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Overview

» MS-based proteomics for natural microbial
communities (metaproteomics).

» New methods for soil proteomics

» Integrating groundwater, filter and soil samples
in the Rifle field site

> New methods for MS-based proteomics



Environmental Microbial Community Genomics:
Sanger 454 or lllumina??
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ORNL Proteome Pipeline for Microbial Species

Community or Environmental Sample

\
Sample Collection

Protein extraction/Sample Preparation

¥
Liquid Chromatography

Mass Spectrometry

Proteome éioinformatics

Biglogy



Protein extraction and Sample Prep
Will there be a one size fits all method??

» Chemical Lyses: Guanidine or Urea plus DTT
»Detergent Lyses: SDS, non-ionic detergent

» Sonication

»Bead Beating

»French Press

» 1CA Prec.



Protein extraction and Sample Prep
What do we want in a method

» Simple and Straightforward
»Un-biased

» Reproducible

» Fast

» Sensitive

»Don’t add unwanted chemical modifications-oxidations, SDS
adducts, carbamomethyations
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MS/MS spectra
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Multidimensional LC full MS spectra
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Leptospirillum group Il_scaffold 14 GENE 20
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High resolution and accurate mass measurements of both
Full scan and MS/MS spectra on LC time scales
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Solution: LTQ FT Orbitrap

Leptoll_scaff_14_GENE_20_SNP1
VEADOQIAAAK

Actual Monoisotopic Mass= 982 544
Obzserved Monoisctopic Mass= 982 546
PPM= 2 0 ppm

Highest point in Dynamic Range!
This is because of AGC. {l i |

Base Peak E:hr-:urmiﬂg/ sl Base Peak Ehrﬁmatﬂgri’/

_...._-J__.:LL_.J._LJ_iL.IL.o.'..'T_._ e e Lt

Full Scan M5

Leptoll_scaff 14 GENE_20 SNP1
SLGCGGDMDCVTGSADWWSK

Actual Monoisotopic Mass= 1586.811
Observed Monocisotopic Mass= 1986.813
PPM= 1.0 ppm

Lowest point in Dynamic Range!
This is because of AGC.




Split-phase MudPIT (pressure cell-packing and

loading) described in McDonald et al.
IJMS 2002

Filter union

RP

’

For “dirty” samples
Omit this phase

Pressure cell packing and loading

Filter union




Experimental Approach: Digest the proteins
into peptides and examine by LC/LC-MS/MS

Filter union

RP SCX - RP

Electrospray
Linear lon Trap
Orbitrap

2D-Nano HPLC

11 Ammonium Acetate salt pulses followed by 2
hour Reverse Phase Gradients



ORNL Proteome Informatics Pipeline

Extraction
v
z Assignment
\
Peptide ldentification
\

Protein Assembly & Filtering
v

ppm Computation
Sample Diﬁeren;ation & Statistics
Web-Basec: Publishing
mySQL I;atabase



ORNL Proteome Informatics Pipeline
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False Positive Rates

Human Gut Metaproteome Rifle Gound Soil Sample
0.72 o |_Forward Peptides | Flse Posiive Rate | o 0.717 Samole | Forward Peptides | False Positive Rate | ol
- <£|0ppm | >+ 10ppm | Total | <+10ppm | Peptides I | <£10ppm | 2 10ppm | Total | <+10ppm | Peptides
Subject | Run | | 2316 279 |3417%| onx | 2835 Wilfred | 1511 1940 |7167% 157% | 7043
Subject | Run2| 2592 275 L18% | 0.06% 3216 Josephine | 4683 2943 5I.l]ﬁ| 1.I7% 12256
Subject 2 Run | | 3664 357 |237x| ouex | 4382 Edouard | 3342 1494 [4926x] 129% | 7731
0.54 |Subject2 Run2| 3397 355  Jiwx| oosx | w42 0.538 Cristobal | 13866 | 5054 |3681%) 096x | 27593
0.36 0.358
0.18 0.179
- vV Vv %
o
A
9
@’ &> &Y fﬂﬁé‘
B All False Positives B All False Positives
B False Positives with -10 < PPM < 10 B False Positives with -10 < PPM < 10



Released Published Datasets

Human Gut Metaproteome

http://compbio.ornl.gov/
human_gut microbial metaproteome/

Acid Mine Drainage

EBPR Sludge

http://compbio.ornl.gov/ebpr_sludge/

http://compbio.ornl.gov/biofiim_amd/
4 http://compbio.ornl.gov/biofiim_amd recombination/
http://compbio.ornl.gov/biofilm_amd_PIGT/



A golden soil sample prep method
What have we tried

» Chaotropes-Guanidine

» Basic extraction-NaOl
» Sonication

»Bead Beating

» Excess trypsin

» Blocking with ubiquitin

All of these failed in the end...



In Situ Soil Protein Extraction Methodology
(SDS-TCA)

Soil samples dispersed in a detergent based lysis buffer and boiled for 20 min

'v brief centrifugation at 2500 rpm, discard soil

Supernatant + chilled TCA

Overnight incubation at 4°C followed by centrifugation
' at 14,000 rpm, discard supernatant

Wash protein pellet with acetone, dry and dissolve in Guanidine-DTT solution.

;

Overnight trypsin digestion followed by desalting via SPE and solvent exchange

¢

Peptides interrogated via 24h, 12-step, 2d-LC MS/MS

’ Method Developed by Dr. K.
Datasets analyzed using SEQUEST Chourey and Dr. R. Hettich

assistance from Dr. Jansson



Testing the efficiency of the in-situ lysing protocol
Live Cell spiking experiment

Grow Pseudomonas putida F1 cells o/n in 10 ml LB medium

S s

E mi 5 mi

Added to 5 gm sterilized soil (Hanford, WA) Taken up directly for protein extraction
(incubated for 5 h)

Sample subjected to SDS-TCA lysis protocol, followed by trypsin digestion of proteins,
desalting the peptides and analyzing them via 24h 2d-LC-MS/MS on a LTQ MS

1

Datasets analyzed using SEQUEST software with P. putida F1 as the reference database

| |

925 proteins identified 1343 proteins identified
MW of proteins ranged from ~ 6 KDa to 181 MW of proteins ranged from ~ 6 KDa to 181
KDa, with a single 269 KDa protein KDa, with a single 475 KDa protein

Results: The protocol works well for lysing cells within soil matrix.




180 - Distribution of proteins across functional categories
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COMPARISON OF PROTEIN LOCALIZATION PROFILE OF IDENTIFIED PROTEINS

48%

83%

5%

P.putida F1 proteome from cells incubated
in soll.

P.putida F1 proteome from liquid culture
@ Cytoplasm
m Cytoplasmic membrane
1 Data not available
1 Extracellular
m Multiple sites
@ OQuter membrane

m Periplasmic

O Unknown



Indirect Soil Protein Extraction protocol

(Differential Centrifugation)

Grow Arthrobacter chlorophenolicus A6 cells in liquid media

1

Culture suspended in PBS buffer and added to 20 gm Hopland soil to the final
concentration of 10° or 108 cells (incubated at 4°C for 24 h )

20 ml chilled PBS added to soil (kept on ice) and homogenized at top speed using hand held
blender (30 sec on/off) twice.

Slurry centrifuged at 5000 rpm x 5 min to sediment out soil particles. Supernatant

containing cells reserved. Repeat the process with soil again. Pool all supernatant.

I
v

Centrifuge supernatant at 10,000 rpm, 10 min at 4°C to precipitate cells. Wash cell pellet once
with chilled PBS. i

Cell pellet subjected to SDS-TCA lysis protocol, followed by trypsin digestion of proteins,
desalting the peptides and analyzing them via 24h 2d-LC-MS/MS on a LTQ MS

Results: The protocol isolates bacterial cells from
soil particles effectively

Protocol Develop by Dr. Janet Jansson




Results from Hopland soil spiked with A. chlorophenolicus A6 cells.

Arthrobacter Lysis Total
Soil (cells/g) Extraction protocol method proteins Comments
20g
Hopland Differential 1/4 cell lysate equivalentto 5 g
soil 109 centrifugation SDS-TCA 490 soil
3/4 cell lysate equivalent to
i SDS-TCA 600 15 g soil
20 g
Hopland Differential 1/4 cell lysate equivalentto 5 g
soil 108 centrifugation SDS-TCA 582 soil
3/4 cell lysate equivalent to
457 15 g soil

19 g
Hopland Direct extraction (5 g
soil 109 soil) SDS-TCA 816
19g
Hopland Direct extraction (5 g
soil 108 s0il) SDS-TCA 555
20 g
Hopland Direct extraction (5 g
soil No cells soil) SDS-TCA 8




Desulfo isolate in Rifle Soil microcosms
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~1300 Proteins ldentified in 24h run

MS/MS spectra
Sample provided by Kim Handley and Jill Banfield



Rifle High Organic Low Organic

% T (S

MW
(kDa)
215

120

84
60

39.2

28
18.3

All Photos and work by Dr. Brian Dill



SDS-soil extract




Aliquoted extract before TCA




TCA pellets
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~80 Proteins ldentified, ~200 Peptides




Rifle Integrated Field Research Challenge (IFRC) Site

= Over 500,000 m? tailings were
originally present at the site

= Tailings were removed to the New
Rifle site, before being removed to
the Estes Gulch storage cell

« Surface layer excavation and clay-
rich cap installed: 1996



Uranium Biogeochemistry
Biostimulation: U Sequestration

from Kate Campbell (USGS)

Direct enzymatic Indirect reduction Reduction of U by
reduction of U of U by Fe(ll) solid-phase Fe(ll)

Organic Carbon

(NOM, acetate) .

V02 solid

Fe(lll)

secondaryFe(ll-lllyminerals
magnetite
green rust

Sediment particle Fe-sulfide minerals
Mno

Selected references: Lovley et al., 1991; Suzuki et al., 2002; Suzuki et al., 2003; Singer et al., 2007; Gu
and Chen 2003: Anderson et al., 2003; Liger et al., 1999; Jeon et al. 2005; Wersin et al. 1994; O'Loughlin
et al., 2003; Missana et al., 2003; Scott et al., 2005; Dodge et al., 2002



Schematic model of bioreduction at the Rifle IFRC site

Acetate

CO2 Acetate - ---~""

};” 4.2+
e

(V1) UiV}

At Rifle, studies utilizing a number of different techniques (PLFA, RNA, DNA) have
demonstrated that acetate amendment is followed by a bloom in Geobacter

populations that reduce Fe(lll) and U(VI)



Three sample types from Rifle that we would

like to be able to integrate for a comprehensive
picture of the bioremediation process

Filter
Samples

Ground Water

Samples

Soil/Sediment

Samples



Field biostimulation experiments:
In situ removal of U(VI) from groundwater at Rifle

Injection Monitoring
acetate Wells Wells

D

Upgradient
Background

Wells

Ground surface

Vadose zon

Water table

. L = -
Shallow aquifer | €< - - _M" >

Groundwater flow



Stimulated bioreduction at Rifle
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2007 Proteogenomic sampling

£ =

(A) Groundwater, pumped from the surface, passes through chilled ice-buckets on the way to the TFF, (B) Re-
circulation bucket in field-trailer, (C) Tangential-flow filtration system, and (D) Concentrated biomass



Initial Proteome Study of the 2007 Gallery
TFF enriched ground water samples

Tangential Flow filtration

Carbay with Filtered Cell Pellets

oo === Single Tube Small Sample Processing
1. Cell lyses via 6M Guanidine

2. Protein denaturation, reduction

3. Protein Digestion via Trypsin
Molaculas = 3003 get ra-circulatach Fiter unit 4. Peptide de-salting and Concentration

1! | ' am
1 - 5 J0kD membrane
II HH\_ ‘Water and mofecules = S0kD flow through

Water and calis from carboy

T Wasie

Filter union
RP SCA - RP
Split phase 2D-LC

ES-Linear lon Trap
FT-MS Orbitrap

Three different ground water samples all under iron reducing conditions.
Triplicate 2d-LC-MS/MS analyses of all three samples

Searched against Geobacter isolate database as well as over 800 isolate genomes from JGI

All samples were dominated by Geobacter proteins with 95% of all unigue peptides arising from
Geobacter proteins.

Faor each sambple =2000-2500 nroteins identified with low falese nositive rate (~=19%94)



How to build a “isolate” metagenome from sequenced isolate genomes.

Initial data search completed using all annotated genomes published by JGI.

Almost all unique peptides matched Geobacter species, other peptides
detected were non-unique. e.g. closely related Pelobacter species

Subsequent searches used seven Geobacter genomes acting as a “mini
metagenome”:-

metallireducens
sulfurreducens
uraniireducens
bemidjiensis
M21

lovleyi

FRC-32

HOHOHHH6n



Identified Geobacter protein

Two component transcriptional regulator, winged helix family
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Measuring strain variation in the Rifle field site
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PPM: 1.4739
Delta AMU: 0.0025

K.VLSWYDNETGFSNR.V

PPM: 2.4307
Delta AMU: 0.0041

Protein:

Glyceraldehyde-3-phosphate

dehydrogenase
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Isolate genomes used in search has a large effect on data analysis

G. M2 G Bemidiiansis T (. sulfurreducens G. uraniireducens (. FRC-32 7. lovlevi
r. 2 r. DEMIANens: ; :
' metalliveducens

G. M2] - 65 % 64 67 %o 66 Y 60 %a
G. hemidjiensis - 63 % 64 % 67 % 66 Yo 60 Yo

(.

A TORLC o, 63 Yo 635 Yo - 76 % 68 Yo 67 % 62 %
G. sulfurreducens 64 Vo 64 o 76 %a - 67 %o 66 Yo 62 %o
G. uraniireducens 67 % 67 %o 68 %o 67 %a - 74 % 61 %
G. FRC-32 66 %o 66 % 67 % 66 %o 74 % - 61 %
G. lovieyi 60 %o 60 % 62 % 62 % 61 % 61 % -

Average ortholog % aa similarity
Closely related species (such as G. bemidjiensis and strain M21) reduce the number of unigue
spectra generated by a data search; HOWEVER, they increase the resolution of the analysis — with

this analysis, one can now differentiate unigue peptides between these two strains.

These low-level strain differences may play an important role in the Rifle subsurface



Unique spectral patterns for 2007 samples

100% -
80% -
60% - B G.FRC-32
B G. uraniireducens
W M G. lovleyi
20% - G. sulfurreducens
0% W G. metallireducens
Unique | Unique | Unique B G. bemidjiensis
Spectra Spectra Spectra G.M-21
D-07 (1) D-05 D-07 (2)

Data searched initially using 6 Geobacter genomes - G. M21 not used initially. Evolutionary
distance relatively similar between these six strains

In all three samples, unique spectra matching G. bemidjiensis dominate the samples. Increase in
unique spectra from other strains in D-07(2); the greatest increase is in unique spectra matching
G. lovieyi



Unique spectral patterns for 2007 samples

100% - _
80% -
605 - M G.FRC-32
: M G. uraniireducens
40% - W G. lovleyi
20% - G. sulfurreducens
'_ M G.metallireducens
0% - S
Unique | Unique | Unique | Unique | Unique | Unique B G.bemidjiensis
Spectra Spectra Spectra Spectra Spectra Spectra G.M-21
D-07 (1) D-05 D-07 (2) | D-07 (1) D-05 D-07 (2)

Addition of closely related G. M21 greatly reduces number of G. bemidjiensis unique spectra.
However, increases in unique spectra matching G. lovleyi are still occurring between samples DO7
(1) and DO7(2)

Are communities dominated by one strain / species or several?

Which isolate is the dominant strain / species most closely related to? Greatest % of unique
spectra attributed to Geobacter strain M21, a bacteria that was isolated from the Rifle site during
biostimulation.



DO5
D0O7(2)

Heat map illustrates similarities and differences between
the three samples recovered from the Rifle groundwater

Greatest differences appear between the two samples
from well DO7. Temporal scale potentially has a greater

effect over the spatial scale (DO7[1] vs DO5) in this instance

Heat map generated using averaged Z scores generated from NSAF
protein abundance values (log transformed, and mean centered;
presence of peptides in two of three replicates necessary)
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The visual differences seen in the heat

map are replicated when the technical
replicates for each sample are clustered.

Three technical replicates for each of
the three samples were analyzed using
non-metric multidimensional scaling.

Clustering patterns indicate that all
three samples are different at the
protein abundance level.

Tight clustering between technical
replicates indicates successful
reproducibility between LC-MS/MS runs



Protein abundance trends
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Evidence for slowing cell growth later during biostimulation; decreasing abundances of proteins associated with
growth for Geobacter strains (ribosomal proteins, ATP synthase subunits). Also evidence for less phosphate
nutrient stress later during biostimulation (nitrogenase, phosphate acquisition).

However, increases in abundance of some TCA cycle proteins later during biostimulation. Not associated with
cellular growth. Associated with an as-yet undetermined energy-requiring process.

* Note the log scale used on graph.



Geobacter physiology ; proteomic data was used to piece together the mechanism by
which these species are able to efficiently utilize acetate

( Gluconeogenesis )

Iﬂpd. Pph
IHH . Ppk, Frb
Ppd

2-Acetolactate -I-L Pyruvate

# Phosphoenolpyruvate

pye Papc

Acetyl-Cop —+Q (1

Citrate

TCA cycle

Aco
ledh

Aol lsocitrate e a-ketoglutarate

Acetate

Oualoacetate qﬂﬂl Malats -IF'"—'" Fumararte

Sudh
b Succinate

SuUCoas
Aka
—f Succinyl-Col

2-lms - 2-isopropylmalate
synthase

Acs - acetolactate synthase
Frb - fructose bisphosphatase
Gpd - glyceraldehyde-3-
phosphate dehydrogenase
Kar - ketol acid
reductoisomerase

Pepc - phosphoenolpyruvate
carboxykinase

Por - pyruvate ferredoxin
oxioreductase

Ppd - pyruvate phosphate
dikinase

Pph - phosphopyruvate
hydratase

Ppk - phosphoglycerate kinase
Pta - phosphotranscetylase
Pyc - pyruvate carboxylase

There are multiple pathways for these species to channel acetate into the TCA cycle for energy generation.

Constraint-based modeling indicates the pathway catalyzed by the POR enzyme (conversion between acetyl-CoA
and pyruvate) allows G. sulfurreducens to synthesize amino acids more efficiently than Escherichia coli




Following the analysis of the 2007 data using isolate Geobacter genomes, a metagenome for one
sample, D05, became available. The D05 proteomic sample was searched against this metagenome.
The metagenomic reads that matched proteomic data were then BlastP searched against the NCBI

database to determine what species these reads were most closely related to.

I' Geobacter strain FRC-32

" Myxococcus xanthus

“ Trichodesmium erythraesum

& Solibacter usitatus

u Pelobacter propionicus

W Geobacter lovieyi

“ Desulfococcus oleovorans

W Clostridium thermocellum
Geobacter bemidjiensis

® Geobacter uraniireducens

“ Geobacter sulfurreducens
Leptospirillum ferrooxidans
Dechloromonas aromatica

“ Thiobacillus denitrificans
Pelobacter carbinolicus

|~ Geobacter metallireducens
Thiomicrospira crunogena
Rhodospirillum rubrum

o Syntrophus aciditrophicus
Results indicated that Geobacter spp. account for ~ 90% of Anaeromyxobacter dehalogenans

detected proteins Rhodoferax ferrireducens

Other closest matches include Pelobacter spp, Rhodoferax Desulfuromonas acetoxidans
3 Other

ferrireducens & Anaeromyxobacter dehalogens

G. bemidjiensis




Use of metagenomic sequence doubled the number of proteins detected

- From approximately 2000 per sample, to 4000 per sample

Many proteins had sequence too dissimilar to Geobacter isolate sequences — therefore
these proteins were only detected when metagenomic sequence added to search

database.

Example: OmpJ-like protein, shown to be essential for Fe(lll)-reduction in pure culture lab studies.

Ompl-like protein detected in all three
samples. Most abundance OM-
associated protein

Low seguence similarity to homologs in
sequenced Geobacter genomes, hence
only detected when metagenomic
sequence added into search database.

Best BlastP match = Geobacter strain
M21, G. bemidjiensis [~ 58%]

Rifle DOS_Meta_Scoffold 17 18990800 18517

Geobadher siraln M2 1 (geneSs)

. suitfrrede cer (I 304 )

(. e fallfredincens (gl 4884551 5)
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0.1

i anskdenis MR- 1 (50 1896)



2008 Rifle proteomic samples ground water Gallery
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Well D04 Geobacter Protein Totals and
Trypsin Spectral Counts

Geobacter Proteins and Trypsin Spectral Counts Well DO4
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Figure 15: Top ~70 proteins from the D04 Well Geobacter bloom.
High reproducibility of expression and overall abundance
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Dolly: Excellent High Quality Chromatograms
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Paloma Medium Quality Chromatogram

Trypsin Auto-Cleavage Peptide
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Figure 9 Vicky: Low Quality Chromatogram

Trypsin Auto-Cleavage Peptide
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Figure 10: Typlc:al sample showing Geobacter dominance.
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Cristobal: Lots of cells, mostly motile. More red (dead
cells) than Arthur. Occasional precipitates seen.

Proteome dominated by M21 and bemidjiensis, but more
~ diverse hits to other species

1735 Proteins, 5501Peptides
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Dolly: Lots of motile cells, few dead cells, some

precipitates. Cells counts appear to have decreased in
comparison to Arthur and Cristobal.

Proteome dominated by M21 and bemidjiensis
1726 Proteins, 5568 Peptides.



Omar: Lots of live cells. 10X more live cells than Hanna but still much less than
Arthur, Cristobal, Dolly. Occasional precipitate seen.

Omar Proteome dominated by M21 and bemidjiensis
352 Proteins, 818Peptides. Excess trypsin/keratins



Teddy: Very few cells overall. Many dead cells seen.

Teddy Proteome dominated by M21 and bemidjiensis only proteins

seen with high confidence, GroEL/GroES, Ef-TU etc.
60 Proteins, 119Peptides. Excess trypsin/keratins



Elida Filters-Need metagenomes
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Figure 16: Spectral Counts from Abundant Geobacter proteins

Spectral Counts for six average most abundant proteins
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In-well Column Experiments:

Flow

Packed with background sediments
Recovered after 27-days of acetate injection

Flow was upward

| ocated inside borehole P104 during acetate amendment

quartz sand

bkg. sediments




In-well Column Experiments:
= FISH results [courtesy Dr. Shabir Dar and Prof. Derek Lovley (UMASS)
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Raw LC-MS/MS data
Rifle In-ground Column Experiment
After Acetate amendment
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Base Peak Chromatogram (BPC)
35% Salt Pulse from 2d-LC-MS/MS

This is a rich BPC with 10,000s of peptides
All other chromatograms were similar

Full Scan in Orbitrap
Time point 56 minutes
16 Strong Peptide Signals at this time point

Search With DBDigger _ EESSEE
Filter and sort with e e e e
DTASelect | EEESENEE T
el ]l J_LJ.J..._J.._J._.I.I...L;I.I..-.JJJ.. WU LY P N B B R MY | o pmn mle mre S et
ngh quahty tandem MSIMS SpEGtra DTASelect output over 1000 proteins identified in 24hrs
of 1508 Dalton peptide at 56 minutes from 1 run from only 5 grams of soil. Pictured here Citrate

Synthase from Geobacter M21 with over 20% sequence
coverage and all peptides found at high mass accuracy



S0 what do we need to integrate all three of these
sample types??

Metagenomic datasets

Filter
Samples

Ground Water

Samples

Soil/Sediment

Samples
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New Technologies for MS-based Proteomics

Electrospray
Linear lon Trap
Orbitrap



Three dimensional separations for metaproteomics
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