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Abstract

Column peak capacity was utilized as a measure of column efficiency for gradient elution conditions. Peak capacity was evaluated ex-
perimentally for reversed-phase (RP) and cation-exchange high-performance liquid chromatography (HPLC) columns, and compared to the
values predicted from RP-HPLC gradient theory. The model was found to be useful for the prediction of peak capacity and productivity
in single- and two-dimensional (2D) chromatography. Both theoretical prediction and experimental data suggest that the number of peaks
separated in HPLC reaches an upper limit, despite using highly efficient columns or very shallow gradients. The practical peak capacity value
is about several hundred for state-of-the-art RP-HPLC columns. Doubling the column length (efficiency) improves the peak capacity by only
40%, and proportionally increases both the separation time and the backpressure. Similarly, extremely shallow gradients have a positive effect
on the peak capacity, but analysis becomes unacceptably long. The model predicts that a 2D-HPLC peak capacity of 15,000 can be achieved
in 8 h using multiple fraction collection in the first dimension followed by fast RP-HPLC gradients employing short, but efficient columns in
the second dimension.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Two-dimensional polyacrylamide gel electrophoresis
(2D-PAGE) is the standard technique for proteomic analysis
Modern high-performance liquid chromatography (HP- (achieving the resolution of thousands or more components)
LC) is expected to resolve highly complex samples. One [11]. Two-dimensional high-performance liquid chromatog-
example is proteome research that involves the analysis ofraphy (2D-HPLC) and multi-dimensional (MD)-HPLC are
protein/peptide samples, consisting of thousands of compo-emerging for complex protein/peptide sample separations
nents at different concentration lev§ls2]. The representa-  [6,8,12—16] The development of 2D-HPLC techniques was
tive proteome sample may contain 10,000-50,000 proteins,driven by the prospect of achieving high peak capacity, good
or in cases where proteins were digested prior to analysis,dynamic range, reproducibility, sensitive detection and quan-
100,000-500,000 peptidd8]. Despite recent progress in titation, and automation of analysis. The on-line interface
column technology and ultrahigh performance liquid chro- with MS via electrospray ionization (ESI) further improves
matography (UPLC]4-8], liquid chromatography stilllacks ~ the 2D-HPLC resolving power, since MS is considered to be
the resolving power to separate samples of that complexity an additional separation dimension.
within a single analysif9,10]. Since the efficient separation of intact proteins in HPLC
is difficult, and identification of large proteins by MS is chal-
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fragmentation multiplies the sample complexity, which in- purchased from J.T. Baker (Phillipsburg, NJ, USA). A Milli-
creases the demands on 2D-HPLC resolution. Q system (Millipore, Bedford, MA, USA) was used to pre-

The separation efficiency of HPLC columns under iso- pare deionized water (18 ®Icm) for HPLC mobile phases.
cratic conditions is measured in theoretical plates. In gra- Peptides L2275, A6677, Bradykinin, Angiotensin I, An-
dient elution (typically used for separation of proteins and giotensin |, Substance P, Renin Substrate, Insulin beta chain
peptides), the separation performance is better described byoxidized), Melittin, sodium chloride, NaiPQy, phospho-
column peak capacitl. Peak capacity represents the maxi- ric acid, and proteins used for tryptic digestion were pur-
mum theoretical number of components that can be separated¢hased from Sigma (St. Louis, MO, USA); sequencing grade
on a column within a given gradient time. Assuming that sep- Trypsin from Promega (Madison, WI, USA). MassPREP
aration selectivity in multiple dimensions is orthogonal, the MALDI matrix CHCA, and MassPREP! protein di-
peak capacity values can be multiplig2D]. For example, gest standards were obtained from Waters (Milford, MA,
combining orthogonal separation modes with peak capaci- USA).
ties of 20 and 100 theoretically provides for a peak capacity
of 2000. 2.2. HPLC instrumentation and columns

Current 2D-HPLC most often utilizes strong cation-
exchange (SCX) chromatography in the first dimension, and HPLC experiments were carried out using the following
reversed-phase (RP) HPLC in the second dimergi®n15] instruments: model 2795 AllianeHPLC system with a
The peak capacity of 2D-HPLC is often less than 5000, 996 photodiode array detector (Waters, Milford, MA, USA).
falling short of the required degree of separation. As a re- HPLC columns used in this study were packed in house
sult, only the peptides (proteins) of greatest abundance arewith Symmetry300M Cig sorbent (Waters, Milford, MA,
detected by MS. Further improvement in peak capacity and USA). We used the following column dimensionsx i.d.):
some means of sample pre-fractionation prior to 2D-HPLC 50 mmx 4.6 mm, 150mnx 4.6 mm, 250 mmx 4.6 mm,
is desirable. Although several manufacturers introduced 2D-and 300 mnx 4.6 mm as well as the following particle
HPLC systems to the market, it remains to be answeredsizes: 3.5, 5, and im. RP-HPLC column configurations
what is the realistic peak capacity that can be achieved with are detailed iTable 1 The columns were operated at4D,
those instruments, and what is the practical level of com- the temperature was controlled by a built-in column heater.
plexity of proteomic samples that researchers can effectively Mobile phases were A: 0.1% TFA in water and B: 0.08%
analyze. TFA in acetonitrile. Gradients were 0-50% B, however

2D-HPLC is always combined with MS for proteomic re- gradient time varied for each column. HPLC conditions
search, which effectively translates into a 3D separation spaceare given in the figure captions. A polySULFOETHYL
with a peak capacity exceeding the chromatographic separaAspartamidéM SCX 50x 4.6 mm, 5.m column (PolyLC,
tion space. Considering the complexity of samples and cur- Columbia, MD, USA) was used for ion-exchange HPLC
rent HPLC performance, one must assume there is always aseparations. The column was operated at@5mobile
certain degree of component overlap eluting from a column phases were A: 20 mM NaiPQy, pH 3 with 25% acetoni-
into MS. The estimate of a maximum achievable complexity trile and B: 20 mM NaHPQy, pH 3 with 25% in acetonitrile
and dynamic range of components that can be simultaneouslywith addition of 1 M NaCl. Gradients were run from 0 to
detected and resolved by state-of-art MS is a non-trivial task, 33% B in 20, 40 and 80 min. The tryptic digest of selected
and deserves further investigation. Here we focus our interestproteins (MassPREM protein digest standards; enolase,
on a chromatography and present a judicious look at the re-phosphorylase, BSA, bovine hemoglobine, bovine
solving power of 2D-HPLC in general, and more specifically hemoglobineB, and ADH; Swiss-Prot accession numbers
for the RP- and SCX-HPLC separation modes. Column peak P00924, P00489, P02769, P02070, P01966, and P00330,
capacity was experimentally evaluated for a selected set ofrespectively) was separated with a gradient from 0 to 9% B
columns. The data were compared with the peak capacity val-in 60 min. The SCX fractions were collected every 30s up to
ues predicted from chromatographic theory. The impacts of 10 min, every 60 s between 10 and 20 min, and every 120 s
column efficiency and gradient conditions on the achievable from 20 to 60 min. Fractions were evaporated to dryness,
peak capacity were evaluated. We discuss the importance offeconstituted in 0.2 ml of 0.1% TFA in water and desalted by
HPLC peak capacity on the resolution and productivity of a SPE. Oasis HLB.Elution plate was first conditioned with
2D-HPLC system. 0.5 ml of acetonitrile, and 0.5ml of 0.1% aqueous solution

of TFA. Sample was loaded, washed with additional 0.5 ml
of 0.1% aqueous solution of TFA, and eluted withudl®f

2. Experimental 60% acetonitrile in water. About 0@ of eluted solution
was mixed with CHCA MALDI matrix and analyzed
2.1. Materials and reagents by Micromass M@LDI R TOF instrument from Waters

(Milford MA, USA). Peptides eluting in each fraction were
Trifluoroacetic acid (TFA), 99.5%, was purchased from identified by MALDI-MS comparing the observed accurate
Pierce (Rockford, IL, USA). HPLC grade acetonitrile was mass with the theoretical mass of expected tryptic peptides.
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Table 1

Columns and gradients used in study

Column  Lengthx Column type Particle size Column Void volume  Gradienttime  Gradienttime  Gradient time
number  i.d. (mm) (wm) efficiency*  (ml) (s=0.0123% (s=0.0246% (s=0.0492%

1 50x 4.6 Symmetry300 & 5 2800 0.66 35 178 89

2 150x 4.6 Symmetry300 & 7 4930 1.80 100 50 25

3 150x% 4.6 Symmetry300 & 5 8400 1.86 100 50 25

4 150x 4.6 Symmetry300 g 35 14230 1.90 100 50 25

5 300x 4.6 Symmetry300 & 5 16790 3.46 186 [k 465

Gradient time

6 50x 4.6 PolySULFOETHYL 5 - 0.7 20 40 80
AspartamidéM SCX

a Calculated from Eqg4)—(6)for, F=0.75 ml/min, andy, =4.5x 10719 m?/s.
b Slopeswas calculated from Eq2).

3. Results and discussion peptides). The normalized gradient slapalefined by Eqg.
(2), was an important parameter for the HPLC experiment
3.1. Experimental peak capacity measurement [23]. Due to the differences in column length, the void time

to (measured as the elution time of unretained component)
Peak capacity is defined as the maximum number of peaksvaried. The time of gradierty was therefore adjusted (see
that can be theoretically separated on a column at given chro-Table 1) to keep the gradient slopgeconstant. All peptides
matographic conditions witRs=1 [21-24] Peak capacity = eluted in a gradient range from 0 to 50% acetonitrile, hence,
can be calculated from the peak widthmeasured atdt the gradient ranga C value used for calculation was 0.5.
(13.4% of peak height) and the gradient (separation) tjme

Io
according to Eq(1). s=AC 0 ()
P=1+ 'y (1) Fig. 1 shows the separation of the peptide mixture on a
w

150 mmx 4.6 mm Symmetry300 {g column packed with
The peak capacity was experimentally estimated for a se-5um sorbent. The measured peak capacity was over 150 for
ries of columns and gradient slopdable 1) using a peptide  a 25 min gradient. When a shallow 100 min gradient is used,
mixture containing nine components with a broad range of P exceeds a value of 350. This does not mean that the column
molecular weights. Selected chromatograms with the exam-would resolve 350 peptides when such a complex mixture is
ple of P calculation are shown iRig. 1 (P is an average nine  injected on the column. According to statistical theory (as-

Example of calculation:

t
P=1+-£ =1425/0.16 = 157
w

gradient time =25 min
peak capacity = 157 h
it 5
gradient time =350 min
peak capacity =249
5
4
6
9
1 ’ 3 \ 7 8 gradient time = 100 min
H_AM_A_L‘J peak capacity = 351
L | G U,

S 100
0 Minutes

Fig. 1. An example of peak capacity measurement for a 15046 mm, 5um Symmetry300 &g column (column 3 irTable 1) using three different gradient

slopes. The peak capacity was calculated from averaged peak widths as shown in the inset. The peak width depends on the nature of pepitde; the peak width
R.S.D. for the nine peptide standards was 11-28% (within a chromatographic run). The nine peptides used for peak capacity measurements véere: (1) L227
(2) 6677; (3) bradykinin; (4) angiotensin Il; (5) angiotensin I; (6) substance P; (7) renin substrate; (8) insulin beta chain oxidized; andr{9) melitt
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suming random retention of peptides), one expects to observeparameters are the same as used in @qsand (2)
~129 resolved peakf{= 1) or les§25-27] with a number
of mixture components co-eluting. pP=1 @ BAC

Evaluation of the SCX column peak capacity suggests that 4 BAC(to/tg) +1
efficiency of peptide separation is lower than in RP-HPLC
mode. A 50 mmx 4.6 mm SCX column provided peak ca-
pacities of 63, 85, and 113 using 20, 40, and 80 min gradients
respectively. Both mobile phase A and B contained 25% of
acetonitrile. For other conditions, see Seci@mdTable 1
Peak capacity was calculated according(Ejuising the aver-
age peak width of four peptides (angiotensin I, angiotensin Il,
bradykinin, and L2275). The silica-based hydrophilic poly-
SULFOETHYL Aspartamid& column was chosen for the
experiment because it provided for the best column peak ca-
pacity from a series of other SCX columns, we evaluated for
this study (silica-based sulfopropyl, sulfated polyDVB or sul-
fated polymehtacrylate materials; data not shown). However,
even the polySULFOETHYL Aspartami®¥ columns have L
significantly lower peak capacity compared to RP-HPLC. N= H (4)
The practical peak capacity for tryptic peptides is further re-
duced by the fact that the tryptic digest generates mostly 2+,

®3)

Eq.(3) was derived from chromatographic theory for RP-
HPLC mode for a linear solvent strength gradig2i3,24]
'The equation suggests that peak capacity increases propor-
tionally to the square root of column efficiency. This trend
is shown inFig. 2A with other parameters of the equation
kept constant. In practice this means that doubling column
efficiency will improveP by only 40%. Similarly, when ex-
tending the gradient time in an effort to improve separation,
the gains irP are diminishing Fig. 2B).

The column efficiencN needed foP prediction was ob-
tained from the column length and the height equivalent of a
theoretical platéd, according to Eq(4).

TheH value was calculated from the van Deemter equation

and 3+ (4+ to the less extent) peptides. Those peptides there-(Eq' (5),

fore elute over the narrower range of the gradient (0—9% B, D 2

which represents 20110 mM of Naons in 60 min). The H = 2\dp + 2)(7 + cD—pu (5)
m

suitable gradient strength is therefore less than used for SCX
experimental peak capacity evaluation (20-350 mM of Na where the value of the packed bed structural uniformity

ions). factor i was set to 0.75, the obstruction facppto 0.5, and
thec value was 0.166. The diffusion coefficieby, value of
3.2. Peak capacity prediction 4.5x 101°m?/s used in this work was calculated from the

Wilke—Chang equatiof28]. The particle size&l, was substi-

For peptides, the peak width throughout the chromatogram tuted according to the column packing size used; the intersti-
is rather uniform. This is explained by the rather steep rela- tial linear velocity of the mobile phasewas calculated from
tionship of the logarithm of the retention factor with solvent Ed. (6).
composition for large molecular weight analytes. This results

in a simplification of the peak capacity equation compared # = —— (6)

to small molecules and flat gradiefi#8]. The experimental Ealtl

data were compared witR values predicted from E(q3), F is the flow rater the radius of the chromatographic col-
whereB is the slope of the function k(k is retention fac- umn, e, is the fraction of the column occupied by the mobile

tor) versus solvent compositidd, andN is the number of phase (including the volume inside of porous particles), and
theoretical plates of the chromatographic column. The other x is 3.14. One may notic&d@ble J) that the calculated values

(A) 400 (B) 500
2 400
'S 3001 z
< a
[=5 =
8 =9
= £300
S 200 =
= B = 432 2 B = 432
g =200
g AC= 05 g AC= 05
[=] =
o 100 to= 3.0min S 100 tg= 3.0 min
tg= 60 min N = 10000
0 . . . 0 . ; -
0 5000 IUDOE] 7 15000 20000 0 60 120 180 240
Column efficiency Gradient time (minutes)

Fig. 2. Column peak capacity calculated from E).varying (A) column efficiency or (B) gradient time. Other parameters were kept constant as indicated in
the figures.
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of theoretical platesl are significantly lower than those ex- 500
pected for small molecules. For example, the experimentally
measured column efficiency using acenapthene for column 5
(Table ) was~20,000. This discrepancy is due tothe smaller ~ *%°
diffusion coefficientD, of peptides. The optimal flow rate
for peptide separations is between 0.1 and 0.3ml permin
(calculated for a 4.6 mm column i.d.) for a chromatographic
packing particle size ranging from 7 to 3uin, respectively.
The value ofB needed for the peak capacity calculation
(Eg.(3)) is not a constant, but varies according to the analyte
molecular weigh{23,24,29,30] The slopeB of the function
Ink versusc increases with peptide size. Since the experi-
mental measurement & values of macromolecules under
isocratic elution is difficult, few reliable estimates can be 0 1 : .
found in literaturgl31—-33] In this work, theB values were . w0 wie A <00
calculated from Eq(7). Loluratt sifiwicnny

w

(=1

(=]
1

200 A

Column peak capacity

=
=4
L

_ . Fig. 4. Comparison of predicted (lines) and experimentally measured (iso-
In B = 0.6915In(MW)—1.49 () lated data points) column peak capacity values at three different gradient
. . . slopes. The dotted line represents slep®.0492, solid line slopg= 0.0246,
Assuming that the MW of the average tryptic peptide (and D P P e

- . . . : and scattered line slope=0.0123. The experimentally measured peak ca-
peptides used in this study) is approximately 2000 DaBthe  pacity values are indicated in the graph; triangles represent column 1, squares
value used for peak capacity calculations was 43.2. This valuecolumn 2, crosses column 3, diamonds column 4, and circles column 5. For

compares well to other published estimates sucBag1 column assignment sd@ble 1
[24], orB=51-62[29,30]

Fig. 3shows the peak capacity as a function of both col- low gradients. It should also be pointed out that the gain in
umn efficiency and gradient time. The graph suggests thattheP is achieved at the expense of time and backpressure. The
practical number of peaks separated on columns reaches asurface of the peak capacity function reaches a plateau close
upper limit, despite using highly efficient columns and shal- to the value of 1400-1600 fd values ranging from 40 to
50, respectively.

The experimentally acquired data were compared to the
predictedP in Fig. 4 Using the values oB=43.2 and
Dm=4.5x 10719m?/s, a good fit between predicted and
measured peak capacity was observed. The experimentally
measuredP values are listed ifrig. 4. This confirms that Eq.

(3) describes the chromatographic behavior of peptides with
good accuracy.

3.3. 1D and 2D-HPLC peak capacity and throughput

The separation of complex mixtures necessitates the use
of highly efficient columns. Two different approaches can be
applied to fabricate columns with high efficiency: (i) pack ex-
tensively long columns; or (ii) pack the column with a small
particle size sorbent while keeping the column length con-
stant. Employing long columns for the separation (connecting
columns in series) has the apparent limitations of increased
backpressure and increased analysis {iB4é. As shown in
Table 1and Eq.(2), the gradient time increases proportion-
ally with thetg (Vo) value. As the void volume of the column
Fig. 3. Calculated column peak capacity (£8)) as a function of both increasesty soon becomes unacceptably long. It has to be
column efficiency and gradient time. The graph of peak capacity plateaus atnoted that using longer columns without adjustipgesults

long gradient times and highly efficient columns. The graph was calculated jn marginal gains in peak capacity. For example, increasing
usingB=43.2 andAC=0.5. Thetp was set to 3 min, which approximately

o _ the column length from a 50 to 150 mm, while keeping the
represents the void time of a 250 my.6 mm long column at 1 ml/min . . . .

flow rate. The efficiency of a 250 mm column packed with 5, 3.5, 1.7 and gradlent t'me_ constant C_auses the normalized gradlent SIOpe
1m sorbent calculated for peptide separation is 14,000, 24,000, 61,000, St0 be effectively three times great&fp(of 150 mm column

and 108,000, respectively. is three times bigger). The experimentally measiéar 50

Column peak capacity
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400 g in a theoretical study focusing on small molecylg]. In a
gradient of a fixed run time, the column characteristics such
350 4 as column length and particle size interact with the opera-
tional parameters such as the linear velocity and the gradient
spanin a complex fashion. Note that in E8j.the plate count
and the gradient span (E@)) change as we change the void
time tp (and thus the flow rate). In the discussion here, we
will deal with a few specific issues relevant for the separation
of peptides.

200 1 In Fig. 6A, the peak capacity for three columns packed
with 3.5um particles is plotted versus the flow rate for a
60 min gradient separation of peptides. The column lengths
were 250, 150 and 50 mm, columni.d. was 4.6 mm. Itis inter-
esting to see that the performance of all three columns is very
similar at a flow rate of about 0.5 ml/min. Thisis in agreement

300 A

250 A

Column peak capacity

150 T T T T 1
0 50 100 150 200 250
Column length (mm)

Fig. 5. The column peak capacity calculated (E)) for various column

lengths. Gradient time and other parameters were kept congtatid min, with the practical experience of many chromatographers who
B=43.2,AC=0.5,t,=0.16 ml/cm, and\=1000/cm (column packed with  find that for peptide separations under these and similar cir-
3.5um sorbent). cumstances the column length plays only a subordinate role.

Only at a flow rate of about 1 ml/min do the longer columns
and 150 mm columns was 197 and 249, respectively, which outperform the 5 cm column, but at the same time, the peak
represents only a 26 % increase in peak capacity (both sep-capacity of the 250 mm column and the 150 mm column are
arations were performed with a 50 min gradient; for other indistinguishable. These interesting effects are due to the fact
conditions se€ig. 1). that at a fixed gradient run time, the longer columns have an

The impact of column length on the peak capacity, improved plate count, but this effect is counterbalanced by
while keeping the particle size and gradient time constant the smaller gradient span.
(dp=3.5um, tg=60), is illustrated irFig. 5 TheP (calcu- On the other hand, significant gains in separation power
lated from equation 3) reaches a maximum fat50 mm can be made by keeping the column length constant and re-
column length, but decreases for longer columns. Apparently, ducing the particle size, as it is shown fiig. 68. In this
the increase in the normalized gradient slope value abolishescase, we have compared 50 mm columns packed with 5, 3.5
the contribution of the great&t value of longer columns. and 1.8.m patrticles for a 30 min gradient. For the.B col-

The strategy of improving column peak capacity by using umn, the maximum peak capacity of 185 for this gradient
a small particle size chromatographic packing seems to beis reached at a flow rate of 0.95ml/min. The performance
more promising than using longer columns. The limitation improves for the 3.fm column: the maximum peak capac-
of this approach, however, is a sharp increase in backpres-ty is now 245 at about 1.1 ml/min. The by far better results
sure. For isocratic chromatography, this has previously beenthough are obtained with the 1u8n column: a peak capacity
studied in detail by Guiochoj35]. One of us has previously  of 403 at a flow rate of 1.5 ml/min. The price of such a perfor-
dealt with similar complications under gradient conditions mance improvement is the column backpressure, as shown

(A) 500 (B) 500

400 - 400 -
2 ey
£ 500 - £ 500
2 2
= -
g £
= 200 1 = 200 A
g =
= =
[=] : =)
< f ;

100 4 /3 ~ 100

0 T T T T 0 T T T T
0.0 05 1.0 15 2.0 25 0.0 0.5 1.0 1.5 2.0 25
Flow rate Flow rate

Fig. 6. The column peak capacity expressed as a function of the flow rate for various column lengths (A) or columns packed with different partleéasize so
(B). The solid line represents 250 mm column, dotted line 150 mm column, and dashed line 50 mm column (A); the gradigrt@@main. In case (B), the
dimension of all three columns were 50 mx#.6 mm; solid line represents column packed wijlrd sorbent, dotted line column with 3.%n sorbent, and
dashed line column packed with juén sorbent; the gradient time used for calculation #as30 min.



M. Gilar et al. / J. Chromatogr. A 1061 (2004) 183-192

189
Table 2
Impact of sorbent particle size on the column efficiency, peak capacity and operating pressure
Flow rate ColumnL x i.d. Particle size Column Peak capacify Pressure (MP4) Pressure (psY)
(ml/min) (mmx mm) (m) efficiency
0.95 50x 4.6 5.0 2340 185 3 343
1.10 50x 4.6 35 3780 246 5 811
1.50 50x 4.6 1.8 8820 403 28 4181
@ Calculated usingy =30 min,AC=0.5,B=43.2,Dn =4.5x 1071°m?/s,V, =0.58 ml,&; = 0.35, and viscosity = 0.7 cP.

b Calculated from Kozeny—Carman equation.

in Table 2 The efficiency, peak capacity, and backpressure is under-utilizes the full separation potential of SCX-HPLC.
calculated for 50< 4.6 mm columns packed with 5, 3.5, and

It has been suggested that employing a long linear gradient
1.8.m porous sorbents.

with multiple collected fractions in the first dimension com-
The main benefit of using short, but efficient columnsisthe bined with fast, but efficient separation in the second may pro-

productivity of separation, defined as the number of separatedvide better overall productivity for 2D-HPL{5,17,37,38]
componentsi) per unit oftime. The 3D plot of the separation Table 3outlines the impact of various 2D-HPLC setups on
productivity (Fig. 7) shows that although the longest column the separation throughput (productivity), defined as the total
and gradient is expected to provide for the highegsee achieved peak capacity per unit of time.

e.g.Fig. 1), the productivity is low. The best productivity is The first three example34ble J consider a step gradient
achieved using fast gradients and relatively short columns. elution from the first dimension (e.g. SCX 10 fractions, peak
This has direct implication on the separation throughput in capacity of fist LC dimension is therefore considered to be
2D-HPLC. 10). Extending the length of the column (and the gradient

The overall 2D-HPLC separation throughput depends time) in the RP-HPLC dimension, it is possible to achieve

strongly on the peak capacity and separation speed in bothan overall peak capacity of several thousand. Combining two
dimensions. A currentapproach for 2D-HPLC separation em- 250 mm long columns, itis theoretically possible to exceed a
ploys a fast step gradient fractionation by SCX-HPLC, fol- peak capacity of 10,000. However, productivity is low, which
lowed by long RP-HPLC separations. The second dimensionresults in a very long total analysis time. The other three sce-
is, therefore, the throughput limiting step. The step gradi- narios assume a linear gradient in the first dimension with
ent fractionation in the first dimensiorn-(0 fractions) often 20-80 collected fractions. Using a smaller particle size sor-

25.0

20.0

15.0

productivity (peak s/ minute)

5.0

Fig. 7. Productivity of peptide separation defined as peak capacity/minute. The maximum productivity is achieved for rather short columnsadiehtast gr
Parameters for calculation were similar to thos€ii 5.
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Table 3

Analysis of 2D-HPLC peak capacity and productivity

First LC RP-HPLC Column Particle size RP-HPLC peak Total 2D peak Total run Productivity
dimension no. gradients (min) L (mm) (pm) capacity capacity time (h) peaks/min
of fractions

10 60 150 5 276 2764 10 @

10 120 250 5 382 3849 20 ]

10 240 500 5 540 5400 40 2

20 240 250 K3 612 12241 80 B

40 60 150 b 365 14614 40 a

80 15 50 b 186 14920 20 12

80 6 20 18 188 15065 8 34

A different number of fractions collected in the first dimension and, different columns and gradient times in the second dimension are considered.
a Calculated using = 1.0 ml/min,AC=0.5,B=43.2,Dy, = 4.5x 10~19m?/s, andtp = 0.12 min/cm of column.
b Calculated as number of first dimension LC fraction® in RP-HPLC.

bentand shorter columns in the RP-HPLC dimension, greaterdigestion of proteins are comprised mainly of peptides that
productivity is achievedlable 3predicts that a peak capacity are 10—20 amino acids in length. Those peptides are not dis-
of about 14,000 can be achieved using an on-line 2D-HPLC tributed randomly in the RP-HPLC separation space; most of
system using various experimental setups. The use of shorthe peptides elute clustered in the middle of the analysis, elut-
columns and gradients in the second dimension provides foring between 15 and 35% of acetonitrile content in the mobile
greater productivity of the separation. Since the first and sec-phase. Also, the separationin SCX-HPLC is based on charge,
ond dimension are operated concurrently or on-line in a com- which means that 2+, 3+ and 4+ charged peptides (most com-
prehensive mode, the first dimension adds only minimal time mon peptide charges) effectively elute in three clusig}s
to the overall separation scheme and can be neglected in th&he observed separation between peptides of the same charge
productivity calculation irifable 3 is presumably due to the secondary hydrophobic/hydrophilic
Since mass spectrometry is used as the final detection techinteraction with the SCX sorbent. The most common tryptic
nique after 2D-HPLC separation, the duty cycle of MS in- peptides are doubly charg¢t]. They elute within a rather
struments for MS/MS peptide identification has to be taken narrow retention time window, which makes collection of
into a consideration. State-of-art mass spectrometers have amultiple fractions from SCX difficult. The representative ex-
MS/MS duty cycle of 1-2's, which corresponds well to the ample of the SCX selectivity for moderately complex mix-
expected widths of chromatographic peaks when using short,ture of peptides generated by tryptic digestion of proteins
efficient columnsTable 3. However, if a significantly more  (see SectioB) is shown inFig. 8 Note that unlike in RP-
complex sample containing more than 14,000 componentsHPLC, the peak width increases with the elution time, which
is injected onto the 2D-HPLC systems proposedable 3 complicates the peak capacity estimate. In agreement with
multiple sample components will overlap and obscure the the report§1], the most numerous group of peptides (in this
identification of some peaks of interest. In such a case, only example~70% of all peptides in the sample) has 2+ charge
the most abundant peptides will be selected and identified forand elutes between 2 and 10 min. This essentially means that
data dependent MS/MS analysis. In fact, this is a drawback although the multiple fraction collection from SCX is possi-
of 2D-HPLC/MS analysis as practiced today for the separa- ble, the separation of complex peptide samples will be less
tion of highly complex samples in separation systems with successful than predicted by the model. To fully utilize the
insufficient peak capacity. The pre-fractionation of complex potential of 2D-HPLC outlined in th€able 3 it is desirable
samples (on the intact protein level) priorto 2D-HPLC should to employ the first dimension LC technique with a high peak
alleviate this problem, improve the protein sequence cover- capacity and orthogonal selectivity with RP-HPLC.

age, and, consequently, the identification reliability. Other separation modes have been proposed for 1D-,
2D- or multi-dimensional separations, such as size-exclusion

3.4. Impact of separation selectivity on 1D- and chromatography (SE@9$,17], hydrophobic interaction chro-

2D-HPLC matography (HIC)[39], and hydrophilic interaction chro-

matography (HILICJ40,41) However, those modes are only
As discussed earlier, an improvement in peak capacity in partially orthogonal to RP-HPLC (SEC separates peptides
1D- and 2D-HPLC is achieved at the expense of increasedaccording to length; peptide lengths correlate with their hy-
column pressure and separation time. Employing more thandrophobicity). RP-HPLC is currently the most efficient tech-
two separation dimensions holds some promise for further nique, and due to the compatibility with MS, it remains in-
improvement of total peak capacity. However, the separation dispensable as a last separation step prior to MS analysis.
selectivity has to be orthogonal in all dimensions, whichmay A promising approach to enhance the peak capacity of the
be difficult to achieve. Published reports suggest that even theseparation system is a fractionation of intact proteins (SEC,
most popular combination of SCX and RP-HPLC has limited ion-exchange HPLC, chromatofocusing, or 1D PAGE). Iso-
orthogonality[1,15]. Proteomic samples prepared by tryptic lated fractions can be digested and submitted for further anal-
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Fig. 8. SCX-HPLC separation of tryptic peptides using 50 sah6 mm PolySULFOETHYL Aspartamid¥ column packed with fm sorbent. Peptides
elute according to their charge; a charge and the approximate elution range of peptides are indicated in the figure. Tryptic peptides were pogsiad by d
of six proteins; for details see Secti@n

ysis. Using this approach, the sample complexity is reduced, It is important to notice that the predict&is the max-
however, the number of fractions to be processed by 2D-imum number of peaks that can be theoretically separated
HPLC increases. Therefore, the productivity of 2D-HPLC on a column (not the actual number of peaks observed). In
becomes greatly important for the ultimate throughput of pro- practice, there are several reasons why that ideal separation

teome analysis. cannot be achieved. Some peptides are retained with similar
selectivity and may be incompletely resolved, while some
3.5. Limitations of the peak capacity prediction model separation space in the chromatogram remains unpopulated

by peaks. Giddings et gR0,27] predicted that when inject-

The peak capacity predicted from Eg) describesthe ex-  ing arandom sample of equal complexity to the peak capacity
perimentally measured RP-HPLC data with good accuracy. of column, only 37% of peaks will be resolved in the chro-
It has to be noted, however, that the pepti2ig andB val- matogram withRs = 1. This means that at least two, three or
ues may vary (peptides with different molecular weights). four peptides are likely to co-elute under an observed peak.
In this work, we averaged the values obtained for nine  In our experience, peptide samples (protein digests) can be
peptides. However, the choice of the peptide test set mayconsidered as random samples, and their separation behavior
result in some differences in experimentally measured peakcorrelates well with the proposed Giddings model. This sep-
capacity. Additionally, loweP values were found when us-  aration behavior in 1D-HPLC obviously translates also into
ing agueous formic acid instead of TFA as the mobile phase 2D-HPLC, resulting in a lower number of ideally separated
modifier. peptides than predicted by tievalue of the 2D separation

It may be difficult to apply the model directly to capil- system. The situation is further complicated by the fact that
lary and nano-HPLC columns. Since their efficiency usually subsequent fractions collected in the first dimension will con-
does not match that of 4.6 mmi.d. columns, and extra-column tain some of the same components, as the fractionation splits
contributions to the peak width become more prominent, the some of the peaks into the neighboring fractions. The re-
peak capacity of capillary/nano-HPLC systems is expected sulting complexity of the fractions submitted to the second
to be lower than predicted. separation dimension is therefore greater than considered by

The predictions made in the figures and tables assume thathe model.
columns are packed with porous particles. When non-porous
chromatographic sorbents are used, the slow peptide diffu-
sion (mass transfer in stationary phase) is no longer a factor4. Conclusions
limiting the achievable peak capacity. Therefore, it becomes
possible to perform faster separations and achieve higher A mathematical model evaluated for column peak capacity
overall. The drawback of using non-porous particles is the prediction in RP-HPLC is in good agreement with the exper-
low mass load capacity of such columns. Column overload- imentally measured data. The model was used to investigate
ing typically results in deterioration of peak shape &hd peak capacity for various setups of 1D- and 2D-HPLC, and
Most of the currently used systems employ porous patrticles, to evaluate the productivity of separation of complex peptide
at least in the second separation dimension. samples. Results suggest that current 2D-HPLC systems us-
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ing step gradient elution are capable of separating moderately{11] S.P. Gygi, G.L. Corthals, Y. Zhang, Y. Rochon, R. Aebersold, Proc.

complex samples, achieving a peak capacity of about 5000.
The achieved peak capacity has a direct impact on the num{12]
ber of peptides that can be successfully identified by on-line [13]
MS/MS. The described model predicts that a peak capac-

Natl. Acad. Sci. U.S.A. 97 (2000) 9390.

S.P. Gygi, B. Rist, S.A. Gerber, F. Turecek, M.H. Gelb, R. Aebersold,
Nat. Biotechnol. 17 (1999) 994.

D.A. Wolters, M.P. Washburn, J.R. Yates 3rd, D. Wolters, Anal.
Chem. 73 (2001) 5683.

ity of approximately 15,000 can be achieved in 8 h of sepa- [14] M.P. Washburn, D. Wolters, J.R. Yates 3rd, Nat. Biotechnol. 19

ration time. More advanced separations of greatly complex

proteomic samples may require pre-fractionation (on either [15]
the peptide or protein level) prior to 2D-HPLC/MS analysis. [
Such multi-dimensional schemes demand a fast and efficient

(2001) 242.

K. Wagner, T. Miliotis, G. Marko-Varga, R. Bischoff, K.K. Unger,

Anal. Chem. 74 (2002) 809.

16] B.J. Cargile, J.L. Bundy, T.W. Freeman, J.L. Stephenson Jr., J. Pro-
teome Res. 3 (2004) 112.

separation in the last separation step, which has to be ca{17] G.J. Opiteck, S.M. Ramirez, J.W. Jorgenson, M.A. Moseley 3rd,

pable of processing multiple fractions generated in previous

(orthogonal) separation dimensions.
Although advances in MS and MS/MS instrumentation
have dramatically improved scientists abilities to analyze

Anal. Biochem. 258 (1998) 349.

[18] H. Liu, S.J. Berger, A.B. Chakraborty, R.S. Plumb, S.A. Cohen, J.
Chromatogr. B 782 (2002) 267.

[19] D.B. Wall, M.T. Kachman, S. Gong, R. Hinderer, S. Parus, D.E.
Misek, S.M. Hanash, D.M. Lubman, Anal. Chem. 72 (2000) 1099.

complex samples, the separation of complex samples re{20] J.C. Giddings, J. High. Res. Chromatogr. 10 (1987) 319.
mains a bottleneck for proteome analysis. It remains to be [21] M.A. Stadalius, B.F. Ghrist, L.R. Snyder, J. Chromatogr. 387 (1987)

seen whether the peak capacity achievable with commer- . _ .
| [22] B.F. Ghrist, M.A. Stadalius, L.R. Snyder, J. Chromatogr. 387 (1987)

cially available 2D-HPLC systems is sufficient and practica
for proteome studies.

Acknowledgement

The authors thank Tad Dourdeville, Kenneth J. Fountain,
and Ying Qing Yu for helpful discussions and critical sug-
gestions to the manuscript.

References

[1] J. Peng, J.E. Elias, C.C. Thoreen, L.J. Licklider, S.P. Gygi, J. Pro-
teome Res. 2 (2003) 43.

[2] J.R. Yates 3rd, Electrophoresis 19 (1998) 893.

[3] T. Wehr, LC-GC North Am. 20 (2002) 954.

[4] J.E. MacNair, K.D. Patel, J.W. Jorgenson, Anal. Chem. 71 (1999)
700.

[5] L. Tolley, J.W. Jorgenson, M.A. Moseley, Anal. Chem. 73 (2001)
2985.

[6] G.J. Opiteck, J.W. Jorgenson, J.E. MacNair, M.A. Moseley 3rd, Anal.
Chem. 69 (1997) 2283.

[7] Y. Shen, R.J. Moore, R. Zhao, J. Blonder, D.L. Auberry, C. Mas-
selon, L. Pasa-Tolic, K.K. Hixson, K.J. Auberry, R.D. Smith, Anal.
Chem. 75 (2003) 3264.

[8] Y. Shen, J.M. Jacobs, D.G. Camp 2nd, R. Fang, R.J. Moore, R.D.
Smith, W. Xiao, R.W. Davis, R.G. Tompkins, Anal. Chem. 76 (2004)
1134.

[9] Y. Shen, J.M. Jacobs, D.G. Camp 2nd, R. Fang, R.J. Moore, R.D.
Smith, W. Xiao, R.W. Davis, R.G. Tompkins, R. Zhao, S.J. Berger,
G.A. Anderson, N. Rodriguez, Anal. Chem. 76 (2004) 1134.

[10] Y. Shen, R. Zhao, S.J. Berger, G.A. Anderson, N. Rodriguez, R.D.
Smith, Anal. Chem. 74 (2002) 4235.

1.

[23] U.D. Neue, J.L. Carmody, Y.F. Cheng, Z. Lu, C.H. Phoebe, T.E.
Wheat, in: P. Brown, E. Grushka (Eds.), Design of Rapid Gradient
Methods for the Analysis of Combinatorial Chemistry Libraries and
the Preparation of Pure Compound, Marcel Dekker, New York, 2001,
p. 93.

[24] L.R. Snyder, M.A. Stadalius, in: C. Horvath (Ed.), High-Performance
Liquid Chromatography Separations of Large Molecules: A General
Model, Academic Press, Orlando, FL, 1986, p. 195.

[25] J.C. Giddings, Anal. Chem. 39 (1967) 1027.

[26] J.M. Davis, J.C. Giddings, Anal. Chem. 57 (1985) 2178.

[27] 3.M. Davis, J.C. Giddings, Anal. Chem. 55 (1983) 418.

[28] U.D. Neue, HPLC Columns: Theory, Technology and Practice, Wi-
ley/VCH, New York, 1997.

[29] W.S. Hancock, R.C. Chloupek, J.J. Kirkland, L.R. Snyder, J. Chro-
matogr. A 686 (1994) 31.

[30] R.C. Chloupek, W.S. Hancock, B.A. Marchylo, J.J. Kirkland, B.E.
Boyes, L.R. Snyder, J. Chromatogr. A 686 (1994) 45.

[31] S. Terabe, H. Nishi, T. Ando, J. Chromatogr. 212 (1981) 295.

[32] M. Gilar, K.J. Fountain, Y. Budman, U.D. Neue, K.R. Yardley, P.D.
Rainville, R.J. Russell 2nd, J.C. Gebler, J. Chromatogr. A 958 (2002)
167.

[33] B.G. Belenkii, A.M. Podkladenko, O.l. Kurenbin, V.G. Mal'tsev,
D.G. Nasledov, S.A. Trushin, J. Chromatogr. 645 (1993) 1.

[34] J.W. Dolan, L.R. Snyder, N.M. Djordjevic, D.W. Hill, T.J. Waeghe,
J. Chromatogr. A 857 (1999) 1.

[35] G. Guiochon, in: C. Horvath (Ed.), High-Performance Liquid Chro-
matography, Advances and Perspectives, 1980, p. 1.

[36] U.D. Neue, J.R. Mazzeo, J. Sep. Sci. 24 (2001) 921.

[37] N. Tanaka, H. Kimura, D. Tokuda, K. Hosoya, T. lkegami, N.
Ishizuka, H. Minakuchi, K. Nakanishi, Y. Shintani, M. Furuno, K.
Cabrera, Anal. Chem. 76 (2004) 1273.

[38] C.J. Venkatramani, Y. Zelechonok, Anal. Chem. 75 (2003) 3152.

[39] S.A. Berkowitz, Adv. Chromatogr. 29 (1989) 175.

[40] T. Yoshida, Anal. Chem. 69 (1997) 3038.

[41] A.J. Alpert, J. Chromatogr. 499 (1990) 177.



	Implications of column peak capacity on the separation of complex peptide mixtures in single- and two-dimensional high-performance liquid chromatography
	Introduction
	Experimental
	Materials and reagents
	HPLC instrumentation and columns

	Results and discussion
	Experimental peak capacity measurement
	Peak capacity prediction
	1D and 2D-HPLC peak capacity and throughput
	Impact of separation selectivity on 1D- and 2D-HPLC
	Limitations of the peak capacity prediction model

	Conclusions
	Acknowledgement
	References


