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Abstract: The analysis of blood provides in depth chemical information of physiological 

states of organisms. Hemolymph (blood) is the fluid in the open circulatory system of 

Drosophila melanogaster that is the medium for molecules regulating a wide variety of 

physiological activities and signaling between tissues. Adult Drosophila is typically less 

than 3 mm in length and, as a consequence, the available volume of hemolymph is 

usually less than 50 nL from individual flies. Proteomic analysis of volume-limited 

hemolymph is a great challenge for both sample handling and subsequent mass 

spectrometry characterization of this chemically diverse biological fluid with a wide 

dynamic range of proteins in concentrations. Less abundant proteins, in particular, could 

be easily lost during sample preparation or missed by current mass spectrometry 

methods. This article describes simple and customized RPLC column and IEX columns 
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to prefractionate volume-limited hemolymph without excessive dilution. Step-gradient 

elution methods were developed and optimized to enhance the identification of novel 

proteins from an individual fruit fly hemolymph sample. Fractions from each step 

gradient was analyzed by an Agilent nano-RPLC chip column and then characterized by 

high mass resolution and high mass accuracy orbitrap mass spectrometry. As a result, 

both RPLC (11 proteins) and IEX fractionation approaches (9 proteins) identified more 

proteins than an unfractionated control approach with higher protein scores, emPAI 

values and coverage. Furthermore, a significant number of novel proteins were revealed 

by both RPLC and IEX fractionation methods, which were missed by unfractionated 

controls. The demonstration of this method establishes a means to deepen proteomic 

analysis to this commonly used, important biological model system. 

 

Keywords: Drosophila melanogaster; reverse phase liquid chromatography; ion 
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1. Introduction 
Drosophila melanogaster, serves as an important animal model for studying molecular 

mechanisms underlying intracellular processes, cell-cell interaction, or the pathology of 

clinical diseases. In fact, fly gene correlates have been found for three-quarters of 

known human disease genes and two-thirds of the fly protein sequences have 

mammalian homologs. [1,2] The great similarity between fly and human genomes, the 

low-cost maintenance, the fast generation lifetimes and facile gene manipulation 

continues to drive many studies with the fly including into the central nervous system, 

metabolism pathways, and neurodegenerative diseases. [3–5] Hemolymph is a unique 

biological compartment that is distinct from the whole organism or isolated tissue 

homogenates. The fly has an open circulatory system in which hemolymph, similar to 

blood, circulates through the whole body, transporting and exchanging nutrients, 

metabolites, and antibodies between organs and tissues. There is also ongoing active 

chemical signaling between internal tissues and organ cells by proteins, peptides, and 

hormones in hemolymph. [6] Therefore, the proteomic analysis of fruit fly hemolymph 

plays an important role in understanding actual protein content in distinct physiological 

events. [7–10] A novel single fruit fly hemolymph collection method developed 

previously [11,12] was adapted here as a sampling tool. 

 

Nevertheless, the overwhelming complexity of the proteome and exceedingly low 

quantities of hemolymph has presented an extreme challenge to current analysis 

technologies. Two-dimensional gel electrophoresis (2-DE) is the most widely adapted 

prefractionation method for simplification and reduction of the complexity of proteomic 



4 
 

mixtures such as hemolymph. [13] Vierstaete et al. reported the first 2-D database for 

larval hemolymph proteins, using 2-DE with matrix-assisted laser desorption/ionization 

time-of-flight mass spectrometry. [14] Kalsson et al. investigated larval hemolymph 

protein related to clotting, using the same set up of instrument as Vierstraete et al. [9] 

However, 2-DE sacrifices the separation capacity of highly hydrophobic proteins and 

proteins with extensively high or low isoelectric points or molecular weights and 

resolution due to spot overlap. [13] In addition, only 30% proteins of a cell lysate are 

able to be visualized using the classical silver-stained 2-DE gel approach, and only a 

portion of these can be harvested sufficiently for mass spectrometric analysis. [15] As a 

powerful analysis tool, mass spectrometry has been intensively employed in protein 

identification, providing an alternative mass separation of protein mixtures by mass-to-

charge ratio. Nevertheless, the signal suppression caused by certain well ionized 

species or highly abundant proteins has increased the concerns of the efficiency and 

bias of the method. With many proteomic samples there is also a real concern regarding 

the effective analysis of the wide dynamic range concentration of proteins from 70% to 

10-12% or less. [16] For instance, albumin takes up to 60% of the total proteins in 

serum [13] and with 2-DE this amount can overlap or cover many other protein spots. 

There may also be serious signal suppression to other underrepresented species with 

MS, because an overabundance of albumin fragments “blinds” MS. These two analytical 

challenges have led to prefractionation technique development, in order to simplify 

complex protein mixtures for more accurate and diverse spectra.  
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To reduce the measurement of high-abundance protein species and to profile relatively 

less abundant proteins, numerous strategies based on affinity chromatography have 

been developed. One of the most notable and widely applied is immunodepletion to 

selectively bind and remove known high-abundance proteins. Lindmark et al. has 

removed serum antibodies of immunoglobulin G class using immobilized Protein A. [17] 

However, this immunodepletion approach could also lead to the loss of other species of 

interest which are structurally or functionally related to the depleted protein. Washburn 

et al. has pioneered and popularized the multidimensional LC fractionation technique, 

which is known as MudPIT (Multidimentional Protein Identification Technology). [18,19] 

This method involves two orthogonal separation methods of an ion exchange column 

and a reversed phase column coupled with a mass spectrometer, in order to improve 

chromatographic peak capacity prior to MS identification. Nevertheless, this 2D or even 

3D separation increases experimental time exponentially. Experiments requiring 100 

hours of instrument time for each sample is a major drawback with respect to cost and 

high throughput screening proteomic analysis. Furthermore, the significant variance of 

gradient eluent buffer from different separation column systems can alter the 

characteristics of the original sample, in addition to sample dilution for relatively small 

volume sample. 

 

Herein we introduced a customized, low pressure, and rapid prefractionation reversed 

phase and ion exchange chromatographic columns for low volume protein sample prior 

to nano-HPLC chip and orbitrap MS/MS analysis. These methods improve our 

previously reported proteomic analysis of fly hemolymph [20] offering a rapid sample 



6 
 

prefractionation, simplifying the complex proteomic sample from adult fruit fly 

hemolymph, and eventually contributing to better protein identification and low 

abundance critical protein detection. 

 

2. Experimental section 
 

2.1 Chemicals  
Deionized water was obtained from a US Filter Purelab Plus purification system (Lowell, 

MA). Trypsin, tris hydrochloride, dithiothreitol, iodoacetimide, trifluoroacetic acid and 

C18 beads were all purchased from Sigma-Aldrich (St. Louis, MO). Glacial acetic acid, 

fluorescamine and bovine serum albumin was purchased from Fisher Scientific (Itasca, 

IL). Trifluoroacetic acid was from Sigma-Aldrich (St. Louis, MO). All chemicals reagents 

were of analytical grade. 

 

2.2 Hemolymph sample preparation.  
Hemolymph was harvested from the Oregon-R strain of Drosophila melanogaster 

maintained in the Featherstone laboratory, Department of Biological Sciences at UIC. 

Only female flies were chosen for sampling, to eliminate the gender variation and to 

access larger hemolymph volumes.  The fly hemolymph samples were collected using a 

direct abdomen sampling technique, as described in previous work. [11,12] In brief, the 

hemolymph was released from a small incision on the fly abdomen and immediately 

collected by a 4 cm-long fused silica capillary probe. The around 50 nL collected 
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hemolymph samples were subsequently reduced, alkylated, and then digested at 37°C 

overnight, following a previously established micro-scale digestion protocol. [20] The < 3 

nL volume of tryptic digested hemolymph samples were stored at -20 °C until analysis. 

All fractionation for proteomic analysis was performed on aliquots from a single fly. 

 

2.3 RPLC fractionation. 
Spherical silica C18 beads were aspirated into a 5-cm long tygon tubing by a vacuum 

created by a syringe connected to the tygon tubing. With C18 beads packed tightly in 

the 5-cm tygon tube, both ends of the tygon tube was trimmed to make a 2-cm long 

evenly packed C-18 column, and a 0.5 cm long (360/50 µm o.d. /i.d.) fused silica 

capillary was inserted at the end of the tygon tubing column as a weir and an exit for 

elution collection. Prior to hemolymph separation, tryptic digested bovine serum albumin 

(BSA) was chosen as a standard to test the separation efficiency of this customized 

short column. A 500 nL aliquot of digested hemolymph sample was loaded onto the 

column by a 1-mL insulin injection syringe using a PHD 2000 syringe pump (Harvard 

Apparatus, Holliston, MA) at flow rate 0.5 µL/min, and then eluted according to step-

gradient elution at the same flow rate. Three fractions of eluate were collected at each 

step of 0%, 10%, 20%, 30% and 70% acetonitrile (ACN) in deionized water with 

0.1%TFA.  

 

2.4 Strong cation exchange chromatography fractionation.  
Finely meshed, hydrogen form Dowex 50WX4 200-400 resin from Alfa Aesar (Ward Hill, 

MA) was selected for IEX fractionation of tryptic hemolymph proteomic sample. The 



8 
 

column packing follows the same procedure as described for RPLC fractionation. 

Packed columns were thoroughly rinsed with deionized water, followed up with column 

equilibration using 20 mM pH 2.58 phosphate buffer. A 500 nL aliquot of digested 

hemolymph sample was loaded onto the column and then, eluted by a step gradient of 

increasing pH and concentration of sodium chloride in 20 mM phosphate buffer. The 

steps in the eluent gradient are 0 M NaCl at pH 2.58, 70 mM NaCl at pH 5.23, 140 mM 

NaCl at pH 6.34, 200 mM NaCl at pH 7.58, 1 M NaCl at pH 9.20. Eluate fractions were 

collected as described in RPLC fractionation method. 

 

2.5 Fluorescence detection.  
To test and optimize prefractionation conditions, a fluorimeter, was used to measure the 

fluorescence intensity of each eluate fraction in a capillary cell. The modified ZetaLIF 

capillary fluorescence detector (Picometrics, Labège, France) uses a 365 nm diode for 

excitation and optics for emission centered at 490 nm. The pH of IEX eluate fractions 

were adjusted with 0.1 M NaOH to pH 7 for derivatization. To determine approximate 

pH in these small volumes where a pH probe can not be used, larger volumes of eluent 

buffer and NaOH were mixed and adjusted to appropriate pH. To adjust small volume 

fractions a proportional amount of NaOH was measured in a 20.6 mm/250 µm o.d. /i.d. 

tygon tubing and delivered into each IEX eluate fraction.    

 

Each eluate fraction was then derivatized with primary amine reactive fluorescamine by 

addition of an equivalent volume of 1.5 mg/mL in acetone for 6 min prior to detection. A 

10 cm length of (360/50 µm o.d. /i.d.) fused silica capillary was used as the detection 
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cell. Each eluate was injected into the capillary cell in triplicate measurements of 

fluorescence intensity. The order of deionized water, HCl, deionized water, NaOH and 

deionized water was followed to rinse the capillary cell before each eluate fraction 

injection.  

 

2.6 LC-MS analysis.  
A 500 nL aliquot of hemolymph was RPLC prefractionated and fractions were further 

separated by an Agilent large capacity nano-HPLC chip system (Santa Clara, CA) prior 

to MS identification. This nano-HPLC chip system is composed of a 75 µm x 150 mm 

analytical column packed with ZORBAX C-18 stationary phase resins for highly 

complicated tryptic digest mixtures, as described in previous work. [20]  

 

As a comparison to protein identification efficiency by the above nano-HPLC chip 

system, a nanoLC column (Zorbax 300SB C18; 3.5 µm, 150 mm X 75 µm) (Agilent, 

Santa Clara, CA) with a peptide trap (C18 PepMap 100, 5 µm, 100 Å, 300 µm ID X 5 

µm) (Thermo Scientific, Waltham, MA) was used as alternative separation method after 

the RPLC fractionation. Both nano-HPLC chip system and nanoLC column were 

installed in a Dionex Ultimate 3000 HPLC instrument (Thermo Scientific, Waltham, MA). 

The separation analysis on the nano-HPLC chip system was performed with a 0.4 

µL/min flow rate, with a loading rate of 4 µL/min and solvent A composed of 95% water / 

5% ACN / 0.1% formic acid. The gradient began with 6% B (95% ACN, 0.1 % formic 

acid), held for 5 min, then the 30 min gradient ramping from 8% B to 45% B, the column 

was then washed at high organic, 80% B, for 2 min, before equilibrated back to initial 
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starting conditions. The analysis on the nanoLC column was set at a 60 min gradient 

ramping from 8% B to 45% B.  

 

After separation on the nano-HPLC chip column, each fraction was analyzed by a Velos 

Pro Obitrap MS/MS (Thermo Scientific, Waltham, MA). The Agilent chip spray voltage 

was 1.9 kV and the capillary temperature was set at 200 °C. During MS/MS process, 

the collision gas is helium, the tube lens voltage is 150 V and the capillary voltage is 50 

V. A survey full scan (m/z = 400-2000) at 30,000 resolution, was acquired in which the 

five most intense ions, isolation width of 2.0 Da, a normalized collision energy of 35 eV, 

activation Q 0.25 and activation time of 30 ms. If the charge state was determined to be 

greater than +1, MS/MS was triggered with minimum signal required (2500). The 

dynamic exclusion list was restricted to 250 entries with duration of 60 s, to minimize 

redundant spectral acquisitions. The mass spectrometer is operated in positive ion 

mode with the trap set to data dependent MS/MS acquisition mode. Mass spectrometry 

data was acquired and analyzed by Xcalibur software. 

 

2.7 Data analysis.  
Protein identification was performed via Mascot (www.matrixscience.com) sequence 

searching against NCBInr fruit fly taxonomy database with appropriate parameters 

setup as follows: Trypsin was used as the enzyme; up to two missed cleavages were 

allowed; carbamidomethylation of cysteine, oxidation of methionine, and deamidation 

were selected as variable modifications; Peptide tolerance was ± 10 ppm; the MS/MS 

tolerance was set at ± 0.6 Da. UniprotKB and Flybase were two libraries used for 
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detailed bioinformation interpretation of proteins found in this study. The absolute 

abundance of the proteins observed in our sample was found using the exponentially 

modified protein abundance index (emPAI) as has been described by others.[21] 

 

3. Results and discussion 
 

3.1 Protein fractionation with customized RPLC column. 
Due to the 50 nL of hemolymph sample available, a customized short RPLC column 

was fabricated, in order to achieve an effective fractionation of the complicated 

biological sample, prior to the MS characterization. BSA digest was used as a standard 

protein sample and prepared in the same way as the hemolymph sample to 

demonstrate sample handling and fractionation by this customized RPLC column. 

Figure 1 (A) shows the relative fluorescence signal from each fraction corresponding to 

relative amounts of peptides. The levels show that the standard tryptic BSA peptides 

were separated efficiently with this customize RPLC column. Notably, 20% ACN and 30% 

ACN eluted about 36% and 28% of total amount of tryptic BSA peptides, respectively. 

Within these two gradient steps, a baseline separation was obtained as indicated by 

fractions 1, 7, 10 and 14. This qualitative result shows that there is a separation of the 

BSA peptides. While the separation is certainly less efficient compared to commercial, 

high pressure C-18 columns, the columns here are hand-packed with stationary phase 

at relatively low pressure in <15 min for a significantly lower cost.  Notably, each fraction 

is 2 µL, almost equal to two 0.9 µL column volumes. The baseline separation between 
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Figure 1. Fractionation chromatogram of tryptic peptides obtained from customized 

RPLC column. Relative fluorescence from primary amine and peptide content observed 

from each collected fraction is plotted vs. fraction number.  (A) Chromatogram of 

standard tryptic BSA peptides fractionation using the customized RPLC column. (B) 

Chromatogram of tryptic peptides of fruit fly hemolymph protein sample separated by 

the customized RPLC column. Sample injection volume: 500 nL BSA (1 µM), 500 nL 

hemolymph. The flow rate was 0.5 µL/min. Step gradient: 0% ACN, 10% ACN, 20% 

ACN, 30% ACN, and 70% ACN in dionized water with 0.1% TFA (as shown by the dash 

line). During each step gradient condition, three 2-µL vials of eluate fractions were 

collected and detected by fluoroeter at 365nm excitation/490 nm emission. 
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eluent polarities suggests that there is both good partition of peptide analytes onto the 

stationary phase and selective elution with this step gradient elution. 

 

With the proof-of-concept experiment conducted with BSA tryptic peptide mixture, this 

RPLC column was used for fractionation with fly hemolymph tryptic peptides. As shown 

in Figure 1 (B), the fluorescence levels show hemolymph peptides were fractionated 

using the same column set up and elution step gradient. The chromatographic behavior, 

Figure 1 (B) shows that there is a good spread of peptide components over the gradient 

steps. While the fractionation is sufficient for further analysis, more optimization could 

be performed to fine tune hemolymph peptides of interest. For instance, a relatively 

larger group of peptides were eluted and collected in fraction 9, the last fraction 

collected with 30% ACN mobile phase. The difference from the BSA peptides 

separation could be attributed to the greater variation of protein components in 

hemolymph versus BSA, a single protein.  

 

3.2 Optimization of separation condition for customized IEX 

column. 
As one of the most frequently used chromatographic methods for protein and peptide 

separation, ion exchange chromatography has been proven to be a robust and simple 

prefractionation technique in proteomics, providing high resolving power and high 

analyte capacity for a wide range of applications. Protein behavior in ion exchange 

chromatography, is ruled by the relationship between the pH of the mobile phase 

solvent, the pK of proteins and individual amino acid charges. Herein, we demonstrate a 
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strong cation exchange column fabricated for fractionation of a 500 nL aliquot of 

digested fruit fly hemolymph. Again, BSA tryptic peptides were used as a standard to 

show the fractionation capability of this short, in house constructed IEX column.  

 

As illustrated in Figure 2 (A), the step gradient used for the separation of BSA tryptic 

peptides covered a wide range of ionic strengths. However, an expected baseline 

separation of the peptide complex was not achieved, instead, a significant fraction of 

BSA peptides were eluted and collected in fraction 7, which is the first fraction collected 

with 300 mM NaCl eluent. Furthermore, the acute increase of NaCl from 10 mM to 300 

mM NaCl appears to lead to a majority of the elution. Therefore, a more evenly 

distributed step gradient arrangement was carried out as shown in Figure 2 (B). By 
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Figure 2. Optimization of separation condition for complex peptide mixture in IEX 

chromatography. The stepwise composition of eluent NaCl is noted as the dash line 

related to the values marker on the right side of the y-axis. Fluorescence signal 

corresponding to primary amine and peptide content is plotted vs. fraction number. (A) 

Fractionation of BSA tryptic peptides with step gradient set up as: 0 M-10 mM-300 mM-

700 mM NaCl-1 M NaCl. The acute increment between 10 mM and 300 mM NaCl 

caused by the majority of analytes to elute in fraction 7, which indicates an inefficient 

fractionation according to their unique isoelectric points. (B) An even distribution of the 

concentration of NaCl was made by  0 M-200 mM-500 mM-750 mM NaCl-1 M NaCl. 

Analytes were better separated and peaks were resolved compared to (A). (C) 

Fractionation of fruit fly hemolymph tryptic peptide mixture using the condition of (B). 

The majority of analytes were eluted and collected in fraction 6. (D) An optimized 

condition with 0 M-70 mM-140 mM- 200 mM-1 M NaCl was used. Hemolymph peptides 

were fractionated and collected over several separate fractions.  
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adding 200 mM NaCl and 500 mM NaCl steps, the fluorescence observed from each 

fraction has been better resolved across multiple fractions, as seen in Figure 2 (B). 

 

The improved step gradient elution was subsequently employed to fractionation of a fly 

hemolymph sample. From Figure 2 (C), it is observed that the fractionation of 

hemolymph tryptic peptides was far from satisfying. Most of hemolymph tryptic peptides 

were eluted and collected in fraction 6, which is the last fraction collected in the 200 mM 

NaCl. A further distribution of NaCl concentration steps below 200 mM were used to 

optimize the fractionation of hemolymph specifically. As illustrated in Figure 2 (D), by 

adding two eluent steps of 70 and 140 mM NaCl, a reasonable fractionation of complex 

hemolymph tryptic peptides mix was achieved. As expected, the majority of peptides 

was eluted off the column within the 6 fractions collected under 70 mM NaCl and 140 

mM NaCl steps. The optimization of the elution step gradient provided the fractionation 

of complex fruit fly hemolymph sample. The spread of peptides through multiple 

fractions will presumably simplify the peptide composition in each fraction, and therefore 

enhance the MS characterization capability for less abundant and/or novel protein 

identification in this limited volume of hemolymph sample.  

 

To be noted, these fractionations are not as robust as separations performed with 

commercially prepared columns. The in house packed, low pressure operated, single-

use columns presented here spread peptide components across the collected fractions 

for LC-MS analysis and display reasonable run-to-run reproducibility. While not strongly 
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reproducible, both RPLC and IEX prefractionation experiments presented here take less 

than 3 hours. The time and cost efficiency enables the proposed RPLC and IEX 

prefractionation methods to be adapted to any biological proteomic sample complex 

with ease. These prefractionation methods are offline from the mass spectrometer. The 

offline approach allows for both optimization of the fractionation for different samples 

and for increased efficiency in use of mass spectrometer compared to online 

fractionation arrangements.  

 

3.3 MS results. 
Aliquots from an individual fly hemolymph sample were assayed for protein content 

following the RPLC and IEX prefractionation as described above. For comparison a 

control sample was also assayed without prefractionation. Protein content was 

determined following a nano-HPLC chip column separation and MS identification. The 

protein results of these three methods were compared and analyzed to determine the 

efficiency of the prefractionation. The protein scores, sequence coverage and the 

relative abundance emPAI value provide factors to evaluate the prefractionation 

efficiency. The distribution of proteins found in three methods was charted in the Venn 

diagram, as shown in Figure 3 to compare between fractionation methods. The 

enhancement from prefractionation is verified by comparison of proteins discovered by 

all methods and the identification of novel proteins in this study.  

  



18 
 

 

Figure 3. Venn diagram of protein identification to compare between fractionation 

methods.  
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3.4 MS characterization of proteins in hemolymph after 

fractionation.  
A comparison of 6 proteins found by the two prefractionation methods and control was 

done in order to assess the efficacy of RPLC and IEX prefractionation in enhancing 

protein identification. Table 1 illustrates proteins that are enriched by RPLC and IEX 

fractionation. The degree of enrichment can be indicated by an increase in the protein 

score, sequence coverage and relative abundance data as scored with emPAI. The 

emPAI represents approximate, label-free, relative quantitation of the proteins in a 

mixture based on protein coverage by the peptide matches in a database search result. 

Yolk proteins are dominant proteins in the hemolymph sample. This result is not 

surprising because these samples are collected exclusively from non-virgin adult female 

flies. While their presence is reasonable, [22,23] there are other, less well known, less 

abundant proteins in hemolymph that are more interesting analytical targets.   

 

RPLC fractionation succeeded in reducing the abundance of these three yolk proteins, 

as indicated by decreased emPAI. At the same time, there was an increased emPAI 

and sequence coverage of the other three, less well-known proteins, retinoid and fatty 

acid-binding glycoprotein, neuropeptide-like protein and transferrin precursor, compared 

to non-prefractionated control. Further, these results confirm the selective enrichment 

effect by RPLC fractionation method as IEX fractionation did not decrease the detection 

of highly abundant yolk proteins. Nevertheless, IEX improved the MS identification of 

neuropeptide-like precursor with a significant increase of emPAI value compared to 

control. Notably, the identification efficacy of retinoid-fatty acid binding glycoprotein, 
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Table 1. Common proteins identifed by RPLC and IEX 

fractionation and control methods. 

 

aProtein norminal mass (Mr). bProtein score from Mascot. 
cExponentially Modified Protein Abundance Index 

represents approximate, label-free, relative quantitation 

of the proteins in a mixture based on protein coverage by 

the peptide matches in a database search result. 

 

    Control (unfractionated) RPLC fractionation IEX fractionation 
Protein name Proteina 

(Mr) 

Scoreb 

  

emPAI 

valuec 

  

Sequence 

coverage 

  

Scoreb 

  

emPAI 

valuec 

  

Sequence 

coverage 

  

Scoreb 

  

emPAI 

valuec 

  

Sequence 

 coverage 

  
Yolk protein 1 48682 

  

777 1.09 27% 258 0.81 33% 584 1.81 28% 

Yolk protein 2 

  

49630 

  

392 0.92 20% 170 0.63 31% 508 1.31 32% 

Yolk protein 3 46073 

  

388 0.48 14% 140 0.37 20% 464 0.73 17% 

Retinoid- and 

fatty acid-

binding 

glycoprotein 

372414 

 

293 0.07 2% 396 0.12 5% 379 0.07 3% 

Neuropeptide-

like precursor 2 
9406 

  

287 1.92 29% 216 3.17 34% 363 3.17 29% 

Transferrin 

precursor 
71765 

  

75 0.11 4% 79 0.16 6% 65 0.11 6% 
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neuropeptide-like precursor and transferrin precursor were all significantly improved as 

shown by the protein scores, emPAI and sequence coverage with either prefractionation 

method, compared to control method.  

 

Shown in Figure 3 is the Venn diagram to compare protein identification between the 

RPLC, IEX fractionation methods and the control with 500 nL aliquots of a digested fly 

hemolymph sample. In total, ~2900 peptides are identified by each method; 7 proteins 

were identified in the control, while there are 11 proteins identified following RPLC, and 

9 proteins identified after IEX prefractionation. This result suggests the prefractionation 

plays an important role in enhancing protein identification from these chemically 

complex but, volume-limited hemolymph samples. From Figure 3, there are 6 proteins 

identified by all three methods showing good reproducibility of analysis for aliquots of 

this digested hemolymph from a single fly. The common proteins are yolk protein 1, yolk 

protein 2, yolk protein 3, neuropeptide-like precursor 2, retinoid-and fatty acid-binding 

glycoprotein, and transferrin precursor. A previous report of a population of fly larvae 

found mostly proteases in the larval hemolymph and did not report the 6 proteins found 

here. [14] This difference might be explained by the fact that the adult and larval flies 

likely express different hemolymph proteomes. In particular, the discovery of yolk 

proteins are not expected for larvae as this is related to reproductive activities that are 

not paramount for that stage of the lifecycle. Among the commonly found proteins 

reported here, transferrin precursor is a novel protein that is secreted extracellularly and 

is associated with cellular iron ion homeostasis, iron ion transport and olfactory behavior. 

[24] The preponderance of these secreted proteins suggests that they are dominant in 



22 
 

the hemolymph sample. The ability to study secreted extracellular proteins is a 

particular feature of this method compared to tissue homogenates. Further, even though 

hemocyte tissue present (~10%) in hemolymph [14] and there are some hemocyte-

derived proteins observed by individual sample preparations, there is not a major 

protein hit related to hemocytes observed by all sample preparation methods tested.  

 

Other than the common proteins shared with control and IEX methods, RPLC 

prefractionation led to the characterization of unique proteins, such as Bellwether, 

Ferritin 2 light chain homolog, and RH70154P. Notably, there is only evidence at the 

transcript level of RH70154P and a gene prediction of ferritin 2 light chain homolog [24], 

while our results demonstrate the expected protein products. Bellwether is also known 

as ATP synthase subunit alpha and belongs to the ATPase alpha/beta chains family. As 

a mitochondrial membrane ATP synthase, bellwether is involved in the production of 

ATP from ADP. [24] Because ATP synthase occurs inside the mitochondria within cells, 

it appears that the observation of bellwether in hemolymph is originally from hemocyte 

component of our sample. Further study is needed to confirm this idea. The existence of 

Ferritin 2 light chain homolog is currently predicted from the sequence fly genome. In 

this study the identification of peptide fragments of this protein was able to prove the 

existence of this Ferritin 2 light chain and confirms this gene predicted product. It is 

interesting that it is found in adult hemolymph and is suggestive of the physiological role 

of aerobic respiration for the adult. Ferritin 2 light chain homolog is believed to bind to 

ferric iron in both extracellular region and intracellular ferritin complex. This protein is 

also inferred to be associated with hemolymph coagulation in the fly. [25] The discovery 
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of RH70154P is important because the molecular function is not known. With the ability 

to measure this protein, studies can now be designed to determine its physiological 

roles. 

 

There are two novel proteins that were identified for the first time by IEX fractionation. 

They are CG6409 and Imaginal disc growth factor 4. CG6409 was discovered with a 

Mascot protein score of 49 and 5% of sequence coverage. This is a protein with 

evidence at the mRNA transcript level and is predicted to be involved in 

glycosylphosphatidylinositol (GPI) anchor biosynthesis, inferred from sequence or 

structural similarity with the N-acetylglucosaminyl-phosphatidylinositol biosynthetic 

protein (or GlcNAc-PI synthesis protein). GlcNAc-PI synthesis protein serves as 

glycosyltransferase and is necessary for the synthesis of N-acetylglucosaminyl-

phosphatidylinositol, the very early intermediate in GPI anchor biosynthesis. [24] 

Imaginal disc growth factor 4 was also found as a protein here for the first time with a 

Mascot protein score of 52 and sequence coverage of 4%. The protein was identified to 

be secreted in hemolymph [24] and is probably transported to target tissues via 

hemolymph. [26] Imaginal disc growth factor 4 is reported to be primarily expressed in 

yolk cells and the fat body. While it is expressed throughout development stages, it is 

expected to have higher expression during larval stages. [26] Previous literature 

reported the identification of imaginal disc growth factor 2 in larvae. The imaginal disc 

growth factor 2 belongs to the same protein family of imaginal disc growth factor 4. The 

finding of imaginal disc growth factor 4 might reveal the different protein expression of 

the same family of gene. Further studies are needed for confirmation. Imaginal disc 
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growth factor 4 cooperates with insulin-like peptides to stimulate the proliferation, 

polarization and motility of imaginal disk cells. This protein may act by stabilizing the 

binding of insulin-like peptides to its receptor through a simultaneous interaction with 

both molecules to form a multiprotein signaling complex. [26] Further investigation is 

needed for confirmation of this hypothesis.   

 

3.5 Effect of separation on prefractionated samples prior to 

MS.  
With the success of prefractionation methods to reduce the complexity of protein 

samples, a further experiment was performed to determine whether a modification of 

the LC separation step prior to MS analysis could also provide an enhancement in 

protein identification. A traditional nano LC column was substituted for the nano-HPLC 

chip system separation in the separation of another 500 nL aliquot of 60-fold digested 

and RPLC fractionated hemolymph sample. The protein identification data from this 

nano LC column system is compared to the results with the nano-HPLC chip separation 

of the RPLC fractionated sample described earlier. 

 

Listed in Table 2 are proteins found by nano-HPLC chip system and a nano LC column. 

Proteins identified are listed according to the eluent gradient fraction. Additionally, 

because individually analyzed fractions contain partial fragments from an intact protein, 

the MS identification could be underestimated due to insufficient fragments in the same 

sample fraction from the same protein passing the threshold protein score. The MS 

results from all fractions of a single hemolymph aliquot were merged to determine any 
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 Table 2. Comparison of proteins identified in various fractions by the nano-HPLC chip 
system and nanoLC column. 

  
*Proteins identified with previous evidence at the transcript level. †Protein identified as 
predicted by genomic analysis.  
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increase the protein identification of the combined LC-MS/MS approach. [16] The 

proteins identified from fraction file merging are also listed in Table 2. These results 

show that the two different separation columns showed a few similarities, but also 

significant differences. Both separation systems were able to identify neuropeptide-like 

precursor 2 in the early fractions and there are 6 proteins identified by both separation 

systems. However, there are also significant differences between these two separation 

systems. As shown in the last column in Table 2, by merging fraction files from 1 to 5, 

the nanoLC column led to the identification of 18 proteins, while the nano-HPLC chip 

system identified 11 proteins. In addition, the nano LC column helped to characterize 7 

novel proteins with evidence at the transcription level in the UniprotKB database, while 

the nano-HPLC chip system has only found 5 novel proteins. These differences could 

be attributed to the configuration of the separation column and analysis time. While the 

length of the columns are both 150 mm and the stationary phase material is similar, the 

chip-based versus capillary column nature of the separation may contribute some of the 

observed differences. More clearly, the nano LC separation was twice as long as the 

nano-HPLC Chip at 60 min. This extended separation with the nano LC appears to be a 

main factor affecting protein identification. Although a direct comparison between 

equivalent separation systems isolate separation time effects, these results suggests 

that further fractionation of this digested 50 nL sample from a single fly could lead to an 

even deeper probing of the hemolymph proteome.  

4. Conclusions 
In summary, we presented a method using a customized, low pressure, RPLC column 

and IEX column for prefractionation of aliquots of digested hemolyph from an individual 
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adult female fruit fly for proteomic analysis. These short columns appear well suited for 

prefractionation of limited-volume hemolymph samples and led to a consistent 

identification from separate aliquots with an unfractionated control. The prefractionation 

also achieved identification of twice as many, presumably less abundant, proteins. The 

ability to access a deeper analysis of the hemolymph proteome with simple and 

inexpensive RPLC and IEX fractionation will allow more facile proteomic studies of this 

important animal model system. The ability to further enhance the proteins identification 

with a longer separation condition suggests even deeper analysis is possible. While it 

may be considered a relatively low number of protein hits of 23 proteins across all 

sample preparation methods, an exceedingly low 50 nL sample volume from an 

individual fly all analyses. Pooling may be used to increase protein hits at a cost of 

losing individual fly characteristics. The analysis of hemolymph as distinguished from 

other potential fly tissues provided data regarding the extracellular protein content with 

few proteins related to hemocytes or whole tissues. Potentially, this simplified 

prefractionation method followed with the nano-HPLC chip system or a capillary-based 

nano LC coupled with Orbitrap MS/MS shows promise in serving as an alternative 

strategy to balance time consuming proteomic procedures with a need to characterize 

protein composition. 
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