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Objectives:

Using low pressure liquid chromatography (LPLC), solute compounds are separated from each other in order of decreasing molecular weight. Using this technique, analysis and separation of protein solutions as well as the effects of proteins dissolved in water versus buffer will be investigated. 
Specific Aims:
Specifically, the area under the curve will be calculated using data collected and three methods of numerical integration (Trapezoidal Rule, Simpson’s Rule and Left-Hand Rule). The calculated area values will be compared and a most appropriate method of area calculation will be determined.  The amount of protein lost during the procedure will also be determined using area analysis, mass balances and the Beer-Lambert Law. The molar extinction coefficient () will be determined from the UV spectrophotomer, and concentration (C) will be determined from the Beer-Lambert Law based on the area under the absorbance curve. Mass will then be determined using the following equation: Mass = C *(flow rate). The flow rate used throughout the experiment was 1milliliter per minute. Separated peaks and a quantitative analysis from a known two component solution will also be completed.

Background for Proposed Project:
In, low pressure liquid chromatography, a glass column is packed with sepharose CL gel particles. The gel particles are porous and can interact with compounds in the solution as they flow through the gel. Smaller particles in the solute can interact and enter gel pores Therefore they are held longer whereas larger molecules elute faster. As a result, solute compounds can be separated in decreasing order of molecular weight. As the solute compounds elute from the column, they are filtered into an UV monitor that outputs an absorbance value proportional to the concentration of the compound. By calibrating the gel using known amounts of pure compounds, the elution times of the individual peaks of each particle provide a qualitative analysis to identify the compounds. The peak areas, which are proportional to the mass of each compound, provide a quantitative analysis. By providing a qualitative and quantitative analysis of the column flow, several points can be determined about the technique of low pressure liquid chromatography. An estimation of the accuracy of the procedure of low pressure liquid chromatography can be established.

Theory and Methods of Calculation:
In the estimation of the accuracy of the LPLC technique, several mathematical relationships will be used. The Beer Lambert Law, a linear relationship between absorbance and concentration, will be used in the determination of the amount of protein lost during the procedure. The Beer Lambert Law
 is represented by the following: A=bC where is the molar extinction coefficient, b is the path length and C is the concentration of solute in solution. 
The trapezoidal rule: [image: image1.png]
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Simpson’s Rule: 
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and Left-Hand Rule will be used in the determination of the most accurate method of area calculation.  The Left-Hand Rule assumes the area under the curve is made of of rectangles, and takes the value of the function at the left-most point of each rectangle as its height. 
Sigma Product Catalogue: http://www.sigmaaldrich.com/; This contains the specifications for Hemoglobin from Bovine Blood.
Materials, Apparatus, Methods. 
· Blue Dextran; MW = 2,000 1mg/ml solution
· Bovine IgG; MW = 150,000, 10mg/ml solution
· Chicken Egg Lysozyme; MW = 14,300; 1mg/ml solution
· Bovine Hemoglobin; MW = 64,500; 2mg/ml solution
· 18cm and 48cm column packed with sepharose CL-6B
· Refer to BE309 Fall 2002 Laboratory Manual p.11 of Chromatography Experiment
Results:
In order to determine the volume of the loop, which corresponds to the volume of solution injected into the column, water was injected into the loop and all other tubing was removed.  Air was injected into the waste and pump inserts to ensure all other liquid was removed before weighing the amount of water obtained.  Since this procedure was performed with water at room temperature, the mass measurements were considered to be equivalent to the volume measurements.  Six trials were performed yielding a mean value of 0.3253mL with a standard deviation of 0.0069. *(See Table 1 in Appendix)
Figure 1: Hemoglobin Trials Dissolved in Water.
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Four trials were originally performed using hemoglobin from bovine blood dissolved in distilled water.  However, as illustrated in Figure 1 consistent results were not observed. The four trials had peaks at times of 534s, 579s, 588s, and 624s with absorbance values of 0.268, 0.332, 0.307, and 0.225 respectively.  
Table 1: Mass Balance Results for Hemoglobin Dissolved in Water.
	
	Mass In (mg)


	Trapezoidal Integral of Absorbance Curve
	Mass Out (mg)


	% Lost


	Trial #1
	0.6506
	59.028
	0.2853
	56.15

	Trial #2
	0.6506
	85.214
	0.4119
	36.69

	Trial #3
	0.6506
	75.865
	0.3667
	43.64

	Trial #4
	0.6506
	77.017
	0.3723
	42.78


The molar extinction coefficient for bovine hemoglobin dissolved in water was found to be 172,409 + 3010 AU*mL/(g*m). Using this molar extinction coefficient as well as the Beer-Lambert law, the amount of protein passing through the UV spectrophotometer (“Mass Out”) was calculated. The average percent of protein lost per trial was 44.82%.  The molar extinction coefficients for Bovine IgG and Chicken Egg Lysozyme were found to be 64,676 + 2134 AU*mL/(g*m) and 169,092 + 1163 AU*mL/(g*m) respectively.
Figure 2: Hemoglobin Trials Dissolved in 1Xbuffer.
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Two trials were performed using hemoglobin from bovine blood dissolved in buffer. Data produced consistent curves however an extra peak was observed in both trials. The hemoglobin peaked at 659s and 656s with absorbance values of 0.312 and 0.324 respectively. The unknown substance peaked at 329s in both trials and had absorbance values of 0.088 and 0.1.

Table 2: Mass Balance Results for Hemoglobin Dissolved in 1X Buffer.
	 
	Trapezoid Rule
	Total Mass Out (mg)
	Mass In (mg)
	% Lost

	Trial 1
	84.638
	0.542520434
	0.663612
	18.2473

	Trial 2
	86.491
	0.554397964
	0.663612
	16.4575


The calculations for determining the percent of protein lost per trial are the same as stated above (Table 1).  The molar extinction coefficient for bovine hemoglobin dissolved in 1X buffer, was found to be 130,007 + 1575 AU*mL/(g*m) and the average percent of protein lost per trial was 17.35%. The molar extinction coefficients for Bovine IgG and Chicken Egg Lysozyme were found to be 65,5575 + 378 AU*mL/(g*m) and 183,376 + 1078 AU*mL/(g*m). 
Figure 3: Trial of Mixture #1 and its Individual Proteins using 18cm Column.
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Eluting mixture #1 from an 18 cm column resulted in incomplete separation of the proteins, Chicken Egg Lysozyme and Bovine IgG. To confirm the curve represented the peaks for two different proteins, each individual protein was eluted through the column. Results indicate that the individual peaks coincided with the curve from mixture #1. 

Table 3: Balance Results for Mixture #1 and its Components in 1X Buffer (18cm column).
	Protein
	Trapezoidal Rule
	Mass Out (mg)
	Mass In (mg)
	% Lost

	Mixture #1
	48.067
	0.2766
	0.3253
	14.978

	Chicken Egg Lysozyme
	29.404
	0.1336
	0.1627
	17.846

	Bovine IgG
	11.249
	0.1430
	0.1627
	12.110


Using the Trapezoidal Rule and Beer-Lambert law, as in previous mass balance calculations, the percent of protein lost per trial using the 18cm column ranged from 12 to 18%, as illustrated in Table 3. 
Figure 4: Sum of Individual Absorbances Subtracted from Absorbance of Mixture #1.
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To confirm that the curve of Mixture #1 is representative of the two individual proteins, absorbance data was compared. The difference between the total absorbance (Mixture #1) and the sum of the individual absorbance values yielded a maximum difference of + 0.022.
Figure 5: Trial of Mixture #1 using 48cm Column.
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Two trials of Mixture #1 were performed using the 48cm column. The curves illustrates consistent data, however, despite the longer column, the peaks of each individual protein were still not completely separated. 
Figure 6: Extrapolation of Individual Peaks of Mixture #1 Components.
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Table 4: Mass Balance Assuming Vertical Cutoff
	Trial #1
	Trapezoidal Rule
	Mass Out (mg)
	Mass In (mg)
	% Lost

	Peak 1
	11.568
	0.14701
	0.16265
	9.618

	Peak 2
	34.317
	0.15595
	0.16265
	4.119

	Total
	45.885
	0.30296
	0.32530
	6.869


Table 5: Mass Balance Using Extrapolated Peaks
	Trial #1
	Trapezoidal Rule
	Mass Out (mg)
	Mass In (mg)
	% Lost

	Peak 1
	12.477
	0.15856
	0.16265
	2.516

	Peak 2
	33.950
	0.15428
	0.16265
	5.145

	Total
	46.427
	0.31284
	0.32530
	3.830


Since the two proteins (Chicken Egg Lysozyme and Bovine IgG) did not separate in the 48cm column (see Figure 5), two different methods were used to attempt to determine the masses of the individual proteins from the absorbance curve of trial #1 in Figure 5. The first method took the point of minimum absorbance between the two peaks and used a vertical line downward from this point as the separation between the two proteins. The second method used extrapolated peaks as seen in Figure 6. Mass balance results using the vertical cutoff (Table 4) had 9.62% and 4.12% masses lost in peaks 1 and 2, respectively, and using the extrapolated peaks (Table 5) 2.52% and 5.14% masses were lost in peaks 1 and 2, respectively.

Table 6: Relationship Between Elution Time and Molecular Weight.
	Substance
	Time to Peak (s)
	V/V0
	MW(g/mol)
	Ln(MW)

	Blue Dextran
	345
	1
	2000000
	14.509

	Hemoglobin
	659
	1.9101
	64,500
	11.074

	Bovine IgG
	553
	1.6029
	150000
	11.918

	Chicken Egg Lysozyme
	802
	2.3246
	14300
	9.568


An attempt to relate protein elution time to molecular weight was performed using data from Figures 2 and 3, which were performed on the same day using the same column. In accordance to the paper “Determination of Molecular Weights of Proteins by Gel Filtration on Sephadex,” by Whitaker, the ratio of elution volume to void volume for each protein was plotted against the natural log of its respective molecular weight. The resulting graph is shown below in Figure 7. Although blue dextran is not a protein, it was found to follow the trend of the proteins and was therefore included in graph. Linear regression analysis in Figure 7 resulted in the relation (V/V0)= -0.2686*ln(MW)+4.8703, and gave an R2 value of 0.9937, showing good agreement between the data points and the best-fit line.
Figure 7: Relationship Between Elution Time and Molecular Weight.
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Discussion and Analysis of Results.
The technique of low pressure liquid chromatography is often employed for the analysis and separation of proteins in solution. To determine the accuracy of this procedure several trials were run using various proteins and protein mixtures. Data analysis was then performed resulting in several conclusions, discussed below. 

As illustrated in Figure 1, inconsistent curves were produced for the first four trials of hemoglobin. All protein solutions were initially suspended in distilled water and therefore did not completely dissolve in solution. It was observed that the solutions were cloudy with protein particles floating throughout, suggesting that the solution was not of uniform consistency. These inconsistencies affect absorbance readings since readings from the UV spectrophotometer are based on light passing through a medium. For a system, the amount of light absorbed by the solution is directly proportional to the concentration of the solute particles. This provides a probable explanation for the inconsistencies. To test this theory, two more trials were performed using hemoglobin from bovine blood. However, for the latter two trials, buffer was used as the solvent instead of distilled water. It was observed that when proteins were suspended in buffer, the solution was translucent.  As Figure 2 illustrates, hemoglobin dissolved in buffer produces much more consistent data. Therefore it can be concluded that using buffer rather than distilled water as the solvent provides much more precise results. 
It was also observed that trials of hemoglobin dissolved in buffer exhibited an extra peak, as illustrated in figure 2. There are several possible explanations for this extra peak. The hemoglobin used was prepared from lysed and dialyzed bovine erythrocytes. This means that there could have been impurities in the powder used. It was hypothesized before further testing that the extra peak was either polymerized hemoglobin, some other large protein found in erythrocytes, or a non-protein substance, such as a carbohydrate. When peak times from all trials were compared, the extra peak was observed to have a peak time slightly faster than that of Blue Dextran. This observation has several implications. Because the unknown substance elutes approximately as fast as blue dextran, it means that the substance passes through the gel without interacting with it. The fractionation range for globular proteins of this specific gel is listed as 10,000 to 4,000,000 g/mol,
 which means that if the unknown substance is a protein, its size must be extremely large. It is most likely not a polymer of hemoglobin, because in order to be larger than 4,000,000 g/mol it would have to have at least 63 mers of hemoglobin. If hemoglobin did polymerize, it is unlikely that a discrete number of mers that high would form without polymers with fewer repetitions forming also. The fact that the unknown peak is so well defined suggests that it is one substance and not a collection of polymers of different sizes. This leaves two possibilities out of the original three; either the substance is a huge protein greater than 4,000,000 g/mol, or it is not a protein at all, in which case the substance’s interactions with the gel cannot be predicted.  
Through mass balance analysis, the process of LPLC was found to result in a loss of protein. To optimize accuracy and precision of analysis, three different methods of numerical integration were tested on a Gaussian curve to determine which method was most appropriate for use in the mass balance calculations. A Gaussian distribution (refer to figure 1 in appendix) was selected as a test curve because its shape is very similar to the shapes of the absorbance curves obtained and also because the area under the curve is a well-known value.  Referring to table 7 it can be seen that on a symmetric interval (±3 standard deviations from mean), Simpson’s Rule is very accurate at small intervals but its accuracy quickly decreases as interval size increases. 
Table 7:  Numerical Integration Results from ±3 Standard Deviations from the Mean of Gaussian Distribution (µ=0, σ=2). 

	Interval Size
	Piecewise Const. Left-Hand Rule
	% Error
	Trapezoid Rule
	% Error
	Simpson's Rule
	% Error

	1
	0.99676
	-0.044
	0.99676
	-0.044
	0.99725
	0.005

	2
	0.99530
	-0.191
	0.99530
	-0.191
	1.00148
	0.429

	3
	0.99361
	-0.360
	0.99361
	-0.360
	0.92144
	7.597


*Accepted value is 0.99721.
The Trapezoid Rule and the piecewise constant left-hand rule experienced much less fluctuation as interval size changed. They were slightly less accurate at the smallest interval size, but much more accurate at larger ones. On a symmetric interval, as in table 7, the trapezoid and left-hand rules give equivalent results, but it is clear from table 8 that on an asymmetric interval (from 0 to +3 standard deviations from mean), the trapezoid rule gives better results. 
Table 8:  Numerical Integration Results from 0 to +3 Standard Deviations from the Mean of Gaussian distribution (µ=0, σ=2). 
	Interval Size
	Piecewise Const. Left-Hand Rule
	% Error
	Trapezoid Rule
	% Error
	Simpson's Rule
	% Error

	0.5
	0.54790
	9.887
	0.49924
	0.128
	0.46490
	6.759

	1
	0.59701
	19.737
	0.49838
	-0.044
	0.49862
	0.005

	2
	0.69490
	39.371
	0.49765
	-0.191
	0.52907
	6.112


* Accepted value of 0.4986
.
As a result of its relatively low fluctuations due to interval size, its accuracy on both symmetric and asymmetric limits of integration, and the simplicity of implementing it, the Trapezoid Rule was chosen as the most appropriate numerical integration method for the experiment. For mass balance calculations, an interval size of one second, the smallest interval possible from the collected data, was chosen because the processing power of the computers used for analysis was high enough to make the time difference between calculating with one second intervals and larger intervals negligible.

Using the Trapezoid Rule, the area under the absorbance curve was determined. The molar extinction coefficientswere determined using the UV spectrophotometer and the Beer Lambert Law. Using this, the amount of protein lost was determined for each trial. Using an 18cm column, an average of 15% protein was lost for each trial of mixture #1. When each individual protein from mixture #1 was eluted alone, there was 17.8% protein loss of Chicken Egg Lysozyme and 12% protein loss of Bovine IgG (a larger protein than Chicken Egg Lysozyme). This is expected because elution time decreases as the molecular weight of a protein increases, resulting in a smaller probability of getting “stuck” in the column gel particles. 
It is important to note that when eluting mixture #1 separate peaks for each individual proteins were not observed, as illustrated by Figure 3. To verify the curve for mixture #1 is representative of two proteins, each individual protein was eluted through the column. Results confirmed that the area under the curve for both individual proteins was approximately the same as the area under the curve for mixture one. This is indicated by figure 4, which illustrates a small difference between the sum of the individual absorbencies and the total absorbance of mixture #1. The maximum difference between the two was found to be 0.022, approximately 13% of the absorbance value from mixture #1. However, the difference was generally smaller than this extreme. 
Despite using a 48cm long column, complete separation of Chicken Egg Lysozyme and Bovine IgG could not be performed. Nevertheless, it was desirable to be able to perform mass balances for the two individual proteins to quantify how much protein was lost during the gel filtration process. Since the two proteins have different molar extinction coefficients, the area under the absorption curve has to be divided into two parts, one area for each protein. Two methods of curve separation were performed. In the first method, a vertical line is dropped from the lowest point on the absorption curve between the two peaks; the area to the left of this line is assumed to be Bovine IgG and the area to the right of this line is assumed to be Chicken Egg Lysozyme. The second method extrapolates two complete peaks from the absorbance curve of the mixture. This method is more realistic, because if the peaks had been separated, they would have followed smooth curves rather than having a vertical drop-off. Peak extrapolation was performed by assuming the curves were symmetrical and completing missing portion of the peak using the mirror image of the obtained data for the other half of the peak. This was done because it has been observed that absorbance curves of single proteins are roughly symmetrical. Extrapolation results can be seen in Figure 6. Results from mass balance calculations in Tables 4 and 5 show that overall the extrapolated peaks gave better mass balance results than the vertical cutoff. The total percent lost using the vertical cutoff is 6.87%, which is greater than the 3.83% lost using extrapolated peaks. This result confirms the fact the peak extrapolation is an effective method of separating curves with small overlaps.
Conclusions:
1. Proteins suspended in buffer rather than water produce more accurate results when using low pressure liquid chromotagraphy, as shown by the average mass percent of hemoglobin lost per trial; 44.82% and 17.35% in water and buffer respectively. 

2. The unexpected peak observed in hemoglobin trials is most likely a globular protein larger than 4,000,000 g/mol or a non-protein contaminant. 

3. The Trapezoid Rule was found to be the most appropriate numerical integration method because it maintains a high accuracy over the largest range of interval sizes, both symmetric and asymmetric. The percent deviation from accepted value using the Trapezoid Rule ranged from -0.360 and 0.128 as compared to 0.005 to 7.60 for Simpson’s Rule and -0.360 to 39.37 for the Left-Hand Rule.
Appendix
Table 1: Trials for Finding the Volume of the Loop.

	 
	Mass H20

	Trial 1
	0.3242

	Trial 2
	0.3255

	Trial 3
	0.3192

	Trial 4
	0.3187

	Trial 5
	0.3377

	Trial 6
	0.3265

	Mean = 0.3253

	St. Dev. = 0.0069


Table 2: Molar Extinction Coefficients of Proteins (AU*mL/(g*m)

	
	Dissolved in H20
	Uncertainty
	Dissolved in 1X buffer
	Uncertainty

	Bovine Hemoglobin
	172,409
	3,010
	130,007
	1,575

	Bovine IgG
	64,676
	2,134
	65,575
	378

	Chicken Egg Lysozyme
	169,092
	1,163
	183,376
	1,078


Figure 1: Gaussian Distribution with mean of 0 and standard deviation of 2.
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� � HYPERLINK "http://www.chem.vt.edu/chem-ed/spec/beerslaw.html" ��http://www.chem.vt.edu/chem-ed/spec/beerslaw.html�





� http://www.sigmaaldrich.com/cgi-bin/hsrun/Distributed/HahtShop/HAHTpage/frmCatalogSearchPost?Brand=SIGMA&ProdNo=CL6B200


� http://hyperphysics.phy-astr.gsu.edu/hbase/math/gaufcn.html
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