRL-1587) and 

HeLa (ATCC: CCL-2) were maintained in minimal Dulbecco’s Modified Eagle’s 
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Medium (DMEM with 4.5 gram/liter glucose and 480 L-glutamine; Mediatech, Inc.), 

with 10% heat inactivated fetal bovine serum (FBS) added, at 37°C with 5% CO2.  

Propagation of R. typhi strain Wilmington (ATCC: VR-144) was performed in Vero76 

cells cultured in DMEM, with 5% heat inactivated fetal bovine serum added, at 34 °C 

with 5% CO2.  Rickettsiae were isolated as described elsewhere [243].  R. typhi was used 

at a multiplicity of infection (MOI) of ~100:1 to infect host cells. Prior to host cell 

infection, washing of cells with DMEM with 5% FBS was performed. 

Peptidoglycan was isolated from R. typhi cells using two different, previously 

published, methods [244, 245]. Briefly, the first method (Experiment 1) consisted of cell 

wall isolation by boiling, centrifugation, resuspension in water, sonication, and digestion 

of residual proteins [245]. The second method (Experiment 2) utilized a BeadBeater 

(BioSpec Products, Bartlesville, OK, USA) to isolate bacterial cell wall material with 

several filtration steps performed afterward. These were followed by resuspension in SDS 

solution, sedimentation by ultracentrifugation, washing, digestion of residual proteins, 

and re-sedimentation by ultracentrifugation [244].  

5.3.2 Peptidoglycan digestion and preparation for LC/MS analysis 

PGN was also digested using two different, previously published, methods [43, 

245]. The first method (Experiment 1) employed only mutanolysin for digestion in a 1/10 

volumetric ratio to the sample, followed by reduction of N-acetylmuramic acid 

(MurNAc) and pH adjustment to pH 2-3 [245]. The second method (Experiment 2) 

utilized both mutanolysin (250 µg mL-1) and lysozyme (200 µg mL-1) to digest PGN 

overnight (16 hr.), followed by centrifugation [43]. The previously published procedures 
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were followed almost exactly, except that muropeptide reduction was not performed 

before LC/MS analysis. 

5.3.3 Data-dependent acquisition of tandem mass spectra 

For the first experiment (Experiment 1), PGN digests were diluted 100-fold in 

water and analyzed by LC/MS with a nanoAcquity binary nano-flow LC system (Waters 

Corporation, Milford, MA, USA), equipped with an autosampler, coupled to an Orbitrap 

Fusion Tribrid mass spectrometer (Thermo Scientific, San Jose, CA, USA), operated in 

positive ionization mode. For the second experiment (Experiment 2), PGN digests were 

diluted 100-fold in water and analyzed by LC/MS with an easyNLC 1000 binary nano-

flow LC system (Thermo Scientific, San Jose, CA, USA), equipped with an autosampler, 

coupled to an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific, San Jose, 

CA, USA), operated in positive ionization mode. Muropeptide separation was achieved 

on an in-house fabricated laser pulled tip column consisting of a 100 μm ID x 150 mm 

length of fused silica (Polymicro Technologies, Phoenix, AZ, USA), packed with YMC 

Triart (YMC America, Inc., Allentown, PA, USA) 120 Å pore size, C18, 3 µm particles 

(Experiment 1) or 1.9 μm particles (Experiment 2).  A binary gradient elution program 

was performed using Optima (Fisher Scientific, Waltham, MA, USA) LC/MS grade 

water with 0.1% formic acid (Solvent A) and Optima (Fisher Scientific, Waltham, MA, 

USA) LC/MS grade acetonitrile with 0.1% formic acid (Solvent B) either from 5% 

Solvent B to 35 % Solvent B in 60 minutes (Experiment 1) or from 5% Solvent B to 35% 

Solvent B in 30 minutes (Experiment 2).  For Experiment 1 nominal mass accuracy 

tandem mass spectra were acquired in data dependent acquisition mode (DDA) using 

collision induced dissociation (CID) at normalized collision energy (NCE) of 35%. For 

Experiment 2, accurate tandem mass spectra were collected in data dependent acquisition 
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(DDA) mode using higher energy collisional dissociation (HCD) at 25% after quadrupole 

isolation for tandem experiments, with detection in the Orbitrap. Apex detection was 

employed to obtain tandem mass spectra at the highest intensity region of 

chromatographic peaks. DDA mode allows the instrument to choose precursor ions based 

on the data being acquired in real time, so building lists of precursor ions a priori is not 

necessary. The DDA decision tree for both Experiments was designed with a 3 s cycle 

time in Top Speed configuration, using mass resolution settings of 120K (MS) and 60K 

(accurate MS/MS) or unit resolution (nominal MS/MS). Only 2+ and above charge states 

were selected for MS/MS. 

5.3.4 Data analysis 

Raw data files were processed in XCalibur software version 3.0 (Thermo 

Scientific, San Jose, CA, USA). Accurate masses for muropeptides and their product ions 

were extracted and compared to theoretical monoisotopic masses manually for mass 

accuracy determination. Proposed chemical structures were constructed in ChemSketch 

version 14.01 (ACD/Labs, Toronto, ON, Canada). When necessary, data were converted 

to mzML format using the ProteoWizard msconvert utility [227]. Automated peak 

picking was performed using mMass version 5.5 (www.mmass.org) [204]. Data were 

plotted using QtiPlot version 0.9.8.9 (www.qtiplot.com) and Figures were generated in 

Inkscape version 0.91 (https://inkscape.org) and when necessary, modified to an 

acceptable format using GIMP version 2.8.18 (www.gimp.org). 
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5.4 Results and Discussion 

5.4.1 Qualitative assessment of muropeptide mass chromatograms 

 Figure 5.1 shows the total ion current chromatogram (TIC) for Experiment 1. The 

inset shows the trace for the major muropeptides from R. typhi PGN observed in the 

Experiment, having retention times between 15 min. and 30 min. during reversed phase 

gradient elution. Figure 5.2 shows the same information from Experiment 2. These 

results indicate that both Experiments were successful for the isolation and digestion of 

R. typhi PGN. There have never been any reports of the structure, or even structural 

features, of R. typhi PGN. In fact, when performing a literature search for the keywords 

“rickettsia” AND “peptidoglycan” on the University of Maryland, Baltimore’s library 

database search engine, there are only 28 articles available, most of which are articles 

about other genera of obligate intracellular bacteria. The last example of any molecular 

analysis of PGN from any Rickettsiae species was published in 1994 by Pang and 

Winkler [246] and did not directly analyze muropeptides. Rather, the authors analyzed 

individual amino acids from the PGN of Rickettsia prowazekii, the causative agent of 

epidemic typhus. Another paper, published in 1987 by Amano et al. found that some of 

the major components of both PGN and LPS were not detectable from cell lysates of 

Orientia tsutsugamushi, another species from the Rickettsiaceae family [247]. 
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Figure 5.1 Total ion current chromatogram (TIC) monitoring ion image current in 
the Orbitrap mass analyzer for R. typhi PGN muropeptides using data dependent 
acquisition LC/MS Experiment 1. (inset) Zoomed-in portion of the mass 
chromatogram showing elution profile of most of the detected muropeptides. 

Since two different sample preparation and chromatographic methods were 

employed, some comparisons can be made between the data acquired. Although this was 

not the original purpose of the Experiments, there are some interesting observations that 

could be useful for future experimental design. First, many of the most abundant peaks in 

the mass chromatograms are the same; however, there are large differences in both the 

presence and relative abundance of less abundant peaks. Since the chemistry of both 

mobile phases and stationary phases remained the same in both Experiments, it is 

unlikely that these observations are due to differences in chromatographic chemistry. 

Second, and possibly more important, the TIC for Experiment 2 shows highly abundant, 

late-eluting peaks which can tentatively be attributed to either intact protein or much 

larger PGN fragments. Many charge states of the same molecular weight species were 

observed in the single stage mass spectra for these peaks (data not shown), indicating 
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many basic sites to accept protons when ionized in the positive mode on a mass 

spectrometer. This observation is common when analyzing ions with many amino acid 

residues. Third, the separation seems to be faster and possibly more efficient – although it 

is impossible to make a direct comparison due to sample differences - in Experiment 2, in 

which smaller stationary phase particles were used. This is an expected result for 

molecules like muropeptides with relatively low molecular weight, but notable 

nonetheless. 

 

Figure 5.2 Total ion current chromatogram (TIC) monitoring ion image current in 
the Orbitrap mass analyzer for R. typhi PGN muropeptides using data dependent 
acquisition LC/MS Experiment 2. (inset) Zoomed-in portion of the mass 
chromatogram showing elution profile of most of the detected muropeptides. 

5.4.2 Evaluation of tandem mass spectra and structure assignment 

 Tandem mass spectra were acquired for most of the muropeptides in both 

Experiments using DDA-MS approaches. In both Experiments, high quality tandem mass 

spectra were acquired after fine-tuning of the acquisition methods. Figure 5.3 shows a 
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structural assignment using data from Experiment 2 for a small muropeptide, based on 

both the accurate mass measured in the single stage MS experiment and accurate product 

ion masses measured in the collisional activation tandem MS experiment. Combined, 

these data provide high confidence primary structure assignments. As in a recent report 

from Packiam et al., collisional activation of short muropeptides produces neutral losses 

of both hexosamine sugars as well as cleavages of amide bonds as observed with 

collisional activation of peptides [44].  

 

 

Figure 5.3 (right) Tandem mass spectrum for a subunit of R. typhi PGN consisting 
of a disaccharide backbone with a tripeptide stem. (left) Chemical structure 
assigned to the precursor ion at m/z 435.1854 from the tandem mass spectrum. The 
product ion at m/z 463.2024 corresponds to muramyl tripeptide, a good diagnostic 
ion for mDAP-type muropeptides and Gram-negative bacterial PGN. 

 

Notably, a product ion observed at m/z 463.2024 corresponds to a muramyl tripeptide 

ion, which is a good diagnostic for quickly determining the type of PGN present in the 

sample. This product ion is only observed in mDAP type PGN – the type produced by 

most Gram-negative bacteria. With additional method tuning and additional data 
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processing capabilities, most muropeptides containing mDAP would be identifiable by 

extracting the product ion chromatogram for this ion. In fact, this was the initial 

approach used in this work to quickly quality control the samples and confirm the 

presence of PGN fragments (data not shown). It should be noted, however, that 

optimization of collision energy for different sizes of muropeptides could substantially 

affect the performance of such a method. More than one LC/MS experiment would 

probably be needed to cover the entire muropeptide size range. Additionally, an 

instrument capable of precursor ion scanning, such as a triple quadrupole mass 

spectrometer, would be able to filter the chromatographic peaks associated with 

mDAP-type muropeptides during data acquisition. 

 Table 5.1 is an abbreviated list of muropeptides for which molecular formulae 

were assigned based on both single stage and tandem mass spectra. Since the Orbitrap 

is an accurate mass analyzer, many chemical formulae could be ruled out using accurate 

mass measurement alone. From there, it was possible to infer structures based on the 

tandem mass spectra as shown in Figure 5.3. The limitation of this method is that it 

cannot differentiate between stereoisomers of amino acid residues or sugar residues, so 

additional chemical analysis would be necessary to derive a muropeptide structure de 

novo. In some cases, additional alanine residues (as in m/z 497.2168) were observed 

attached to the stem peptide, rather than the commonly observed glycine residues. 
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Table 5.1 Abbreviated list of identified PGN muropeptides with empirical formulae and 
measured m/z 
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Figure 5.4 Extracted ion chromatogram (EIC) of m/z 895.5-896.5 in LC/MS 
Experiment 2. Structure assignment is shown with exact mass for the empirical 
formula. Three chromatographic peaks were observed, all measured within ± 5 ppm 
of the calculated mass. These peaks are probably due to mutarotation of the non-
reduced glycan ends of MurNAc residues. 

 MurNAc residues were not reduced prior to LC/MS analysis. This left the 

potential for mutarotation of their non-reduced glycan ends. However, since MS was used 

to detect these ions, this step is not necessary. In fact, it is possible that an additional 

sample preparation step, especially a relatively non-specific acid-base reaction, would 

have unintended consequences and confound or limit the specificity of the data acquired. 

This is, of course, at the expense of sensitivity since potentially the signal for one 

molecular species is divided amongst several chromatographic peaks. Figure 5.4 shows 

an example of an extracted ion chromatogram (EIC) for m/z 895.5-896.5 in one region of 

the mass chromatogram. The structure for the muropeptide was determined in the same 
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way as in Figure 5.3, using both the accurate singe stage m/z measurement as well as the 

tandem mass spectra from both Experiments 1 and 2 to add confidence to the assignment. 

The inset in Figure 5.4 shows the structural assignment that was made. Since all of the 

measured m/z values were within ± 5 ppm of the calculated theoretical m/z, and the 

tandem mass spectra acquired for these three peaks were identical, the same primary 

structure assignment was made for all three. The position of the non-reduced MurNAc 

ends are arbitrary in the displayed structure, since these cannot be determined using the 

data acquired in these Experiments. 

5.5 Conclusions 

 Structures of muropeptides from R. typhi PGN were inferred from mass spectra 

acquired with accurate mass measurements. The basic structure of R. typhi PGN was 

determined to be similar to that of other Gram-negative bacteria, containing mostly a 

tetrapeptide stem with mDAP residues included. This was the first demonstration of PGN 

structure analysis for R. typhi, and indeed, the first data published about PGN from any 

Rickettsia species in recent years. Rickettsiae are difficult organisms to culture because 

of their intracellular life cycle, and isolation of compounds from them is complicated by 

the co-culture of host cells. Since PGN has been a drug target for many years and its 

structure affects the efficacy of PGN-targeting drugs, chemical structure analysis of PGN 

is paramount for successful drug discovery efforts. Additionally, the study of basic 

biology of Rickettsiae will benefit from this research by increasing the known metabolic 

product information and combining it with known genetic information to develop a more 

complete picture of molecular biology of the cell. 
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Chapter 6. Conclusions and Perspectives 

 In summary, three different technical approaches were developed and applied to 

pattern recognition receptor (PRR) ligand-related biological problems during this 

dissertation research, in addition to an extensive review of lipid A and lipid A-modifying 

enzyme discovery for drug development purposes [182]. First, top down tandem mass 

spectrometric methods were developed on several different instruments, highlighting the 

strengths and weaknesses of each, to add molecular data for research on a 

lipopolysaccharide (LPS)-derived vaccine candidate [37]. Although vaccine efficacy data 

had been acquired earlier [193], no structural data existed for this vaccine candidate. This 

research will support further vaccine, adjuvant, and drug development efforts to aid in 

experimental design and predictive measures for similar therapeutics targeting Toll-like 

receptor 4 (TLR4)-ligand interactions. TLR4 is an important mediator of acute phase 

inflammation initiated by the innate immune system in response to bacterial infection. 

The magnitude of this response is critical for bacterial clearance and host recovery. 

Successful drug development pipelines for prevention or treatment of bacterial sepsis will 

be heavily reliant upon reliable TLR4-ligand structure-activity relationships (SAR). 

TLR4 has also been implicated in seemingly unrelated diseases and conditions (e.g. 

cancer), wherein invasive or unhealthy cells are able to circumvent their termination 

and/or constitutively activate cell growth and proliferation mechanisms. The major 

limitation of this approach is that it currently requires an expert mass spectrometrist to 

both acquire and analyze the data. However, automated software development for data 

analysis is possible, as demonstrated by Ting et al. [34] and Morrison et al. [248] for 

lipid A structure inference. Without a high demand for a pre-packaged, fit-for-purpose 
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hardware/software solution, it is unlikely that an expert mass spectrometrist would not be 

required in the future to acquire the appropriate data. 

Second, a comparison between cardiolipin (CL) extracts from a newly discovered 

actinomycete sponge symbiont (R45601) and Staphylococcus aureus was made using 

mass spectrometry (MS). Differences in CL structure affect how a bacterium interacts 

with a specific host. Since sponges express TLRs and CLs are TLR ligands, it is possible 

that these chemical structures are involved in the selection of sponge symbionts, although 

additional experiments would be required to test this hypothesis. This is critical since a 

sponge is a virtually stationary organism, reliant upon its microbiota and its environment 

to survive. These research findings also have implications for future studies of 

commensal and/or pathogenic bacteria in humans since PRR-ligand interactions are 

critical for selection and maintenance of the human microbiome as well. CL structure 

also affects how a bacterium survives in a given environment, giving the cell some of its 

shape and membrane fluidity, as well as providing chaperone-like function to support 

proteins involved in regulation of small solute partitioning across the membrane. 

Recently, CL has gained much interest since new roles in cell functions and homeostasis 

are constantly being discovered. 

Third, peptidoglycan (PGN) structural features from R. typhi were elucidated 

using liquid chromatography coupled to mass spectrometry (LC/MS) with a global, data 

dependent acquisition (DDA) tandem MS approach. Two different methods were 

employed to demonstrate that complementary information can be gleaned when using 

slightly different sample preparation and analysis designs. This was the first example of 

PGN structure elucidation for R. typhi and the first information produced in decades 
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about any chemical constituents of PGN from any Rickettsia species. Since components 

of PGN are NOD-like receptor (NLR) ligands [13, 14], their structures also contribute to 

how a host’s innate immune system will respond to a bacterium. Drugs targeting PGN 

have been developed for decades (e.g. β-lactams and vancomycin) and are attractive for 

treatment of bacterial infection because PGN is exclusively produced by bacteria. In 

order to develop better drugs and to combat PGN-related drug resistance mechanisms, 

development of sensitive and specific PGN structure elucidation methods is paramount. 

The primary limitation of this approach is that some information about PGN structure 

will be lost when PGN is digested and processed. For example, it is known that different 

PGN-targeting antibiotic drugs have different efficacies depending on the bacteria 

causing infection. However, many of the published structures for PGN are similar, or the 

same, for similar bacteria. So, it is possible that differences in drug efficacy are related to 

small differences in structure or connectivity that so far have not been observed after 

common experimental execution. It is also possible that these differences are observed 

because of other phenotypic nuances affecting accessibility of the drug to the target. 

With the advent of faster, more sophisticated, and more sensitive analytical 

instrumentation, it is always important to rethink old approaches to biological research. 

The three approaches described in this dissertation add critical information to PRR-ligand 

biology that was not previously known and are broadly applicable to many scientific 

problems. For instance, a researcher interested in diagnosis of some types of drug 

resistant bacterial infections would be able to use either the top down LPS analysis 

method or the PGN structure elucidation method to monitor differences in chemical 

structures between bacterial strains, although this was not the primary purpose of either 

experiment. This, of course, would depend on the mechanism of drug resistance. Often, 
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these methods also simplify an antiquated process while increasing the amount of 

information acquired, resulting in reduced cost and time expenditure. This is especially 

important in the clinic, where time-to-diagnosis and cost per analysis are always major 

considerations. 

Mass spectrometry (MS) is a particularly powerful analytical technique for 

acquiring large, information-rich datasets. It can be especially useful for correlating 

changes in chemical structures to an observed biological phenomenon. While the ability 

of MS to elucidate complete chemical structures is often difficult or impossible, its 

strength lies in its relative sensitivity and specificity as compared to other analytical 

techniques (e.g. nuclear magnetic resonance spectroscopy and fluorescence spectroscopy, 

respectively). Additionally, MS can be used to acquire data on all ionizable and 

detectable chemical species in a complex mixture simultaneously. This sometimes allows 

a researcher to mine a priori data without developing new methods or experimental 

design to ask new questions. Chapters 3-5 of this dissertation have advanced MS-based 

analytical methodology in addition to their contributions to MS applications. These 

contributions include method development using a hybrid ion mobility spectrometer-

mass spectrometer (IMS-MS) for both LPS and CL. Chapter 3 also demonstrated 

analytical method development for LPS on a unique, 21 Tesla hybrid Fourier transform-

ion cyclotron resonance (FT-ICR) mass spectrometer using several different dissociation 

techniques to acquire tandem mass spectra. Chapter 5 is the second example of PGN 

muropeptides analysis in a DDA tandem MS workflow on an Orbitrap mass spectrometer 

as is common practice for proteomics analysis; however, both the instrument and 

methods used provide both better quality and larger quantity data than the first example 

[249]. The ability to perform two different types of tandem MS on the same instrument 
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model makes it possible to compare results for both experiments with respect to 

sensitivity, specificity, quality and quantity of data. Both tandem-in-time collision 

induced dissociation (CID) in the linear ion trap portion of the instrument and higher 

energy collisional dissociation (HCD) in the collision cell with quadrupole precursor ion 

filtering were performed with detection in the ion trap or Orbitrap, respectively. 

Chapter 3 laid a groundwork for intact LPS analysis that can be used in future 

studies. In order to develop more complete and predictive structure-activity relationships 

(SAR) for the LPS-TLR4 interaction, at least one of two advancements will be necessary: 

i.) chromatographic (or other) purification methods to isolate individual LPS compounds 

for further biological testing and/or, ii.) total chemical synthesis and purification of LPS 

compounds for further biological testing. Purification of compounds from biologically 

synthesized mixtures seems to be the most efficient approach because the synthesis 

schema are already in place and relatively efficient. As the molecular weight and 

molecular complexity of LPS molecules increase, total chemical synthesis schema may 

also prove impractical, although theoretically possible. Since chromatography hardware 

and stationary phases are constantly improving, it becomes constantly easier to achieve 

good separations/purifications in a relatively short amount of time. However, LPS is 

amphipathic, with many functional groups, so separations of LPS mixtures will never be 

simple, especially if a researcher is specifically targeting one LPS structure from the 

mixture. 

Future directions for the research conducted in Chapter 4 may include isolation 

and testing of CL compounds from R45601 for PRR-activating potential. CLs or CL 

mimetics derived from natural sources may provide a means for innate immune system 
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modulating drug discovery. Since the innate immune system of sponges is different than 

that of humans [145], their selection of commensal organisms will be different as well. 

This can work to a pharmaceutical scientist’s benefit because isolated compounds from 

sponge symbiont bacteria will produce different activities from even homologous 

receptors in mammals. Additionally, since R45601 is a newly discovered species [229] 

and the study of the sponge microbiome is a relatively young science, basic biology of 

both sponges and the bacteria they harbor will give insight to marine ecology and how 

both macro- and micro-scale changes to the oceans may affect marine life. Species like 

sponges are often good indicators of the overall health of a marine ecosystem, so any new 

molecular information that helps to define “healthy normal” is quite valuable indeed. 

The contributions from Chapter 5 of this dissertation will hopefully open the door 

to structural characterization of PGN from other Rickettsia species. Since many of these 

species are human pathogens and PGN is a popular drug target for antibiotics, it may be 

important in the future to monitor PGN structure changes as a bacterial species adapts to 

antibiotic treatment as well as to monitor pathogenic bacteria in individual patients to 

improve treatment regimens and outcomes. Also, the analytical methods developed in 

Chapter 5 are broadly applicable to PGN analysis from any bacterial species, providing 

comprehensive datasets containing both accurate single stage and tandem mass spectra 

for every detectable component in the muropeptide mixture. Since PGN has mostly been 

analyzed by high performance liquid chromatography with UV-vis detection in the past, 

this improvement in methodology provides exponentially more specificity and total 

information per analysis. Of course, the added cost of a research-grade mass spectrometer 

is not a trivial matter, but many research institutions have the resources to conduct such 
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experiments already in core labs. There are also many contract research organizations 

willing to acquire data on a fee for service basis. 

In conclusion, this dissertation adds broad value to the scientific community in the 

fields of analytical chemistry, toxicology, immunology, microbiology, and marine 

science. Considerable improvements to the current state-of-the-art in analysis of PRR 

ligands were achieved, resulting in peer-reviewed primary research publications and 

several other manuscripts in preparation. As a result of this research and previously 

published research, LPS analysis will shift toward a top down approach and LPS-based 

drug or adjuvant discovery will benefit from more concrete answers to biological 

questions. Also, interactions involving CL in multi-organism systems will come to be 

better understood through comprehensive characterization of CLs produced by bacteria. 

Finally, PGN analysis will shift toward an –omics style approach wherein single shot 

complete definition of muropeptide subunits can be achieved. Since the human innate 

immune system responds to many molecules found in bacteria and its response is a 

cumulative readout from all of these interactions, some diseases and conditions resulting 

from a dysregulated immune response will inevitably be better understood through the 

study of all of the affected pathways simultaneously. The advancements achieved in this 

dissertation research will make such an experimental approach possible.
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