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ABSTRACT OF THE DISSERTATION 
 

 

The influence of microorganisms on the atmosphere and tools for the study of 

transacylase domains 

 

by 

 

Jennifer Michelle Michaud 

Doctor of Philosophy in Chemistry 

University of California, San Diego, 2017 

Professor Michael D. Burkart, Chair 

 

Specific biochemical influences on sea spray aerosol (SSA) are not well 

characterized and are vital to understanding the complex and variable 

chemical composition and atmospheric properties of SSA. Several studies 

reported in this thesis explore how microorganisms affect SSA both by examining 

their metabolic products in seawater and how they transfer from the seawater 

to aerosol, as well as the impacts of airborne microbes on SSA properties.  
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To investigate the influence of microbial metabolism on aerosol 

composition, direct measurements of aerosols revealed a correlation between 

marine bacteria in seawater and the production of gas-phase even-chain (C:2, 

C:4) alkyl nitrates (RONO2). Alkyl nitrates are a large contributor to the 

production of tropospheric ozone and prior to these studies generally thought to 

originate from anthropogenic sources and produced through uv-dependent 

mechanisms. The results show that bacterial metabolism can contribute to the 

production of climate warming ozone and demonstrate an important 

biochemical influence on atmospheric processes. In separate studies, we 

explored the role of enzymatic processing of lipid metabolites by lipase in 

seawater and the resulting changes to aerosol morphology and composition. 

We observed that lipase driven digestion of lipids in seawater vastly changes the 

composition of SSA in simple triacylglycerol and diatom lysate systems, 

identifying a possible mechanism for organismal control of aerosolization. 

The structural organization within SSA, taxon-specificity of air-sea transfer, 

and ice nucleation (IN) characteristics of whole bacteria, viruses, and vesicles 

was explored in several studies. One study elucidated the detailed composition 

of seawater (bulk), SSML, and SSA using cryogenic transmission electron 

microscopy. The unique technique allowed the preservation and detailed 

examination of soft biological particles, facilitating observations of complex 

structures of diatoms, bacteria, viruses, and vesicles, their hydration state, and 

their orientation within particles. SSML derived vesicles had a more multi-lamellar 



 

 
 

xxiv 

structure in contrast to bulk and aerosol samples. This was the first demonstration 

of vesicles within SSA, indicating a possible role of these structures in climate 

processes. Another study examined bacterial and viral transfer across the air-sea 

interface using metagenomics, revealing marine bacteria aerosolize more 

efficiently than viruses and taxon-specific properties governing selective transfer 

of viruses and bacteria delineated by class and order. Several species of 

bacteria and viruses were consistently enriched in aerosols, and hydrophobic 

cell- and virus- surfaces positively influenced aerosolization. The results provide a 

genomic framework to elucidate aerosolization mechanisms and like the lipase 

studies, identify additional microbial controls of SSA composition and properties. 

Lastly, we examined the IN properties of halotolerant bacteria and fungi isolated 

from rain and SSA samples collected from Scripps Pier in La Jolla, CA. Most rain 

isolates possess moderate IN activity, and reveal that a possible unidentified 

source of marine IN activity contributing to precipitation. The studies together 

have yielded important information of how microbial biochemistry and 

aerosolization influences SSA composition and properties. This work will serve as 

a foundation to examine the biochemical mechanisms of SSA composition, SSA 

properties, climate relevant biomarkers, and aerosolization mechanisms that will 

inform climate models, civil engineering, and public health.  

Acyltransferase (AT) domains are serine hydrolases and vital enzymes in 

the biosynthesis of fatty acids, polyketides and hybrid polyketide nonribosomal 

peptides. Experiments utilizing broad activity-based serine hydrolase probes to 
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label cells surface proteases and lipases of marine microbial membranes, 

provoked development of specific probes for the study of AT domains. To date, 

inhibitors and probes specific to AT domains have not been reported in 

literature. AT specific probes have proven challenging to develop due to their 

characteristically small and restrictive active sites. This dissertation details the 

design, synthesis, and testing of five activity-based AT probes. Comparisons of 

these five probes by binding efficacy, specificity, optimization, and competition 

in FAS and PKS systems provides a basis for future development of crosslinking 

probes to examine carrier protein-AT interactions and AT inhibitors. These small 

molecules will permit the study of specific AT-carrier protein interactions in a 

variety of systems and will provide possible novel therapeutics against drug-

resistant bacteria. 
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Chapter 1. Introduction to the influence of microorganisms on the atmosphere 

and tools for the study of transacylase domains 

 

Section 1.1 Main text 

Aerosols are suspended particles in the air, and in the atmosphere, are vital 

to climate and air quality. Aerosols influence climate directly by scattering sunlight 

or indirectly by providing surfaces for water and ice deposition central to cloud 

formation and precipitation 1–3. Aerosol particles of different composition have 

vastly different atmospheric properties2,4,5. As the ocean covers the majority of 

the planet, sea spray aerosol (SSA) represents a dominant pool of climate-

influencing aerosols6–8, but the details of SSA composition, reactivity, and effect 

on atmospheric processes are not well understood9. 

SSA is formed and released from seawater and the sea surface microlayer 

(SSML) through the process of wave breaking10, and the composition of nascent 

SSA is determined by the composition of its source seawater and molecules 

enriched in the SSML11–14. The ocean represents diverse ecologies that have 

changing composition controlled by the microbial loop and biochemical 

processes15–18. Organic molecules, cells, and detritus from microorganisms may 

combine with salts, and are released as bioaerosols19,20. Connecting the 

biochemistry and aerosolization of bioaerosols is an important aspect of 

understanding how the chemistry of SSA changes and how these alterations 

impact atmospheric properties.   
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Marine microorganisms can affect SSA in two ways. First, their metabolic 

products and enzymes can alter the composition of the seawater and SSML that 

form aerosols15–18, and second, they can be released intact to act as surfaces 

themselves for atmospheric processes and chemistry21–24. However, the 

connection of microbial processing and biogeochemical cycles is not well 

understood25,26. Insight into the variation and specific composition of seawater 

and how it is affected by specific organisms and enzymatic processing in differing 

marine ecologies is needed to understand SSA composition and will inform 

climate models. Characterizing the airborne microbial community, its variation, 

and the taxonomic specificity of microbial transfer from the sea to the 

atmosphere is also necessary to determine the role of bioaerosols on cloud 

condensation and ice nucleation. 

 Fatty acid, polyketide, and non-ribosomal peptide biosynthetic pathways 

are responsible for producing fatty acids and a variety of valuable natural 

products27. They are multimodular synthases that tether growing intermediates to 

carrier proteins to facilitate productive interactions with various partner domains 

and create diverse molecules28,29. Processivity is achieved by the transient nature 

of these protein-protein interactions. As type II fatty acid synthases (FAS) are 

unique to prokaryotes and vital for fatty acid production, type II FAS domains are 

a target for novel antibiotics30,31, and a variety of polyketide synthase (PKS) and 

non-ribosomal peptide synthetases produce natural products with antibiotic, 

antitumor, and antiviral activities32–35. Domains in these systems utilize highly 
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specific interactions with the carrier protein and attached substrate, limiting the 

creation of off target products28,29. These interactions are just beginning to be 

understood36–39 and are key to understanding these systems, designing better 

inhibitors, and engineering these systems to create custom products with 

potentially new or modulated activities. 

  Transacylase, or acyltransferase (AT) domains are in the serine hydrolase 

family of enzymes and initiate and propagate PKS and FAS pathways. ATs transfer 

acyl and other groups from acyl-CoA to holo-acyl carrier proteins (holo-ACPs) via 

a transacylation reaction40,41. Malonyl-CoA AT (MCAT) domains are responsible 

for providing malonyl-CoA extender units to growing fatty acids or polyketides42. 

The FAS AT domain from Esherichia coli, FabD, like many other FAS enzymes is 

essential for survival making AT domains a prime target for therapeutic inhibition 

and ACP-AT protein-protein interaction studies. To date, few inhibitors and probes 

for AT domains and probes have been identified and substrate specificity has not 

been attained. Potent inhibitors with high AT specificity would facilitate 

development of crosslinkers that permit the study of specific ACP-AT interactions 

in a variety of FAS and PKS systems via trapping of these transient states. They also 

will provide potential novel therapeutics against the growing multi-drug 

resistance threat. 
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Chapter 2. Bacteria-driven production of alkyl nitrates in seawater 
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Chapter 3. Enzymatic processing by lipase in seawater determines sea spray 

aerosol composition 

 
 
Section 3.1 Introduction 

The composition of seawater is controlled by enzymatic processes 

described by the microbial loop1–4. As sea spray aerosol (SSA) is derived from 

seawater, its composition is dependent upon the chemical makeup of its source 

water. However, the link between enzymatic activity in seawater and the 

composition of SSA has not been examined. Because the ocean provides a 

significant proportion of atmospheric aerosols5–7 and the composition of SSA 

determines its atmospheric properties, understanding significant processes that 

affect chemical makeup and atmospheric properties is crucial. Unraveling the 

chemical complexity of both SSA and seawater for accurate predictions of SSA 

properties and their effects on climate-influencing properties such as cloud 

condensation and ice nucleation is the aim of numerous studies. 

Marine bacteria cannot utilize macromolecules or detritus larger than 600 

Da as they are not able to cross bacterial membranes8. To break molecules and 

cells down, bacteria use extracellular enzymes to digest them into small 

molecules able to pass into bacterial cells4,8. By virtue of these processes, bacteria 

are responsible for the carbon recycling and degradation of decaying organisms 

particularly relevant in the processing of phytoplankton blooms9,10. The specific 

contribution of microbial processing to biogeochemical cycles and atmospheric 
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carbon are not well understood11,12. However, biomolecules prevalent in 

phytoplankton and bacteria are often used as model molecules in atmospheric 

and biogeochemical studies. As enzymatic activity is a dominant process and 

bacteria possess diverse enzymes of variable activity9,13–15, the alterations to 

biomolecules by extracellular enzymes in marine systems need to be both 

considered and determined. 

A previous study of nutrient-stimulated phytoplankton blooms correlated a 

loss in submicron SSA organic enrichment to increased seawater lipase activity 

and heterotrophic bacterial concentrations16. Lipase activity has also been 

correlated to increases in marine dissolved organic carbon17. To examine if lipase 

activity would directly influence SSA composition, we sought to examine resulting 

changes to SSA composition with lipase treatment in simplified laboratory-scale 

seawater systems. The miniature marine aerosol reference tank (miniMART), a 

small volume apparatus that produces SSA in ocean-relevant size distributions18, 

was selected for controlled studies of lipase treatment of simple substrates. The 

substrates triolein and diatom lysate were treated with lipase and SSA 

composition was determined by high-resolution mass spectrometry (HRMS) and 

aerosol time-of-flight mass spectrometry (ATOFMS).  
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Section 3.2 Results and Discussion 

Lipase processing of triolein  

Triolein is a triacylglycerol with three oleic acids (C18:1) attached to a 

glycerol backbone. It is selected as a model lipid in these studies due to its 

similarity to fatty acid-based lipids including triacylglycerols, phospholipids, wax 

esters, and glycolipids which are commonly found in marine ecosystems. These 

lipids are predominantly appended with combinations of C16:0, C16:1, C18:0, 

and C18:1 fatty acids19–21. The expected processing of triolein to diolein and 

monolein is shown in Figure 3.1a. Due to its bacterial origin and validation against 

triolein, lipase from Pseudomonas cepacia (MilliporeSigma 62309) was selected. 

The experimental set-up is shown in Figure 3.2b-c. For online measurements, 

nascent SSA is dried and split for particle counts by a scanning mobility particles 

sizer (SMPS) and aerodynamic particle sizer (APS). Single particle composition was 

measured using ATOFMS. Additionally, primary SSA generated from the miniMART 

was directed onto two separate PTFE filters collecting either the entire aerosol size 

range (supermicron mass dominated) or submicron aerosol size fraction for 

subsequent offline HRMS analysis. Enzymatic activity was tracked using a 

fluorogenic substrate assay (see methods). 

Seawater was used to establish a baseline for measurements; then triolein 

was added and measured. This was followed by the addition of 70 U of lipase 

(end concentration 0.01 U mL-1) for additional composition measurement. The 

activity of the lipase in this seawater system was confirmed and max turnover of 



 

 36 

a oleate-fluorophore substrate determined to be between 2 - 27 μM hr-1 (Figure 

S3.1). Expected products of triolein, diolein, and monolein, as well as a variety of 

molecules expected from the fragmentation and oxidation of these products 

were observed by HRMS (Section 2.5, Figures S3.2-3.3). 

 

 
Figure 3.1 (a) Enzymatic processing of triolein by lipase. (b, c) Offline and online SSA measurement 
methods utilizing a miniMART system. (b) PTFE filter collection for offline HRMS analysis of entire size 
distribution and submicron SSA using an aerosol cyclone, and (c) online measurements of 
composition by ATOFMS: aerosol time-of-flight mass spectrometer, and particle counts by SMPS: 
scanning mobility particle sizer and APS: aerodynamic particle sizer. 
 
 

Triolein and lipase-treated triolein effects on SSA  

Ratios of diolein to triolein and monolein to triolein are shown in Figure 3.2. 

Addition of triolein to the Mini-MART tank resulted in particles in both size ranges 

containing triolein in excess ratios to the enzymatic products. After lipase addition, 
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the ion current ratio of triolein digestion products, diolein and monolein, 

decreased to ~1 in the supermicron particles (Figure 3.2a), but not in the 

submicron particles (Figure 3.2b). The ion intensities of diolein and monolein, 

obtained from integrated peak areas, were compared to the intensity of triolein 

in each filter sample obtained for both the full size distribution and submicron SSA 

filter samples. Prior to lipase treatment, both the ratios of diolein to triolein and 

monolein to triolein are dominated by the intensity of triolein. This result indicates 

that the majority of the triolein did not undergo significant autohydrolysis in the 

miniMART system before lipase was added. Following the addition of the enzyme, 

it is evident that the diolein:triolein and monolein:triolein ratios significantly 

increase, caused by the digestion of triolein and the transfer of enzyme products 

to the aerosol phase in the supermicron mass dominated regime of the full size 

distribution. In the submicron filter samples (Figure 3.2b), the ratios of enzyme 

products to substrate did not show a notable change after addition of lipase. We 

hypothesize that this effect could be caused by the increased solubility of diolein 

and monolein versus triolein, which would result in a seawater interface 

composed of primarily triolein with the digestion products more soluble in the bulk. 

In Cochran et al., the selectivity of organic molecules for the aerosol phase in 

submicron film drops was shown to be related to alkanoic acid chain length and 

their solubility in the bulk phase, with more insoluble material showing higher 

enrichment factors in the aerosol phase22. This effect could also be occurring in 
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the triolein system, with differences in solubility between triolein, diolein, and 

monolein mediating their transfer to the aerosol phase in a size selective manner.  

 

 
Figure 3.2 Changes in SSA speciation in (a) full size distribution (supermicron mass dominated) and 
(b) <1 µm size fraction by HRMS. 
 
 

ATOFMS analysis was performed to determine size-resolved single particle 

chemical composition of aerosols of aerodynamic size range of 0.3 to 3.0 µm over 

the course of sequential additions of triolein and lipase to seawater (Figure 3.3). 

The change in the proportions of particle types showed remarkable change over 

the course of the experiment. Representative ATOFMS spectra is shown in Figure 

S3.4a. As triolein was added, significant fraction of Organic Carbon (OC) particle 

type increased, and as the lipase enzyme was added, the OC fraction 

decreased, with increase in fractions of Sea Salt mixed with Organic Carbon 

(SSOC) that showed dominant markers of magnesium and calcium. In addition, 

after 2 days after the addition of lipase, the particle type proportions returned to 



 

 39 

the state observed in the Filtered Autoclaved SeaWater (FASW) control, illustrating 

the significant role lipase plays in influencing the chemical composition of the 

observable particles. Lipase treatment liberates oleate which we propose is then 

able to coordinate with Mg2+ and Ca2+ ions altering solubility, surface properties, 

and aerosolization.  

 

 
Figure 3.3 Evolution of SSA composition upon sequential addition of triolein and lipase to seawater 
(FASW: filtered autoclaved seawater). Mixing indicates first hour post-addition. 
 
 

To further examine the role of calcium in the observed changes, the 

intensity of calcium(40Ca+) signals relative to carbon marker (37C3H+ and 43C3H7+) 

signals were compared across the sequential additions (Figure 3.4). The intensity 

of the calcium signal does not vary relative to the carbon markers in baseline 

seawater or triolein treated water, but calcium increases significantly relative to 

both 37C3H+ and 43C3H7+ upon lipase treatment demonstrating an emerging 

enrichment of organic particles containing calcium. The enhancement of 
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calcium and magnesium are similar to published observations of preferential 

binding of Ca2+ and then Mg2+ to lipids and salt-influenced deprotonation of 

phosphaditic acid monolayers at the sea interface23–25. Thus, findings from these 

studies can be used to explain the single particle observations in this study, where 

freed oleic acid from triolein is likely being deprotonated to oleate to bond with 

calcium and produce population of SSA containing both organic and calcium 

ion markers. These enzyme driven alterations to SSA can have profound 

implications for surface-sensitive processes such as heterogeneous chemistry26,27, 

and ability to form cloud droplets28. 

 

Lipase processing of diatom lysate 

 To assess whether seawater lipase processing would have similar effects in 

a more complex and biologically relevant system we sought to mimic the peak 

of a phytoplankton bloom at the point when phytoplankton death prompts 

bacterial-mediated degradation. Thalassiosira pseudonana, a marine, centric 

diatom, was selected as it is well-characterized and has a rich lipid and fatty acid 

composition29, and diatoms are prominent in phytoplankton blooms30. Cultured 

cells were collected and lysed to initiate cell death; this lysate was added to the 

miniMART system. After baseline and lysate only measurements were collected 

lipase was added to the mixture (0.01 U mL-1).  
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Figure 3.4 Intensity of 37C3H+ and 43C3H7+ vs Intensity of 40Ca+ plots for seawater background (a, 
d), seawater + triolein (b, e), and seawater + triolein + lipase (c, f), respectively, by ATOFMS. Red 
circles highlight the organic enriched SSA due from triolein addition. Green circles highlight the 
emergence of particles with organic enriched, high intensity of 40Ca+ containing particles from 
the lipase cleavage of triolein. 
 
 

Post addition of lysate to the system, seawater was tested for protease, 

lipase, phosphatase, and β-glucosidase activities (Figure S3.1b). The lysate had 

detectable, endogenous activity that could contribute to diatom self-

degradation. Protease activity was detected in the range of 14 – 438 nM hr-1; 
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lipase activity was not detected(ND) to 500 nM hr-1. Phosphatase and β-

glucosidase activities were also detected at ND to 350 nM hr-1 and ND to 35 nM 

hr-1 respectively. The addition of lipase solution to the system generally caused a 

ten-fold or greater increase in lipase activity and modest increases in the other 

enzyme activities, presumably from contaminants in the lipase or from increased 

availability of substrates. Lipase activity in the lysate varied but was seemingly 

sufficiently low to allow for discernable differences from lipase treatment. 

HRMS of pure diatom lysate was performed as the concentration of lysate 

collected on aerosol filters was found to be near or below the dynamic range of 

the HRMS system. Cellular lysate was found to be composed of a wide variety of 

triglycerides and fatty acids, with the most instrument intensity originating from 

several unsaturated palmitic acids (16:0-16:4) and tripalmitate species (Figure 3.5, 

S3.5). These results are in general agreement with lipid speciation of T. 

pseudonana in other studies31,32. To better understand the change in lipid 

composition of the cellular lysate after the addition of lipase, the following 

calculation was performed to normalize the intensity of negative-mode palmitic 

acids to the intensity of the tripalmitate ions observed in the same sample in 

positive mode.     

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼

                     (Eq. 1)  

Figure 3.5 shows the results of this calculation for analyzed samples of 

diatom lysate before and after addition of lipase. Notably, the ratio of fatty acid 

intensity significantly increases for all the fatty acids after the addition of lipase. 
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This result informs the analysis of SSA produced from the mini-MART containing 

cellular lysate pre- and post-digestion by lipase, confirming the likely transfer of 

lipase-generated fatty acids to the aerosol phase. The processing by the enzyme 

also correspondingly significantly decreases the amount of triacylglycerols 

present (Figure S3.5b). 

 

 

 
Figure 3.5 Normalized ion ratios for fatty acids identified in diatom lysate prior to and after lipase 
addition by HRMS. 
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Diatom lysate and lipase-treated lysate effects on SSA  

The ATOFMS results from the lysate is shown in Figure 3.6 and demonstrated 

very similar patterns to the triolein experiment. Representative ATOFMS spectra is 

shown in Figure S3.4b. Diatom lysate added to synthetic seawater (reef salt) 

resulted in a drastic increase in organic particles associated with iron and 

phosphate markers (FePhosOrg). The association of phosphate and iron is likely 

due to phospholipids arising from cell membranes and iron containing 

ferroproteins33. Upon lipase treatment, this organic fraction is drastically 

diminished, again returning to a baseline seawater state and demonstrating 

replacement with a salt containing organic fraction. 

 

 
Figure 3.6 Evolution of SSA composition upon sequential addition of T. pseudonana (diatom) lysate 
and lipase to seawater. 
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Section 3.3 Conclusions 

 The results of these studies demonstrate that lipase activity significantly 

alters the composition of lipid-based SSA in the model systems tested. In the case 

of triolein, lipase treatment decreases the amount of carbon-rich SSA particles to 

be more salt (Mg2+, Ca2+) associated and for total composition to return to a 

baseline-like state. The addition of lysate generates organic SSA particles with a 

high content of iron and phosphate that with lipase treatment again return to a 

more baseline state. 

 A phytoplankton bloom often is initiated by an influx of nutrients such as 

nitrate and phosphate that stimulate the growth of photoautotrophs but not 

heterotrophs. Wang et al. found a phytoplankton peak with low bacteria counts 

and low lipase activity had organic SSA enrichment and a second phytoplankton 

peak with high bacterial counts and high lipase activity connected to the loss of 

the organic SSA enrichment16. In marine ecosystems bacterial extracellular 

enzymes are responsible for carbon degration9,14 and here, lipase activity was low 

in untreated lysate, emphasizing the importance of bacteria in lipid processing. 

Putting these results together suggests that bacteria-poor, lipid-rich oceans will 

generate highly organic submicron particles, and regions with high bacteria and 

lipid concentrations will give rise to saltier, much less-organic enriched particles. 

Lipase processing will also generally solubilize fatty acid based lipids and 

attenuate their transfer to SSA. This could be a phenomenon especially relevant 

in area of differing microbial communities with different enzymatic capacities34. 
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These results also imply that phytoplankton blooms can have very immediate and 

rapid changes on the composition of SSA during different stages of a bloom 

dependent upon bacterial communities present. This could correspond to 

sudden and drastic changes to atmospheric properties and air quality. These 

findings warrant the opening of new avenues of research into the specific 

enzymes and enzyme activities common to specific marine ecosystems to better 

understand the extent and kinetics of hydrolysis of common metabolites. 

Additionally, atmospheric SSA studies that use intact biomolecules as model 

substrates should also consider the effects enzymatic processing in their selection 

of model substrates. 

  

Section 3.4 Methods  

Experimental setup and sequential addition of reagents 

A miniature Marine Aerosol Reference Tank (miniMART) was utilized 

throughout this study as the SSA generation method. Details of operating principle 

can be found elsewhere18, but in brief, the tank utilizes a rotating water wheel to 

intermittently produce a plunging waterfall into an approximately 7 L reservoir 

that mimics the bubble size distribution of breaking waves18,35. Mimicking the 

bubble size distribution replicates the size and physicochemical composition of 

the produced SSA36,37. The smaller reservoir of the miniMART allows better control 

of the reagent amounts. The headspace of the miniMART was purged using 

particle free air (Sabio Instruments, Model 1001) at always 1 standard liters per 



 

 47 

minute (SLPM) greater than the sampling flow rate of the instruments and 

apparatus. This overflow of 1 SLPM ensured positive pressurization of the 

headspace, preventing any accidental back-sampling of room air. Under normal 

operation conditions, the headspace had relative humidity (RH) of > 90 % 

(Vaisala, HMP110). 

Prior to beginning of the experiments, all surfaces, including the rotating 

wheel were cleaned using ethanol (90 % v/v) and rinsed with ultra-pure water. 

Seawater used in this study was obtained either through 1) filtering natural 

seawater collected at Scripps Pier (La Jolla, CA; 32º 52’ 00’’ N, 117º 15’ 21’’ W) 

using a 0.7 µm filter (Whatman GF/F Z242489) to remove most of the particulate 

organic matter (POM) then autoclaved (121 ºC for 90 min), or 2) synthesizing 

artificial seawater by dissolving reef salt mix (Brightwell Aquatics, NēoMarine, 35.53 

g L-1) in ultra-pure water followed by autoclaving the seawater at 121 ºC for 90 

min). After baseline seawater measurements were taken (ATOFMS, particle 

counts, and HRMS, described below), 500 mg of triolein (MilliporeSigma T7140) 

was added and measurements were repeated. 70 U of lipase (end concentration 

0.01 U mL-1) (lipase from Pseudomonas cepacia, MilliporeSigma 62309) was then 

added and the measurements were again repeated. Experiments involving 

diatom lysate were conducted similarly. After baseline measurements of 

seawater, lysate was added and measured. Lipase was added (0.01 U mL-1) and 

measurements were repeated.   
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Filter collection for offline analysis  

MART generated SSA particles were collected onto 0.2 μm PTFE 47 mm filters 

(Whatmann) encased in aluminum or polypropylene filter cartridges. For each 

sampling period, 13 hours overnight, SSA were collected into two size fractions by 

splitting the air stream, the first stream consisting of the entire aerosol size 

distribution passed at 1.2 LPM through a filter. The second air stream, composed 

of aerosols < 1.0 µm aerodynamic diameter (Da), was facilitated by passing 

through a cyclone separator (BGI - SCC 0.695) at 1.2 LPM. After collection, filters 

were stored in muffled aluminum foil at -20 °C for later analysis. Filters were 

subsampled by using a clean razor blade to cut out ½ of the filter, with the residual 

half reserved for repeat analyses. Subsampled filters were extracted by sonication 

in 1 mL of CHCl3 for 30 minutes, the liquid was moved to a separate vial, and 

extraction was repeated 2 more times. The final 3 mL of CHCl3 was evaporated 

to dryness under a gentle stream of N2. Extracted organics were redissolved in 1 

mL of ACN and transferred to glass vials for LC/MS analysis. 1 mL liquid samples of 

diatom lysate were liquid-liquid extracted by 1 mL of CHCl3 after 30 min 

sonication. The extraction was performed 3 times, with the extracted 3 mL of 

CHCl3 evaporated to dryness under a gentle stream of N2. Extracted organics 

were resuspended in 1 mL of ACN and transferred to glass vials. Standards of 

triolein, diolein, and monolein (Sigma Aldrich > 99%) were solubilized in ACN in 

combusted glass vials. 
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Orbitrap Ultra High Resolution Mass Spectrometry (HRMS)  

Ten µL samples were injected onto a Thermo Scientific (Vanquish) ultra-high 

pressure liquid chromatograph utilizing a Accucore C18 3 x 50 cm 2.6 µm column 

on an empirically determined 22 min gradient elution with solvent A: Acetonitrile 

with 2.5 mM NH4Ac, solvent B: Isopropanol with 2.5 mM NH4Ac, solvent C: H2O 

with 2.5 mM NH4Ac. Details on the gradient profile can be found in Table 3.1. 

Column eluent was passed into an electrospray ionization mass spectrometer 

(Orbitrap Elite); positive mode settings: Spray voltage 3.5 kV(+), 2.6V (-), ESI 

temperature 350C, mass range 100-1500 Da, Capillary Temperature 350C. Data 

files produced by the instrument were processed in the Thermo Excalibur data 

analysis software in which operations such as extracted ion chromatograms and 

background subtraction were evaluated. 

 

Table 3.1 LC Gradient elution profile for Orbitrap HRMS for both positive and negative mode 
analysis of filter collected aerosols and bulk cellular lysate.  
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Chemical composition of individual sea spray aerosols 

An aerosol time-of-flight mass spectrometer (ATOFMS) was used to better 

understand the chemical differences of individual SSA particles. ATOFMS provides 

real-time measurements of single particle size and chemical composition of 

aerosol particles between 0.3-3.5 µm vacuum aerodynamic diameter (Dva). 

Detailed instrument design and operating principle is previously reported38,39. In 

brief, aerosol particles dried using diffusion driers (RH < 10 %) and drawn into the 

nozzle inlet of the instrument and accelerated through two stages of differential 

pumping. During this process, each particle reaches its size-dependent terminal 

velocity, which is measured when the particle pass through two orthogonally 

positioned continuous wave solid-state lasers (diode-pumped Nd:YAG, 532 nm, 

50 mW) set 6 cm apart. Dva of the particles are calculated using an external 

calibration curve generated using polystyrene latex spheres of known density and 

diameter. The velocity of the particles is then used to trigger the third laser 

(Quantel, pulsed Q-switched Nd:YAG, 266 nm, 8 ns pulse width, 700 µm spot size, 

3 × 107 W cm-2) that simultaneously desorb and ionize each particles. Produced 

positive and negative ions are simultaneously detected using a dual-polarity 

reflectron time-of-flight mass spectrometer with microchannel plate detectors 

(MCP, Photonis, 931377). Collected data were imported into MATLAB (The 

MathWorks, Inc.) with software toolkit FATES40. 
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In addition to single particle chemical composition measurements, SSA 

number size distributions were monitored to track the changes over the course of 

the sequential addition experiment. The sample flow was split between the 

ATOFMS, aerodynamic particle sizer (APS, TSI Model 3321, sample flow rate of 1 

SLPM) and scanning mobility particle sizer (SMPS, TSI Model 3080, sample/sheathe 

flow rate of 0.3/3.0 SLPM) (Figure 3.1c). APS and SMPS provided number size 

distribution of the SSA particles generated from the miniMART in the size ranges of 

approximately 0.5-20 µm aerodynamic diameter (Da) and 13-750 nm mobility 

diameter (Dm), respectively.  

 

Enzymatic activity assays 

To assess lipase, protease, phosphatase, or glucosidase enzymatic activity 

assays described by Hoppe were performed41. This methodology uses model 

substrates attached to a fluorophore: MUF (4-methylumbelliferone, MilliporeSigma 

M1381) or MCA (4-rnethylcoumarinyl-7-amide, MilliporeSigma A9891). Enzymatic 

activity is demonstrated by cleavage of the fluorophore from the attached 

substrate detectable by fluorescence at λex 360 nm / λem 465 nm. An oleate 

substrate (MUF-oleate, MilliporeSigma 75164) is used to detect lipase activity. A 

glucose substrate (MUF-β-D-glucopyranoside, MilliporeSigma M3633) is used to 

detect β-glucosidase activity. A phosphate substrate (MUF-phosphate, 

MilliporeSigma M8883) is used to detect phosphatase activity. A leucine substrate 

(L-leucine-MCA, MilliporeSigma L2145) is used to detect protease activity.  
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Preparation of diatom lysate 

Cultures of T. pseudonana were grown at 18 °C in artificial seawater 

medium42 to late exponential phase, ~5 x 106 cells / mL. Cells were harvested via 

centrifugation and filtration on 3 μm polycarbonate filters (Whatman 

Nucleopore®) to maximize cell recovery. Lysis was performed by triplicate passes 

through a French press at ~20,000 psi. Lysate is added directly to miniMART 

providing ~1 x 106 lysed cells mL-1.   
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Section 3.5 Supplementary Information 

HRMS analysis 

Figure S3.2 shows mass spectra, corresponding to aerosols collected after 

triolein addition and after lipase addition. In Figure S.2a, a mass spectrum of a full 

size distribution (predominantly superrmicron) SSA sample post triolein addition is 

dominated by the presence of intact triolein m/z 902.81 (M+NH4)+ as well as a 

small contribution from a fragment ion corresponding to loss of an oleic acid from 

triolein m/z 603.53 (M-OA)+, diolein. Differentiation of ionization-induced 

fragmentation of triolein from enzymatic digestion of triolein was determined by 

retention time of the ion observed as well as complexation with ammonium 

present in the eluent. Diolein and monolein were both observed to elute at 

separate times in the chromatographic separation than triolein. These ions also 

appeared as ammonium adducts m/z 638.57 and m/z 374.32 when ionized by 

electrospray, but not when generated as fragments from triolein (Figure S3.2c). 

This was used to distinguish enzyme treated products from triolein fragments as 

shown in Figure 3.2. The HRMS results are in line with observations in the 

literature43. Figure S3.2c-d qualitatively illustrate the impact of lipase, showing an 

increase in diolein and monolein observed. Other ions, likely also products of 

digestion were present in the spectra and the structures of molecules detected 

are shown in Figure 3.3, however the masses of some of these ions do not match 

known fragmentation or degradation products of triolein.  
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Figure S3.1 Results of enzyme assays across experiments. (a) Lipase activity by cleavage of MUF-
oleate substrate across triolein runs. The activity post-lipase addition (orange) is shown and 
enzyme solution activity (gray) is shown for trials 1-3. Trial 3 utilized heat-killed enzyme sample and 
measurements verified a loss of activity. (b) Lipase (MUF-oleate), protease (MCA-Leucine), 
phosphatase (MUF-phosphate), and glucosidase (MUF glucose) activity are shown for T. 
pseudonana (diatom) lysate and lipase treated lysate in seawater studies. Two separate lysate 
experiment trials (T1, T2) are shown pre- and post- lipase addition.  
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Figure S3.2 Representative HRMS spectra of SSA from triolein in seawater for full size distribution (a, 
c) and submicron particle sizes (b, d) for pre-lipase (a, b) and post- lipase (c, d) treatment. 
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Figure S3.3 Fragmentation patterns and molecules detected by HRMS for triolein (a), diolein (b, c) 
and monolein (d). Fragmentation patterns are adapted from Kalo et al. 200643. The molecular 
formula, mass (m/z), and whether it was detected by HRMS is indicated. *These fragments derived 
from diolein and were able to be separated from the similar products of triolein fragmentation 
due to different retention times. 
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Figure S3.4 Averaged ATOFMS mass spectra of organic-enriched SSA upon triolein addition (a) 
and lysate (b). 
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Figure S3.5 Normalized ion intensities for triglycerides and fatty acids for diatom lysate and lysate 
after lipase addition. Predominant fatty acid abundance (a) and triglycerides (b) are depicted. 
Tripalmitate and palmitic acid species are both separated by their degrees of unsaturation (DoU). 
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Chapter 5. Selective transfer of bacteria and viruses from the ocean to the 
atmosphere 
 

Ocean-derived microbes play important roles in Earth’s climate system 

and human health, yet little is known about factors controlling their transfer, or 

aerosolization, from the ocean to the atmosphere. This study describes the 

microbiomes of isolated sea spray samples collected in a unique ocean-

atmosphere facility that demonstrate taxon-specific transfer across the air-sea 

interface via common aerosolization patterns between related genomes. These 

trends were conserved within taxonomic orders and classes, and temporal 

variation in aerosolization was similarly shared by related taxa. Enhanced 

transfer into sea spray aerosol (SSA) was observed in Actinobacteria, select 

Gammaproteobacteria, and lipid-enveloped viruses; conversely, Flavobacteriia, 

select Alphaproteobacteria, and Caudovirales were generally 

under-represented in SSA. Viruses did not transfer to SSA as efficiently as 

bacteria. The enrichment of mycolic acid-coated Corynebacteriales and 

lipid-enveloped viruses suggests hydrophobic properties increase transport to 

the sea surface and SSA. These results indicate genome-encoded properties 

influence aerosolization and provide a framework to further elucidate 

aerosolization mechanisms, which will have ramifications for elucidating 

airborne transport pathways, ecosystem dynamics, and precipitation processes.  
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Section 5.1 Introduction 
 

A fundamental understanding of how bacteria and viruses become 

airborne remains elusive yet is central to understanding their role in atmospheric 

processes and the spread of disease. Microbial transmission and survival are 

influenced by particle size, relative humidity, temperature, environmental 

composition, and virus type1–3, yet the mechanisms leading to airborne 

transmission and adaptations are unknown. The atmosphere contains vast 

bacterial (6 x 104 to 1.6 x 107 cells m-3) and viral populations arising from a wide 

range of aquatic, terrestrial, and organismal biomes4–7. As the ocean covers 71% 

of the planet and contains 60—90% of the world’s prokaryotes (cell abundance 

in open ocean and sediment)8, sea spray aerosol (SSA) represents a significant 

yet largely under-studied source of airborne bacteria and viruses. Bacteria in 

aerosols can travel as far as 11,000 km, with air residence times of days to 

weeks1,5,9, and algal viruses maintain infectivity over several hundred 

kilometers10. Airborne bacteria and viruses influence climate by serving as cloud 

seeds and inducing ice nucleation11–14. Microbes detected in clouds and 

precipitation have major impacts on ice formation and precipitation efficiency 

yet their source remains largely unknown15. They also impact air quality through 

transmission of allergens and pathogens16. However, identification of species-

level contributions of ocean microbes to atmospheric processes and air quality 

has never been definitely determined. 
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The production of SSA is a key process connecting the nanobiome of 

seawater to the atmosphere. SSA is formed through bubble bursting occurring in 

the sea surface microlayer (SSML), the top 1–1000 µm of seawater. The SSML can 

act as a concentrator for organic molecules, microbes, and viruses17,18 prior to 

their release as SSA19–23; however, oceanic observations of bacterial SSML 

enrichment are inconsistent24–26 suggesting unknown influences. Jet drops 

containing bulk seawater can also transfer microbes from the ocean to the 

atmosphere27. Cultivation-based studies have observed differential transfer of 

bacteria to SSA in lab-scale systems28,29. While these studies do not access 

microbial diversity or produce natural SSA, they suggest taxon-specific 

aerosolization dynamics.  

Studying aerosolization in natural systems is prohibitively difficult because 

confounding factors such as ocean and atmospheric circulation patterns 

prevent deconvolution of terrestrial and marine sources of airborne microbes30. 

Until now, most laboratory generation systems that produce isolated sea spray 

aerosols have not appropriately replicated natural aerosolization processes31. 

Accordingly, an ocean–atmosphere facility, developed collaboratively by 

chemists, oceanographers, and marine biologists was employed to study 

microbial aerosolization in a controlled setting using locally-derived seawater 

and breaking waves32. This 13,000 L, enclosed system is supplied with filtered air 

and is conducive to microbial growth at ocean-relevant concentrations. It was 

verified experimentally to produce isolated SSA with the same size distributions, 
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composition, and properties as those occurring in the atmosphere32. To examine 

if transfer was taxon-specific and sensitive to environmental changes, we 

characterized bacterial and viral communities sampled from bulk (subsurface), 

SSML, and SSA at several timepoints during a 34-day nutrient-induced bloom 

event in this simulated natural ecosystem using read- and assembly-based 

metagenomic approaches.   

 

Section 5.2 Results and Discussion 

Mesocosm phytoplankton blooms 

Aerosol transfer of bacteria and viruses was monitored over 34 days of 

nutrient-stimulated phytoplankton blooms in a 13,000 L mesocosm. Filtered (50 

µm) coastal Pacific seawater (32°52'01.4"N 117°15'26.5"W) was supplemented 

with nitrate, phosphate, and trace metals to induce phytoplankton growth 

under continuous illumination (45 µE m-2 s-1) with mixing provided by 

wavebreaking or bubbling (see methods). Exogenous carbon was not added. 

The conditions generated two phytoplankton blooms and corresponding 

heterotrophic bacterial blooms (Figure 5.1a). Growth was monitored using 

chlorophyll a fluorescence to track bulk phytoplankton abundance and cell 

and virus counts in bulk seawater, SSML, and SSA (Figure 5.1a, Figure S5.1c). Bulk 

chlorophyll a levels, cell counts, and viral counts were representative of natural 

oceanic bloom concentrations8,33,34. Due to the proximity of the SSA collection 

ports to the breaking waves, the average aerosol bacterial concentrations (1.26 
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x 107 ± 0.19 x 107 cells m-3) were 1000-fold greater than those estimated in natural 

environments9. Aquatic bacterial abundance moderately increased with 

phytoplankton populations during the first phytoplankton bloom, while the peak 

for the second bacterial bloom was both larger in intensity and slightly delayed 

from the phytoplankton peak. The concentrations of bacterial cells in the bulk 

and SSML were positively correlated, while aerosol abundances were negatively 

correlated with seawater population. Bacteria were not immediately released 

into SSA from SSML, suggesting dynamics that depend on growth and 

accumulation in the bulk seawater and SSML prior to atmospheric release. In 

seawater, virus concentrations are generally 5 to 25 times greater than 

bacteria35, and here we observed 10-fold greater bulk viral concentration by 

cell and particle counts (Figure 5.1a, Figure S5.1c). However, average SSA 

concentrations of viruses (1.19 x 107 ± 0.58 cells m-3) and bacteria were nearly 

equivalent indicating preferential aerosolization of bacteria relative to viruses.  
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Figure 5.1 Bacterial and viral abundance across phytoplankton blooms. (a) Phytoplankton 
abundance is indicated by chlorophyll a fluorescence (gray). Bacterial cell counts by flow 
cytometry are shown for bulk (red), sea surface microlayer (SSML) (violet), and sea spray aerosol 
(SSA) (blue). 1 m3 = 106 mL of air volume. Time points for taxonomic analysis are indicated by 
white circles. (b) Average percent of dominant bacteria classes and (c) average percent of 
dominant virus families during the blooms are shown for bulk, SSML, and SSA. Identities are from 
read–based analysis. 
 
 

Genome Assembly and Taxonomic Classification 

Bacterial and viral genomes were identified in bulk seawater, SSML, and 

SSA at six time points over the course of the experiment using size-fractionated 

metagenomics (Figure 5.1). Following sequencing, both read-based (Kraken36), 

and assembly-based approaches37,38 were used to taxonomically characterize 

microbial communities in the bulk, SSML, and SSA. Comparisons between these 

methods were used to substantiate read-based annotations and aerosolization 

trends. Spatial scaffold coverage of detected genomes was inspected, and 
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genomes below a spatial coverage threshold (0.1%) were removed. Assembly of 

k-mer and coverage-based binned contigs resulted in 24 draft genomes. These 

assemblies were also cross-annotated annotated using Kraken, with similar 

phylogenetic results based on whole genome and read analyses (Table S5.1).  

Phytoplankton bloom-associated copiotrophs—Alphaproteobacteria 

(Roseobacters), Flavobacteriia, and Gammaproteobacteria39–41—were 

proportionately most abundant during the experiment, but comparisons 

between bulk, SSML, and aerosol community compositions reveal key 

differences (Figure 5.1b). The aquatic microbial population shifted significantly 

from the original oceanic composition, but after Day 8 remained relatively 

constant for the duration of the experiment (Figure S5.1a). The blooms also 

contained taxa not often found in seawater including an avian strain of 

Escherichia coli and a novel strain of Legionella, as revealed by assembly of 

nearly complete genomes (Table S5.1, Table S5.4, Table S5.5). The novel 

Legionella strain has 70–80% amino acid identity to orthologs in Legionella 

pneumophila (Legionnaires' disease) and Legionella drancourtii and has both 

Type II and Type IV secretion systems typical of pathogenic strains (Table S5.5). E. 

coli and Legionella were present in initial samples, suggesting they were native 

to the coastal community but became enriched in our system during the 

experiment. The recovery of these genomes is consistent with increasing 

evidence for enteric contaminants in coastal marine waters42,43.  
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Podovirdae and Myoviradae were the most common viruses identified in 

raw read assignments, and the viral population varied across the air–sea 

interface (Figure 5.1c). Populations shifted slightly from the initial community and 

were more dynamic during the bloom than the bacterial populations (Fig S5.1b). 

Draft genomes were recovered for several bacteriophage as well as an NCLDV 

(nucleoplasmic large DNA virus) (Figure S5.6, Table S5.5).  

 

Bacterial Aerosolization 

To examine the transfer of annotated genomes across the air-sea 

interface, we compared relative abundances in bulk seawater, SSML, and SSA. 

The relative enrichment occurring in the sea-to-air exchange process was 

determined by calculating the aerosolization factor (AF) for each genome in 

the 0.2–3 µm size fraction for bacteria and 0.025–0.2 µm for viruses. This is defined 

as the ratio of the fraction in SSA (A) to the fraction in bulk seawater (B) or the 

fraction in the SSML (S) (Eq. 1). Surface enrichment factors are calculated 

similarly using the ratio of S to B (S:B). 

                          (Eq. 1) 

Genomes that contributed less than 0.01% to the population in any sample or 

less than 0.1% in more than half of samples were omitted. The AFs for bacteria 

and viruses over the course of the bloom are shown in Figure 4.2a. The top-right 

quadrants (red) of Figure 5.2 indicate genomes enriched in aerosol relative to 

both bulk and SSML (A:B and A:S > 1); the bottom-left quadrants (blue) indicate 
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genomes that are primarily waterborne (A:B and A:S < 1). The upper-left 

quadrants indicate species enriched relative to bulk but not SSML (A:B > 1, A:S < 

1), and the bottom-right indicates species enriched in aerosol relative to the 

SSML but not bulk (A:B < 1, A:S > 1). A Gaussian distribution of species, centered 

at (1,1), would be expected if aerosolization was random. However, the 

“spindle” shaped distribution of the data reveals non-random patterns. The 

distribution is similar in the genome spatial coverage trimmed data set (Fig 

S5.2a). Histograms and normality analysis revealed positively skewed data with a 

non-normal distribution and mean bacterial AF of 0.90 (Figure S5.3a, g). 

Genomes predominantly exhibit SSA enrichment or depression with respect to 

both bulk and SSML. While water enriched species (AF values less than 1) 

represented 52% of the population, aerosol enrichment was much larger in 

amplitude than diminishment, reflected in a greater extension of data points 

into the red region compared to the blue region of Figure 5.2a. The average 

maximum AF value is 2 times larger in amplitude than the average minimum 

value.   
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Figure 5.2 Aerosolization of bacterial and viral genomes across the blooms. The ratio of fraction 
of genomes in aerosols to the fraction in bulk (A:B) plotted against ratio of fraction of genomes 
in aerosols to those in sea surface microlayer (A:S) is shown for bacteria, (a), and viruses, (b), on 
select days. The upper right quadrants (red) of (a) and (b) indicate genomes enriched in aerosol 
relative to both bulk and SSML (A:B and A:S > 1); the lower left quadrants (blue) indicates 
genomes that are primarily waterborne (A:B and A:S < 1). The upper left quadrants indicates 
genomes enriched relative to bulk but not SSML (A:B > 1, A:S < 1), and the lower right indicates 
species enriched in aerosol relative to the surface but not bulk (A:B < 1, A:S > 1). The data sets 
represent (a), 710 bacterial genomes, and (b), 46 viral genomes identified by read–based 
taxonomic assignments. Graphics in the corners various quadrants in (a) show examples of 
expected species ratios in indicated portion of graph. In (c), the fraction of aerosol to bulk virus 
and bacteria counts by flow cytometry and microscopy on indicated days is shown.   
 

A genetic signal in bacterial AF is evident at fine-scale taxonomic levels 

when individual genomes are compared (Figure 5.3a, Figure S5.4–5.7). Closely 

related species have nearly identical aerosolization patterns that are 

propagated across environmental and enrichment changes. Genomes within 

the same class (Actinobacteria and Flavobacteriia) or order (Rhodobacteriales, 

Sphingomonodales, and Alteromonadales) typically have similar aerosolization 

profiles. Examples of bacterial genomes with consistently high AF values include 

Rhodococcus erythropolis, Cutibacterium acnes, and Methylobacterium 

radiotolerans. Conversely, genomes such as Flavobacterium indicum, 
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Cellulophaga lytica, and Erythobacter litoralis had persistently low AFs. The low 

AF values of the Erythobacter draft genome provide ancillary assembly based 

evidence for the read based analysis (Figure S5.6). 

Comparisons of temporal phylogenetic patterns provide critical 

information needed to determine aerosolization mechanisms, especially in rare 

cases where a species’ aerosolization departs from other members of its genus, 

order, or class (Figure 5.3a, i–ii). For example, Corynebacterium kroppenstedtii 

and C. aurimucosum are the same genus yet have opposite aerosolization 

patterns (Figure 5.4a, i). Likewise, the low AF values of Moraxella catarrhalis, 

depart from the other more aerosolized Pseudomonadales members (Figure 

5.4a, ii). Direct observations and in silico compositional, genomic, and 

metabolomic studies guided by divergent aerosolization patterns of closely 

related genera will provide a biochemical basis for aerosolization biases further 

discussed below. 
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Figure 5.3 The taxonomic basis of bacterial and viral aerosolization. Genome-based 
phylogenetic trees from read-based annotations trimmed of genomes with low spatial 
coverage: (a) 76 bacterial genomes and (b) 30 viral genomes. Aerosolization factors (AF), A:B 
and A:S, on different days are indicated (Blue = Diminished aerosolization; Yellow = Neutral 
aerosolization; Red = Enhanced aerosolization). Blanks indicate samples below threshold limits. 
(a) Bacteria class is indicated on outer ring to further indicate species and shading of species 
names indicate orders of interest. In (b), the outer ring denotes viral family and shading indicates 
presence or lack of a viral envelope. (a)i., ii. and bi.–iii. Indicate genomes with aerosolization 
patterns that differ from their closest relatives. Trees generated using phyloT 
(http://phylot.biobyte.de/) and iTOL (http://itol.embl.de/).  
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Viral Aerosolization 

Quantitatively, viruses did not aerosolize as efficiently as bacteria (Figure 

5.2c). The ratio of average bacterial count in aerosol (cells m-3) to bulk (cells mL-

1) was 11.13, while the average virus counts in aerosol (particles m-3) to bulk 

(particles mL-1) was 0.68. In contrast, surface enrichment is approximately the 

same for both (0.98 and 1.02 for bacteria and viruses, respectively). In read-

based sequence analysis, the proportion of viruses in aerosol at the division level 

was consistently lower than bulk in all size fractions (Figure S5.1d). Decreased 

viral transfer is further supported by comparisons of data distributions of viral and 

bacterial communities (Figure S5.3). Viral distributions were shifted more 

negative and had lower mean AFs than bacterial populations (viral- 0.72 ± 4.70, 

bacterial- 0.90 ± 2.32). Studies in pathogen transmission suggest that smaller 

bioaerosol size leads to increased residence time in the air1,2. However, these 

results indicate that size is not the only contributor to marine viral aerosolization, 

and active host infection is likely a dominant mechanism.   

Despite depressed aerosolization relative to bacteria, differential transfer 

of select and functionally specific viral genomes into SSA was observed (Figure 

5.2b). However, the viral AF factors cluster around different values according to 

sampling date, indicating broad environmental parameters affect the 

aerosolization of most viruses; bacterial AFs demonstrate a more linear 

relationship less dependent on environmental variance (Fig 5.2a, Figure S5.3e). 
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The temporal clustering (Figure 5.2b) is further observed in shared aerosolization 

by most taxa on a given day as seen by bands of similar AF intensity in Figure 

5.3b.  

Taxon-specific patterns were also detected; however, aerosolization 

differences seem to delineate across the broader physiological trait of viral 

envelopes in addition to taxonomic order (Figure 5.3b, Figure S5.5–S5.6, S5.8). 

Non-enveloped viruses are less enriched in aerosol compared to lipid-

enveloped species. The tailed bacteriophage, Caudovirales (Myoviridae, 

Podoviradae, and Siphoviridae), were generally waterborne as were phage 

identified in the binned assemblies (Figure S5.6); lipid-enveloped Polydnavirdae 

and Alloherpesviridae were enriched in aerosol. Similar to bacteria, select 

genomes differed from their closest relatives in their aerosolization behavior. 

Ostrecoccus lucimarinus virus 1 (Figure S5.3b, i) was greatly diminished in aerosol 

unlike its relatives, while Pseduomonas phage LKA1, Klebsiella phage KP15, and 

Klebsiella phage KP27 (Figure 5.3b, ii–iii) were consistently aerosol enriched in 

comparison to the other bacteriophage. These results indicate that many viruses 

have aerosolization patterns governed by global environmental conditions and 

general morphological characteristics.  

 

Temporal Dynamics  

As observed in the AF values of individual genomes, some bacteria and 

viruses demonstrated consistent behavior (enhanced or diminished) during the 
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blooms, while others exhibited intermittent aerosolization enrichment patterns 

(Figure 5.4, Figure S5.4–S5.8). Constitutive aerosolization, defined here as when 

80% of a species’ observed AF values were either all greater or less than 1, was 

present in 45% of the bacterial genomes and 35% of viruses. Constitutive 

aerosolizers like Rhodococcus erythropolis, Flavobacterium indicum, and 

Pseudomonas phage LKA1 likely have a surface composition that supports or 

inhibits aerosolization. Intermittent aerosolizers, such as Dinoroseobacter shibae, 

Legionella sp., or Phaeocystis globosa virus may undergo changes that alter 

physiological properties. For example, Legionella pneumophila is known to have 

both non-motile non-pathogenic and motile pathogenic phases of its lifecycle44. 

Thus, it could be postulated that such morphological changes dictate 

aerosolization, and intermittent release might promote host exposure.  

Both constitutive and intermittent aerosolizers exhibit some variation in 

their AFs, indicating that environmental conditions influence aerosolization. The 

resulting changes in response to these external factors were also correlated 

across select taxa. This coordination is seen in intermittent Alphaproteobacteria 

and high AF lipid-enveloped viruses that were generally more waterborne on 

Day 8 (pre-bloom) while several Gammaproteobacteria genomes were aerosol 

enriched. During the second bloom (Day 28), when total seawater bacterial 

counts were high, Flavobacteriia and nearly all viral genomes became enriched 

in SSA (Figure 5.3). Because viruses were generally more intermittent than 

bacteria and share aerosolization patterns across taxa during a given time 
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period, viral aerosolization seems especially sensitive to chemical and biological 

water composition changes.  

 
 
 
Figure 5.4 Temporal aerosolization dynamics. Intermittent versus constitutive aerosolization 
patterns are shown for select bacteria, (a), and viruses, (b), across the phytoplankton blooms. 
Solid lines indicate genomes that are always enriched or always diminished (constitutive). 
Dashed lines indicate intermittent genomes that demonstrate both states.  
 

Surface Enrichment 

Taxon-specific variation in surface enrichment demonstrated factors that 

support SSML accumulation also support aerosolization. Surface enrichment 

factors (S:B) predominately indicated SSML enrichment or neutral accumulation 

from bulk water (Figure S5.4, S5.6–S5.8), and the magnitude of the S:B and AF 
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values were positively correlated. The constitutive, low AF Flavobacteriia were 

the least surface-enriched with an average S:B of 0.95 compared to 1.92 for all 

species examined (Figure S5.4). Constitutively high AF Actinobacteria had a 

corresponding above average S:B of 3.92. Viruses were more surface-enriched 

than bacteria with an average S:B of 4.70 with a large contribution from global 

viral surface enrichment on Days 28 and 34 (Figure S5.8). The surface enrichment 

of most viral taxa on these days corresponded to global viral A:B enrichment 

(Figure 5.3b). Excluding these days, the average S:B falls to 1.70, low AF non-

enveloped viruses have an average S:B of 1.70, and high AF enveloped viruses 

have an average S:B of 3.69. As SSML is organic-enriched17, hydrophobic cell 

surface properties likely promote both surface enrichment and aerosolization. 

This taxon-specific surface accumulation also helps account for the disparate 

oceanic observations of microbial sea surface enrichment24–26. 

 

Implications of Aerosolization Studies 

Guided by these results, comparative genomics of identified genomes 

indicate cell surface modifications influence aerosolization. The Gram-positive 

Actinobacteria had high and constitutive AF values. Within this class, 

Corynebacterales possess an unusual waxy coat consisting of mycolic acids 

made of ultra-long chain fatty acids (C25-30,60-90)45,46. In contrast to the rest of its 

order, C. kroppenstedtii (Figure 5.3a, i) lacks mycolic acids47, and this missing 



 102 

hydrophobic cell envelope component may explain its reduced aerosolization 

relative to closely related strains.  

The ability to rapidly desiccate and tolerate desiccation are important 

factors in viral pathogen transmission, as they increase the time particles remain 

aloft and viable48,49. Most respiratory viruses, like influenza and corona viruses, 

are lipid-enveloped and able to survive longer at low relative humidity (15–40%); 

non-enveloped viruses require a minimum of 70% humidity for viability1,3. Similar 

trends are echoed in these data (Figure 5.3b). Tailed bacteriophage utilize 

surface capsid proteins that are likely hydrophilic, while herpesviruses are lipid 

enveloped50–52. Here, Caudovirales were generally waterborne while 

Herpesvirales were aerosol enriched. Hydrophobic surface features probably 

assist in rapid cell desiccation, which is one potential mechanism of 

aerosolization and surface enrichment. 

However, hydrophobicity is likely not the only mechanism of aerosolization 

and SSML enrichment. Bacillus strains, generally encapsulated in hydrated 

polysaccharide coatings53, also had consistently high AF and S:B values (Figure 

5.3a, Figure S5.4). Some Gammaproteobacteria in Pseudomondales are 

observed with capsules. Moraxella catarrhalis unlike its closest relatives had 

constitutive, low AFs (Fig 5.3a, ii.), and contradicting reports describe both the 

presence and lack of a cell capsule54. If different strains or growth conditions 

alter encapsulation states it could elucidate another potential aerosolization 

mechanism.   
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Section 5.3 Conclusions 

This study reveals the taxon-specific dynamics of viral and bacterial 

transfer across the air-sea interface during phytoplankton blooms. The 

enrichment is dictated by inherent biochemical properties and influenced by 

environmental conditions. Taxon-specific patterns are applied to reveal different 

aerosolization mechanisms. Species with enhanced aerosolization likely have a 

larger influence on climate properties, and studies with relevant isolates will 

clarify specific contributions to atmospheric processes. Several bacterial 

lineages of known respiratory and airborne pathogens are identified in this 

study, including Legionella, E. coli, Corynebacterium, and Mycobacterium. 

Factors that modulate SSA formation likely will apply to other aerosolization 

processes. Elucidating the specific aerosolization mechanisms of pathogens, 

either from environmental reservoirs or from hosts themselves, may form the basis 

of therapeutics that target aerosolization by interaction with surface features or 

inhibition of relevant biosynthetic pathways. These findings provide a framework 

to resolve such mechanisms.

 
 

Section 5.4 Methods 
 
Waveflume mesocosm bloom 

 The wavechannel was set up as described in Wang et al.1. 13,000 L of 

ocean water was collected off Scripps Pier in La Jolla, CA (32°52'01.4"N 
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117°15'26.5"W). Water was filtered using 50 μM Nitex mesh before transfer into 

the wavechannel tank to remove grazing zooplankton. The wavechannel is a 33 

m × 0.5 m × 1 m (0.6 m water depth), enclosed, glass, growth system equipped 

with a hydraulic pump attached to a vertical paddle at one end. Each pulse 

created one simulated wave that broke midway through the channel just 

upstream of sampling ports and is calibrated to mimic aerosol formation that 

occurs during natural wave breaking2. Bloom conditions were initiated by the 

addition of F/2 medium (Proline, Aquatic Eco-Systems, Apopka, FL) 

supplemented separately with sodium metasilicate. F/2 is a common marine 

medium for algae cultivation that provides 880 µM NaNO3, 36 µM 

NaH2PO4·H2O, 70 µM Na2SiO3·9H2O along with trace metals3. An additional 9 

µM sodium phosphate was added to the wave flume on July 25, 2014 as 

phosphate was depleted in the system. No exogenous carbon or additional 

nutritional supplementation was given for bacterial cultivation. The tank was 

continuously illuminated (45 µE m-2 s-1). During periods when aerosols were not 

being collected, additional aeration was provided by bubbling with HEPA-

filtered air through perforated tygon tubing at the bottom of the tank.  

 
Sample collection 

 Samples were taken for DNA analysis on six days during the 

phytoplankton bloom from bulk water (2 L), sea surface microlayer (SSML, 200 

mL), and aerosol (collected for 3 hours at a flowrate of 450 L / min) resulting in 18 

samples total. Bulk samples were collected via siphon from 3 ft below the water 
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surface, and SSML samples were collected by the glass-plate method4. Aerosols 

were collected using a SpinCon®PAS 450-10A Portable Air Sampler (Scepter 

Industries) as described in Yooseph et al5. Prior to each sample collection, the 

SpinCon® was disinfected by autoclaving removable parts, soaking and/or 

spraying parts non-detachable or non-removable components with 70% ethanol 

where appropriate, and using new anti-microbial tubing. The inlet was plumbed 

directly to an outlet of the wave flume positioned ~3 ft downfield of the general 

position of the wave break. Aerosols for DNA anlaysis were concentrated into 

7.5–10 mL of sterile PBS (pH 7.4) over 3 h of wave breaking. Samples for bacterial 

and viral counts were collected similarly, with the exceptions of aerosol, which 

were collected by impingement at 1 L min–1 into sterile seawater. Samples for 

counts were immediately fixed in 0.05% glutaraldehyde, flash-frozen, and stored 

at –80 °C. A system flow variance of 10% was accounted for in aerosol standard 

deviations. 

 

Phytoplankton, cell and virus abundance 

 Phytoplankton growth was monitored using a Turner AquaFluor 

fluorometer. Bacterial counts were performed at the University of Hawaii 

Department of Oceanography using Hoeschst 3442 staining and flow 

cytometry6. A Beckman–Coulter Altra flow cytometer (operated by the SOEST 

Flow Cytometry Facility, www.soest.hawaii.edu/sfcf) was connected to a 

Harvard Apparatus syringe pump for quantitative analyses. Viral counts were 
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determined on filtered samples (0.02-μm Anotop, Whatman Nucleopore®) using 

SYBR Green-I (ThermoFisher) staining and epifluorescence microscopy (Keyence 

BZ-X700)7. It was not possible to perform aerosol virus counts on replicate 

samples. Standard deviation reported reflects variance in air flows. 

 

DNA extraction 

 Immediately after collection, samples were size fractionated by serially 

filtering on 3-μm polycarbonate filters (Whatman Nucleopore®), 0.2-μm 

polyethylsulphone filters (Pall Supor® 200), and then 0.025-μm mixed cellulose 

filters (MF-Millipore®). Filters were stored at –80 °C until extraction. DNA was 

extracted from the membranes according to Boström et al8. This included 

overnight lysis, phenol chloroform extraction, and coprecipitation with 

GlycoBlue™ (ThermoFisher). DNA concentration was quantified by Qubit™ 

(ThermoFisher).  

 

Metagenomic sequencing 

 Libraries were prepared using a Nextera XT DNA Library kit (Illumina). 

Sequencing was performed at the Institute for Genomic Medicine at UC San 

Diego on a HiSeq 4000 DNA sequencer (Illumina). Paired reads were trimmed 

and quality-filtered using Trimmomatic 0.329 in paired-end mode with 

parameters ILLUMINACLIP:NexteraPE-PE.fa:2:30:10 LEADING:3 TRAILING:3 

SLIDINGWINDOW:4:15 MINLEN:36.  
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Taxonomic profiling of metagenomes  

Trimmed and quality-filtered metagenomic sequence reads were 

analyzed using Kraken10 (v0.10.5) to determine the identity and abundance of 

eukaryotic, bacterial, archaeal, and viral species present. Kraken was run in 

paired mode with the full RefSeq database. Genus-level annotations in Kraken 

are nearly 100% reliable in benchmark studies when the genus is in the 

database, while species assignments are 89% accurate with human microbiome 

datasets10. This accuracy is much lower in environmental samples because the 

representation of relevant genomes in the database is much less complete. To 

prevent errors in calculations the taxonomic data set generated with Kraken 

was filtered to exclude any species that had any sample containing less than 

0.001% of the total population or if 10 or more samples (of 18 total) contained 

less than 0.01%. Spatial coverage for each genome was calculated by 

implementing the following pipeline: (1) parsing Kraken label output files to 

generate individual fastq files for each taxonomy hit; (2) mapping the reads to 

their respective genome assembly (e.g. full chromosomes, contigs, plasmids, 

etc.) [HISAT2 v2.0.0]11; (3) converting the *.sam files to *.bedgraph files [bedtools 

v2.24.0]12; and (4) concatenating all sequences in the genome assembly and 

calculating the proportion of positions that were mapped. The coverage 

trimmed data set omitted species below 0.1% spatial coverage.  
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Draft genome assembly  

Draft genomes were assembled using the pipeline described by Dupont 

et al13. Sixty-two individual shotgun sequenced metagenomes were assembled 

separately using metaSPAdes14, with subsequent co-assembly of the assemblies 

using CLC (QIAGEN) to collapse redundant contigs. Genome quality throughout 

was assessed using QUAST15. Original reads for each sample were mapped to 

the contigs (CLC) to build sample specific coverage information. All contigs 

greater than 5 kbp were clustered into genome bins using VizBin16 and 

completeness of each of these bins was assessed using CheckM17 

(Supplementary Data Table 2). Subsequently, 14 bins were recovered from a 

pangenome in the data by utilizing hierarchical clustering and sample specific 

coverage information. Genome annotations were determined utilizing APIS and 

manual curation18. Read and assembly data deposited to European Nucleotide 

Archive, accession number PRJEB20421. 

 

Data analysis  

Aerosolization factor (AF) was calculated as the ratio of the fraction of 

species in the aerosol compartment to either the bulk water or SSML 

compartment using both raw-read phylogenies from Kraken for bacteria and 

virus and additionally for draft genome data for virus. Surface enrichment 

factors were similarly calculated using species fractions ratios of SSML to bulk 

seawater. To make comparisons of individual species more manageable, the 
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free bacteria data set was further trimmed. Species were sorted by AF and 

twenty species were selected at random for the following values: AF >5, AF 1.5 

to 5, AF 1 to 1.5, AF ≈ 1, AF 0.667 to 1, AF 0.20 to 0.667, AF < 0.2. To ensure all 

abundant species were included, this was amended with the top 50 abundant 

species resulting in 197 bacteria species. Phylogenetic trees were constructed in 

PhyloT (http://phylot.biobyte.de/) and visualized in iTOL (http://itol.embl.de/)19. 

Species were annotated with corresponding AF data to compare phylogeny 

and aerosolization patterns.  
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Section 5.5 Supplementary Information 
 

 
Figure S5.1 Bacterial and viral genome variation across the phytoplankton blooms. Bacteria (51 
most abundant genomes), (a), and viruses, (b), as determined by read based analysis on 
abundance trimmed data. Legends indicate species represented with dark gray circles 
denoting those that are labelled in the chart. Light gray circles on middle plot indicate day of 
sampling. Middle Plot shows phytoplankton abundance and bacterial abundance as reported 
in Figure 5.1. (a) Orange portion of small pie charts above larger species pie charts represents 51 
abundant genomes during the experiment and blue represents the remainder of the 
population. Abundance determined by number of samples above 0.5% of population and by 
sum of fraction of samples across blooms. Expanded pie charts demonstrate the identity and 
abundance of these species. Identities derived from bulk 0.2–3 μm samples. (b) Virus species 
from 0.025–0.2 μm bulk samples. (c) Virus particle (vp) counts by microscopy in bulk, SSML, and 
aerosol samples. (d) Percent of population in bacterial and viral divisions in >3 µm, 3–0.2 µm, and 
0.2–0.025 µm size fractions in bulk, SSML, and aerosol samples from read-based k-mer sequence 
analysis.
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Table S5.1 Analysis of draft genomes using k-mer based taxonomic profiling. 

 
Taxonomic assignment of assembled metagenomics scaffolds using k-mer analysis (Kraken) with 
NCBI Refseq database. Assembled draft genomes identified utilizing APIS and manual curation. 
The assemblies were analyzed by Kraken to yield taxonomic assignments for comparison to raw 
read generated assignments. More complete genomes resulted in more accurate Kraken 
assignments. The diatom fragment derived from a chloroplast genome resulting in a 
cyanobacterial annotation in Kraken. 
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Figure S5.2 Genome spatial coverage trimmed bacterial and viral populations aerosolization 
distribution. The ratio of fraction of genomes in aerosols to the fraction in bulk plotted against 
ratio of fraction of genomes in aerosols to those in sea surface is shown for bacteria, (a), and 
viruses, (b), in genome spatial coverage trimmed data sets on select days. The upper right 
quadrants of (a) and (b) indicate genomes enriched in aerosol relative to both bulk and SSML 
(A:B and A:S > 1); the lower left quadrants indicates genomes that are primarily waterborne (A:B 
and A:S < 1). The upper left quadrants indicates genomes enriched relative to bulk but not SSML 
(A:B > 1, A:S < 1), and the lower right indicates genomes enriched in aerosol relative to the 
surface but not bulk (A:B < 1, A:S > 1). The data sets represent, (a), 76 bacterial genomes, and 
(b), 30 viral genomes identified by read-based taxonomic assignments trimmed of species with 
low genome spatial coverage.  
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Figure S5.3 Population distribution of aerosolization and surface enrichment data sets. Histograms 
of all aerosolization factors (AFs) and surface enrichment factors (S:B) for bacteria, (a–c), and 
viruses, (d–f) given by log values. (a, d) represent pooled AF and S:B values for abundance 
trimmed but not coverage trimmed data. (b, e) demonstrate day resolved variance in A:B 
distributions of these partially trimmed data sets. (c, f) show the pooled AF and S:B values for the 
fully trimmed data sets. In (g), distribution parameters for partially trimmed, fully trimmed, pooled, 
and day resolved data sets is shown. Normality is tested by the Anderson–Darling (AD) normality 
test, skewness, kurtosis (excess), and inspection of histograms. For the AD test, p-values below 
0.05 demonstrate data is significantly non-normal. Departure from zero indicates increasing non-
normality in skewness and kurtosis values. 
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Figure S5.4 Bacterial aerosolization and surface enrichment. Taxonomy, aerosolization factors, 
and surface enrichment of bacterial genomes of spatial coverage and abundance trimmed 
data. Phylum, class, and orders are color coded to reflect species relationships. Genome 
annotation by read-based analysis, Heat map column labels indicate day and measurement. 
Aerosolization factor is expressed as the fraction of genomes in aerosol to bulk or surface (A:B or 
A:S). Surface enrichment is the fraction in SSML to the fraction in the bulk (S:B). Heat map values 
indicate ratio values (bottom legend). Species abundance is reported as the sum of fraction of 
the population across the experiment and as the number of samples above 0.5% of the 
population. 
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Figure S5.5 The genetic basis of bacterial and viral aerosolization in the abundance trimmed 
data set. Genome-based phylogenetic trees based on 198 bacterial genome sequences, (a), 
and 46 viral genomes, (b). Sequences are derived from read-centric analysis of above 0.1% of 
the population but not trimmed of genomes with low spatial coverage. The bacteria are a 
subset of this data that contains 710 bacterial genomes total. The heatmaps display 
aerosolization factor (AF), A:B and A:S, on different days. AF intensity specified by the legend: 
Blue = Diminished aerosolization; Yellow = Neutral aerosolization; Red = Enhanced aerosolization. 
(a), Bacteria class is indicated on outer ring to further denote species and aerosolization 
relationships. Yellow highlights, (i –iv) indicate closely related species with differing aerosolization 
patterns. (b), Line colors denote viral family and shading indicates order as shown by legend.  
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Figure S5.6 Draft genome bacterial and viral aerosolization and surface enrichment. Taxonomy, 
aerosolization factors, and surface enrichment of assembled draft genomes. Heat map column 
labels indicate day and measurement. Aerosolization factor is expressed as the fraction of 
species in aerosol to bulk or surface (A:B or A:S). Surface enrichment is the fraction in SSML to the 
fraction in the bulk (S:B). Heat map values indicate ratio values (bottom legend). Genome 
abundance is reported as the sum of fraction of the population across the experiment and as 
the number of samples above 0.5% of the population. 
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Figure S5.7 Bacterial aerosol and surface enrichment of abundance trimmed data set. 
Taxonomy, aerosolization factors, and surface enrichment of bacterial genomes from 
abundance trimmed but not coverage trimmed data presented in three sets, (a, b, c). Phylum, 
class, and orders are color coded to reflect genome relationships. Genome annotation by read-
based analysis, exact assignment in parentheses. Heat map column labels indicate day and 
measurement as well as enrichment factor. Aerosolization factor is expressed as the fraction of a 
genome in aerosol to bulk or surface (A:B or A:S). Surface enrichment is the fraction in SSML to 
the fraction in the bulk (S:B). Heat map values indicate ratio values as given in legend. Bars on 
right indicate genome abundance (number of samples containing above 0.5% of the total 
population). 
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Figure S5.7 Bacterial aerosol and surface enrichment of abundance trimmed data set. 
(continued) 
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Figure S5.7 Bacterial aerosol and surface enrichment of abundance trimmed data set. 
(continued) 
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Figure S5.8 Viral aerosolization and surface enrichment. Taxonomy, aerosolization factors, and 
surface enrichment of viral genomes in the abundance and genome coverage trimmed data 
set. Heat map column labels indicate day and measurement. Aerosolization factor is expressed 
as the fraction of genomes in aerosol to bulk or surface (A:B or A:S). Surface enrichment is the 
fraction in SSML to the fraction in the bulk (S:B). Heat map values indicate ratio values (bottom 
legend). Genome abundance is reported as the sum of fraction of the population across the 
experiment and as the number of samples above 0.5% of the population. Blanks indicate 
samples below threshold limits.

 

 Bloom dynamics 

Chlorophyll a peaked at 21.7 µg L-1 for bloom 1 and 30.0 µg L-1 for bloom 2 

(Figure 5.1, Extended Data Figure 5.1). Major phytoplankton blooms at Scripps 

Pier generally have chlorophyll a levels in the range of 18 – 219 µg/L 1, placing 

this on the low end of natural major bloom from the same source water. 

Bacteria counts were found to be in the range of 0.65 X 106 ± 0.01 X 106 to 3.98 X 

106 ± 0.02 X 106 cells / mL in bulk water, 0.36 X 106 ± 0.01 X 106 to 3.34 X 106 ± 0.03 

X 106 cells / mL in SSML, and 0.09 X 107 ± 0.06X 107 to 5.83 X 107 ± 0.58 X 107 cells / 



 121 

m3 in aerosol. Oceanic values for bacteria range from 104 to 106 cells / mL 2, 

making the values here on the high end of ocean concentrations. However, 

considering bacterial abundance increases linearly with chlorophyll 3 and under 

certain conditions oceanic concentrations have been found to up to 108 cells / 

mL 4, these values seem especially relevant. Aerosol bacteria concentrations 

are estimated to be ~102 to 104 cells m-3 5. Virus abundances were found to 1 X 

107 to 8 X 107 cells mL-1 in bulk and SSML and 0.3 X 107 to 7.7 X 107 (cells m-3 ) in 

aerosol which is ~10-fold higher than water bacteria concentrations and 

approximately the same as bacterial concentrations in aerosol.   

 

Genomic data analysis 

Metagenomic sequencing 

A total of 625 million reads were trimmed and quality filtered generating 

on average 3.0 million sequence reads with lengths of 2 x 142 bp and GC 

content of 48% (Table S5.1). Taxonomic profiling generated a total of 700 

bacterial, 10 archaeal and 28 viral species in samples from the 0.02–3 µm size 

fraction after data filtering. The >3 µm and 0.025–0.2 µm fraction were also 

trimmed similarly to generate 613 species (576 bacteria, 8 archaea, 29 viruses) 

and 627 species (585 bacteria, 7 archaea, 35 viruses), respectively. The viral 

species from the three fractions were pooled to yield 46 viral species.   
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Table S5.2 Trimmed and filtered read statistics 
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Coverage analysis 

198 bacteria and 46 viral species identified using Kraken were further 

examined for genomic coverage. Scaffolds from species’ assignments were 

examined against published genomes (Table S5.2). Species below 0.1% spatial 

coverage were removed resulting in a coverage trimmed set of 76 bacterial 

and 30 viral species. 

 

Table S5.3 Spatial coverage of scaffolds to Kraken assigned genomes. 

 

Genomic assembly and annotation 
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Sixty-two metagenomes resulted from assembly of shotgun reads. k-mer 

based binning (Vizbin) isolated seven bins (Np-bin1, 2, 3, 4, 5, 6, 8) and a mosaic 

bin (bin7). The remaining bin7 was a mosaic of genomes and thus was 

examined using sample-specific sequencing coverage vectors and hierarchical 

clustering, generating a further 14 bins. Completeness of bins was assessed using 

CheckM (Table S5.3). 

 

Table S5.4 CheckM statistics of genome bins. 

 

 

Genome bins, while mostly not complete, were recovered for Bacteria, 

Eukarya, and multiple viral lineages. The completeness appears to be mostly 

due to more conserved regions of the genome fragmenting during the 

secondary co-assembly, which did decrease large contigs. The low 

completeness (CheckM) for several genomes rather large in size is consistent 
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with this. Annotation of genomes was performed by APIS and manual curation6.  

Summaries of genome bins are given in Table S5.5. 

 

Table S5.5 Genome bin summaries 
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Chapter 6. Cultivable halotolerant bacteria and fungi from precipitation and sea 

spray aerosols indicate a possible missing marine source of atmospheric ice 

nucleating particles  

 
 
Section 6.1 Introduction 

Ice nucleating particles (INPs) are crucial to the formation of ice in clouds 

and precipitation, and primary biological aerosol particles (PBAP) are important 

to ice nucleation (IN) processes and regulation of precipitation1–4. However, the 

connection between airborne microbial communities and IN properties is ill-

defined5,6. As ice containing clouds are the predominant sources of global 

precipitation7 ice nuclei are of particular importance in climate cooling 

processes. The lack of the specific connections between species, abundance, IN 

properties, and precipitation impede accurate prediction and understanding on 

the role of PBAP in precipitation.  

INPs are rare aerosols (1 in 105)8 that induce freezing of cloud droplets at 

temperatures above the homogenous freezing point of water (-38 °C), and can 

influence several mixed-phase optical and microphysical cloud properties 

including phase, lifetime, and precipitation1,3,4,9. As mixed-phase clouds cover 20-

30 % of the Earth10, they have a significant influence on climate. However, 

numerical representation of in-cloud ice processes remains problematic for 

global climate models (GCMs). An intercomparison of 19 different GCMs (McCoy 

et al., 2015) showed that glaciation temperature, the temperature at which ice 



 136 

and liquid are equally mixed, varies by 40 °C, and that repartitioning between ice 

and water is responsible for a significant portion of the increase in mixed-phase 

cloud liquid water paths11.  

 Ice processes in mixed-phase clouds are controlled by several parameters 

including updraft, moisture supply, and INP concentrations12. Sometimes moisture 

supply and updraft can dominate in-cloud ice processes, and the sign and 

magnitude of the relationship between INP and ice processes remains in question 

due to limited in situ observations of relationships between INP concentrations 

and cloud macro and microphysical properties7. However, there is both 

observational and simulation-based evidence for a strong influence of INPs on 

cloud processes. Yun and Penner demonstrated the high sensitivity of GCM 

simulated TOA longwave flux to the treatment of heterogeneous ice nucleation 

in mixed phase clouds13. From the observational perspective, Ault et al. 

compared two atmospheric river events in California and found that the 

presence of dust INPs during an atmospheric river event enhanced precipitation 

over the Sierra Nevada mountains by 40 %14. 

 With freezing temperatures up to 36 °C above the freezing temperature of 

water, biogenic INPs can have a particularly profound impact on mixed-phase 

clouds4. Though mineral dust is considered to be the dominant source of INPs in 

many parts of the world15–18, biogenic INPs remain potentially influential due to 

their warmer freezing temperatures, particularly in remote ocean regions where 

dust is less abundant.   
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PBAP comprise a subset of INPs that have the warmest freezing 

temperatures. A primary focus of early investigations into biological IN sources 

was bacteria possessing cell-surface ice nucleation proteins. These ice nucleating 

proteins can nucleate ice at temperatures as warm as -2 to -8 °C leading to the 

observations of bioaerosol IN activity at greater than -10 °C. Their low natural 

abundance and predominance in terrestrial environments have indicated a 

diminished role of bioaerosols limited to terrestrial systems19,20, or generally 

insignificant to precipitation formation21,22. However, some of these investigations 

neglect the contributions of more moderate temperature biological INP sources; 

IN activation at temperatures > -15 °C has been suggested to be a possible 

important range for range for PBAP contribution to IN and precipitation7,23,24.   

Precipitation studies have shown that IN properties are influenced by PBAP 

and can vary according to storm and precipitation event, location, and type. 

Airborne bacteria and fungi, IN temperatures, and precipitation were found to 

be tightly correlated in a forest ecosystem, identifying the microorganisms as likely 

IN activity sources25. IN temperatures also demonstrate specificity to storms and 

precipitation type. Storms can be clustered into groups having similar freeze 

profiles in mountain snow19, and compiled comparisons of several precipitation 

studies26 demonstrated that snow samples consistently exhibit much warmer IN 

activation temperatures when to compared to rain and mixed precipitation 

studies. Additionally, precipitation has also been shown to remove bioaerosols 
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and INPs from the atmosphere, as shown by 50 % decreases in INPs and 

bioaerosols when 10 % and 20 % of water vapor is lost respectively27.  

As oceans cover 70 % of the earth, and sea spray aerosol has been shown 

to be a significant source of INPs28, marine biological INPs may significantly 

influence mixed-phase clouds. In simulations of INP populations, marine organic 

aerosols have been shown to dominate INP populations in the Southern Ocean29, 

and when implemented into a coupled aerosol and GCM model, marine organic 

aerosols contribute more to ice formation than dust or black carbon/organic 

matter in mixed-phase clouds30. Mesocosm studies have linked sea spray aerosol 

IN activity to the decline of phytoplankton blooms31, and IN properties have been 

detected in marine diatoms and green algae3,32–35. Marine Antarctic bacteria 

and those associated with sea-ice have also been identified with IN activity36,37. 

While the ocean seems to be an important source of IN and marine 

microorganisms have been identified in rain samples38, examinations of specific 

IN activity of marine bacterial and fungal isolates in the atmosphere and 

precipitation are underrepresented and uncharacterized in the literature39.  

In an effort to elaborate on possible underestimated biological sources of 

marine INPs and to compare potential differences between aerosol and rain we 

isolated cultivable halotolerant bacteria and fungi from sea spay aerosol (SSA) 

and precipitation from a coastal subtropical climate in southern California over 

the course of 9 rainstorms during an EI Niño event. Using cultivation in marine 

medium to guide selection, several bacterial and fungal species were isolated, 
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identified, and assessed for IN properties using immersion mode spectroscopy. 

While these methods eliminate species not amenable to cultivation, it allowed 

examination of the contribution of these isolates to IN properties detected in 

original samples. We used the FLEXible PARTicle dispersion model (FLEXPART) and 

the High-Resolution Rapid Refresh atmospheric model (HRRR) to estimate isolate 

source, identify altitudes, and characterize storm meteorology. Studies that 

combine precipitation, IN, microbial identity, and weather tracking in diverse 

precipitation types, regions, and climates are key to unraveling specific 

contributions to climate patterns. 

 
 
Section 6.2 Results and Discussion 

Subtropical coastal storm properties and origins 

SSA and rain samples were collected from a pier on the coast of La Jolla, 

CA (32°52'01.4"N 117°15'26.5"W) spanning 9 rainstorms March 6 to May 6, 2016 

during an El Niño event. The source of precipitation was determined using 10-day 

FLEXPART back trajectories (Figure 6.1, Table S6.1). Storms derived from the mid-

Pacific Ocean (storms 1, 6, 7, 8, 9) or Bering Sea (storms 2, 3, 4, 5) indicating a 

marine source of the storms and microorganisms isolated. Storm 7 (Figure 6.1g) 

may have been additionally influenced by west coast continental sources. SSA 

INP measurement show IN activity in the range of –9.5 to –21.7 °C (Figure S6.3b) 

and rain INP measurements were in the range of –6.2 to –19.3 °C (Figure 6.3b). 

Cloud bottom and top altitudes were estimated using the High-Resolution Rapid 
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Refresh model (HRRR). Over the 9 storms, cloud altitude ranged from 950 – 600 

mb, bottom to top, or 500 – 4000 m, with temperatures ranging from 265 – 288 K 

(Table S6.1). 

 
Figure 6.1 10-day back-trajectories from cloud base, mid-cloud, and cloud-top during 9 
precipitation events at the SIO Pier (32.8662 °N, 117.2544 °W). FLEXPART back-trajectories were 
used to estimate potential source regions of INPs to the clouds during precipitation events. Shown 
are the particle centroids of back-trajectories from three release altitudes within each cloud (see 
Table S6.1 for details on altitude selection criteria), labeled “high” for cloud top, “mid” for halfway 
between base and top, and “low” for cloud bottom. Origins of particles in the 10-day simulation 
are shown to range from 4000 – 8000 m over Russia to 2500 – 3500 m over the Sea of Okhostk, the 
Bering Sea, and the north Pacific. FLEXPART results suggest a dominance of marine particle sources 
to clouds.   
 
 
 Bacterial and fungal taxonomy 
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Rain and SSA samples resulted in 37 isolates from rain samples, and 14 

isolates from SSA samples with 29 unique OTUs as determined by > 96 % sequence 

identity of 16S sequences (Table S6.3). The isolates derived from rain and SSA are 

highly pigmented, presumably to content with high uv exposure (Figure S6.1). This 

pigmentation was especially prevalent in rain samples. More isolates were 

obtained from rain samples, and this is likely the result of lower SSA bacterial and 

fungal loads between rain sampling. This supports observations of precipitation 

deposition and removal of PBAP from the atmosphere27.   

The taxonomy of the SSA and rain isolates differed between the 

communities with some overlap (Figure 6.2, Table S6.3). While these differences 

may owe to artificial biases from low SSA isolates recovery, the rain samples had 

a high proportion of Actinobacteria; while in SSA, Firmicutes, and Proteobacteria 

were more dominant with no fungal species isolated. However, dominant SSA 

species such as Bacillus sp. and Psychrobacter sp. were also isolated from rain 

samples demonstrating that the rain at least in part derives from a similar source 

as SSA. Cellulosimicrobium sp. and Microbacterium sp. were common 

Actinobacteria found in rain samples. Even with a much warmer climate than 

commonly examined in similar precipitation studies, the community structure is 

similar to what is commonly found in precipitation, clouds, or ice and is distinct 

from other ecological niches1,39–41. Their presence in these and other studies may 

be explained by an increased ability of Actinobacteria, select Proteobacteria 

and Firmicutes to aerosolize (see Chapter 5). Only one known characteristic IN 



 142 

bacteria, Pantoea sp., known to possess IN proteins42 was identified in one rain 

and one SSA sample representing 3.5 % of total isolates. The storm tracking data 

(Figure 6.1) in conjunction with the use of marine medium and shared community 

composition between precipitation and SSA samples, suggest a marine origin for 

many of the rain isolates. However, as several of the species identified in this study 

have been described in terrestrial, marine, and freshwater systems, it cannot be 

ruled out that these species are able to adapt to diverse environmental and 

salinity conditions. While cultivation methods exclude the large amount 

uncultivable microorganism in the environment, we captured several possible 

contributors to rain IN activity and through isolation maintain the ability to further 

characterize them. 

 

 
Figure 6.2 Taxonomic distributions of precipitation (a) and SSA (b) isolates.   
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IN Properties of Rain and SSA isolates 

The IN properties of rain and SSA isolates show moderate IN activity and 

specificity according to source and or storm type (Figure 6.3, Figure S6.3). To 

examine the IN properties of unique strains within samples an effort was made to 

remove duplicates using multiple sequence alignment analysis (see methods). 

The relationship between 16S sequences of isolates within their OTUs is shown in 

(Figure S6.2). All rain isolates freeze between -12.2 and -24.2 (Figure 6.3a). SSA 

isolates had IN activity between -13.8 and -25.8 °C (Figure S6.3a). Sterile growth 

media, ZoBell, also demonstrated moderate IN activity, -12.5 to -24.9 °C (Figure 

S6.4a). To ensure the growth media was not influencing isolate IN properties 

controls were run on media-free isolates which retain their IN activity in the 

absence of ZoBell medium (Figure S6.4b). The IN temperature range of these rain 

isolates follows the trends outlined in Petters and Wright for precipitation samples 

with rain samples that range from ~ -11 to -37 °C26. This could indicate that there 

are similar sources of IN activity in similar precipitation types and that 

microorganisms could be contributing to IN activity in this and other systems. The 

range of IN activity temperatures are shown for storm (Figure 6.3b) and SSA (Figure 

S6.3b). An overlap in IN freezing temperatures is evident from -12 to -19.25 °C 

between the IN activity of the raw samples and the isolates derived from them. 

This indicates a possible shared origin of IN activity; the bacteria and fungi could 

be a source of the IN activity in the original precipitation and SSA samples in the 

overlapping range. In Fig. 6.3, the cultures derived from precipitation exhibit IN 
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activity down to -24 °C, whereas the raw precipitation INP freezing temperatures 

only extend to -19.25 °C. However, the lack of apparent INP freezing activity 

beyond -19.25 °C is simply an artifact of the high concentration of INPs in raw 

precipitation relative to the concentration of INPs in the microbial cultures. As 

described in Section 6.4, the concentration of INPs measured depends on the 

fraction of unfrozen wells, so the lack of data beyond the coldest freezing 

temperature simply reflective of the temperature at which all droplets had frozen, 

and not of the lack of INPs that activate at colder temperatures. Thus, the overlap 

in IN freezing temperatures between the two samples regimes (cultures derived 

from precipitation and the raw precipitation) theoretically range from -12 °C 

down to the homogenous freezing point of water (-38 °C). While the isolates and 

their originating raw samples have overlapping IN profiles, other sources like 

inorganic and organic molecules and detritus, marine microorganisms that were 

not captured by isolation or amenable to cultivation, or possible freshwater 

organism of terrestrial origin could be responsible for the activity in raw samples. 

Though of note, storm 2 and storm 7, the most likely to have terrestrial contributions 

(Figure 6.1), had colder IN temperature ranges -13.8 to -19.0 °C and -10.9 to -17.0 

°C respectively, compared to the entire range for the raw precipitation samples 

(-6.2 to -19.3 °C). 

The IN temperatures of specific isolates trend according to storm 

demonstrated by similar freezing profiles of isolates from the same storm (Figure 

6.3a). To examine this further, we inspected the variance of a storm’s isolate IN 
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spectra compared to the spectra of all the storm isolates observed by comparing 

the distribution of isolates from the same precipitation event to the distribution of 

all storm isolates examined by area coverage of 2D plots (Figure S6.5, Table S6.3). 

Using percent of spread with 100 % representing the coverage of all rain isolates 

combined, most of the storms had isolates with IN activity low area coverage 

indicating a tight clustering of data. Seven storms had less than 40 % spread; 6 less 

than 26%. Storm 9 with 6 isolates representing a spread of 12.46 % was a 

particularly good example of similar storm-isolate activity. This temperature 

clustering was not present in SSA isolate data (Figure S6.3). This precipitation / IN 

temperature relationship has been seen in other studies that observed similar 

freezing profiles in snow19. The temperature selection behavior could be the result 

of different microbial sources by region, cloud height, or storm fronts. Different IN 

properties according to storm fronts have been observed in other studies43. This 

could also be explained by selective deposition of microbes by cloud 

temperature. It could also be the microbes adapting themselves to the 

temperature of their environment though this is unlikely as an adaptation to cloud 

temperatures would likely be lost under laboratory conditions. 
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Figure 6.3 (a) IN activity of precipitation isolates by storm. (b) IN activity of storm samples. INP 
measurements are normalized to culture OD (590nm). 

 

While there is a great deal of overlap of IN properties of rain and SSA 

isolates, rain isolates generally had warmer IN temperatures (Figure 6.4). The IN 

activity of SSA isolates is shifted to colder temperatures and precipitation isolates 

IN measurements have a higher density in the warmest observed temperatures 

compared to SSA samples. This indicates a temperature specificity in these 

systems. 
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Figure 6.4 Comparison of IN activity of precipitation and SSA. INP measurements are normalized 
to culture OD (590nm). 
  

Section 6.3 Conclusions 

While cultivation methods limit a complete view of the total bacterial and 

fungal communities affecting IN properties, we were able to test the specific IN 

activity of a subset of halotolerant bacterial and fungal species to show that 

many isolates have moderate IN activity. These rain and SSA isolates have similar 

IN temperature profiles to their sources indicating that these bioaerosols 

contribute to IN activity seen in their systems. The IN activity of rain isolates have 
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colder IN temperatures than studies of snow and ice indicating a possible 

connection between IN activation temperatures and precipitation type26. This 

temperature specificity is further extended to be also storm specific indicating 

unique cloud mechanisms that deposit microbes within a narrow range of IN 

activities. A study of air and snow bacterial and fungal communities in a high 

elevation region suggest that changes in IN activity were not associated with 

population changes of the commonly studied ice-nucleating protein containing 

bacteria40. While this data set lacks information regarding abundance in 

precipitation samples or clouds, our results indicate a presence of several 

taxonomies of IN active bacteria with moderate freezing temperatures. It is 

possible that in subtropical, Mediterranean climate zones, an abundance of such 

moderate marine biogenic INPs could influence ice processes in mixed-phase 

clouds. Additionally, INP with activation temperatures > -10°C could be more 

important for snow formation while more moderate IN activation temperatures ( 

-20 to -10 °C) could be more important to rain formation. As a number of samples 

derive from the mid-Pacific Ocean and Bering Sea it indicates that several of the 

isolates are likely of marine origin underlining an possible important source and 

specific species contribution to precipitation relevant INP for both coastal and 

open ocean regions. 
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Section 6.4 Methods 

Precipitation and SSA Sample Collection Methods 

Precipitation and Sea Spray Aerosol (SSA) samples were collected on the 

Ellen Browning Scripps Memorial Pier at Scripps Institution of Oceanography (SIO) 

(32.8662 °N, 117.2544 °W) from 03/06/16 – 05/17/16. SSA samples were collected 

on Whatman® Nuclepore 45 mm diameter, 0.2 µm pore-size polycarbonate filters 

placed inopen-face 150 mL Nalgene ® Analytical Filter Units. After collection, SSA 

filter samples were immersed in 12 mL of ultrapure water, and particles were 

shaken off the filter by hand for 20 minutes. The precipitation samples were 

collected using a modified Teledyne Isco© Full-Size Portable Sampler, fitted with 

24 1 L polypropylene bottles. Prior to sampling, the bottles were immersed in 10 % 

hydrogen peroxide for 10 minutes, then rinsed three times with ultrapure water. 

The automated sampler would engage when triggered by precipitation of at 

least 0.05”/hr, and would sample using the first of 24 bottles for 30 minutes, and 

thereafter switch bottles at hourly intervals. Within one to two hours of sample 

collection, INP concentrations were measured using the SIO-Automated Ice 

Spectrometer (SIO-AIS)46, an automated offline freezing assay technique for 

measurement of immersion mode INPs. To decrease the effect of interstitial 

particle sweep out by falling raindrops on measured INP concentration, 

precipitation from the first 30 minutes was discarded. In Wright and Petters, sweep 

out was estimated to contribute from 1.2 – 14 % to measured concentrations of 

INP in a precipitation sample.  
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The INP measurement technique is described in detail in Beall et al.46, but 

briefly, the precipitation samples were distributed in microliter aliquots into a clean 

96-well disposable polypropylene sample tray. An equal number and volume of 

aliquots of ultrapure water accompany each sample in the disposable tray as 

control for contamination from the loading and/or ultrapure water. The sample 

trays are then inserted into an aluminum block that is cooled until the samples are 

frozen. Cumulative INP number concentrations per temperature per volume are 

calculated using the fraction of unfrozen wells per given temperature interval: 

 
INP =  –ln(f)

Vd
                     Eq. (1) 

  
where Vd is the volume of the sample in each well, or for SSA samples. For SSA 

filter samples, cumulative INP number concentrations are calculated using the 

ratio of the volume used for resuspension of the particles to the volume of SSA 

sampled: 

INP =  –ln(f)∙Vre
Vd∙VSSA

                    Eq. (2) 

 
The fraction of unfrozen wells “f” is adjusted for contamination by subtracting the 

number of frozen ultrapure water wells per temperature interval from both the 

total number of unfrozen wells and total wells of the sample.   

Within one to two hours of collection, precipitation and SSA samples were 

also inoculated in 5 mL ZoBell growth media 47 (5 g peptone, 1 g yeast extract per 

1 L) in filtered (0.22 µm) autoclaved seawater and grown under ambient 
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conditions (21 - 24 ˚C). INP concentrations for cultures were measured 1 day post 

inoculation and for several days to monitor for sustained IN activity. 

 

Bacterial and fungal isolation and characterization 

Precipitation and SSA microorganisms were cultivated with Zobell marine 

growth medium47. Isolation was performed by successive plating on ZoBell agar. 

Liquid cultures were inoculated from single colonies and grown to late 

exponential phase. DNA was extracted from liquid cultures of isolates after an 

overnight lysis with proteinaseK and lysozyme (MilliporeSigma)48 using a QIAamp® 

kit (QIAGEN). 16S V4 ribosomal DNA fragments were amplified using the primers 

515F (GTGYCAGCMGCCGCGGTAA) and 926R (CCGYCAATTCMTTTRAGT)49. PCR 

products were purified using GenEluteTM PCR Clean-up kit (MilliporeSigma). 16S 

fragment DNA sequences were resolved by sanger sequencing (Retrogen, San 

Diego, CA). OTUs were determined from 16S sequences using SINA50 and 

individual sequences were inspected using BLAST 

(https://www.ncbi.nlm.nih.gov/) for further characterization.  

To assess for duplicate isolates within the sample sampling period, 16S 

sequences were compared. Sequences within the same OTU were adjusted and 

aligned in DECIPHER(Alignseqs(), AdjustAlignment())51. These sequence 

alignments were used to generate phylogenetic trees using ClustalW2 (UPGMA)52 

and visualized with iTOL53. Branch distances were used to evaluate sequence 

similarity. To facilitate comparisons between organisms assigned to the same OTU, 
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identity assignments include divisions at distances > 0.1 (e.g. 1, 2, 3…) and further 

subdivided by distances > 0.01 (e.g. 1a, 1b, 1c…). Nonzero distances < 0.01 were 

given sub labels (e.g. 1a1, 1a2…). Zero distances were given identical labels. 

Distances < 0.01 were determined to be possible duplicates. These were removed 

from relevant analyses if they were collected during the same sampling period 

unless the organisms had a different phenotype generally indicated by different 

pigmentation.  

 

Storm and aerosol source characterization methods 

No radar was available at the sampling site. Cloud altitudes at the time of 

precipitation sample collection were estimated using the High-Resolution Rapid 

Refresh model (HRRR). The altitudes and pressure levels of clouds were assumed 

to be located where RH > 95-100 % in the model. The specific RH criteria applied 

to each storm are provided in Table S6.1. HRRR model output was compared with 

RH, pressure, and wind measurements from the SIO pier weather station. Three 

heights of the cloud, top, middle and bottom were used as release points of 

FLEXPART 10-day Lagrangian backward trajectories. Back-trajectories were used 

to identify potential sources of INPs in the precipitation samples, and to indicate 

potential sources of land-based contamination in SSA and precipitation samples 

due to local wind patterns or land-sea breezes.   

 

Isolate measurement and controls 
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To measure the IN activity of each isolate, liquid cultures were grown to late 

exponential phase. Growth was monitored by OD (590 nm). INP concentrations 

were measured as described on liquid cultures and compared to ZoBell blank as 

a control. To account for disparate culture densities, INP measurements were 

normalized to OD measurements. To remove possible influence from ZoBell growth 

media on INP measurements, late exponential cultures were washed three times 

with filtered (0.22 µm) autoclaved seawater by successive centrifugation and 

resuspension. INP measurements were taken as described and compared to 

sterile seawater controls. 
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Section 6.5 Supplementary Information 

 

Table S6.1 Cloud characteristics during 9 precipitation events over the sampling site: SIO Pier 

(32.8662 °N, 117.2544 °W). 

 
Cloud base and top altitudes were estimated using the RH product of the High-Resolution Rapid 
Refresh real-time atmospheric model, and three altitudes within the cloud were used as particle 
release points for FLEXPART back-trajectories (see Figure 6.1): cloud top, cloud base, and middle 
(halfway between). Regions where RH (Relative Humidity) >95 % were considered for all events 
except Storm 4 and 5, when a criterion of >90 % was applied. The hourly products closest in time 
to the precipitation sampling period were used. When cloud depth and altitudes changed over 
the sampling period, the lowest cloud base and highest cloud altitude were selected as release 
points for FLEXPART back-trajectories.   
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Table S6.2 Precipitation (a) and SSA (b) sampling periods 

 
Both precipitation and SSA were collected on Scripps Pier.  SSA samples were collected between 
precipitation events.  
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Table S6.3 Identity and characteristics of precipitation and SSA isolates 
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Figure S6.1 Image of SSA (red box) and precipitation (yellow box) isolates on agar plates. Isolates 
derived from cultivation based isolation.   
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Figure S6.2 Relationship of isolates within the same OTUs using multiple sequence alignments of 16S 
sequences. Multiple sequence alignments were used to generate phylogenetic trees. The 
resulting branch distances were used to label isolates within the same OTU. Distances > 0.1 were 
given a new number. This division was further subdivided by distances > 0.01 which were given a 
unique letter. Distances < 0.01 were considered possible duplicates. 
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Figure S6.3 IN activity of SSA isolates (a) and SSA samples (b) by collection period. Each color 
represents a different sampling period indicated on right side of (b). (a) INP measurements are 
normalized to culture OD (590 nm). SSA sampling period indicates date of sample collection 
described in Table S6.2. 
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Figure S6.4 Controls of IN measurements. (a) IN activity of ZoBell media blanks. (b) IN activity of 
selected media–free isolate. INP measurements are normalized to culture OD (590 nm). 
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Figure S6.5 Distribution analysis of precipitation isolates for each storm 1-9, (a-i) respectively, 
compared to total distribution for all storm isolates. Area of all storm isolates indicated (blue). Area 
in temperature range for comparison, total area considered each storm (gray). Storm isolate area 
is the area between orange and purple circles which indicate the groups with the highest and 
lowest IN activity. Spread is calculated as the percentage of this area to total area. 
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Table S6.3 Comparison of isolate abundance to IN distribution  

 
Isolates Proportion for the storm indicated is by number of organisms isolated for the storm of the 
total over all storms. Spread as determined by area analysis (Figure S6.5).  
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Chapter 7. Fluorescent Probes to Profile Fatty Acid and Polyketide Acyl-Carrier 

Protein Transacylase Domains 

 

Section 2.1 Introduction 

Natural products are privileged structural and functional scaffolds pro-

duced by microorganisms as agents of microbial warfare, virulence factors, sig-

naling molecules, and clinically viable therapeutics.1 The biosynthesis of many 

natural products is catalyzed by polyketide synthases (PKS) and nonribosomal 

peptide synthetases (NRPS), multi-modular enzymatic assembly lines that are 

functionally and structurally analogous to fatty acid synthases (FAS). Notably, 

targeting enzymes within these complex protein assemblies has emerged as a 

strategy to tackle multidrug resistant bacteria2–4, cancer5, and various other 

health-related malignancies6. Over the past fifteen years, our laboratory has 

embarked on studies to isolate, characterize, and identify these modular syn-

thases to complement genomic investigations aimed at characterizing novel 

natural product biosynthetic gene clusters. In particular, we have developed 

fluorescent activity-based probes to profile and identify acyl and peptidyl carri-

er proteins,7–12 ketosynthases,13 dehydratases,14 thioesterases,13,15 and flavin-

dependent oxidases16. Such probes offer possibilities for the development of 

new drug leads. Herein, we report the design, synthesis, and evaluation of novel 

fluorescent probes to interrogate PKS and FAS acyl-carrier protein transacylase 

(AT) domains. 
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Polyketide and fatty acid biosynthesis is primed by AT domains that select 

and load acyl-CoA substrates onto holo-acyl carrier protein (ACP) via transient 

acylation of an AT active site serine or cysteine (Figure 7.1). 

 
Figure 7.1 Acyl-carrier protein transacylase (AT) domains in fatty acid synthases (FAS) and 
polyketide synthases (PKS). The AT domain (blue sphere) initiates biosynthesis through transient 
acylation of an active site serine or cysteine by acyl-CoA. The acyl group is then transferred to 
the phosphopantetheinyl arm of holo-acyl-carrier protein (ACP) (orange sphere). Downstream 
domains catalyze chain extension, modification, and offloading of the product from the catalyt-
ic machinery. Palmitic acid and 6-deoxyerythronolide are representative examples of fatty acids 
and polyketides, respectively. 

 

In particular, malonyl-CoA acyl-carrier protein transacylase (MCAT) is a ser-

ine α/β-hydrolase present in numerous FAS and PKS. During fatty acid biosynthe-

sis in Escherichia coli, the MCAT domain FabD catalyzes two half reactions: (1) 

loading of malonyl from malonyl-CoA onto an active site serine and (2) trans-

thioesterification onto holo-ACP. Importantly, truncated FabD arrested E. coli 

growth under physiological conditions and demonstrated defects in overall fatty 

acid composition17. Thus, drugs targeting bacterial AT domains and other FAS 
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enzymes in Gram-negative bacteria and mycobacteria offer tractable alterna-

tives to the growing threat of multi-drug resistance18,19. In contrast, during polyke-

tide biosynthesis, AT enzymes select, load, and transfer a wider array of acyl-

CoA substrates, thereby providing an avenue to engineer PKS to incorporate al-

ternative acyl extender units to expand polyketide structural diversity20,21. 

In spite of the importance of AT domains in FAS and PKS, only a handful of 

inhibitors have been discovered, many of which are derived from in silico com-

putational studies or from natural sources that demonstrate low micromolar en-

zyme inhibition that poorly translates to bacterial growth inhibition. The paucity 

of inhibitors presents a particular challenge to developing AT-selective activity-

based probes. 

To determine the feasibility of profiling AT domains, we examined labeling 

of E. coli FabD with commercially available affinity and fluorescent fluorophos-

phonate probes (Figure S7.1a). Fluorophosphonates are privileged warheads 

used extensively to profile α/β serine hydrolases.22,23 Fluorophosphonate electro-

philes strongly labeled FabD and several enzymes from bacterial cellular lysates, 

including other serine hydrolases and a FabD homolog from a Flavobacteria iso-

late, BBFL7 (Figure S7.1b-c). The tedious nature of affinity-based labeling assays, 

lack of FabD specificity, and short half-life of fluorophosphonates highlighted the 

need to develop stable fluorescent probes for rapid and selective FabD label-

ing. 
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Figure 7.2 Structures of inhibitors and fluorescent probes for AT domain profiling studies. Fluores-
cent analogue 1 was designed as a mimic of phenylmethane sulfonyl fluoride (PMSF) and p-
toluene sulfonyl fluoride (PTSF). Second generation lactam probe 2 and lactone probes 3–5 were 
designed as malonic acid and thiolactomycin (TLM) mimics with improved hydrolytic stability 
and enhanced reactivity with active site residues. The functional units in each inhibitor are indi-
cated by color: the reactive warhead (red), the linker (black), and the fluorescent tag (blue). 
 
 

Section 7.2 Results and Discussion 

Previously, our activity-based probes targeting PKS, NRPS, and FAS domains 

were designed based on known active site inhibitors7-16. Phenylmethane sulfonyl 

fluoride (PMSF) (Figure 7.2) inactivates FabD by covalent modification at the ac-

tive site serine and para-toluene sulfonyl fluoride (PTSF) (Figure 7.2) docks into the 

active site of a FabD homolog of Plasmodium falciparum forming hydrogen 
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bonds with the side chains of active site serine and arginine residues24,25. Given 

the activity of PMSF and PTSF and literature providing support for using sulfonyl 

fluorides as privileged warheads for activity-based protein profiling26–28, we hy-

pothesized that fluorescent aryl sulfonyl fluoride 1 might serve as a suitable elec-

trophile to irreversibly label FabD (Figure 7.2). Moreover, docking studies of thio-

lactomycin (TLM), an inhibitor of E. coli ketosynthases and acetyl-ACP acyltrans-

ferase29,30, revealed critical hydrogen bonds with catalytic residues of P. falcipa-

rum FabD25, inspiring us to design lactam and lactone activity-based probes. 

Strained β-lactones and β-lactams are privileged pharmacophores found in clin-

ical therapeutics and are emerging as activity-based probes31–33. Thus, we envi-

sioned that fluorescent β-lactam 2 and β-lactones 3–5 might selectively react 

with FabD as mimics of the three-carbon malonate core of malonyl-CoA (Figure 

7.2). Further evidence for the suitability of lactams and lactones as reactive 

warheads was demonstrated through docking studies with FabD in which the 

warheads oriented themselves in the catalytic site poised for nucleophilic attack 

by serine (Figure S7.2). 

With these new probes in hand, we first optimized conditions for labeling E. 

coli FabD using aryl sulfonyl fluoride probe 1. We observed labeling by SDS-PAGE 

with as little as 5 µM FabD and 10 µM probe, with labeling intensity saturating at 

50 µM 1 (Figure S7.3). To maximize labeling and minimize probe hydrolysis, we in-

vestigated the influence of buffer on labeling efficiency. The composition of 

buffer had a modest effect on labeling, as labeling was more pronounced in 
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phosphate buffered saline (PBS) than in HEPES at pH ~ 7.0, and abrogated in Tris 

buffer, presumably due to nonspecific reactivity (Figure S7.4). 

Next, with our optimized conditions (10 µM FabD, 50 µM probe, PBS, 12 h), 

we assessed whether probes 2–5 labeled FabD. Indeed, we observed robust la-

beling of FabD with all probes (Figure 7.3a-d, Figure S7.5), except for lactam 2, 

even at 500 µM for 12 h at 37 ⁰C (data not shown), presumably due to the stabil-

ity of amides relative to esters and aryl sulfonyl fluorides. Labeling of FabD with 

aryl sulfonyl fluoride 1 was pH-dependent, with minimal labeling observed at 

acidic pHs (5–6), and labeling intensity reaching a maximum at pH 7, whereas 

labeling with lactones 3–5 was minimally impacted by pH. At acidic pHs, non-

specific labeling with all probes decreased when FabD was denatured by heat-

ing at 95 ⁰C in the presence of 1% sodium dodecyl sulfate (SDS). In contrast, at 

higher pH values (7–9), probes 4–5 demonstrated increased non-specific label-

ing, whereas non-specific labeling with probes 1 and 3 were less impacted, 

highlighting the influence that stereochemistry and linker length have on non-

specific labeling. Probe 5 is the most hydrophobic of all probes examined (logP 

= 4.08). 

Next, we conducted time-course studies to assess FabD labeling time-

scales (10 µM FabD, 50 µM probe, PBS, pH 7). Aryl sulfonyl fluoride 1 was moder-

ately reactive, with labeling levels reaching a maximum at 12 h and sustained at 

those levels for up to 24 h (Figure 7.3e, Figure S7.6a). Lactones 3–4 were most re-

active, labeling FabD as quickly as 1 h and being sustained at those levels 
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throughout the experiment (Figures 7.3f-g, Figure S7.6b-c). Lastly, lactone 5 was 

the least reactive, taking 24 h to maximally label FabD (Figure 7.3h, Figure 

S7.6d), suggesting that longer linker lengths are suboptimal for FabD labeling. All 

probes demonstrated increased non-specific labeling under SDS-denaturing 

conditions as the time-course ensued. 

To determine whether our probes targeted the active site serine of FabD, 

we generated FabD S92C, in which the catalytic serine was mutated to cyste-

ine. As expected, given the enhanced nucleophlicity of thiols, we observed 

slightly enhanced labeling of FabD S92C with our lactone probes (Figure S7.7a), 

suggesting that irreversible covalent modification occurs in the active site, alt-

hough off-target effects are also likely. Consistent with FabD, FabD S92C is dif-

ferentially labeled by lactones (4>3>5), further highlighting the influence of ste-

reochemistry and linker length on mutant labeling. Labeling of both wildtype 

and mutant FabD with 1 did not differ substantially.  

To confirm active site targeting, pretreating FabD S92C with N-ethyl-

maleimide (NEM) to block cysteine residues showed decreased labeling of all 

probes (Figure S7.7b), while NEM pretreatment of wildtype FabD did not affect 

labeling intensity (Figure S7.7c). 
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Figure 7.3 In vitro labeling of E. coli FabD with fluorescent probes 1 and 3–5. (a–d) In-gel fluores-
cent SDS-PAGE analysis denoting pH-dependent labeling of FabD (10 µM, PBS, 12 h, 37 ⁰C) with 
50 µM (a) 1, (b) 3, (c) 4, or (d) 5. (e–h) In-gel fluorescent SDS-PAGE analysis denoting time-
dependent labeling of FabD (10 µM, PBS, pH 7, 37 ⁰C) with 50 µM (e) 1, (f) 3, (g) 4, or (h) 5. For 
each panel, Φ depicts gel visualized under UV at 365 nm and Σ depicts the total protein content 
by staining with colloidal Coomassie Brilliant Blue. Full images of the gels are provided in Figures 
S7.5–S7.6 

 

Next, we evaluated labeling specificity by examining whether our probes 

labeled enzymes downstream of FabD in E. coli FAS, many of which contain nu-

cleophilic residues in their active site. Although probes 1 and 3–5 labeled keto-

synthases FabF and FabH, ketoreductase FabG, and dehydratase (DH) FabA 

(Figure S7.8–S7.9), we investigated whether they selectively labeled FabD in 

competition experiments (5 µM FabD, 5 µM FAS enzyme, 25 µM probe, PBS, pH 7, 

37 ⁰C, 4 h). Aryl sulfonyl fluoride 1 preferentially labeled FabF and FabG over 

FabD, (Figure 7.4a, Figure S7.10a). Moreover, lactones 3–5 preferentially labeled 

both FabF and FabA over FabD to varying intensities (4>3>5), whereas FabD was 

preferred over FabG (Figure 7.4b-d, Figure S7.10b-d). The preference of our lac-

tone probes for FabA was surprising, given number of buried nucleophilic resi-

dues in the protein (11 K, 2 C, 4 S, 2 H). 

To determine if our fluorescent probes target the active sites of FabF, FabH, 

and FabA we utilized mechanism-based inhibitors and crosslinkers. In particular, 
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cerulenin is a covalent inhibitor of FabF and FabH19, and crosslinker sulfonyl-

alkyne 6 irreversibly reacts with FabA His70 after formation of an electrophilic al-

lene intermediate (Figure 7.4e)34. We pretreated FabF (10 µM) with cerulenin (10 

µM, 18 h, 37 ⁰C), then added FabD (10 µM) and fluorescent probe (50 µM, 4 h). 

As expected, cerulenin pretreatment abrogated FabF labeling with sulfonyl fluo-

ride 1, suggestive of active site targeting, albeit modest changes in FabD label-

ing were observed (Figure 7.4f, Figure S7.11). Interestingly, cerulenin pretreat-

ment enhanced FabF labeling with lactones 3–5, indicating that labeling occurs 

outside of the active site and is likely promoted due to conformational changes 

in FabF. Cerulenin treatment of FabH decreased FabH labeling of all probes, 

suggesting FabH active site targeting (data not shown). To determine whether 

our fluorescent probes target the catalytic site of FabA, we preincubated FabA 

(10 µM) with 6 (100 µM, 18 h, 37 ⁰C), then added FabD (10 µM) and fluorescent 

probes (50 µM, 4 h). Pretreatment with 6 abrogated FabA labeling with all 

probes (Figure 7.4g, Figure S7.12), suggesting active site FabA targeting, and al-

so increased FabD labeling by 3 and 5, while labeling with 1 and 4 was not sub-

stantially impacted by pretreatment with 6. Taken together, these data suggest 

that specificity for FabD can be modulated by pretreatment or co-treatment 

with known inhibitors or crosslinkers. 

To further investigate FabD labeling specificity, we examined reactivity with 

various hydrolases. We first surveyed in vitro cross-reactivity with TesA, a multi-

functional SGNH hydrolase that hydrolyzes long chain acyl-CoA and acyl-ACP 
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thioesters35,36. To our delight, sulfonyl fluoride 1 weakly labeled TesA, with no la-

beling observed by the lactones (Figure S7.13). Intriguingly, competition experi-

ments between FabD and TesA neutralized FabD labeling with the lactones, like-

ly via nucleophilic attack of the active site serine at the lactone carbonyl, fol-

lowed by rapid hydrolysis. Next, we examined whether our probes labeled well-

characterized serine hydrolases, including proteases and esterases known to re-

act with fluorophosphonates. Sulfonyl fluoride 1 was most promiscuous and la-

beled both thrombin and pig liver esterase (Figure S7.14). In contrast, lactones 3–

5 selectively labeled FabD, leaving all hydrolases tested untouched (Figure 

S7.15).  

As a final demonstration of scope, we wondered whether PKS AT domains 

could be labeled, especially in light of earlier docking studies demonstrating fa-

vorable interactions with both FAS and PKS AT domains (Figure S7.2). Thus, we 

tested whether CazM, a starter AT domain from the chaetidovirdin PKS and 

ZmaA, a trans acting AT domain from the zwittermicin NRPS-PKS hybrid pathway 

could be labeled with our probes. TAMRA-FP showed limited utility and strongly 

labeled CazM under non-denaturing conditions (Figure S7.16). Aryl sulfonyl fluo-

ride 1 labeled all AT domains, showing selectivity for CazM, which contains a na-

tive cysteine in the catalytic site (Figure 7.5a, Figure S7.17a). Interestingly, 1 also 

labeled the ZmaA S192C mutant more strongly than the ZmaA wildtype enzyme, 

which suggests that 1 selectively targets catalytic residues. 
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The lactone probes strongly and selectively labeled enzymes containing 

an active site cysteine (Figures 7.5b-d). Both CazM and ZmaA S192C were more 

strongly labeled by all lactone probes in comparison to aryl sulfonyl fluoride. The 

lactones demonstrated modest differences in CazM labeling dependent on ste-

reochemistry (4>3) and linker length (4>5). In contrast, ZmaA S192C labeling was 

also influenced by stereochemistry (3>4) and linker length (4>5). Although 5 

demonstrated the least labeling of ZmaA S192C of the lactones tested, labeling 

of wt ZmaA was completely abrogated, suggesting that linker lengths can be 

tuned to achieve selective labeling at the catalytic site. We surmise that the 

small amounts of background labeling of wt ZmaA with shorter lactones 3 and 4 

is due to labeling of non-catalytic residues. Taken together, our data suggests 

that the reactivity and specificity of lactone probes can be modulated by ad-

justing the linker length, with longer lengths showing abrogated activity. Our 

shorter lactones contain 11 atoms separating the coumarin core from the pro-

posed site of nucleophilic attack, which is approximately the same length as the 

pantetheine prosthetic group and leading to optimal labeling activity. 
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Figure 7.4 Evaluation and modulation of labeling specificity with fluorescent probes and inhibi-
tors. (a–d) In-gel fluorescent SDS-PAGE analysis denoting competitive labeling between equimo-
lar amounts of FabD and FAS enzymes (5 µM, PBS, pH 7, 4 h, 37 ⁰C) with 25 µM (a) 1, (b) 3, (c) 4, 
or (d) 5. (e) Structures of cerulenin and sulfonyl alkyne 6, mechanism-based inhibitors of FabF 
and FabA, respectively. (f) Modulation of FabD versus FabF fluorescent probe labeling specificity 
by pretreating FabF (10 µM) with cerulenin (10 µM, 18 h, 37 ⁰) prior to addition of FabD (10 µM) 
and probes (50 µM). (g) Modulation of FabD versus FabA fluorescent probe labeling specificity 
by pretreating FabA (10 µM) with sulfonyl alkyne 6 (1 mM, 18 h, 37 ⁰C) prior to addition of FabD 
(10 µM) and probes (50 µM). For each panel, Φ depicts gel visualized under UV at 365 nm and Σ 
depicts the total protein content by staining with colloidal Coomassie Brilliant Blue. Full gel imag-
es are provided in Figures S7.10–S7.12. 
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Figure 7.5 Labeling of AT domains derived from polyketide (CazM, ZmaA, ZmaA S192C) biosyn-
thetic pathways. In-gel fluorescent SDS-PAGE analysis denoting labeling of polyketide AT do-
mains (10 µM, PBS, pH 7, 12 h, 37 ⁰C) with 50 µM: (a) 1, (b) 3, (c) 4, or (d) 5. For each panel, Φ 
depicts gel visualized under UV at 365 nm and Σ depicts the total protein content by staining 
with colloidal Coomassie Brilliant Blue. Full images of the gels are provided in Figure S7.17. 

 

Section 7.3 Conclusions 

In conclusion, herein, we have developed broad-scope fluorescent sul-

fonyl fluoride and lactone reactive probes that irreversibly label the active sites 

of both FAS and PKS AT domains. We demonstrated that labeling intensity can 

be modulated by slight changes in stereochemistry and linker length and speci-

ficity can tuned to bias labeling of AT domains by inhibiting the activity of pro-

miscuous partners. The probes developed herein are promising tools that will in-

spire the elaboration of new AT domains inhibitors as potential therapeutics, and 

provide valuable insights that can be leveraged to identify and engineer ACP-

containing pathways in various organisms. 
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Section 7.4 Methods 

Chemical Biology Materials and Methods 

FabD, CazM SAT, and ZmaA AT Protein Expression and Purification 

Recombinant FabD was expressed from a pET-28b construct with an N-

terminal 6x His tag. Recombinant CazM SAT from Chaetomium globusum was 

expressed from a pHis8 construct with and N-terminal 8x His tag37. Recombinant 

ZmaA from Bacillus cereus was expressed from a pET-28b construct with an N-

terminal 6x His tag38. BL21 (DE3) cells were cultured at 37 ⁰C in Luria-Bertani (LB) 

broth supplemented with 50 µg/mL kanamycin to an OD600 of 0.8. The cells were 

cooled to 0 ⁰C on ice and induced with 1 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) and grown overnight (~20 h) at 16 ⁰C. Cells were 

harvested via centrifugation at 1,000 RCF, 30 min, 4 ⁰C and the pellet was resus-

pended in lysis buffer (25 mM HEPES, pH 7.4, 150 mM NaCl, 10% glycerol, 1 µg/mL 

DNase, 1 µg/mL RNase, and 1 µg/mL lysozyme) and lysed by passage through a 

French pressure cell. The lysate was clarified by centrifugation at 12,000 RCF, 1 h, 

4 ⁰C. His6-tagged FabD was purified using Ni-NTA resin (Novagen), washing the 

resin with wash buffer (25 mM HEPES, pH 7.4, 150 mM NaCl, 10% glycerol, 25 mM 

imidazole), and eluting the protein with elution buffer (25 mM HEPES, pH 7.4, 150 

mM NaCl, 10% glycerol, 250 mM imidazole). Eluted proteins were visualized by 

12% SDS-PAGE with Coomassie Brilliant Blue staining and quantified via 

nanodrop. Imidazole was removed using either a PD-10 desalting column (GE 
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Healthcare Life Sciences) or a 10 kDa molecular weight cutoff Amicon ultra cen-

trifugation filter and stored at -20 ⁰C. 

 

Site-directed Mutagenesis of FabD S92C and ZmaA AT S192C 

Site directed mutagenesis was performed using methods described in Liu 

and Naismith (2008)39 to mutate Ser 92 to Cys in FabD and Ser 192 to Cys in 

ZmaA AT S192C in the pET28b constructs. Primers used for FabD S92C were for-

ward primer- TCACTGCCTGGGGGAATACTCCGCGCT, reverse primer- 

CCCAGGCAGTGACCGGCCATCATTGC and for ZmaA AT S192C were forward 

primer- GAATTAAACCTGAAGCAATGATTGGATATTGTTTTGGCGAATATGTGG, re-

verse primer- AATCATTGCTTCAGGTTTAATTCCCCAACCCATTAATAGTTTCG Q5 

polymerase (neb.com) reagents and PCR parameters were followed according 

to manufacturer’s recommendations except for the addition of GC-enhancer 

and 5mM 7-deaza-dGTP (FabD S92C only). FabD S92C and ZmaA AT S192C was 

expressed and purified as described above for FabD wt. 

 

In vitro Labeling of Recombinant FabD by Fluorescent AT Domain Reactive 

Probes 1, and 3-5  

Optimized conditions for fluorescent probes 1, and 3–5 recombinant FabD 

reactions were as follows: recombinant FabD (10 µM) was treated with fluores-

cent probes 1 or 3–5 (50 µM from a 1.5 mM stock in DMSO; final DMSO concen-

tration < 5%) for 12 h at 37 ⁰C in PBS containing 10 % glycerol, pH 5, 6, 7, 8, and 9. 
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Controls were performed by pre-denaturation of FabD by addition of 1 % SDS 

and heating at 95 ⁰C for 5 min. In time course studies, FabD (10 µM) was treated 

with probe (50 µM) at 37 ⁰C in PBS, 10 % glycerol, pH 7 for 1–24 h. Assays were 

quenched with 5x SDS loading buffer, boiled at 95 ⁰C, 5 min, and subjected to 

SDS-PAGE. Gels were visualized at 365 nm using a UV lamp and stained with 

Coomassie Brilliant Blue. 

In vitro Labeling of FabD S92C by Fluorescent AT Domain Reactive Probes 1, and 

3–5  

FabD S92C (30 µM) was treated with fluorescent probe 1 or 3–5 (60 µM 

from a 1.5 mM stock in DMSO; final DMSO concentration < 5%) for 24 h at 37 ⁰C 

in PBS containing 10 % glycerol, pH 7. Assays were quenched with 5x SDS loading 

buffer, boiled at 95 ⁰C, 5 min, and subjected to SDS-PAGE. Gels were visualized 

first at 365 nm using a UV lamp and then stained with Coomassie Brilliant Blue. 

 

In vitro Labeling of FAS enzymes by Fluorescent AT Domain Reactive Probes 1, 

and 3–5  

FAS enzymes (10 µM, ACP transacylases FabD and FabD S92C, ketosyn-

thases FabF and FabH, ketoreductase FabG, and dehydratase FabA) were 

treated with fluorescent probes 1 or 3–5 (50 µM from a 1.5 mM stock in DMSO; 

final DMSO concentration < 5 %) for 1 h at 37 ⁰C in PBS containing 10 % glycerol, 

pH 7. Assays were quenched with 5x SDS loading buffer, incubated at 21 ⁰C, 2 h, 
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and subjected to SDS-PAGE. Gels were visualized at 365 nm using a UV lamp 

and stained with Coomassie Brilliant Blue. 

 

In vitro Competitive Labeling between FabD and FAS enzymes by Fluorescent AT 

Domain Reactive Probes 1, and 3–5  

FabD (5 µM) and an FAS enzyme (5 µM of either ketosynthase FabF, ke-

toreductase FabG, dehydratase FabA, or thioesterase TesA) were treated with 

fluorescent probes 1 or 3–5 (25 µM from a 1.5 mM stock in DMSO; final DMSO 

concentration < 5 %) for 4 h at 37 ⁰C in PBS containing 10 % glycerol, pH 7. As-

says were quenched with 5x SDS loading buffer, boiled at 95 ⁰C, 5 min, and sub-

jected to SDS-PAGE. Gels were visualized at 365 nm using a UV lamp and 

stained with Coomassie Brilliant Blue. 

 

Effect of N-ethyl-maleimide on labeling of FabD and FabD S92C by Fluorescent 

AT Domain Reactive Probes 1, and 3–5  

FabD or FabD S92C (10 µM) were pretreated with N-ethyl maleimide (1 

mM, from a 20 mM stock in DMSO) for 1h at 37 ⁰C in PBS containing 10 % glycer-

ol, pH. This was followed by the addition of fluorescent probes 1 or 3–5 (50 µM 

from a 1.5 mM stock in DMSO; final DMSO concentration < 10 %) for 4 h at 37 ⁰C. 

Controls were performed in the absence of N-ethyl maleimide, in which vehicle 

(DMSO) was added. Assays were quenched with 5x SDS loading buffer, boiled 
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at 95 ⁰C, 5 min, and subjected to SDS-PAGE. Gels were visualized at 365 nm us-

ing a UV lamp and stained with Coomassie Brilliant Blue. 

 

Effect of cerulenin on competitive labeling of FabD and FabF Fluorescent AT 

Domain Reactive Probes 1, and 3–5  

Ketosynthase FabF (10 µM) and cerulenin (10 µM, from 448 µM stock in 

DMSO) were coincubated for 18 h at 37 ⁰C in PBS containing 10 % glycerol, pH. 

This was followed by the addition of FabD (10 µM) and fluorescent probes 1 or 3–

5 (50 µM from a 1.5 mM stock in DMSO; final DMSO concentration < 10 %) and 

incubation was continued for 4 h at 37 ⁰C. Controls were performed in the ab-

sence of N-ethyl maleimide, in which vehicle (DMSO) was added. Assays were 

quenched with 5x SDS loading buffer, boiled at 95 ⁰C, 5 min, and subjected to 

SDS-PAGE. Gels were visualized at 365 nm using a UV lamp and stained with 

Coomassie Brilliant Blue. 

 

Effect of cerulenin on labeling of FabF Fluorescent AT Domain Reactive Probes 1, 

and 3–5  

Ketosynthase FabF (5 µM) and cerulenin (25 µM, from 448 µM stock in 

DMSO) were coincubated for 18 h at 37 ⁰C in PBS containing 10 % glycerol, pH. 

This was followed by the addition of fluorescent probes 1 or 3–5 (25 µM from a 

1.5 mM stock in DMSO; final DMSO concentration < 10 %) and incubation was 
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continued for 4 h at 37 ⁰C. Controls were performed in the absence of N-ethyl 

maleimide, in which vehicle (DMSO) was added. Assays were quenched with 5x 

SDS loading buffer, boiled at 95 ⁰C, 5 min, and subjected to SDS-PAGE. Gels 

were visualized at 365 nm using a UV lamp and stained with Coomassie Brilliant 

Blue. 

 

Effect of sulfonyl-alkyne crosslinker 6 on competitive labeling of FabA and FabF 

Fluorescent AT Domain Reactive Probes 1, and 3–5  

Dehydratase FabA (10 µM) and sulfonyl alkyne crosslinker 6 (100 µM, from 

2 mM stock in DMSO) were coincubated for 18 h at 37 ⁰C in PBS containing 10 % 

glycerol, pH. This was followed by the addition of FabD (10 µM) and fluorescent 

probes 1 or 3–5 (50 µM from a 1.5 mM stock in DMSO; final DMSO concentration 

< 10 %) and incubation was continued for 4 h at 37 ⁰C. Controls were performed 

in the absence of 6 in which vehicle (DMSO) was added. Assays were 

quenched with 5x SDS loading buffer, boiled at 95 ⁰C, 5 min, and subjected to 

SDS-PAGE. Gels were visualized at 365 nm using a UV lamp and stained with 

Coomassie Brilliant Blue. 

 

Docking analyses 

Molecular docking was performed with small molecule ligands representative of 

native malonyl and methylmalonyl AT substrates and probe mimics including a 
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partial pantetheinyl arm. Docking used available crystal structures of FabD from 

Xanthomonas oryzae (PDB: 3K89) and a PKS AT domain from module 5 of DEBS 

from Saccharopolyspora erythaea (PDB: 2HG4) and Autodock Vina 

(http://vina.scripps.edu). Docking utilized constrained proteins except for three 

active site residues in the AT domain40. 

 

Synthetic Materials and Methods 

Reagents 

Chemical reagents were purchased from Acros, Fluka, Sigma-Aldrich, or TCI and 

used without further purification. Deuterated NMR solvents were purchased from 

Cambridge Isotope Laboratories. 

 

Reactions 

All reactions were conducted with rigorously dried anhydrous solvents that were 

obtained by passing through a solvent column composed of activated A1 alu-

mina. Anhydrous N,N-dimethylformamide was obtained by passage over acti-

vated molecular sieves and a subsequent NaOCN column to remove traces of 

dimethylamine. Triethylamine (Et3N) was dried over Na and freshly distilled. Ethyl-

N,N-diisopropylamine (EtNiPr2) was distilled from ninhydrin, then from potassium 

hydroxide. Anhydrous CH3CN was obtained by distillation from CaH2. All reac-

tions were performed under positive pressure of Ar in oven-dried glassware 
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sealed with septa, with stirring from a Teflon coated stir bars using an IKAMAG 

RCT-basic mechanical stirrer (IKA GmbH). Solutions were heated using either a 

sand or silicon oil bath. 

 

Chromatography 

Analytical Thin Layer Chromatography (TLC) was performed on Silica Gel 60 

F254 precoated glass plates (EMSciences). Preparative TLC (pTLC) was con-

ducted on Silica Gel 60 plates (EM Sciences). Visualization was achieved with UV 

light and/or an appropriate stain (I2 on SiO2, KMnO4, bromocresol green, dini-

trophenylhydrazine, ninhydrin, and ceric ammonium molybdate). Flash chroma-

tography was carried out Geduran Silica Gel 60 (40-63 mesh) from EM Biosci-

ences. Yields and characterization data correspond to isolated, chromato-

graphically and spectroscopically homogeneous materials. 

 

Analytical Instrumentation 

1H NMR spectra were recorded on Varian Mercury 300, Varian Mercury 400 

spectrometers, Varian Mercury Plus 400, a JEOL ECA500, or a Varian VX500 spec-

trometer. 13C NMR spectra were recorded at 125 MHz on a Varian VX500 spec-

trometer equipped with an Xsens Cold probe or at 125 MHz on a JEOL ECA 500, 

100 MHz on a Varian Mercury 400 or 100 MHz on a Varian Mercury Plus 400 spec-

trometer. Chemical shifts for 1H NMR and 13C NMR analyses were referenced to 
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the reported values of Gottlieb41 using the signal from the residual solvent for 1H 

spectra, or to the 13C signal from the deuterated solvent. Chemical shift δ values 

for 1H and 13C spectra are reported in parts per million (ppm) relative to these 

referenced values, and multiplicities are abbreviated as s = singlet, d = doublet, 

t = triplet, q = quartet, m = multiplet, br = broad. All 13C NMR spectra were rec-

orded with complete proton decoupling. FID files were processed using Mes-

traNova 6.0.2. (MestreLab Research). Electrospray (ESI) mass spectrometric 

analyses were performed using a ThermoFinnigan LCQ Deca spectrometer, and 

high-resolution analyses were conducted using a ThermoFinnigan MAT900XL 

mass spectrometer with electron impact (EI) ionization. A Thermo Scientific LTQ 

Orbitrap XL mass spectrometer was used for high-resolution electrospray ioniza-

tion mass spectrometry analysis (HR-ESI-MS). Spectral data and procedures are 

provided for all new compounds and copies of select spectra have been pro-

vided. 

 

Nomenclature 

Atom numbers shown in chemical structures herein correspond to the number-

ing system used in the text of the article and Supporting Information and not to 

IUPAC nomenclature, which was used solely to name each compound. Com-

pounds not cited in the paper are numbered herein from S1. 
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Section 7.5 Supplementary Information 

 

 
Figure S7.1 Pilot labeling studies of Escherichia coli FabD and other serine hydrolases with com-
mercially available fluorophosphonate probes. (A) Chemical structures of desthiobiotin fluoro-
phosphonate (FP) and TAMRA-FP. (B) Western blot analysis denoting labeling of serine hydrolases 
FabD, thrombin, ZmaA AT, (2 - 8 mg/mL) and BBFL7 cellular lysate (1.5 mg/mL), with desthiobiotin 
FP (12 µM, pH 7.5, 2.5 hours, ambient temperature). (C) In-gel fluorescent SDS-PAGE analysis de-
noting labeling of serine hydrolases FabD, chymotrypsin, trypsin, thrombin, pig liver esterase 
(PLE), or pig pancreas lipase (2–5 µM) with TAMRA-FP (2–5 µM, 1 equiv., PBS, pH 7, 2 h, 37 ⁰C). E. 
coli cellular lysate (2.5 mg/mL) was treated with 5 µM TAMRA-FP under the same conditions. Φ 
depicts SDS-PAGE gel imaged with Typhoon FLA9500 (fluorescence mode, Cy3 green laser, 532 
nm) and Σ depicts the total protein content by staining with colloidal Coomassie Brilliant Blue. 
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Figure S7.2 Computational docking of lactams and lactones into acyl-carrier protein transacyl-
ase (AT) domains derived from fatty acid synthases (FAS) and polyketide synthases (PKS). Chem-
ical structures of pantetheine analogues with docking poses for FabD FAS AT domain from Xan-
thomonas oryzae (PDB: 3K89) (left) and DEBS module 5 PKS AT domain from Saccharopolyspora 
erythaea (PDB: 2HG4) (right) using pantheine mimic structures for (a) native malonyl and 
methylmalonyl substrates for FabD and DEBS AT respectively (a) lactam probe (b) and lactone 
probes (c–d). 
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Figure S7.3 Pilot concentration-dependent labeling studies of E. coli FabD to assess sensitivity and 
labeling limits of detection. (a) In-gel fluorescent SDS-PAGE analysis denoting labeling of FabD 
(0–200 µM) with 1 (100 µM, PBS, pH 7.6, 12 h, 37 ⁰C). (b) In-gel fluorescent SDS-PAGE analysis de-
noting labeling of FabD (10 µM) with 1 (0–500 µM, PBS, pH 7.6, 12 h, 37 ⁰C). For each panel, Φ 
depicts gel visualized under UV at 365 nm and Σ depicts the total protein content by staining 
with colloidal Coomassie Brilliant Blue. 



 

 

194 

 

 
Figure S7.4 Pilot labeling studies of E. coli FabD to evaluate the influence of buffer on labeling. In-
gel fluorescent SDS-PAGE analysis denoting labeling of FabD (10 µM) with 1 (50 µM, 12 h, 37 ⁰C) 
in various buffers. Φ depicts gel visualized under UV at 365 nm and Σ depicts the total protein 
content by staining with colloidal Coomassie Brilliant Blue. 
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Figure S7.5 Full depiction of gels shown in Figures 3a–d. In-gel fluorescent SDS-PAGE analysis de-
noting pH-dependent labeling of FabD (10 µM, PBS, 12 h, 37 ⁰C) with 50 µM (a) 1, (b) 3, (c) 4, or 
(d) 5. For each panel, Φ depicts gel visualized under UV at 365 nm, Σ depicts the total protein 
content by staining with colloidal Coomassie Brilliant Blue, and Γ depicts semi-quantitation of flu-
orescence using ImageJ software in which intensities were normalized to total protein content. 
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Figure S7.6 Full depiction of gels shown in Figures 3e–h. In-gel fluorescent SDS-PAGE analysis de-
noting time-dependent labeling of FabD (10 µM, PBS, pH 7, 37 ⁰C) with 50 µM (e) 1, (f) 3, (g) 4, or 
(h) 5. For each panel, Φ depicts gel visualized under UV at 365 nm, Σ depicts the total protein 
content by staining with colloidal Coomassie Brilliant Blue, and Γ depicts semi-quantitation of flu-
orescence using ImageJ software in which intensities were normalized to total protein content. 
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Figure S7.7 Labeling of FabD S92C. (a) In-gel SDS-PAGE analysis denoting labeling of FabD S92C 
(30 µM, PBS, pH 7, 37 ⁰C, 24 h) with fluorescent probe (60 µM). (b–c) In gel SDS-PAGE analysis 
denoting the effects of N-ethyl maleimide (NEM) pretreatment (1 mM, 1 h, 37 ⁰C) on labeling of 
(b) FabD (10 µM, PBS, pH 7, 50 µM probe, 4 h, 37 ⁰C) and (c) FabD S92C (10 µM, PBS, pH 7, 50 µM 
probe, 4 h, 37 ⁰C). For each panel, Φ depicts gel visualized under UV at 365 nm, Σ depicts the 
total protein content by staining with colloidal Coomassie Brilliant Blue, and Γ depicts semi-
quantitation of fluorescence using ImageJ software in which intensities were normalized to total 
protein content. 
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Figure S7.8 Labeling specificity of aryl sulfonyl fluoride probe. In-gel SDS-PAGE analysis denoting 
aryl sulfonyl fluoride cross-reactivity with other FAS enzymes (10 µM, PBS, pH 9, 37 ⁰C, 24 h) with 
50 µM 1. Φ depicts gel visualized under UV at 365 nm and Σ depicts the total protein content by 
staining with colloidal Coomassie Brilliant Blue. 
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Figure S7.9 Labeling specificity of lactone probes. In-gel SDS-PAGE analysis denoting lactone 
cross-reactivity with other FAS enzymes (10 µM, PBS, pH 7, 37 ⁰C, 1 h) with 50 µM (a) 3, (b) 4, or 
(c) 5. For each panel, Φ depicts gel visualized under UV at 365 nm and Σ depicts the total pro-
tein content by staining with colloidal Coomassie Brilliant Blue. 
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Figure S7.10 Full depiction of gels shown in Figures 4a–d. In-gel fluorescent SDS-PAGE analysis de-
noting competitive labeling between equimolar amounts of FabD and FAS enzymes (5 µM, PBS, 
pH 7, 4 h, 37 ⁰C) with 25 µM (a) 1, (b) 3, (c) 4, or (d) 5. For each panel, Φ depicts gel visualized 
under UV at 365 nm and Σ depicts the total protein content by staining with colloidal Coomassie 
Brilliant Blue.  
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Figure S7.11 Full depiction of gels shown in Figure 4f. Modulation of FabD versus FabF fluorescent 
probe labeling specificity by pretreating FabF (10 µM) with cerulenin (10 µM, 18 h, 37 ⁰) prior to 
addition of FabD (10 µM) and probes (50 µM). For each panel, Φ depicts gel visualized under UV 
at 365 nm, Σ depicts the total protein content by staining with colloidal Coomassie Brilliant Blue, 
and Γ depicts semi-quantitation of fluorescence using ImageJ software in which intensities were 
normalized to total protein content. 
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Figure S7.12 Full depiction of gels shown in Figure 4g. Modulation of FabD versus FabA fluores-
cent probe labeling specificity by pretreating FabA (10 µM) with sulfonyl alkyne 6 (100 µM, 18 h, 
37 ⁰C) prior to addition of FabD (10 µM) and probes (50 µM). For each panel, Φ depicts gel vis-
ualized under UV at 365 nm, Σ depicts the total protein content by staining with colloidal Coo-
massie Brilliant Blue, and Γ depicts semi-quantitation of fluorescence using ImageJ software in 
which intensities were normalized to total protein content.  
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Figure S7.13 Evaluation of labeling specificity between serine hydrolases FabD and TesA. In-gel 
SDS-PAGE analysis denoting competitive labeling between equimolar amounts of FabD and 
TesA (5 µM, PBS, pH 7, 4 h, 37 ⁰C, 25 µM fluorescent probe). For each panel, Φ depicts gel visual-
ized under UV at 365 nm and Σ depicts the total protein content by staining with colloidal Coo-
massie Brilliant Blue. 

 

 
Figure S7.14 Evaluation of aryl sulfonyl fluoride promiscuity with additional serine hydrolases. In-
gel SDS-PAGE analysis denoting labeling of serine hydrolases FabD, chymotrypsin, trypsin, throm-
bin, pig liver esterase (PLE), or pig pancreas lipase (PPL) (2–10 µM) with 1 (50 µM, PBS, pH 7, 4 h, 
37 ⁰). E. coli BL21 lysate (5 mg/mL) was treated with 1 under the same conditions. For each pan-
el, Φ depicts gel visualized under UV at 365 nm and Σ depicts the total protein content by stain-
ing with colloidal Coomassie Brilliant Blue. 
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Figure S7.15 Evaluation of lactone promiscuity with additional serine hydrolases. In-gel SDS-PAGE 
analysis denoting labeling of serine hydrolases FabD, thrombin, pig liver esterase (PLE), or pig 
pancreas lipase (PPL) (2–10 µM, fluorescent probe , PBS, pH 7, 4 h, 37 ⁰) with 50 µM: (a) 3, (b) 4, 
or (c) 5. E. coli BL21 lysate (5 mg/mL) was treated with 3–5 under the same conditions. For each 
panel, Φ depicts gel visualized under UV at 365 nm and Σ depicts the total protein content by 
staining with colloidal Coomassie Brilliant Blue. 

 

 
Figure S7.16 Labeling of AT domains derived from polyketide biosynthetic pathways with TAMRA-
FP. In-gel SDS-PAGE analysis denoting labeling of polyketide AT domains (5 µM) with TAMRA-FP (5 
µM, PBS, pH 7, 2 h, 37 ⁰C). For each panel, Φ depicts SDS-PAGE gel imaged with Typhoon 
FLA9500 (fluorescence mode, Cy3 green laser, 532 nm) and Σ depicts the total protein content 
by staining with colloidal Coomassie Brilliant Blue. 
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Figure S7.17 Full depiction of gels shown in Figure 5. In-gel fluorescent SDS-PAGE analysis denot-
ing labeling of polyketide AT domains (10 µM, PBS, pH 7, 12 h, 37 ⁰C) with 50 µM: (a) 1, (b) 3, (c) 
4, or (d) 5. For each panel, Φ depicts gel visualized under UV at 365 nm and Σ depicts the total 
protein content by staining with colloidal Coomassie Brilliant Blue. 
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Synthesis of fluorescent aryl-sulfonyl fluoride 1 

Scheme S7.1 General synthetic approach to access fluorescent aryl-sulfonyl fluoride 1. (EDC=1-
Ethy-3-(3-dimethylaminopropyl)carbodiimide); DMAP=4-(dimethylamino)-pyridine). 
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4-(2-(2-(2-(7-(dimethylamino)-2-oxo-2H-chromen-4-

yl)acetamido)acetamido)ethyl)benzene- sulfonyl fluoride propanoate (1). In a 

20 mL scintillation vial, N-7-diemthylaminocoumarin-4-acetyl-glycine S1a42 (12.8 

mg, 0.0423 mmol, 1.0 equiv.) and 1.5 mL acetonitrile were added. To the suspen-

sion was added EDC•HCl (24.8 mg, 0.129 mmol, 5.6 equiv.) and DMAP (1.0 mg, 

0.0082 mmol, 0.19 equiv.). After 30 min, 2-aminoethylbenzenesulfonyl fluoride 

(10.8 mg, 0.0451 mmol, 1.1 equiv.). After 23 h, the reaction was quenched with 

saturated aq. NH4Cl (10 mL) and extracted with EtOAc (3x25 mL). The combined 

organic extracts were dried (MgSO4), filtered, and concentrated by rotary 

evaporation. Purification by silica flash chromatography (19:1 → 4:1 

CH2Cl2/MeOH) afforded 1 (7.0 mg, 34%) as a pale yellow solid. 
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TLC: Rf 0.18 (19:1 CH2Cl2/MeOH). 1H-NMR (400 MHz, CD3CN): 7.95 (d, J = 8.4 Hz, 

2H), 7.50 (dd, J = 14.3, 8.6 Hz, 4H), 6.87 (s, 1H), 6.68 (dd, J = 9.0, 2.6 Hz, 1H), 6.54 

(d, J = 2.5 Hz, 1H), 6.49 (s, 1H), 6.01 (s, 1H), 3.68 – 3.63 (m, 4H), 3.41 (q, J = 6.9 Hz, 

2H), 3.02 (s, 6H), 2.85 (t, J = 7.0 Hz, 2H). ESI-MS m/z (rel int): (pos) 512.88 ([M+Na]+, 

100), 489.48 ([M+H]+, 80), 527.58 ([M+K]+, 40). 

 

Synthesis of fluorescent lactam 2 

Scheme S7.2 General synthetic approach to access fluorescent lactam 2. (TMS=trimethylsilyl; 
EDC=1-Ethy-3-(3-dimethylaminopropyl)carbodiimide); DMAP=4-(dimethylamino)-pyridine; 
TBS=tert-butyl-dimethylsilyl). 
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Methyl (2S,3R)-3-allyl-1-(tert-butyldimethylsilyl)-4-oxoazetidine-2-carboxylate 

(S3). In a 10 mL pear-shaped flask, (2S,3R)-3-allyl-1-(tert-butyldimethylsilyl)-4-

oxoazetidine-2-carboxylic acid S243 (56.2 mg, 0.2086 mmol, 1.0 equiv.) and 2.1 

mL methanol were added. The vessel was cooled to 0 ⁰C and 0.42 mL TMSCHN2 

was added and the reaction was warmed to 21 ⁰C. After 13.5 h, the volatiles 

were removed by rotary evaporation. Purification by silica flash chromatog-

raphy (3:1 → 1:1 hexanes/EtOAc) afforded S3 (31.3 mg, 53%) as a clear residue. 

1H-NMR (400 MHz, CDCl3): δ 5.81 (m, 1H), 5.22–5.11 (m, 2H), 3.78 (d, J = 2.7 Hz, 

1H), 3.76 (s, 3H), 3.35 (m, 1H), 2.49 (m, 2H), 0.95 (s, 9H), 0.28 (s, 3H), 0.09 (s, 3H). 

ESI-MS m/z (rel int): (pos) 284.14 ([M+H]+, 100), 306.09 ([M+Na]+, 70).  
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2-((2S,3R)-1-(tert-butyldimethylsilyl)-2-(methoxycarbonyl)-4-oxoazetidin-3-

yl)acetic acid carboxylate (S4). In a 20 mL scintillation vial, methyl-(2S,3R)-3-allyl-

1-(tert-butyldimethylsilyl)-4-oxoazetidine-2-carboxylate S3 (14.9 mg, 0.0523 mmol, 

1.0 equiv.), 1 mL CCl4, 1 mL CH3CN, and 1.5 mL H2O were added. To the clear 

solution was added NaIO4 (59.3 mg, 0.2772 mmol, 5.3 equiv.) and RuCl3•(H2O)n 

(0.2 mg, 0.0012 mmol, 0.022 equiv.). After 2 h, the reaction was extracted with 

CH2Cl2 (3x10 mL), dried (MgSO4), filtered through a pad of celite, and concen-
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trated by rotary evaporation to afford S4 (14.0 mg, 89%) as a brown solid. The 

crude material was >95% pure and advanced to the next step without further 

purification. 

1H-NMR (400 MHz, CDCl3): δ 3.94 (d, 1H), 3.77 (s, 3H), 3.63–3.56 (m, 1H), 2.82 (ddd, 

J = 56.8, 17.6, 6.8 Hz, 2H), 0.96 (s, 9H), 0.28 (s, 3H), 0.12 (s, 3H). 
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Methyl (2S,3R)-1-(tert-butyldimethylsilyl)-3-(2-((6-(2-(7-(dimethylamino)-2-oxo-

2H-chromen-4-yl)acetamido)hexyl)amino)-2-oxoethyl)-4-oxoazetidine-2-

carboxylate (S5). In a 10 round bottom flask, 2-((2S,3R)-1-(tert-butyldimethylsilyl)-

2-(methoxycarbonyl)-4-oxoazetidin-3-yl)acetic acid carboxylate S4 (5.9 mg, 

0.0196 mmol, 1.0 equiv.) and 1.5 mL acetonitrile were added. To the suspension 

was added EDC•HCl (7.0 mg, 0.0365 mmol, 1.9 equiv.) and DMAP (3.1 mg, 

0.0254 mmol, 1.3 equiv.). After 30 min, hexanediamine-containing coumarin S1b7 

(6.8 mg, 0.0196 mmol, 1.0 equiv.) was added as a solution in 2.4 mL acetonitrile. 

After 24 h, the reaction was quenched with saturated aq. NH4Cl (5 mL) and ex-

tracted with EtOAc (3x15 mL). The combined organic extracts were dried 

(MgSO4), filtered, and concentrated by rotary evaporation. Purification by silica 
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flash chromatography (EtOAc → 1:1 EtOAc/MeOH) afforded S5 (6.3 mg, 60%) as 

a pale yellow oil. 

 

TLC: Rf 0.44 (19:1 EtOAc/MeOH). 1H-NMR (400 MHz, CD3OD): 7.58 (d, J = 9.1 Hz, 

1H), 6.76 (dd, J = 9.1, 2.5 Hz, 1H), 6.57 (d, J = 2.5 Hz, 1H), 6.05 (s, 1H), 4.05 (d, J = 

2.6 Hz, 1H), 3.75 (s, 3H), 3.68 (s, 1H), 3.55 (ddd, J = 9.1, 5.3, 3.0 Hz, 1H), 3.23–3.18 

(m, 2H), 3.15–3.11 (m, 2H), 3.08 (s, 6H), 2.59 (ddd, J = 42.5, 15.1, 7.2 Hz, 2H), 1.57–

1.43 (m, 4H), 1.39–1.27 (m, 4H), 0.96 (s, 9H), 0.26 (s, 3H), 0.14 (s, 3H). ESI-MS m/z 

(rel int): (pos) 651.43 ([M+Na]+, 100), 537.54 ([M-TBS+Na]+, 20).  
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Methyl (2S,3R)-3-(2-((6-(2-(7-(dimethylamino)-2-oxo-2H-chromen-4-

yl)acetamido)hexyl)amino)-2-oxoethyl)-4-oxoazetidine-2-carboxylate (2). In a 

20 mL vial, S5 (2.7 mg, 0.0043 mmol, 1.0 equiv.) and 2 mL methanol were added. 

To the solution was added CsF (2.5 mg, 0.0165 mmol, 3.8 equiv.). After 1 h, the 

volatiles were removed by rotary evaporation. Purification by silica flash chro-

matography (19:1 → 9:1 CH2Cl2/MeOH) afforded 2 (0.8 mg, 36%) as a clear oily 

residue. 



 

 

211 

 

1H-NMR (400 MHz, CD3OD): 7.59 (d, J = 9.3 Hz, 1H), 6.77 (d, J = 5.4 Hz, 1H), 6.58 (d, 

J = 3.0 Hz, 1H), 6.05 (s, 1H), 4.78 (d, J = 4.9 Hz, 3H), 4.05 (d, J = 2.1 Hz, 1H), 3.75 (s, 

2H), 3.68 (s, 2H), 3.24–3.18 (m, 6H), 3.17–3.11 (m, 5H), 3.08 (s, 4H), 2.16 (s, 2H), 1.90 

(s, 2H), 1.51 (d, J = 17.8 Hz, 6H). ESI-MS m/z (rel int): (pos) 537.43 ([M+Na]+, 100). 
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Synthesis of lactones 3–5 

Scheme S7.3 General synthetic approach to access fluorescent lactone 3. (PivCl=trimethyacetyl 
chloride; NaHMDS=sodium bis(trimethylsilyl)amide; LiHMDS=lithium bis(trimethylsilyl)amide; 
EDC=1-Ethy-3-(3-dimethylaminopropyl)carbodiimide); DMAP=4-(dimethylamino)-pyridine). 
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Scheme S7.4 General synthetic approach to access fluorescent lactone 4. (PivCl=trimethyacetyl 
chloride; NaHMDS=sodium bis(trimethylsilyl)amide; LiHMDS=lithium bis(trimethylsilyl)amide; 
EDC=1-Ethy-3-(3-dimethylaminopropyl)carbodiimide); DMAP=4-(dimethylamino)-pyridine). 
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(S)-4-benzyl-3-(undec-10-enoyl)oxazolidin-2-one (S6a). In a 100 mL pear-

shaped flask, 10-undecenoic acid (1.0023 g, 5.4390 mmol, 1.0 equiv.) and 50 mL 

THF were added. The solution was cooled to 0 ⁰C before the addition of trime-

thylamine (2.4 mL, 17.2191 mmol, 3.5 equiv.) and trimethyl acetyl chloride (0.67 

mL, 5.4398 mmol, 1.0 equiv.). After 1 h at 0 ⁰C, to the cloudy suspension was 
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added LiCl (261.2 mg, 6.1618 mmol, 1.1 equiv.) and (S)-(-)-4-benzyl-2-

oxazolidinone (1.0652, 6.0113 mmol, 1.1 equiv.). The reaction was warmed to 21 

⁰C and stirred for 16 h. The volatiles were removed by rotary evaporation and 

the resulting white solid was dissolved in EtOAc (100 mL), washed with 1 M HCl 

(25 mL), satd NaHCO3 (25 mL), and brine (25 mL). The organic phase was dried 

(MgSO4), filtered, and concentrated by rotary evaporation. Purification by silica 

flash chromatography (85:15 → 4:1 hexanes/diethyl ether) afforded S6a (1.4373 

g, 77%) as a clear oil. 

 

TLC: Rf 0.32 (3:1 hexanes/diethyl ether). 1H-NMR (400 MHz, CDCl3): δ 7.37–7.26 

(m, 3H), 7.21 (d, J = 6.8 Hz, 2H), 5.81 (td, J = 16.9, 6.7 Hz, 1H), 4.96 (dd, J = 25.6, 

13.6 Hz, 2H), 4.72–4.63 (m, 1H), 4.23–4.13 (m, 2H), 3.30 (d, J = 13.3 Hz, 1H), 2.93 (qt, 

J = 16.9, 7.6 Hz, 2H), 2.76 (dd, J = 13.2, 9.7 Hz, 1H), 2.04 (q, J = 6.5 Hz, 2H), 1.67 (dt, 

J = 15.8, 7.4 Hz, 2H), 1.44–1.25 (m, 10H). 13C-NMR (100 MHz, CDCl3): δ 173.55, 

153.58, 139.32, 135.45, 129.54, 129.07, 127.45, 114.26, 77.48, 77.16, 76.84, 66.27, 

55.28, 38.06, 35.66, 33.92, 29.46, 29.44, 29.24, 29.20, 29.03, 24.38. ESI-MS m/z (rel 

int): (pos) 460.89 ([M+NH4]+, 100), 366.12 ([M+Na]+, 15), 344.14 ([M+H]+, 10). 
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(R)-4-benzyl-3-(undec-10-enoyl)oxazolidin-2-one (S6b). Prepared as described 

for S6a from (R)-(-)-4-benzyl-2-oxazolidinone, to give S6b (1.2727 g, 80%) as a 

clear oil. 

 

TLC: Rf 0.23 (4:1 hexanes/diethyl ether). 1H-NMR (400 MHz, CDCl3): δ 7.31 (dd, J = 

18.0, 7.0 Hz, 3H), 7.21 (d, J = 6.5 Hz, 2H), 5.81 (ddt, J = 16.7, 12.4, 6.0 Hz, 1H), 4.96 

(dd, J = 25.1, 13.2 Hz, 2H), 4.67 (dt, J = 9.5, 3.9 Hz, 1H), 4.18 (p, J = 7.5, 5.9 Hz, 2H), 

3.30 (d, J = 13.2 Hz, 1H), 2.92 (tq, J = 19.2, 9.4 Hz, 2H), 2.76 (t, J = 11.4 Hz, 1H), 2.09–

2.00 (m, 2H), 1.75–1.61 (m, 2H), 1.45–1.19 (m, 10H). 13C-NMR (100 MHz, CDCl3): 

δ 173.53, 153.56, 139.27, 135.42, 129.51, 129.03, 127.42, 114.24, 77.48, 77.16, 76.84, 

66.24, 55.24, 38.01, 35.63, 33.89, 29.43, 29.41, 29.35, 29.28, 29.21, 29.17, 29.13, 

29.00, 28.97, 27.09, 24.35. ESI-MS m/z (rel int): (pos) 344.31 ([M+H]+, 100), 366.31 

([M+Na]+, 80).  
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tert-Butyl (R)-3-((S)-4-benzyl-2-oxooxazolidine-3-carbonyl)dodec-11-enoate 

(S7a). In a 15 mL 3-necked flask, (S)-4-benzyl-3-(undec-10-enoyl)oxazolidin-2-one 

S6a (779.1 mg, 2.2683 mmol, 1.0 equiv.) and 5 mL tetrahydrofuran were added. 

The reaction vessel was cooled to -78 ⁰C before the slow, dropwise addition of 
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NaHMDS (1.4 mL, 2.0 M in THF, 2.8 mmol, 1.2 equiv.). After stirring for 2 h at -78 ⁰C, 

tert-butyl-bromoacetate (0.90 mL, 6.1369 mmol, 2.7 equiv.) was added dropwise 

and stirring was continued for 2 h at -78 ⁰C. The reaction was quenched with 

saturated aq. NH4Cl (10 mL) and extracted with EtOAc (4x25 mL). The combined 

organic extracts were dried (MgSO4), filtered, and concentrated by rotary 

evaporation. Purification by silica flash chromatography (19:1 → 4:1 hex-

anes/diethyl ether) afforded S7a (847.8 mg, 82%) as a clear oil. 

 

TLC: Rf 0.30 (4:1 hexanes/diethyl ether). 1H-NMR (400 MHz, CDCl3): δ 7.39–7.23 

(m, 5H), 5.86–5.73 (m, 1H), 4.95 (dd, J = 24.5, 13.5 Hz, 2H), 4.72–4.61 (m, 1H), 4.23–

4.12 (m, 3H), 3.34 (d, J = 13.0 Hz, 1H), 2.77 (dq, J = 23.4, 13.2, 11.9 Hz, 2H), 2.53–

2.43 (m, 1H), 2.08–1.98 (m, 2H), 1.63 (dd, J = 14.1, 7.5 Hz, 2H), 1.43 (s, 9 H), 1.37–

1.23 (m, 10H). 13C-NMR (100 MHz, CDCl3): δ 176.17, 171.55, 153.15, 139.27, 135.89, 

129.62, 129.03, 127.31, 114.28, 80.79, 77.48, 77.16, 76.84, 65.98, 55.70, 39.42, 37.65, 

37.21, 33.88, 32.09, 29.63, 29.39, 29.13, 28.98, 28.19, 26.94. ESI-MS m/z (rel int): 

(pos) 480.25 ([M+Na]+, 100). 

 

N

O

O

O

Bn CO2
tBu  
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tert-Butyl (S)-3-((R)-4-benzyl-2-oxooxazolidine-3-carbonyl)dodec-11-enoate 

(S7b). Prepared as described for S7a from (R)-4-benzyl-3-(undec-10-

enoyl)oxazolidin-2-one S6b, to give S7b (347.3 mg, 76%) as a clear oil. 

  

TLC: Rf 0.37 (4:1 hexanes/diethyl ether). 1H-NMR (400 MHz, CDCl3): δ 7.37–7.30 

(m, 2H), 7.27 (d, J = 6.2 Hz, 3H), 5.87–5.73 (m, 1H), 5.03–4.88 (m, 2H), 4.70–4.61 (m, 

1H), 4.21–4.12 (m, 3H), 3.38–3.30 (m, 1H), 2.77 (dddd, J = 23.3, 13.5, 10.3, 1.4 Hz, 

2H), 2.53–2.43 (m, 1H), 2.03 (ddd, J = 7.7, 5.0, 1.5 Hz, 2H), 1.64 (dt, J = 13.9, 6.6 Hz, 

2H), 1.42 (d, J = 1.5 Hz, 9H), 1.38–1.31 (m, 5H), 1.27 (s, 7H). 13C-NMR (100 MHz, 

CDCl3): δ 176.23, 171.62, 153.21, 139.35, 135.96, 129.69, 129.10, 127.38, 114.36, 

80.86, 77.55, 77.23, 76.91, 66.06, 55.77, 39.49, 37.72, 37.28, 33.95, 32.16, 29.70, 

29.45, 29.20, 29.05, 28.26, 27.01. ESI-MS m/z (rel int): (pos) 480.22 ([M+Na]+, 100). 

 

HO

O

tBuO2C  

(R)-2-(2-(tert-butoxy)-2-oxoethyl)undec-10-enoic acid (S8a). In a 20 mL vial, 

tert-Butyl (R)-3-((S)-4-benzyl-2-oxooxazolidine-3-carbonyl)dodec-11-enoate S7a 

(368.1 mg, 0.8044 mmol, 1.0 equiv.), 6 mL tetrahydrofuran, and 2 mL w, ,ater 

were added. The reaction vessel was cooled to 0 ⁰C before adding H2O2 (0.41 

mL, 4.0220 mmol, 5.0 equiv.) and LiOH•H2O (78.3 mg, 1.8661 mmol, 2.3 equiv.). 
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The reaction stirred at 0 ⁰C for 15 min. before being warmed to 21 ⁰C. After 1.5 h, 

the reaction was quenched with saturated aq. NaS2O3 (10 mL), brine (10 mL), 

and saturated aq. NH4Cl (10 mL) and extracted with CH2Cl2 (4x25 mL). The 

combined organic extracts were dried (MgSO4), filtered, and concentrated by 

rotary evaporation. Purification by silica flash chromatography (3:1 → 1:1 hex-

anes/diethyl ether + 1% acetic acid) afforded S8a (460.9 mg, 83%) as a clear oil. 

 

TLC: Rf 0.18 (3:1 hexanes/diethyl ether + 1% acetic acid). 1H-NMR (400 MHz, 

CDCl3): δ 5.86–5.73 (m, 1H), 5.03–4.89 (m, 2H), 2.78 (dt, J = 12.5, 6.6 Hz, 1H), 2.61 

(dd, J = 16.4, 9.4 Hz, 1H), 2.37 (dd, J = 16.4, 5.1 Hz, 1H), 2.02 (q, J = 6.6 Hz, 2H), 1.65 

(dq, J = 14.2, 7.0 Hz, 2H), 1.50 (dd, J = 14.6, 6.8 Hz, 2H), 1.43 (s, 9H), 1.39–1.25 (m, 

10H). 13C-NMR (100 MHz, CDCl3): δ 181.62, 171.26, 139.26, 114.31, 81.11, 77.48, 

77.16, 76.84, 41.48, 37.20, 33.90, 31.77, 29.48, 29.35, 29.13, 28.99, 28.11, 27.01. 

ESI-MS m/z (rel int): (pos) 321.15 ([M+Na]+, 100), 343.14 ([M-H+2Na]+, 35); (neg) 

297.16 ([M-H]-, 100). 

 

HO

O

tBuO2C  
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(S)-2-(2-(tert-butoxy)-2-oxoethyl)undec-10-enoic acid (S8b). Prepared as de-

scribed for S8a, from tert-Butyl (R)-3-((S)-4-benzyl-2-oxooxazolidine-3-

carbonyl)dodec-11-enoate S7b, to give S8b (538.5 mg, 91%) as a clear oil. 

 

TLC: Rf 0.46 (1:1 hexanes/diethyl ether + 1% acetic acid). 1H-NMR (400 MHz, 

CDCl3): δ 5.79 (ddt, J = 17.1, 9.9, 6.7 Hz, 1H), 5.08–4.87 (m, 2H), 2.79 (ddd, J = 9.7, 

5.0, 2.3 Hz, 1H), 2.60 (dd, J = 16.1, 9.4 Hz, 1H), 2.37 (dt, J = 16.4, 3.5 Hz, 1H), 2.02 (d, 

J = 7.5 Hz, 2H), 1.65 (q, J = 7.6 Hz, 1H), 1.42 (s, 10H), 1.39–1.21 (m, 10H). 13C-NMR 

(100 MHz, CDCl3): δ 181.60, 171.33, 139.34, 114.38, 81.18, 77.55, 77.23, 76.91, 

41.54, 37.28, 33.97, 31.85, 29.56, 29.43, 29.21, 29.06, 28.19, 27.09. ESI-MS m/z (rel 

int): (pos) 321.15 ([M+Na]+, 100), 343.16 ([M-H+Na]+, 30); 297.16 ([M-H]-, 100). 

 

HO

O

CltBuO2C  

(S)-2-((R)-2-(tert-butoxy)-1-chloro-2-oxoethyl)undec-10-enoic acid (S9a). In a 

25 mL pear-shaped flask, (R)-2-(2-(tert-butoxy)-2-oxoethyl)undec-10-enoic acid 

S8a (151.9 mg, 0.5090 mmol, 1.0 equiv.) and 5 mL tetrahydrofuran were added. 

The reaction vessel was cooled to -78 ⁰C before the slow, dropwise addition of 

LiHMDS (0.75 mL, 1.5 M in THF, 1.1198 mmol, 2.2 equiv.). The reaction was main-

tained at -78 ⁰C for 1 h before the addition of CCl4 (0.60 mL of a 0.94 M solution 
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in THF, 0.5599 mmol, 1.1 equiv.). After stirring at -78 ⁰C for an additional 1.5 h, the 

reaction was quenched with glacial acetic acid (0.1 mL) and the volatiles were 

removed by rotary evaporation. The resulting white solid was dissolved in EtOAc 

(100 mL) and washed with 1 M HCl (10 mL) and brine (10 mL). The organic phas-

es were dried (MgSO4), filtered, and concentrated by rotary evaporation to af-

ford S9a (351.0 mg, 98%) as a white solid. The material was >95% pure and was 

carried forward to the next step without additional purification. 

 

TLC: Rf 0.18 (3:2 hexanes/diethyl ether + 1% acetic acid). 1H-NMR (400 MHz, 

CDCl3): δ 5.88–5.74 (m, 1H), 5.06–4.90 (m, 2H), 4.37 (d, J = 9.2 Hz, 1H), 3.03 (td, J = 

9.1, 8.4, 4.6 Hz, 1H), 2.03 (q, J = 7.9, 7.2 Hz, 3H), 1.86–1.77 (m, 2H), 1.47 (s, 6H), 

1.40–1.23 (m, 12H). ESI-MS m/z (rel int): (pos) 355.13 ([M+Na]+, 100). 

 

HO

O

CltBuO2C  

(R)-2-((S)-2-(tert-butoxy)-1-chloro-2-oxoethyl)undec-10-enoic acid acid (S9b). 

Prepared as described for S9a, from (S)-2-(2-(tert-butoxy)-2-oxoethyl)undec-10-

enoic acid S8b, to give S9b (213.3 mg, quant.) as an oil.  
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TLC: Rf 0.29 (3:2 hexanes/diethyl ether + 1% acetic acid). 1H-NMR (400 MHz, 

CDCl3): δ 10.67 (s, 2H), 5.95–5.70 (m, 1H), 5.14–4.82 (m, 2H), 4.36 (d, J = 9.1 Hz, 

1H), 3.02 (td, J = 8.8, 8.4, 4.4 Hz, 1H), 2.03 (q, J = 8.0, 7.4 Hz, 2H), 1.82 (d, J = 9.6 Hz, 

2H), 1.49 (d, J = 20.3 Hz, 9H), 1.29 (s, 10H). 13C-NMR (100 MHz): δ 179.28, 167.77, 

139.32, 114.42, 83.35, 77.55, 77.23, 76.91, 57.63, 48.71, 33.96, 29.57, 29.44, 29.37, 

29.20, 29.07, 29.06, 28.56, 28.09, 27.87, 27.63, 26.26. ESI-MS m/z (rel int): (pos) 

355.20 ([M+Na]+, 100); (neg) 663.43 ([2M-H]-, 100), 699.14 ([2M+Cl]-, 30). 

 

O

O

CO2
tBu  

tert-Butyl (2S,3R)-3-(non-8-en-1-yl)-4-oxooxetane-2-carboxylate (S10a). In a 25 

mL round bottom flask, (S)-2-((R)-2-(tert-butoxy)-1-chloro-2-oxoethyl)undec-10-

enoic acid S9a (84.7 mg, 0.2545 mmol, 1.0 equiv.), 5 mL tetrahydrofuran, and 5 

mL 5% aq. NaHCO3 were added. After stirring for 16 h, the reaction was diluted 

with EtOAc (50 mL) and the aqueous and organic phases were separated. The 

organic phase was washed with brine (5 mL), dried (MgSO4), filtered, and con-

centrated by rotary evaporation. Purification by silica flash chromatography 

(19:1 → 9:1 hexanes/diethyl ether) afforded S10a (152.5 mg, 49%) as a clear oil. 
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1H-NMR (400 MHz, CDCl3): δ 5.83–5.68 (m, 1H), 4.91 (dd, J = 24.0, 13.6 Hz, 2H), 

4.49–4.40 (m, 1H), 3.68–3.56 (m, 1H), 2.08–1.94 (m, 2H), 1.92–1.71 (m, 2H), 1.46 (s, 

9H), 1.41 (s, 2H), 1.27 (s, 8H). 13C-NMR (100 MHz, CDCl3): δ 169.42, 167.23, 138.95, 

114.24, 83.46, 77.48, 77.16, 76.84, 71.83, 57.11, 33.70, 29.10, 28.90, 28.78, 27.86, 

27.62, 26.61. ESI-MS m/z (rel int): (pos) 314.17 ([M+NH4]+, 100), 319.16 ([M+Na]+, 

70), 297.24 ([M+H]+, 35). 

 

O

O

CO2
tBu  

tert-Butyl (2R,3S)-3-(non-8-en-1-yl)-4-oxooxetane-2-carboxylate (S10b). Pre-

pared as described for S10a, from (R)-2-((S)-2-(tert-butoxy)-1-chloro-2-

oxoethyl)undec-10-enoic acid S9b, to give S10b (15.0 mg, 84%) as a clear oil. 

 

TLC: Rf 0.27 (9:1 hexanes/diethyl ether). 1H-NMR (400 MHz, CDCl3): δ 5.80 (td, J = 

16.9, 6.7 Hz, 1H), 5.03–4.90 (m, 2H), 4.47 (d, J = 4.3 Hz, 1H), 3.70–3.61 (m, 1H), 2.04 

(q, J = 7.2 Hz, 3H), 1.86 (m, 4H), 1.51 (s, 9H), 1.41–1.26 (m, 10H). 13C-NMR (100 MHz, 

CDCl3): δ 139.17, 114.41, 77.48, 72.07, 57.31, 33.86, 29.27, 29.08, 28.95, 28.07, 

27.82, 26.78. ESI-MS m/z (rel int): (pos) 319.27 ([M+Na]+, 100), 314.24 ([M+NH4]+, 

35). 
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O

O

CO2
tBu

OH

O

 

8-((2S,3R)-2-(tert-butoxycarbonyl)-4-oxooxetan-3-yl)octanoic acid (S11a). In a 

20 mL vial, tert-Butyl (2S,3R)-3-(non-8-en-1-yl)-4-oxooxetane-2-carboxylate S10a 

(61.8 mg, 0.2085 mmol, 1.0 equiv.), 1 mL CCl4, 1 mL CH3CN, and 1.5 mL H2O 

were added. To the clear solution was added NaIO4 (180.9 mg, 0.8458 mmol, 4.1 

equiv.) and RuCl3•(H2O)n. After 1.5 h, the reaction was diluted with H2O (5 mL) 

and extracted with CH2Cl2 (3x10 mL). The combined organic extracts were 

dried (MgS 1.5 mL methanol were added. The combined organic extracts were 

dried (MgSO4), filtered over a pad of celite, and concentrated by rotary evapo-

ration to afford S11a (59.2 mg, 90%) as a dark grey solid. The product was >95% 

pure; therefore, carried forward to the next step without additional purification. 

 

TLC: Rf 0.46 (1:1 hexanes/EtOAc + 1% acetic acid). 1H-NMR (400 MHz, CDCl3): 

δ 4.46 (d, J = 4.3 Hz, 1H), 3.63 (ddd, J = 10.6, 6.4, 4.4 Hz, 1H), 2.33 (t, J = 7.4 Hz, 2H), 

1.94–1.74 (m, 2H), 1.61 (dt, J = 13.8, 7.3 Hz, 2H), 1.49 (s, 9H), 1.46–1.39 (m, 2H), 1.32 

(s, 6H).13C-NMR (100 MHz, CDCl3): δ 180.16, 169.53, 167.36, 83.73, 77.48, 77.16, 

76.84, 71.95, 57.18, 34.06, 28.97, 28.91, 28.86, 27.98, 27.71, 26.65, 24.61. ESI-MS m/z 

(rel int): (pos) 337.11 ([M+Na]+, 100), 332.18 ([M+NH4]+, 70); (neg) 313.03 ([M-H]-, 

100). 
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O

O

CO2
tBu

OH

O

 

8-((2R,3S)-2-(tert-butoxycarbonyl)-4-oxooxetan-3-yl)octanoic acid (S11b). Pre-

pared as described for S11a, from tert-butyl (2R,3S)-3-(non-8-en-1-yl)-4-

oxooxetane-2-carboxylate S10b, to give S11b (32.1 mg, 83%) as a dark oil. 

TLC: Rf 0.19 (3:1 hexanes/EtOAc + 1% acetic acid). 1H-NMR (400 MHz, CDCl3): 

δ 4.46 (d, J = 4.3 Hz, 1H), 3.68–3.61 (m, 1H), 2.34 (t, J = 7.0 Hz, 2H), 1.84 (ddq, J = 

29.3, 14.2, 7.3 Hz, 2H), 1.67–1.58 (m, 2H), 1.50 (s, 9H), 1.48–1.41 (m, 2H), 1.33 (s, 5H). 

13C-NMR (100 MHz, CDCl3): δ 179.92, 169.53, 167.40, 83.77, 77.48, 77.16, 76.85, 

72.02, 57.25, 34.07, 29.01, 28.96, 28.91, 28.05, 27.78, 26.69, 24.67. ESI-MS m/z (rel 

int): (pos) 337.34 ([M+Na]+, 100), 332.33 ([M+NH4]+, 50); (neg) 313.08 ([M-H]-, 100). 

 

ON O

N
H

O H
N

O O

O

tBuO2C

 

tert-Butyl (2S,3R)-3-(8-((2-(2-(7-(dimethylamino)-2-oxo-2H-chromen-4-

yl)acetamido)ethyl)amino)-8-oxooctyl)-4-oxooxetane-2-carboxylate (3). In a 

25 mL pear-shaped flask, ethylenediamine-containing coumarin S1c8 (9.5 mg, 
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0.0236 mmol, 1.0 equiv.), 8-((2S,3R)-2-(tert-butoxycarbonyl)-4-oxooxetan-3-

yl)octanoic acid S11a (7.4 mg, 0.0236 mmol, 1.0 equiv.), 2.4 mL acetonitrile, and 

0.1 mL DMF were added. To the solution was added EDC•HCl (6.7 mg, 0.0350 

mmol, 1.5 equiv.) and DMAP (1.9 mg, 0.0156 mmol, 0.7 equiv.). After 20 h, the 

reaction was quenched with saturated aq. NH4Cl (10 mL) and extracted with 

EtOAc (4x25 mL). The combined organic extracts were dried (MgSO4), filtered, 

and concentrated by rotary evaporation. Purification by preparatory TLC (19:1 

EtOAc/MeOH) afforded 3 (6.6 mg, 48%) as a white solid. 

 

TLC: Rf 0.44 (19:1 EtOAc/MeOH). 1H-NMR (400 MHz, CD3OD): δ 7.89 (s, 1H), 7.55 

(d, J = 9.0 Hz, 1H), 6.77 (d, J = 11.5 Hz, 1H), 6.57 (s, 1H), 6.05 (s, 1H), 4.66 (d, J = 4.3 

Hz, 1H), 3.80–3.71 (m, 1H), 3.68 (s, 2H), 3.08 (s, 7H), 2.16–2.07 (m, 2H), 1.84 (dt, J = 

14.8, 7.2 Hz, 3H), 1.51 (s, 9H), 1.29 – 1.32 (m, J = 10.0 Hz, 10H). ESI-MS m/z (rel int): 

(pos) 1172.78 ([2M+H]+, 100), 1194.87 ([2M+Na]+, 50), 586.70 ([M+H]+, 40). 

 

ON O

N
H

O H
N

O O

O

tBuO2C

 

tert-Butyl (2R,3S)-3-(8-((2-(2-(7-(dimethylamino)-2-oxo-2H-chromen-4-

yl)acetamido)ethyl)amino)-8-oxooctyl)-4-oxooxetane-2-carboxylate (4). Pre-
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pared as described for 3, from ethylenediamine-containing coumarin S1c44 and 

8-((2R,3S)-2-(tert-butoxycarbonyl)-4-oxooxetan-3-yl)octanoic acid S11b, to give 

4 (5.6 mg, 32%) as a white solid. 

1H-NMR (400 MHz, CD3OD): δ 7.55 (d, J = 8.9 Hz, 1H), 6.77 (d, J = 9.0 Hz, 1H), 6.57 

(s, 1H), 6.05 (s, 1H), 4.18 (d, J = 5.4 Hz, 1H), 3.68 (s, 1H), 3.66 (s, 2H), 3.35 (s, 2H), 

3.08 (s, 6H), 2.76 (dt, J = 10.1, 5.2 Hz, 1H), 2.18–2.06 (m, 2H), 1.47 (s, 8H), 1.30 (s, 

11H). ESI-MS m/z (rel int): (pos) 586.40 ([M+H]+, 100), 1171.88 ([2M+H]+, 30). 

 

 

 

 

 

Scheme S7.5 General synthetic approach to access fluorescent lactone 5. EDC=1-Ethy-3-(3-
dimethylaminopropyl)carbodiimide); DMAP=4-(dimethylamino)-pyridine). 
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H
N

O O

O

tBuO2C

N
H

O

O ON
 

tert-Butyl (2R,3S)-3-(8-((6-(2-(7-(dimethylamino)-2-oxo-2H-chromen-4-

yl)acetamido)hexyl)amino)-8-oxooctyl)-4-oxooxetane-2-carboxylate (5). Pre-

pared as described for 3–4, from hexanediamine-containing coumarin S1b7 and 

8-((2R,3S)-2-(tert-butoxycarbonyl)-4-oxooxetan-3-yl)octanoic acid S11b, to give 

5 (5.3 mg, 34%) as a pale yellow solid. 

 

1H-NMR (400 MHz, CD3OD): δ 7.90 (s, 1H), 7.58 (d, J = 9.0 Hz, 1H), 6.76 (d, J = 9.0 

Hz, 1H), 6.57 (s, 1H), 6.04 (s, 1H), 4.66 (d, J = 3.7 Hz, 1H), 3.75 (s, 1H), 3.67 (s, 2H), 

3.19 (d, J = 6.7 Hz, 2H), 3.16–3.10 (m, 2H), 3.07 (s, 4H), 2.16 (t, J = 7.1 Hz, 2H), 1.84 

(dt, J = 11.8, 5.4 Hz, 2H), 1.66–1.57 (m, 3H), 1.51 (s, 8H), 1.46 (s, 4H), 1.41–1.27 (m, 

13H), 0.98–0.81 (m, 2H).
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