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nominal MW (kD) | Expected MW (kD) | Identity Expression plasmid
10 10.01 STRHSTPAB pPSU10

15 15.01 HSTPABPAC pPSU15

20 19.88 STRHSTPABPACCBPv3 pPSU20

30 29.78 HSTPABPACS100BCBP pPSU30

40 40.36 HSTPABPACGST pPSU40

50 50.31 STRHSTPABMBP pPSU50

60 60.03 HSTPABPACRCC1 pPSU60

80 79.83 STRHSTPABPACIL1bRCC1 | pPSU80

100 98.27 STRHSTPABPACIL1bQRS pPSU100

150 149.95 STRHSTPABMBPpepN pPSU150

50 24930 STRHSTEARPACILIORS. | pciigo
10+30+50+100 pPSU10-30-50-100
20+40+60+80 pPSU20-40-60-80

Table 1. Penn State ladder proteins and expression plasmids.
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STR = Strep peptide CBP = calmodulin binding peptide

HST = 10xHis ILIb = Interleukin | beta

PAB = Protein A IgG binding domain B
PAC = Protein A IgG binding domain C

Figure 1. Schematic representation of Penn State ladder proteins with abbreviation key and color coding shown

fusing the 50 kD MBP ladder protein to aminopeptidase N. When we observed reasonable expression of this 150
kD ladder protein, we were emboldened to fuse our 100 and 150 kD ladder proteins to create a 250 kD protein.
We employed our E. coli expression vector, pST50Tr, because its modular design simplified the creation of
expression plasmids with shared elements such as the tandem decahistidine tag-Protein A IgG binding domain
B (HST-PAB). pST50Tr is a T7-promoter based plasmid which confers ampicillin resistance’. We expressed
individual proteins in 100 ml of culture and prepared soluble extracts by sonication. The proteins were purified
by incubating the soluble extract with Talon metal affinity resin in batch before transferring the resin to a dispos-
able mini-column and eluting the protein manually with imidazole. Representative metal affinity purification
of the 11 ladder proteins are shown in Fig. 2a-k. All 11 proteins are expressed solubly with only a small amount
of protein in the pellet fraction of the extract (lanes 2). Incubation of the soluble extract with the metal affinity
for 20 min at room temperature was sufficient for efficient capture, as evidenced by the absence of each ladder
protein in the unbound (FT or flow through) fraction (compare lanes 3 and 4 for each gel). It is worth noting that
0.5 ml of Talon resin was sufficient to bind ladder protein from 50 ml of culture, even when the ladder protein
was heavily overexpressed. Each of the 10, 15, 20, 30, 40, 50, 60, 80 and 100 kD ladder proteins was substantially
purified by this single metal affinity step, with contaminating proteins constituting a very small fraction of the
total protein. We estimate that these ladder proteins are expressed at levels of 10-50 mg/L of culture based on
Coomassie stained band intensities on SDS-PAGE and larger scale expression/purifications we have performed.
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Figure 2. Purification of Penn State ladder proteins by metal affinity chromatography. Panels (a) through (k) show metal affinity
purification of the individual 10, 15, 20, 30, 40, 50, 60, 80, 100, 150 and 250 kD ladder proteins respectively, while panels (I) and

(m) show the equivalent for the coexpressed 10, 30, 50, 100 kD and the coexpressed 20, 40, 60, 80 ladder proteins respectively. The
schematic for each individual protein is shown above each gel, while the schematic showing the order of expression in the coexpression
constructs are shown for panels 1 and m. In each panel, lanes 1 through 7 show the whole cell extract (W), an equivalent volume
sample of the pellet fraction after lysis (P), an equivalent volume of the supernatant fraction after lysis (S), an equivalent volume sample
of the metal affinity flow through fraction (FT), and the metal affinity elution fractions 1, 2 and 3. The volumes of the whole, pellet,
supernatant and flow through samples were approximately 5 ml each, while the volumes of the elution fractions were approximately
0.5 ml each. 5 pl of a 1:4 dilution of each sample was loaded onto 18% acrylamide SDS-PAGE gels and stained with Coomassie Blue.
Lane 8 of all panels except for panel k show the Bio-Rad low molecular weight (LMW) markers, while lane 8 of panel k shows the Bio-
Rad Precision Plus markers. The location of the band for each protein is shown with an arrow to the left of each gel.
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Figure 3. The Penn State ladder proteins, individually expressed or coexpressed. (a) The same metal affinity
purified individual proteins presented in Fig. 2 are shown in lanes 1 through 10. Lane 11 shows the 10-100 kD
ladder assembled from the same samples shown in lanes 1 through 9 at the same concentrations. Individual
proteins from the most concentrated metal affinity fractions were diluted with protein gel loading buffer as
shown in parentheses: 10 kD (1:80), 15 kD (1:120), 20 kD (1:160), 30 kD (1:60), 40 kD (1:120), 50 kD (1:120),
60 kD (1:80), 80 kD (1:80), 100 kD (1:120), 150 kD (1:20). (b) Coexpressed Penn State ladder proteins. Lane

1 shows a ladder assembled from individually expressed and purified ladder proteins similar to that in panel

(a) lane 11. Lane 2 shows the metal affinity purified coexpressed 10, 30, 50 and 100 kD ladder proteins (1:30
dilution of original fraction shown as 1:4 dilution in Fig. 5a, lane 6), while lane 3 shows the equivalent for the
coexpressed 20, 40, 60 and 80 ladder proteins (1:20 dilution of original fraction shown as 1:4 dilution in Fig. 5b,
lane 5). Lane 4 shows the coexpressed 10-100 kD ladder assembled by mixing the coexpressed 10, 30, 50, 100 kD
and the coexpressed 20, 40, 60, 80 kD metal affinity fractions.

Not surprisingly, the 150 and 250 kD ladder proteins showed significant smaller molecular weight contaminants,
presumably degradation products of the full length ladder protein. The metal affinity purified 150 kD ladder
protein is usable (Fig. 2j) although the smaller molecular weight contaminants might be faintly visible in the final
molecular weight ladder. In contrast, the 250 kD ladder protein is expressed much less efficiently and constitutes
less than 5% of the metal affinity eluted protein (Fig. 2k). Consequently, the 250 kD protein will be less effective
as a ladder protein than the others.

Figure 3a shows the same individually expressed and purified proteins in Fig. 2a-k together with the corre-
sponding protein ladder combining the 10, 15, 20, 30, 40, 50, 60, 80, 100 kD proteins. We refer to all combinations
of our ladder proteins as “Penn State protein ladder”. The 10 to 100 kD samples in Fig. 3a correspond to 3 pl of
1:60 to 1:160 dilutions of the most concentrated metal affinity elution fraction, where each elution fraction had a
volume of ~ 0.5 ml. For the 150 kD protein, 3 pl of a 1:20 dilution of the metal affinity fraction 1 was used. Since
the metal affinity purification yielded approximately 1 ml for each protein (2 fractions of 0.5 ml), each lane in
Fig. 3a corresponds to 0.002 to 0.005% of the purified protein. In other words, 50 ml of culture yields enough
protein for 20,000 to 50,000 lanes of each ladder protein, and 50 ml cultures for each of the 9 proteins from 10
to 100 kD is sufficient to produce 20,000 lanes of the Penn State protein ladder shown in Fig. 3a lane 11. Even
though the 150 kD protein is expressed at lower levels compared to the other smaller proteins, enough of this
protein was purified from 50 ml of culture for 6,700 lanes.

We compared the performance of the Penn State protein ladder with commercial ladders on 18% acryla-
mide and 4-20% acrylamide gradient SDS-PAGE gels (Fig. 4). We find that the Bio-Rad low molecular weight
(LMW) markers (green), the Penn State protein ladder (red) and the Bio-Rad Precision Plus protein markers
(blue) produce similar results in semi-log plots (evaluated for proteins up to 100 kD). The Penn State ladder has
a slightly better goodness of fit (0.988 vs 0.982 for the Bio-Rad LMW vs 0.984 for Bio-Rad Precision Plus) on an
18% acrylamide gel. All three ladders produced excellent goodness of fit on the 4-20% acrylamide gradient gel
(0.995 for the Bio-Rad LMW, 0.993 for the Penn State protein ladder and 0.997 for the Bio-Rad Precision Plus).
Although specific proteins might migrate less appropriately in each of the three ladders, the overall performance
of the three ladders was largely equivalent.

Coexpression of ladder proteins. To produce protein ladders even more efficiently, we employed our
pST44 polycistronic expression system to coexpress 8 ladder proteins (10, 20, 30, 40, 50, 60, 80, 100 kD) on two
plasmids. This modular polycistronic expression system uses the same pST50Tr plasmids which express indi-
vidual proteins as the source of translational cassettes to construct polycistronic expression vectors’. Since the
individual ladder proteins were already cloned in pST50Tr plasmids, a series of straightforward subcloning steps
produced two polycistronic expression vectors, each coexpressing ladder proteins. The first coexpresses the 10,
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