
EXPERIMENTAL

l Selected R. palustris genes were cloned with a dual (His6/V5 epitope) affinity tag [5] at the C-terminus and expressed in R. 
palustris using modified pDEST vectors (Invitrogen).

l Isolation of fusion proteins 
u Affinity purification with Ni-NTA agarose beads, followed by anti-V5 antibody agarose beads.
u Expression confirmed using 1-D PAGE and western blots.

l “Shotgun” analysis:  analysis of isolated protein complexes by mass spectrometry without prior gel separation [6]
u Trypsin digestion
u Reverse-phase HPLC separation online with electrospray/quadrupole ion trap MS-MS.
u Protein ID’s:  Sequest [7] comparison of MS-MS data with R. palustris database [1]. 

• Over 118 target proteins in 
Rhodopseudomonas palustris have been 
expressed as fusions with affinity labels to 
enable isolation of protein complexes.

• Components of protein complexes are 
identified by mass spectrometry.

• A large and growing data set facilitates 
robust identification of authentic protein-
protein interactions.

l The bacterial species Rhodopseudomonas palustris [1]
u occurs nearly ubiquitously in the environment
u Survives in a variety of conditions

v light/dark
v Aerobic/anaerobic

u Is of interest for energy-related research
v Produces H2 as a byproduct of nitrogen fixation
v Degrades lignin monomers

l This species thus has the potential to express markedly different complements of proteins and protein 
complexes under different growth conditions.

l As part of the Center for Molecular and Cellular Systems* funded by the U.S. Department of Energy Genomes 
To Life Program [2,3], we are analyzing protein complexes from R. palustris by expressing target proteins as 
fusions with affinity tags to allow subsequent isolation of other proteins associated with the target [4].

l Proteins identified in each affinity isolation experiment are collected in a database, and displayed to an internal web page.
u See Tables 1, 2, and 3.
u A summary is publicly available at http://maple.lsd.ornl.gov/cgi-bin/gtl_demo/public_target_status.cgi

l Detailed information for each tagged gene is accessible internally from the summary table:
u Links to R. palustris genome web site
u Links to lists of proteins detected in each pulldown experiment – See Table 4 for one example (RNA polymerase)

l For approximately 40 target proteins, our MS measurements have identified interacting proteins based on known complexes 
in other organisms (data not shown), with an average of 3.6 interacting proteins per target protein (minimum of 1;  maximum 
of 11 interactions)
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OVERVIEW

INTRODUCTION

• We are continuing our analysis of affinity-
isolated protein complexes in R. palustris.
u Analyses for 118 target proteins have been completed
u Interacting proteins have been identified for 40 target 

proteins 

• A database and web interface for tracking and 
viewing results has been implemented

• Protocols for distinguishing “background”
from “authentic” interacting proteins have 
been implemented, and more sophisticated 
techniques are being evaluated.

• Related presentations at this meeting include:
u MP31 #538:  W.H. McDonald et al., “Characterization of 

sources of variability in LC-MS/MS analysis of protein 
complexes”

u MP26 #429:  H.M. Connelly et al., “Top-down MS 
Analysis of Microbial Growth States from 
Rhodopseudomonas palustris by Off-Line FPLC 
Fractionation and Capillary HPLC Interfaced to 
FTICRMS”

uWP24 #461:  W.J. Hervey IV et al., “Proteomic 
Verification of Signal Peptide Prediction Algorithms in 
Rhodopseudomonas palustris”

uWP12 #202:  M.B. Strader et al., “Organic Solvents 
Improve Trypsin Digestion Efficiency and Specificity 
for Digesting Limited Protein Sample Amounts”

CONCLUSION

RESULTS AND DISCUSSION
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Table 1.  Summary Statistics for LC-MS-MS Analysis 
of Protein Complexes from R. palustris

609118LC-MS-MS Analyses
235118Pulldowns
233121Production Cultures

Total (with 
controls, reps, QC)

Distinct 
Targets

Table 2.  Protein Identification Summary

26595126418478Peptides passing criteria [9]
69184055147Proteins above Background
103756797700Total Proteins (redundant)
1103270995Distinct Proteins

Total (with 
QC samples)

In Wild Type 
Controls

In Tagged 
PulldownsIdentifications

Table 3.  Summary list of progress in analyzing protein complexes isolated from affinity-
tagged genes (as of 10:34:02 AM Friday May 27 2005)

nonenonenonefailgoodRNA polymerase beta' subunitrpoCRPA3267

.  .  .
goodgoodgoodgoodelongation factor G

fusA, 
EF-GRPA3253

goodgoodgoodgoodelongation factor Tu
tufA, 
EF-TuRPA3252

goodgoodgoodgood50S ribosomal protein L23rplWRPA3248

goodgoodgoodgood50S ribosomal protein L2rplBRPA3247
goodgoodgoodgood

DNA-directed RNA polymerase 
alpha subunitrpoARPA3226

nonenonegoodgoodgood
Predicted nucleic-acid-binding 
protein containing a Zn-ribbonCDSRPA3193

.  .  .

trpA tryptophan synthase alpha 
subunit 76054:76890 forward 
MW:28607 trpARPA0070

goodgoodgoodgoodtryptophan synthase beta chaintrpBRPA0069

nonenonenonenonefail
cytidylate monophosphate
kinasecmkRPA0063

nonegoodgoodgoodgood
3-phosphoshikimate 1-
carboxyvinyltransferasearoARPA0061

nonenonegoodgoodgood

RPA0060 conserved unknown 
protein 66656:67057 reverse 
MW:14461 CDSRPA0060

goodgoodgoodgood
L-carnitine dehydratase/bile 
acid-inducibleCDSRPA0059

goodgoodgoodgood
putative sigma-54 modulation 
proteinCDSRPA0051

goodgoodgoodgoodsigma factor (54) RpoNrpoNRPA0050
goodgoodgoodgood

possible ABC transporter ATP-
binding protein (inCDSRPA0049

goodgoodgoodgoodconserved unknown proteinCDSRPA0041
goodgoodgoodgoodconserved unknown proteinCDSRPA0036

goodgoodgoodgood
bifunctional purine biosynthesis 
proteinpurHRPA0028

nonegoodgoodgoodgoodcytochrome-c oxidase fixO chain
ccoO, 
fixORPA0018

nonefailgoodgoodgoodcytochrome-c oxidase fixP chain
ccoP, 
fixPRPA0016

nonefailgoodgoodgood
4Fe-4S ferredoxin, iron-sulfur 
binding domain

fixG, 
rdxBRPA0015

nonenonenonefailgood
transcriptional regulator, 
probable glutamateCDSRPA0010

nonegoodgoodgoodgoodcircadian clock proteinkaiCRPA0009
nonenonenonefailgoodcircadian clock proteinkaiBRPA0008
nonenonenonegoodgoodDNA gyrase subunit BgyrBRPA0004

goodgoodgoodgoodDNA polymerase III beta subunitdnaNRPA0002

nonegoodgoodgoodgood
chromosomal replication initiator 
protein DnaAdnaARPA0001

81%96%99%94%96%
AnalysisTransformCloneCloneAmp

MSHostExpressEntryPCR
Protein DescriptionGene 

NameGene ID

LC-MS-MS RAW file(s) from pulldown(s) of a bait

Unfiltered peptide/protein ID’s

• SEQUEST [7]
• DBDigger [8]

Filtered list of proteins detected in the 
pulldown with a specified confidence 

level

• DTASelect [9]
• Tune cutoff criteria by 

characterizing false positive rate 
with sequence-reversed protein 
database [10,11]

• Peptide Prophet/Protein Prophet 
[12,13]

Proteins that are likely 
interactors with affinity-

tagged protein

• Compare # MS-MS spectra assigned to a 
protein in a given pulldown with its 
average across all pulldowns

• Statistical evaluation of false positive and 
false negative identification rates [15]

predictions of proteins interacting with bait

Compare

Verification of MS-Based Protein Identifications:  Current and Future

Incorrect prediction 
OR 
false negative detection

NoYes

Novel interaction 
OR 
false positive detection

YesNo

Confirmation of known 
interactionYesYes

Interpretation(s)Detected?Predicted?

Tool status: Current
Planned or In Progress

Table 4:  Link from Table 3 showing detailed MS results for one example affinity-tagged protein
l each column summarizes one LC-MS-MS experiment

Protein Hits for RPA3226 (Cleavage: tryptic, Search: sequest)
l Legend for cells:  Sequence count(Unique Peptides) -- Spectrum count -- Percent Sequence Coverage 
l Rows are ordered by the sum of spectrum counts across all columns in the table 
l Three background estimates are being tested: 

1. (*) average spectrum count for this protein in the background set 
2. (+) normalized average spectrum count using 1/(total # spectra for all proteins in raw file) 
3. (x) normalized average spectrum count using 1/(max # spectra for any protein in raw file) 

• Bold Red denotes Spectrum count > 2xBackground Estimate for all 3 background estimates 
• Bold Blue denotes Spectrum count > 2xBackground Estimate for at least 1 background estimate 

rpsG 30S r 2(2)--4--25.6--* --4(4)--4--35.9--* 3(3)--3--19.2 3(2)--3--19.2 ----1(1)--1--8.3 RPA3254 

atpD putat----1(1)--1--2.7 ----------RPA0176 

ribB possi7(6)--10--25.7--* ----1(1)--1--2.7 1(1)--1--4.1 ------RPA1093 

tufA, EF-T ------10(0)--10--30.1--*+x ------1(0)--1--4 RPA3252 

tuf, EF-Tu------10(0)--10--30.1--*+x ------1(0)--1--4 RPA3283 

purU formy2(2)--3--16.7 --2(2)--2--12.9 7(6)--7--30--*+x 1(1)--2--8.7 2(2)--3--16.7 --2(2)--3--16.7 RPA4032 

groEL2 cha ------1(1)--1--3.8 --------RPA2164 

RPA1653 co 2(1)--4--15.2 --2(1)--2--15.2 2(2)--2--23.5 2(1)--3--15.2 1(1)--2--15.2 1(1)--2--15.2 1(1)--2--15.2 RPA1653 

Keratin, t 3(2)--7--10.9 7(7)--8--11.4--*+x 1(1)--1--4.8 14(13)--16--23.5--*+x --------contaminan

RPA0861 po5(5)--8--22.4--* --4(4)--4--15.2 3(3)--3--12.2 1(1)--2--7.7 1(1)--2--7.7 3(3)--5--15.7 --RPA0861 

hupA possi5(3)--5--28.2 --10(6)--11--39.8--* 8(7)--8--48.5 3(2)--3--11.7 --2(2)--3--23.3 --RPA2953 

cbbA fruct2(2)--2--7.8 --1(1)--1--4.2 8(8)--8--23 3(3)--4--7.8 2(2)--4--7.2 ----RPA4642 

Trypsin pr 3(2)--5--17.3 3(2)--4--13 3(2)--4--13 4(2)--7--17.3 4(2)--7--17.3 1(1)--2--8.7 1(1)--1--8.7 2(1)--2--8.7 contaminan

RPA0060 co 5(3)--8--45.1--*x ------3(3)--6--45.1--*x 6(5)--15--45.9--*+x 4(3)--10--45.9--*x 2(2)--4--43.6--* RPA0060 

rpoH RNA polymerase σ32 
subunit, stress response σ factor9(6)--11--28.4--*x --8(7)--8--26.4--*+x 1(1)--1--7.4--*x 9(8)--14--30.1--*+x 4(4)--5--17.4--*x 8(7)--15--35.5--*+x 2(2)--3--5.7--* RPA0367 

rpoD RNA polymerase σ70 
subunit14(10)--23--29.4--*+x --12(11)--12--19.6--*+x 3(3)--3--10--*x 5(5)--8--14.2--*+x 3(3)--3--9--* 11(10)--17--27.7--*+x 4(4)--6--12.9--*x RPA1288 

rnpO RNA polymerase ω subunit12(7)--23--78.5--*+x --5(4)--5--63.1--*x 2(2)--2--34.6--*x 6(4)--9--78.5--*+x 8(7)--17--89.2--*+x 10(6)--26--89.2--*+x 4(4)--8--53.1--*x RPA2692 

rpoC RNA polymerase β’ subunit86(59)--168--51.4--*+x --43(35)--50--27.9--*+x 25(25)--25--24.6--*+x 23(19)--40--18.3--*+x 54(42)--91--40.9--*+x 74(52)--156--50.1--*+x 29(26)--48--26.1--*+x RPA3267 

rpoB RNA polymerase β subunit145(97)--313--67.9--*+x --64(54)--66--41.1--*+x 45(40)--46--36.2--*+x 63(50)--104--49.6--*+x 97(72)--225--62.4--*+x 97(70)--220--62.7--*+x 50(39)--96--41.6--*+x RPA3268 

rpoA DNA-directed RNA 
polymerase α subunit48(31)--211--80.5--*+x ()----26(19)--30--54.9--*+x 25(18)--27--52.2--*+x 35(23)--124--77.3--*+x 42(27)--129--88.5--*+x 40(28)--165--87--*+x 37(25)--235--73.2--*+x RPA3226 

Protein Descriptionph/NH4ch/NH4ph/NH4ph/NH4ph/NH4ph/N2ph/N2ph/NH4Gene

___Pipeline47Pipeline30Pipeline21Pipeline21Pipeline18Pipeline12pipeline9pipeline6___

___RPA3226_42RPA3226_42RPA3226_42RPA3226_42RPA3226_42RPA3226_42RPA3226_42RPA3226_42___

RPA3226 -  RNA polymerase, α  subunit
-rarely detected background protein (8% )

-tagged in several experiments
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Distinguishing Authentic Interactors from Background Proteins
l Number of MS-MS spectra assignable to a protein (“spectrum count”) is a rough indication of the amount of that protein in sample [14].

l Testing whether this MS-MS spectrum count is above a multiple of its average value (computed for each protein over all pulldowns) indicates whether 
a protein is present above “background” in a particular sample.

l Figures below show spectrum count behavior for 3 classes of proteins (background, tagged, authentic interactor)

• blue squares:  protein expected to be above background (tagged protein, or known component of complex)
• red squares:  protein expected to be below background (not tagged)
• pink line:  2 x average spectrum count

background 
proteins or
non-specific 
interactions

background 
proteins or
non-specific 
interactions

Components 
of RNA 
polymerase

Components 
of RNA 
polymerase

• Expert biochemical and 
microbiological knowledge

• Protein-protein interaction 
prediction tools [16]

success rate for each stepsuccess rate for each step

steps in the “pipeline”steps in the “pipeline”

RPA1653 - conserved unknown protein
-most frequent background protein (in 53% of measurements).  

-below 2X average in 69% of pulldowns.

0

0.1

0.2

0.3

0.4

0 50 100 150 200 250 300

pulldown #

no
rm

al
iz

ed
 

sp
ec

tr
um

 
co

un
t

RPA1653 2*average

GroEL2 (RPA2164)
-frequent background protein (30%)
-also member of tagged complex
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Tagged Gene ID

Experiment ID

Growth conditions

Tagged Gene ID

Experiment ID

Growth conditions

Color scheme for boxes:
Green: successful completion
Red: failure
Blue: not yet performed

Color scheme for boxes:
Green: successful completion
Red: failure
Blue: not yet performed


