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Use of Multidimens ional Chromatography and Automated Data P rocess ing to Characterize Complicated P rotein Mixtures
Scott J . B erger, Hongji L iu, R obert S . P lumb and S teven A. Cohen,   L ife Sciences R &D, Waters  Corporation, 34 Maple S t., Milford, MA 01757

AB ST R ACT E xperimental R ationale 2-D L C/MS  Data Analys is S ummary of R ibosomal Data

The analys is  of intact protein mixtures  by E S I-MS methods  is  a powerful 
technique for characterizing cellular complexes  and the modification s tate of 
component s ubunits .  In this  work, yeas t ribosomes  (approximately 100 protein 
components ) were us ed as  a model complex that was  analyzed us ing
multidimens ional chromatography (S CX/RP L C) coupled with both offline 
fraction collection and online mas s  detection of the intact proteins  us ing an E S I-
TOF  mass  spectrometer.  The sys tem is particularly interes ting as  the extreme 
bas ic pI of mos t ribosomal components  prohibits  s tandard 2D gel analys is  
techniques .  The high mas s  measurement accuracy of the E S I- TOF  analyzer 
permitted tentative identifications  of ribosomal subunits , while collected 
fractions  were us ed to probe the nature of modifications  inferred from protein 
intact mas s .   In this  pos ter we will also des cribe the automated application of 
T IC peak identification and maximum entropy charge s tate deconvolution 
algorithms  that permitted efficient identification of s ample components  with 
minimal human overs ight.   The potential of this  approach for proteomic s cale 
protein and complex analys is  will be dis cus s ed.
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Figure 1: 2-D (SCX/RP) L C/MS system for separation of intact protein 
mixtures, with exploded diagram of the post-column split MS interface

Intact protein mixtures  are applied on to a Shodex SP  s trong cation exchange 
column under acidic buffer conditions , and at low salt.  Sequential salt s teps  were 
used to elute proteins  onto alternating Waters  Symetry300TM C4 reversed phase 
columns .  Connecting the two columns  through a 10-port 2-pos ition regeneration 
valve permitted developm ent of the R P  gradient on the firs t R P  column while 
loading the next s alt fraction on the s econd RP  column.

An automated 4-port 2-pos ition valve is  pos itioned pos t-colum n, and is  used to 
divert res idual s alt pres ent on the R P  column during the firs t few minutes  of a 
s econd dimens ion R P  analys is .  Following the  divers ion period, column effluent 
pas ses  through a pos t column splitter (10% to MS , 90% to UV/fraction collection)  
which permits  identification of both intact protein mas s , and subsequent offline 
protein characterization with diges ted fractions .

•ES I - TOF  (Micromass® L CT)
– Source: 3 kV (capillary), 60 V 

(Sample cone), 3 V (extraction 
cone), 450 (RF lens )

– Temperature (°C): 250 
(des olvation), 130 (s ource)

– Gas  f low (L /hr): 100 (cone), 400 
(des olvation)

– MCP  detector: 2700 V
– Max Flight time: 65 µS

• Ion exchange
– Column: Shodex® S P 420N (4.6 

x 35 mm, non-porous)
– Eluent A: 50 mM methylamine, 

6M urea, 0.5 mM DTT, pH 
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Analyzing intact proteins  provides  direct inform ation about the extent of co-
trans lational proces s ing and pos t- trans lational m odifications .  However, without  
prior knowledge, direct identification of a protein (especially highly modified 
proteins ) is  often problematic, especially with larger organism databases .   

Identification of proteins  in complicated mixtures , or mixtures  of protein 
s tructures  with high s imilarity requires  s ignificant resolution, and s electivity in a 
s eparation.  Thus , a very high resolution 1-D R P -HP L C analys is  may provide 
the theoretical peak capacity for a s eparation, but not the s electivity to 
accomplish component resolution.  Orthogonal s eparation s chemes  provide the 
power to obtain high peak capacities  while increas ing selectivity by applying 
two modes  of s eparation.  With this  work, our goals  were to im plement a 2- D 
chromatographic s ys tem that: permits :

•Complicated protein mixtures  to be effectively separated
•Highly accurate intact protein m as s  analys is  us ing an E S I- TOF  MS
•Sample collection for confirm ation of protein identity, and modification  

s ite identification

Yeas t R ibs osomal Proteins

Large Subunit
81 ORFs (69 unique)
46 Subunits

Small  Subunit
56 ORFs (47 unique)
32 Subunits

Yeas t ribosomes  were us ed as  a model s ys tem to evaluate the 2- D L C/MS   
analys is  s ys tem.   R ibosomes  were purified by differential centrifugation us ing a 
variation of publis hed procedures  (R ef. 1), and proces s ed by acid extraction 
(R ef. 2) to rem ove RNA prior to loading on the SCX column.  The above gel 
demons trates  the relative enrichment of ribosom al proteins  relative to an equal 
loading (10 µg) of yeas t cell lysate.

Yeas t ribosomal proteins  are a  useful s ys tem for evaluation of the 2-D sys tem 
due to the high complexity (78 s ubunits  (3-43 kD), up to 116 total isoforms ), 
variety of protein modifications  (acetylation, methylations , phosphorylations , 
and proteolytic proces s ing), and high s imilarity between many s ubunit is oforms . 

Optimis ing the Sys tem

Figure 2:  RP protein separations containing TFA (A) yield superior 
separations to formic acid (B) at the expense of roughly 3-fold MS 
sensitivity.  Comparison of the 1-D R P  chromatographic separation of ribosomal 
proteins  (75 µg) us ing either (A) 0.1% TFA or (B ) 2% formic acid as  the acidic
modifier. A Waters  Symmetry300TM C4 3.5 µm column was  developed with a 10-
60 %B gradient over 18 minutes  and monitored by pos itive ion E S I-MS .

Figure 4:  Diversion of residual non-volatile salt on RP from the SCX step 
elution is critical to obtaining useful MS information on intact proteins. 
R ibosom al proteins  were analyzed by 2-D (SCX/RP ) L C/E S I- TOF  MS us ing 
optimized chromatographic conditions .  Divers ion of the firs t 7 column volum es  
(A) of the revers ed phase gradient res ulted in com plex MS spectra as  
demons trated with  a component eluting at 113.2 minutes  into the run (Arrow) 
with a series  of adduct peaks .  Increas ing the divers ion time to 14 column 
volumes  (B) produced s implified mas s  spectra for this  component (elution time= 
113.4 min) now identifiable as  yeas t large ribosomal subunit rpL 16B (acetylated 
and lacking the initiating methionine; expected mass  22160.1, observed mas s  
22160.5). R elative s ignal intens ity is  2- fold higher for mas s  spectra (B  vs . A), and 
4- fold greater for the deconvoluted mas s  spectra (B  vs . A, ins ets ).

Figure 3:  Efficient post-column connections are critical to maintaining 
chromatographic separations and system sensitivity.   Although the pos t-s plit 
flow rate to the L CT E S I- TOF  MS is  only 10% of the effluent flow from the  
s econd dimens ion R P  column, the us e of narrow i.d. tubing and low dead- volume 
connections  (F igure 1) minimized band-spread and yielded TIC peak widths  
narrower than observed with the UV detection/fraction collection pathway.

Sys tem Sens itivity

Figure 5:  The system demonstrates lower fmol MS sensitivity for intact 
proteins.  Sys tem s ens itivity was  es tablis hed us ing injections  of 15, 3.0, 1.5 and 
0.75 µ ribosomal proteins  onto a 1- D RP  (50 x 2.1m m Waters  Symmetry300T M

C4 column with optimized split/divert valve and TFA modifier.  Detection was  
performed by pos itive ion E S I-MS - TOF  s canning from 500 to 3000 m/z.  A minor 
peak on the T IC (R T= 8.50 min) at the highes t injection amount yielded 
interpretable MaxE nt1T M proces s ed spectra at the lowes t level injected.  Given a 
pos t column split of 1:8, an as suming ~100 equimolar proteins  with an average 
mas s  of 20 kD, we calculate a MS detection limit of les s  than 50 fmol per protein.
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Figure 6:  Processing 2-D LC/MS Intact Protein Data.  The analys is  of 75 µ of 
ribosom al proteins  us ing the 2- D s ys tem produced 157 deconvoluted mas ses  
(126 unique mas ses ) ranging from 6629 to 42731 Da.  F rom thes e 126 unique 
masses , 91 have been as s igned to 67 known ribosom al s ubunits  (85 is oforms ) 
with an average mas s  accuracy error of ~50 ppm (S D= 25 ppm ).  As s ignments  
were made us ing trans lated yeas t ORF s (+/- methionine, +/- acetylation), and 
known modifications  compiled in the Yeas t P rotein Database (R ef. 3)

Automated Data Analys is

Figure 7: The OpenLynxTM module of MassLynxTM can be used to automate 
the analysis of intact protein LC/MS datasets.  An entire datas et, or s ubset of 
data can be s elected for automated TIC peak identification us ing the Apex 
P eakT rackT M function, the raw MS spectra s umm ed for each peak us ing the 
Combine Spectra function, and deconvoluted spectra produced via the 
MaxE nt1T M deconvolution algorithm.  Deconvoluted spectra (or raw spectra, if 
deconvolution is  not s elected) can be viewed and formatted in the OpenL ynxT M

Browser.  The deconvolution proces s  is  computationally intens ive, and depending 
on proces s ing param eters  (m/z range of raw spectra, iterations  of proces s ing, 
output mas s  range, and output mas s  bin s ize) can take hours  to days  of 
proces s ing time on a mid- range P entium III for datasets  of ribosomal  complexity.

Small Subunit 
33 / 47 Isoforms (70%)
27 / 32 Subunits (84%)

Large Subunit 
52 / 69 Isoforms (75%)
40 / 46 Subunits (87%)
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Figure 8:  Ribosomal Subunit Coverage. Analys is  of 75 µg of an an enriched 
ribosom al protein fraction permitted as s ignment of greater than 85% of all known 
ribosom al subunits  with an average mass  accuracy error of ~ 50 ppm.  In many 
cases , more than one is oform of a s ubunit was  observed, and several proteins  
were observed in multiple s tates of modification (not shown).  Analys is of 
collected fractions  at the peptide level are ongoing for confirm ation of protein 
identity, protein modifications , and and identification of modification s ites .

The typical s ubunit not observed during this  analys is  is  smaller and more bas ic 
than the average ribosomal protein. Analys is  of data from highly resolving 1-D 
separations  (peak capacity ~240 vs . 675 for this  2- D approach) indicate that 
some of thes e subunits  may not have been eluted of the SCX column under our 
maximum salt s tep, or fail to retain on the RP  column during s tep elution.  
Analys is  of peptides  from global ribosomal diges ts , and analys is of the collected 
fractions  s hould determine whether an unidentified subunit was  modified, or not 
pres ent in the initial s ample or was  los t during ribosome purification.

• 2-D (SCX/RP ) L C/MS can be applied for the identification and 
characterization of complicated mixtures  of intact proteins.

• The approach described here assigns both protein identification 
and modifications using the intact mass data, and confirms  
ass ignments  by further  characterization of those proteins  from a 
collected split fraction.

• Data processing for MS spectra (and L C/MS analyses  of protein 
mixtures) can be automated to derive maximum benefits  from 
analytical approaches us ing MS detection of intact proteins.

• Factoring in the abilities of E S I- T OF  MS and maximum entropy 
spectral deconvolution analys is  to process spectra with up to 5 
components , this  approach currently demonstrates a peak 
capacity (675 x 5= 3375) capable of analyzing s imple proteomes .
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