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ABSTRACT

Isolation of selected cellular fractions is a prerequisite to
more detailed proteomic characterization of microbial cells.
Methods of enriching the periplasmic proteome have
complicated its characterization, due to incomplete removal
of cytosolic proteins.

To assess the efficiency of periplasmic enrichment
protocols in removing cytosolic proteins, we have
developed a methodology that employs differential isotopic
labeling of periplasm-enriched versus whole cell lysates
from E. coli. Identical cultures were grown in separate “N-
and N-enriched media. Periplasmic enrichments and
whole cell lysates were prepared from both “light” and
“heavy” isotope-labeled cultures.

Mixtures of differentially-labeled periplasmic and cell lysate
at equal protein concentration were prepared. Tryptic
digests of these protein mixtures were analyzed by LC-
MS/MS. Tandem mass spectra were searched with the
SEQUEST algorithm against the predicted E. coli proteome.
Isotope abundance ratios were calculated at the peptide and
protein levels using the program ProRata. An average of
87% of the identifications with periplasmic:cytoplasmic
isotope ratios greater than 1 were found to be annotated as
periplasmic in the SwissProt database. In replicate
experiments, 39 known periplasmic proteins and 22 proteins
with hypothetical or unknown function were identified as
periplasmic-enriched.

Our approach highlighted the identification and
quantification of both known periplasmic proteins and
signal peptide-containing hypothetical proteins at high
abundance, suggesting it is effective at differentiating the
periplasmic proteome from cytosolic proteins.

81% of the periplasmic-enriched protein quantifications are
known periplasmic proteins, signal peptide-containing
hypothetical proteins, and membrane proteins with
peripheral periplasmic domains.

INTRODUCTION

Periplasmic proteins play important roles in electron transport,
binding of nutrients, cell wall biosynthesis, and modification of
molecules that will eventually enter the cytoplasm?.  Isolation of
these proteins from the proteome is integral to a more
comprehensive understanding of these cellular processes.

The cold-osmotic shock method of enriching periplasmic
proteins® often results in a residual amount of cellular lysis.
Previous LC-MS/MS-based studies of the periplasmic proteins
of the E. coli K12 proteome®* have enriched periplasmic
proteins by the cold-osmotic shock enrichment method. The
presence of cytoplasmic proteins within the enrichment
complicates the interpretation of the results.

Primary sequence analysis of protein identifications present in
the periplasmic enrichment has been a primary method of
distinguishing periplasmic proteins from cytoplasmic proteins.
Recently, quantitative proteomics methodologies have been
applied to determine the localization of proteins in the Golgi
apparatus’, endoplasmic reticulum’, and mitochondria® in
eukaryotic organisms.

Quantitative proteomics techniques provide the measurement of
protein abundance. This measurement is often used to compare
either the absolute or relative abundance of one protein in a cell
under one state relative to the abundance of the same protein
under another state. This measurement may also be used as
additional source of data to infer subcellular localization™.

In this study, we have developed a quantitative proteomics
methodology to evaluate the cold-osmotic shock method?* of
protein enrichment at liberating periplasmic proteins from the
cell.

The measurement of the relative abundance of proteins from
cold-osmotic shock periplasmic enrichments to proteins from the
whole cell lysate in differentially-labeled protein mixtures
provides a measurement that may be used to distinguish bona
fide periplasmic proteins from cytoplasmic proteins.

In this methodology, a protein’s relative abundance in the
differentially-labled protein mixtures is expressed as the
periplasmic-to-whole cell lysate (PP:WCL).

Bona fide periplasmic proteins should have a high PP:WCL ratio
in the differentially-labeled protein mixtures, while cytoplasmic
proteins originating from cellular lysis during the cold-osmotic
shock should have a low PP:WCL ratio.
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METHODS

RESULTS

DISCUSSION

CONCLUSION

Identical E. coli K12 MG1655 cultures were grown separately in *N- and **N- enriched

modified M9 Minimal Medium. Ammonium sulfate was substituted as the sole nitrogen

source.

Cold osmotic shock-based periplasmic enrichments! and whole cell lysates were
prepared from both "light" and "heavy" isotope-labeled cultures.

Three differentially-labeled isotopologous protein mixtures were created at equal *N:1°N

protein concentrations as determined by the Lowry Assay:

@ 1N periplasmic enrichment mixed with **N periplasmic enrichment (not shown)

@ 1N periplasmic enrichment mixed with **N cell lysate (il

illustrated below)

@ N periplasmic enrichment mixed with *N cell lysate (not shown)

Enzymatic proteolysis of the protein mixtures was performed with trypsin. The

resulting proteolytic peptides from each mixture were separated by a two-dimensional

chromatography system (strong cation-exchange in the first phase and reverse phase in
the second phase) coupled to alinear ion trap mass spectrometer (ThermoFinnigan
LTQ). Duplicate LC-MS/MS experiments were conducted for each protein mixture.

Tandem mass spectra were searched with the SEQUEST® algorithm against the 4,337
proteins of the predicted E. coli K12 proteome™. Identifications were filtered and sorted

by the DTASelect!! program.

Isotope abundance ratios were calculated at the peptide and protein level by the

ProRata'? program.

Amino terminal signal peptide predictions were obtained by primary sequence analysis

with the PredISI®3, SignalP*, PSORTb®S, and TATFIND* algorithms.

The experimental overview is outlined below in Figure 1.

Figure 1: Experimental Overview
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Overview

I Isotopic ratios of LC-MS/MS-based peptide identifications were estimated at both the protein and peptide
level by the ProRata’? program in two different types of differentially-labeled protein mixtures:
@ 14N Periplasmic Enrichment mixed with a 5N Periplasmic Enrichment (Control)
96 Protein Quantifications
Distribution of protein quantifications is shown in Figure 2A
@ Differentially-Labeled Mixtures of Periplasmic Enrichments and Whole Cell Lysate
667 Protein Quantifications
Distribution of protein quantifications is shown in Figure 28
Periplasmic to whole cell lysate (PP:WCL) isotopic ratios for 667 protein identifications were estimated by
the ProRata'? program from LC-MS/MS-based peptide identifications. These protein quantifications were
categorized by SwissProt functional annotation'’, amino-terminal signal peptide predictions by primary
sequence analysis tools'**4, and the observed value of the PP:WCL ratio. The relationships among the
667 observed protein quantifications are shown in Figure 3.
I The estimated PP:WCL ratios, confidence intervals, and number of observed tandem mass spectra are
shown in Figure 4 for the twelve proteins with the largest PP:WCL ratios.
Of the 667 protein quantifications, twelve annotated periplasmic proteins'’ were estimated with low
PP:WCL ratios. These twleve proteins are listed in Table 1 with their corresponding PP:WCL ratio and
confidence intervals observed from one LC-MS/MS experiment.
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Figure 2: The control experiment of LC-MS/MS from labeled periplasmic enrichments is
shown in 2A. In this experiment, 96 proteins were quantified with log, isotopic ratios ranging from 0.6 to -1.4. Figure 28
depicts the distribution of the log, isotopic ratios among the 667 protein ifications in the differentially-labeled
mixture of periplasmic-enriched proteins and cell lysate. This ratio is an measurement of abundance of the protein in
the periplasmic enrichment relative to the abundance in the cell lysate. The values of the log, isotopic ratios shown in
Figure 2B range from 5.3810 -7.
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Figure 3: Venn Diagram of E. coli K12 Protein Quantifications: High PP:WCL Ratio is defined as

log, periplasmic:whole cell lysate (PP:WCL) ratio > 0, indicating enrichment of a protein in the
*P:WCL Ratio is defined as a log, periplasmic: whole cell

lysate (PP:WCL) ratio < 0, indicating no enrichment of a protein in the cold osmotic shock

procedure. Proteins with predicted signal peptides contain an amino-terminal signal peptide

predicted by either the PredISI®, SignalP NN, SignalP HMM, PSORTb, or TATFIND!®

15 subset is based upon the SwissProt

cold osmotic shock procedure. ¢

algorithms. Finally, the known periplasmic prot
annotationt” of the predicted E. coli K12 proteome.

Protein Quantifications with Highest PP:WCL Ratios
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Figure 4: The twelve proteins with the highest estimated PP:WCL ratios (in log, scale) from both
types of differentially-labeled mixtures are listed. The values of the PP:WCL ratios and
confidence intervals (represented in black) are from one LC-MS/MS experiment (the protein
mixture of N Periplasmic Enrichment and 15N Whole Cell Lysate). The color of the graph
representing the PP:WCL ratio indicates the functional annotation of each protein based upon
experimental evidencet” or analysis of the primary protein sequence by signal peptide prediction
algorithms?21. The values for the spectrum count for each protein from this LC-MS/MS
experiment are represented to the right of each bar. This value represents the total number of

tandem mass spectra identified for each protein.

The ProRatal? program estimated the periplasmic to whole cell lysate
(PP:WCL) isotopic ratios for peptide identifications from the following types
of differentially-labeled protein mixtures:

@ N periplasmic enrichment mixed with **N cell lysate

@ N periplasmic enrichment mixed with *N cell lysate

@ Each protein mixture was analyzed by LC-MS/MS in two technical replicates.

PP:WCL isotopic ratios of proteins with a minimum of two peptide
identifications in at least one experimental replicate were averaged,
resulting in computed PP:WCL isotopic ratios (on log, scale) for 667 protein
identifications. In general, PP:WCL isotopic ratios for periplasmic proteins
enriched during the osmotic shock-based method should be larger than
proteins arising from unwanted cellular lysis. The relationships among all
667 protein quantifications are shown in Figure 3.

Of the 667 proteins for which PP:WCL isotopic ratios were estimated:

@ 103 of 667 proteins displayed log, isotopic ratios > 0 (high PP:WCL ratio),
indicating enrichment in the periplasmic protein isolation protocol. The 103
protein quantifications displaying high PP:WCL ratios were categorized on
the basis of SwissProt annotation'’ and previous LC-MS/MS-based
identification®®, amino-terminal signal peptide predictions from signal
peptide prediction algorithms 3%, and membrane topology sequence analysis
by the PSORTb algorithm?s.

IS

When these 103 proteins are compared to the 152 experimentally verified or
predicted periplasmic proteins in the SwissProt database’:

39 of the 103 proteins were functionally annotated as periplasmic
proteins.
Among proteins exhibiting large PP:WCL isotopic ratios were the periplasmic
oligopeptide binding protein (OppA), the periplasmic dipeptide transport protein
(DppA), the lysine-arginine-ornithine binding periplasmic protein (ArgT), the
periplasmic dipeptide transport protein (DppA), and the molybdate-binding
periplasmic protein (ModA); all of which have been identified by other LC-MS/MS-
based studies®®.
43 of the 103 proteins displaying high PP:WCL ratios are not functionally
annotated as periplasmic, but do contain a predicted amino-terminal
signal peptide by either the PredISI*3, SignalP*, PSORTb®, or TATFIND*®
algorithms.
Further sequence analysis was conducted with the PSORTb program to search the
primary sequence of the 43 proteins for membrane topology in order to identify co-
enriching membrane proteins within the periplasmic enrichment. This strategy
allowed the identification of 21 known membrane proteins, including OmpA and
OmpX, from 22 potentially novel periplasmic proteins
21 of the 103 proteins displaying high PP:WCL ratios are functionally
annotated as cytoplasmic proteins, most likely present within the
periplasmic enrichment due to lysis of the inner membrane during cold
osmotic shock.
Many cytoplasmic proteins in the periplasmic enrichment are abundant cellular
proteins consistently observed in each LC-MS/MS experiment, such as the 50S
ribosomal protein L4,

@ 564 of the 667 total protein quantifications displayed log, isotopic ratios <0,
indicating a higher abundance of these proteins in the whole cell lysate
relative to the proteins liberated from the periplasm by cold osmotic shock.
These proteins were designated “not periplasmic-enriched.”

12 of the 564 proteins with low PP:WCL ratios are known periplasmic

proteins (Table 1). The observed low PP:WCL ratios for many of these

proteins are reasonable in some cases.
For instance, the D-ribose binding protein, RBP, is a periplasmic binding protein
but also functions in chemotaxis in concert with other membrane proteins?. It is
possible that other copies of the RBP protein were sequestered at the membrane
in this function rather than free in the periplasm to bind ribose. The interaction
between the RBP protein and the membrane-bound chemotaxis receptor is a
plausible explanation for the observed low PP:WCL ratio.

The beta-lactamase precursor, AmpC, is a another protein with a low PP:WCL ratio.

Expression of AmpC is generally low but inducible under lactam stimulii?. Low
expression of this protein under the growth conditions of this study likely
attributed to the estimation of an inaccurate PP:WCL ratio for this periplasmic
protein. The observed spectrum count for this protein is 2, the minimum cutoff
value for both identification and quantification.

We have presented a quantitative proteomics
methodology to assist the characterization of the
periplasmic proteome using differential isotopic
labeling and mass spectrometry.

Estimated PP:WCL isotopic ratios determined from
protein mixtures of osmotic-shock-based periplasmic
enrichments and whole cell lysates assists in
differentiating authentic periplasmic proteins from co-
enriching membrane proteins and cytosolic proteins
resulting from unwanted cellular lysis.

Known periplasmic proteins, signal peptide-containing
hypothetical proteins, and membrane proteins with
peripheral periplasmic domains accounted for 80% of
the enriched protein identifications in differential
isotopically-labeled protein mixtures of periplasmic
enrichments and whole cell lysates.

These data suggest that our methodology is capable of
identifying some well-characterized periplasmic
proteins. When the PP:WCL isotopic ratio is combined
with primary sequence analysis, our methodology may
also be used to infer subcellular locations for
hypothetical and unknown proteins.

Although our methodology was able to differentiate
some well-characterized periplasmic proteins from co-
enriching cytoplasmic contaminants, the continuous
range of isotope ratio values suggests that enrichment
is protein dependent.

As the number of completed microbial genome
sequences grows, it is likely that the information our
methodology yields will prove valuable to the functional
annotation of proteins.
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The BHuE protein is likely a protein that interfaces with membrane tr in
B12 transport and the true periplasmic binding protein is the BtuF protein® for the
Vitamin B12 ABC transporter. As BtuF, not BtuE, is the periplasmic binding
protein for the Vitamin B12 ABC transporter, the observed low PP:WCL ratio for
BuE is correct.

@ As Figure 2 shows, we observed a continuous range of isotope ratio values.
If the periplasmic enrichment were perfect, one would expect all periplasmic
proteins to have uniformly high PP:WCL isotope ratios. Our results suggest
that the enrichment is protein dependent, and that cytoplasmic and
membrane proteins can contaminate the isolated periplasmic fraction.
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