
Weak Acids and Bases and Isoelectric Points of Proteins* 

 Many beginning students of biochemistry often have tremendous difficulty learning and 

applying concepts of acid-base chemistry to biomolecules such as amino acids, peptides, and 

proteins. This situation is unfortunate because an understanding of these concepts helps the 

students secure a solid foundation from which a deeper appreciation of many aspects of 

biochemistry can be attained. For example, a thorough understanding of the acid-base chemistry 

of biomolecules allows one to predict the order of elution of amino acids, peptides, or proteins 

from an ion-exchange chromatography column, to understand and appreciate general acid-base 

catalysis of enzymes, to appreciate the resolution that techniques such as 2-D electrophoresis 

provides, and to appreciate ways in which regulatory proteins such as hemoglobin change in 

response to pH changes in their environment.  

 The teaching of these concepts can, of course, be approached in a number of ways, and 

the authors of two previous papers in this Journal (1, 2) present two very good but different 

approaches to teaching these concepts. In the first paper (2), the author discusses the use of a 

Maple program to calculate the charge of a peptide at different pH values. This approach, which 

requires the use of a commercially available program, is somewhat obviated by the widespread 

availability of freely accessible programs on the Internet that will make the same calculations. 

The use of these free programs, however, has the potential to obscure the concepts being taught 

because the students do not know what the algorithm is doing, and the process thus becomes 

somewhat of a “black box”. The authors of the other paper (1) describe the use of a graphical 

approach to calculate the isoelectric point (pI) and charge of small peptides. This latter approach 

works very well, but it is limited to small peptides and thus would quickly become unwieldy if 

larger polypeptides or proteins were used.    



 In the work reported herein, an alternative approach is presented that focuses on the use 

of a spreadsheet program such as Microsoft Excel to help teach students some of the 

fundamental concepts of acid-base chemistry, especially as applied to important biomolecules 

such as amino acids, peptides, and proteins. The use of a spreadsheet allows students to enter 

their own equations, which requires an understanding of the underlying theory, and consequently 

the results of the calculations are likely to be more apparent than they otherwise would be if a 

computer program is used. In addition, the use of a spreadsheet potentially enhances student 

learning because the students are given the freedom to explore what happens when, say, they use 

different pKa values in the equations because different sources list slightly different values, or 

because they have learned (or will learn) that the pKa values of the side chains of some amino 

acids (when incorporated into a peptide or protein) are known to be significantly different from 

the pKa values of the respective side chains when the amino acid is free in solution. As the 

students use the spreadsheet to perform the calculations, they can create figures to help them 

visualize what might otherwise be an abstract concept. In essence, the students are “in control” 

of their learning, which generally is considered to lead to more effective understanding (3). 

Finally, since spreadsheet programs such as Excel are readily accessible at educational 

institutions, their use does not require the purchase of additional software.  

 In this article, I first discuss the acid-base properties of relatively simple compounds that 

have one ionizable functional group, and I show how a spreadsheet can be used to help enhance 

one’s understanding of the acid-base chemistry of these relatively simple weak acids. Next, I 

discuss the slightly more complicated amino acids and show how a spreadsheet can be used to 

calculate the pI of an amino acid by calculating the net charge of an amino acid as a function of 

pH. I then discuss how an understanding of the acid-base properties of amino acids can be 



applied to oligopeptides and proteins, and I show how a spreadsheet can be used to make similar 

calculations with these molecules. Finally, the results obtained with a spreadsheet are compared 

with those obtained via programs that can be found on the internet. These comparisons reveal 

that both the spreadsheet approach and the Internet-based program approach provide similar or 

essentially identical estimates of the pIs of simple proteins (i.e., those composed of one subunit); 

however, when more complex proteins (i.e., those made up of two or more, possibly different 

subunits) are treated, the limitations of the Internet-based programs become apparent as they are 

not designed to estimate the pIs of complex proteins. Instead, the spreadsheet approach is shown 

to be flexible enough to allow reasonable estimates (as judged by closeness to experimentally 

determined values) of the pIs of such complex proteins. It is hoped that the spreadsheet approach 

described herein will prove useful to other teachers and students of biochemistry.  

Weak Acids 

 We begin our discussion of the acid-base properties of weak acids by considering a 

compound that has a carboxyl functional group. For now, we will not specify the rest of the 

molecule; instead, we will simply refer to the rest of the molecule by using a capital R, as is 

often done in organic chemistry. Since a carboxyl group can be protonated, our example 

molecule could be represented as RCOOH. But a carboxyl group can lose a proton, and therefore 

our example compound also could be represented as RCOO. So when our compound is 

protonated it is neutral; when it is deprotonated it carries a negative charge. We might wonder 

about the best way to represent our compound when it is dissolved in an aqueous solution at 

relatively low pH, say pH = 2. Would most of the molecule be in the protonated, neutral form? 

Or, would most of the molecule be in the unprotonated, negatively-charged form? What about 

the situation at relatively high pH, say pH = 13, or at intermediate pH values? To answer these 



questions we need to consider some basic acid-base chemistry, and we need to perform some 

algebra. Since our compound is a weak acid, we represent its dissociation by the following 

reaction: 

                                          RCOOH H+  +  RCOO                                        (1) 

The left-hand side eq 1 should contain a water molecule, and the right-hand side of eq 1 should 

contain a hydronium ion in place of a proton, but these species have been omitted for the sake of 

clarity. The equilibrium constant (or acid dissociation constant) for the reaction expressed by eq 

1 is:  

                                                        
]RCOOH[

]RCOO][H[
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K                                                            (2) 

where Ka is the acid dissociation constant. Technically, eq 2 should contain a term that allows the 

equilibrium constant to be dimensionless. Eq 2 also should contain the activities of the species on 

the right-hand side of the equation, or the concentrations on the right-hand side of the equation 

should be multiplied by activity coefficients. So, an unstated assumption of eq 2 is that the 

activity coefficients are all unity, which generally is reasonable for dilute solutions of weak 

acids. If we divide both sides of eq 2 by ([H+]Ka) we obtain the following: 
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Taking the log of both sides of eq 3 yields: 
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Since log(xy) = logx + logy and log(x/y) = logx – logy, we can rewrite eq 4: 
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Finally, we simplify eq 5 by removing the removing the “log1” terms (since log1 = 0) and 

substituting in the working definitions that pH = log[H+] and pKa = logKa:  
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 K                                                             (6) 

 Eq 6 is a form of the Henderson-Hasselbalch equation, which has been modified to apply 

to our example. The inherent assumptions of eq 2 mentioned above are carried over to eq 6. 

Thus, useful working definitions such as pH = log[H+] are understood to be approximate and 

not strictly true. Since we are interested in the best way to represent our compound at different 

pH values, we see that if we isolate the ratio [RCOO]/[RCOOH] we can make progress in this 

regard: 

    )ppH( a10
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]RCOO[ K


                                                                  (7) 

 If the pKa of our compound is known then we can calculate the ratio of the unprotonated, 

negatively charged form to the protonated, neutral form at any pH value. For example, if the pKa 

of our compound is 5.0, then at pH = 2.0 the above ratio is 10(2.0 – 5.0) = 103.0 = 0.001 or 1/1000. 

So at pH = 2, approximately one molecule of our compound is in the negatively charged 

carboxylate form (RCOO) and 1000 are in the neutral, carboxyl form (RCOOH). (The fraction 

of molecules in the carboxylate form and the fraction of molecules in the carboxyl form are 

1/1001 and 1000/1001, respectively, which is an important point that will be elaborated upon 

shortly.) We could repeat the above calculation for the case where the pH = 13, or for cases 

where the pH has some intermediate value. We see that it becomes somewhat repetitive at this 

point, and this is precisely the type of problem for which a spreadsheet is particularly well-

suited. The steps outlined below are specific for Microsoft Excel, but other spreadsheet programs 

should work in a similar manner.  
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scale is a log scale. To fit all of the data of columns A and B of Figure 1 onto the graph shown in 

Figure 2A, the value of the y-axis had to increase in increments of 2  108. Thus all of the 

increases in the above ratio (up to pH = 12) appear flat on the graph shown in Figure 2A. 

Consequently, our graph is not as informative as it might be, and although we could change the 

scale of the ordinate axis of Figure 2A to a log scale, it is preferable in this case to think of 

another way to represent the compound. One way that we can represent the compound is to 

determine what fraction of the compound is in the carboxylate form at a particular pH value. 

Given the dramatic increase of the ratio of the carboxylate form to the carboxyl form with 

increasing pH, we expect that the fraction of carboxylate form to total possible forms (the sum of 

the carboxylate forms and carboxyl forms) should approach one as pH increases. This concept 

that the ratio of one form to the other form is not the same as the fraction of one form to the total 

of possible forms is, in my view, the key to unlocking much of the difficulty with acid-base 

concepts applied to biomolecules. For example, in cell B7 of Figure 1 we see that the ratio of 

carboxylate to carboxyl forms is one at pH = 5. This result makes sense when we recall eq 7, 

which indicates that the value of [RCOO]/[RCOOH] is 10(pH – pKa). In our present example, this 

difference is zero and thus the ratio equals one: 10(5.0 – 5.0) = 100 = 1. The fraction of carboxylate 

to total possible forms, however, is one part carboxylate to two total parts: 1/(1 + 1) = 1/2 = 0.5, 

which is the value seen in the adjacent cell (C7) under the column heading “fraction” (column C) 

in Figure 1. We create this column in our spreadsheet by selecting cell C2 and typing “= 

10^(A25.0)/(10^(A25.0) + 1)”, which converts our ratio to the desired fraction. Now, when 

we press the “Enter” key the value we see corresponds to the fraction of carboxylate forms to 

total possible forms at pH = 0 . We again fill in the remainder of column C as described above, 

and we see that the value of the fraction approaches unity at higher pH values as we anticipated. 



We construct a plot to visualize these data by highlighting column A (still our independent 

variable) and then, while holding down the “Control” key we highlight column C and then select 

“Insert”, “Chart”, etc… as described above. The resulting graph is shown in Figure 2B, and it is 

an improvement over the graph shown in Figure 2A. We can improve things further, however, if 

we plot the charge of our compound as a function of pH. To make this change, we select cell D2 

and type “= (1)*10^(A22.35)/(10^(A22.35) + 1)”, which is the same function statement used 

in cell C2 but the difference is that now we multiply this function statement by negative one. We 

now see that as the fraction of carboxylate form approaches unity, the charge approaches 

negative one, which is consistent with the picture that we might construct in our minds. As more 

and more of the carboxyl groups become unprotonated, more and more carry a full negative 

charge. A plot showing the charge on the molecule as a function of pH is shown in Figure 2C. 

This graph is constructed by highlighting columns A and D and selecting “Insert”, “Chart”, etc… 

as described above. 

 A standard question that a beginning student might encounter regarding the compound 

under consideration is: What is the average, net charge of the compound at pH = 5? The student 

is now in a position to answer such a question because he or she can look at cell C7 of Figure 1 

and realize that half the molecules are in the carboxylate form and thus have a charge of minus 

one, and half the molecules are in the carboxyl form and thus have a charge of zero. So the 

average, net charge is 0.5 [(0.5  1) + (0.5  0) = 0.5]. The above question is very typical of 

questions that often are asked about more complicated molecules such as amino acids. We will 

consider such questions after we discuss amino acids, and it is hoped that the beginning student 

will see that these questions are very answerable, especially with the help of a spreadsheet when 

one is first learning the subject.  



 Before we finish with the above example, it is instructive to note that at pH = 7 the ratio 

of carboxylate to carboxyl forms is 100 (cell B9, Figure 1) and the fraction of carboxylate to total 

possible forms at this same pH is 100/101  0.99009901 (cell C9, Figure 1). Similarly at pH = 3 

the ratio of carboxylate to carboxyl forms is 1/100 or 0.01 (cell B5, Figure 1), but the fraction of 

carboxylate to total possible forms is 1/101  0.00990099 (cell C5, Figure 1). These observations 

tell us that once the pH that we are considering is either two units above or below the pKa of a 

particular group, then we often can make the simplification that almost all of the compound is 

either unprotonated (for cases when the pH is two units above the pKa) or protonated (for cases 

when the pH is two units below the pKa). Mathematically, it means that we can make the 

approximation that the fraction of the compound in the carboxylate form is ~1 when the pH is 

two units higher than the pKa, and the fraction of the compound in the carboxyl form is ~1 when 

the pH is two units lower than the pKa. The approximations improve when the separation 

between pH and pKa is greater than two units (column C, Figure 1). To validate these claims, we 

consider the following problem that is representative of the type that might be asked concerning 

a weak acid: A weak acid (HA) has one ionizable group, and the pKa of this group is 5.0. If one 

has 100 mL of a 0.1 M solution of this compound at an initial pH = 7.0, what is the final pH after 

20 mL of 0.1 M HCl are added?  

 To answer this question, we consider the starting conditions and realize that since the 

initial pH is two units higher than the pKa of the compound, we can make the assumption that 

essentially all of the ionizable groups of the compound are in the unprotonated (conjugate base 

or A) form. Since we have 0.01 mol of the compound (0.1 mol/L  0.1 L = 0.01 mol), we 

assume that we have 0.01 mol of the A or unprotonated, conjugate base form. We add 0.002 

mol of H+ (from the completely dissociating HCl). Consequently, we will protonate 0.002 mol of 



the 0.01 mol of the A form. This reaction forms 0.002 mol of the HA form. We still have 0.008 

mol of the A form left, and we insert this ratio into the Henderson-Hasselbalch equation and 

solve for pH as follows:  

                                6.5602.5
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]A[
logppH a 



K   

 If we do not make the above approximation, we calculate that at the initial pH of 7.0 we 

have ~9.900990099  105 mol of HA already present (1/101  0.01 mol). When we add the 

0.002 mol H+, we form an additional 0.002 mol of HA. So our adjusted mol of HA is 

~2.099009901  103 (0.002 mol + 9.900990099  105 mol). At the initial pH of 7.0 we have 

~9.900990099  103 mol A present (100/101  0.01 mol), but this amount decreases by 0.002 

mol to ~7.900990099  103 mol when the 0.002 mol H+ are added. When we use these values to 

insert a new ratio into the Henderson-Hasselbalch equation and solve for pH we get the 

following: 
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Thus, we see that the answer that we get when we use the above approximation is within 0.5 % 

of the answer that we get when we do not use the above approximation. The former approach is 

much easier and less time-consuming than the latter approach and, to the level of accuracy that 

often is required (and justified given the inherent approximations in the Henderson-Hasselbalch 

equation), it provides the same answer as latter approach.   

 We now move on to our second example molecule. This new molecule is an amine, 

which we represent as RNH2. Since amines are weakly basic, our compound can at times be 

protonated and therefore represented as RNH3
+. So, when our compound is unprotonated it is 

neutral, but when it is protonated it carries a positive charge. This situation is somewhat opposite 



of what we encountered with the carboxyl compound, but we can still proceed in a similar 

manner. Again, we consider the best way to represent our compound when it is dissolved in 

aqueous solution at some particular pH. We follow the same line of reasoning as before and 

obtain the following:  
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 Eq 14 provides the ratio of the basic, amino form to the acidic, ammonium form, but based on 

the previous example we anticipate that eventually we will want the fraction that is in the 

ammonium form since this fraction, when multiplied times positive one, will tell us the charge at 

a particular pH. So, it is convenient to rearrange eq 14 as follows:                                                                     

     )pHp(
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 K                                               (15)      
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units below or two units above the pKa of the compound, we can make the approximation that 

almost all of the compound is protonated or deprotonated, respectively. Mathematically, we can 

make the approximation that the fraction of the compound in the ammonium form is ~1 when the 

pH is two units lower than the pKa, and the fraction of the compound in the amino form is ~1 

when the pH is two units higher than the pKa. And, as mentioned above, the approximations 

progressively improve as the separation between the pKa and the pH that we are considering 

becomes greater than two units (column C, Figure 3).  

Amino Acids 

 We are now ready to consider amino acids, and the amino acid that we will start with is 

one of the simplest: L-alanine. When drawn in a modified Fisher projection, L-alanine can be 

represented as follows (albeit in a very unlikely protonation state): 

                                                                  

C HH2N

CH3

COOH

 

We see that L-alanine has both a carboxyl and an amino group attached to a central, chiral 

carbon. This carbon is called the -carbon; thus, the carboxyl group is called the -carboxyl 

group and the amino group is called the -amino group. We also see that a methyl group is 

attached to the -carbon. This group is referred to as the R-group or side chain as indicated in 

Table 1. The L-designation is part of the D,L-system of nomenclature in which glyceraldehyde is 

used as the reference compound to decide on the D,L-configuration of various organic molecules. 

All of the 20 standard amino acids found in proteins (with the exception of glycine, which does 

not have a chiral carbon) have the L-configuration. For our purposes we will not be concerned 
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The function statement in cell B2 of Figure 5 is “=(1)*10^(A22.35)/(10^(A22.35) + 1); the 

function statement in cell C2 of Figure 5 is “=(1)*10^(9.87A2)/(10^(9.87A2) + 1); and the 

function statement in cell D2 of Figure 3 is “=B2+C2”. We also could have entered 

“=(1)*10^(A22.35)/(10^(A22.35) + 1) + (1)*10^(9.87A2)/(10^(9.87A2) + 1)”, although it 

would have been more work to do so. Nonetheless, what this last function statement is saying is 

that the net charge that is observed is equal to minus one times the fraction of the carboxylate 

form plus positive one times the fraction of the ammonium form, which should agree with the 

picture we create in our minds. For example, at pH = 0 almost all of the -carboxyl groups 

should be protonated and therefore neutral, but to an even greater extent essentially all of the -

amino groups also should be protonated and positively charged. Thus the net charge is the sum 

of the fractions of the two groups (adjusted to account for the presence of a negative or positive 

charge). At pH = 0 this sum is very close to one (cell D2, Figure 5), which we anticipated. Since 

the incremental increase in pH is by 0.01 units, it takes 1401 rows to reach a pH of 14. We might 

expect that at this pH essentially all of the -carboxyl groups are unprotonated and thus 

negatively charged and almost all of the -amino groups also are unprotonated and thus neutral. 

Thus we expect that the net charge should be very close to minus one, and this is indeed what we 

find (cell D1402, Figure 5). 

 When the pH equals pK1 (or the pKa of the -carboxyl group; cell A237, Figure 5), we 

see that the net charge of alanine is 0.5 (cell D237, Figure 5). We can rationalize this result two 

ways. First, we see that the fraction of the compound having carboxylate groups is 0.5; thus, this 

fraction multiplied by minus one equals 0.5 (cell B237, Figure 5). The fraction of the 

compound having ammonium groups is almost one (cell C237, Figure 5); thus this fraction 

multiplied by positive one is almost one. The net charge is the sum of cells B237 and C237, 



which is, within rounding, 0.5 (cell D237, Figure 5). Another way to rationalize this result is to 

realize that at pH = 2.35, half the molecules have a net charge of one (those with protonated -

carboxyl and protonated -amino groups) and half the molecules have a net charge of zero (those 

with unprotonated -carboxyl and protonated -amino groups). Thus (0.5  1) + (0.5  0) = 0.5. 

 When the pH equals pK2 (or the pKa of the -amino group; cell A989, Figure 5), we see 

that the net charge of alanine is 0.5 (cell D989, Figure 5). We can rationalize this result two 

ways. First, we see that the fraction of the compound having carboxylate groups is almost one; 

thus, this fraction multiplied by minus one almost equals minus one (cell B989, Figure 5). The 

fraction of the compound having ammonium groups is 0.5 (cell C989, Figure 5); thus this 

fraction multiplied by positive one is still 0.5. The net charge is the sum of cells B989 and C989, 

which is, within rounding, 0.5 (cell D989, Figure 5). Another way to rationalize this result is to 

realize that at pH = 9.87, half the molecules have a net charge of zero (those with unprotonated 

-carboxyl and protonated -amino groups) and half the molecules have a net charge of minus 

one (those with unprotonated -carboxyl and unprotonated -amino groups). Thus (0.5  0) + 

(0.5  1) = 0.5. 

 We sum up our observations to this point as follows: at low pH values (e.g., pH = 0) the 

net charge is close to positive one; as the pH increases the net charge decreases such that when 

the pH equals pK1 the net charge decreases to 0.5; when the pH equals pK2 the net charge is 

0.5; and when the pH equals 14 the net charge is minus one. At some point, the net charge went 

from positive to negative, which means we passed through a point where the net charge was 

zero. This point corresponds to a pH of 6.11 (row 613, Figure 5). This point is midway between 

the two pKa values; in fact, it is the average of two pKa values, and it should agree with the 

picture we might form in our minds. When almost all of the -carboxyl groups just finish 
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predominate. If instead we plot pH as a function of Net Charge (in other words, if we invert the 

axes of the middle trace of Figure 6A) we obtain the graph shown in Figure 6B. The pattern of 

the graph shown in Figure 6B is identical to that seen in Figure 6C, which represents an idealized 

titration curve (pH as a function of OH equivalents) of the amino acid alanine, and such titration 

curves are often depicted in textbooks of biochemistry. Figure 6A and 6B both provide a nice 

visual picture of what must be the approximate pI, even if one did not know the values of pK1 

and pK2. Figure 6C provides a nice picture of the buffering regions about pK1 and pK2, which 

again could be estimated from the graph. Figure 6C also makes clear that when we have added 

just enough base (in fact, one equivalent of base) to titrate completely the -carboxyl group but 

not the -amino group, then the corresponding pH will be ~6 (which we know to be 6.11 from 

cell A613 of Figure 5).  

 Before we consider a more complicated amino acid, it is worth noting that since alanine 

does not contain a side chain that has an ionizable group, its acid-base chemistry is similar to and 

representative of 12 of the other 20 standard amino acids because none of these has an ionizable 

side chain either. Thus, what we learn about alanine holds for these other amino acids, but it is 

important to note that the pKas of the -carboxyl and -ammonium groups of these other amino 

acids will be somewhat different than those of alanine, so any spreadsheets that we may 

construct will have to account for these different values. While I do not feel that beginning 

students of biochemistry (or practicing biochemists for that matter) need to remember the exact 

values of the pKas of these amino acids, I do feel that it is important to have a general idea of 

these values. For example, all the -carboxyl groups of all of the 20 standard amino acids have 

pKa values in the neighborhood of ~2 (average of all twenty is 2.1), and all the -ammonium 

groups of all of the 20 standard amino acids have pKas in the neighborhood of ~9.5 (average of 



all twenty is 9.5) (Table 1). There are some notable exceptions, but these values are good “ball 

park” figures.    

 Our next example molecule is the amino acid glutamic acid (or glutamate), which is 

represented in the modified Fisher projection as follows (albeit, again, in a very unlikely 

protonation state): 

                                                         

COOH

C HH2N

CH2

COOH

CH2

 

Glutamate is more complicated than alanine because it has a side chain that itself contains an 

ionizable functional group – namely a carboxyl group. The pKas of glutamate are as follows: pK1 

= 2.10; pK2 = 9.47; and pKR (the pKa of the side-chain carboxyl group, which also is called the -

carboxyl) = 4.07 (Table 1; (4)). Given these values, we expect that at pH = 0 almost all of the -

carboxyl groups will be protonated and neutral, almost all of the -amino groups will be 

protonated and positively charged, and almost all of the -carboxyl group also will be protonated 

and neutral for an overall net charge of positive one. At pH = 14, we predict that almost all of the 

-carboxyl groups will be unprotonated and negatively charged, almost all of the -amino 

groups will be unprotonated and neutral, and almost all of the -carboxyl group also will be 

unprotonated and negatively charged for an overall net charge of minus two. But what about the 

protonation states of glutamate at intermediate pH levels? What is the net charge when the pH 

equals pK1 or pK2 or pKR? What is the pI of glutamate?  



 We can obtain approximate answers to the above questions relatively quickly by 

reasoning our way through a “mental” titration given what we learned above. When the pH = 

pK1, half of the -carboxyl groups are unprotonated, but practically none of the -ammonium 

groups are unprotonated and very few (~1%) of the -carboxyl groups are unprotonated. So at 

this pH, approximately half of the molecules have a net charge of one (i.e., those with a 

protonated and neutral -carboxyl, protonated and positive -ammonium, and protonated and 

neutral -carboxyl), and half of the molecules have a net charge of zero (i.e., those with an 

unprotonated and negative -carboxylate, protonated and positive -ammonium, and protonated 

and neutral -carboxyl). Thus, we predict that the average net charge at this pH is about 0.5.  

 When the pH = pKR, most (~99%) of the -carboxyl groups are unprotonated, practically 

none of the -ammonium groups are unprotonated, and half of the -carboxyl groups are 

unprotonated. We find then that approximately half of the molecules have a net charge of zero 

(i.e., those with an unprotonated and negative -carboxylate, protonated and positive -

ammonium, and protonated and neutral -carboxyl), and half of the molecules have a net charge 

of 1 (i.e., those with an unprotonated and negative -carboxylate, protonated and positive -

ammonium, and unprotonated and negative -carboxylate). Thus, we predict that the average net 

charge at this pH is about 0.5.  

 When the pH = pK2, almost all of the -carboxyl groups are unprotonated, half of the -

ammonium groups are unprotonated, and almost all of the -carboxyl groups are unprotonated. 

So we find that approximately half of the molecules have a net charge of 1 (i.e., those with an 

unprotonated and negative -carboxylate, protonated and positive -ammonium, and 

unprotonated and negative -carboxylate), and half of the molecules have a net charge of 2 (i.e., 
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function of pH; and the function statement in cell E2 of Figure 7 is “=B2+C2+D2”, which, as 

seen before with alanine, provides the net charge of the molecule as a function of pH. We also 

can construct our spreadsheet such that we only have two columns, one for pH and the other for 

the net charge. If we choose to do this our function statement in the first cell of the “net charge” 

column needs to be the sum of the function statements (typed out in full) that we used in cells 

B2, C2, and D2 of Figure 7.    

 We see in cell E2 of Figure 7 that at pH = 0 the net charge of glutamate is about 0.99, 

which, as we anticipated, is close to one. We see in cell E1402 of Figure 7 that at pH = 14 the net 

charge of glutamate 2.0, which we also anticipated. We see that at a pH = pK1, the net charge 

is about 0.489 (cell E212, Figure 7), which is close to our above estimate of 0.5; at pH = pKR, the 

net charge is about 0.489 (cell E409, Figure 7), which is close to our above estimate of 0.5; 

and at pH = pK2, the net charge is about 1.499996 (cell E949, Figure 7), which again is very 

close to our above estimate of 1.5. We also see in Figure 7 that the sign changes from positive 

in cell E310 to negative in cell E311. The pH values in the corresponding cells (A310 and A311) 

are 3.08 and 3.09, respectively. The average of these two cells (3.085) is the average of pK1 and 

pKR, which corresponds to the pI as we anticipated. Thus, we can still find the pI by averaging 

two pKas, but it is important that we identify the two relevant pKas.   

 If instead of glutamate we consider the amino acid aspartic acid (or aspartate) we find 

that its pI also is the average of its pK1 and pKR. The reason why this is so is that the side chain 

of aspartate also contains an acidic carboxyl group (called a -carboxyl), and this group has a 

pKa of 3.90 (Table 1; (4)). There are five other amino acids that have side chains that contain 

ionizable functional groups in the pH range that we typically consider (i.e., 0 – 14). These amino 

acids include: cysteine, which has a thiol functional group; tyrosine, which has a phenol 
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residues. We can symbolize our dipeptide as Asp-Lys or as DK by using the three- and one-letter 

codes for the amino acids, as listed in Table 1. (Note that in Table 1 hints are provided to help 

one memorize these codes, which is something that all beginning students must do as part of 

learning the “language” of biochemistry.) It is important to note that we should not represent our 

dipeptide as Lys-Asp or KD because such a representation indicates a different dipeptide, as 

discussed below.  

 Note that in Scheme 4 the -carboxyl group of aspartate becomes part of the peptide 

bond that links the two amino acids. Since this -carboxyl group is “tied-up” in the peptide bond 

it is no longer free to ionize. Note also that the -amino group of aspartate is not part of the 

peptide bond and thus is still free to ionize, depending upon the pH of the surrounding medium. 

The situation is reversed for the lysine residue. The -amino group of the lysine becomes part of 

the peptide bond and thus is no longer free to ionize, whereas the -carboxyl group of lysine is 

not part of the peptide bond and thus is free to ionize. By a convention that also reflects the way 

in which peptides are synthesized in cells, the end of a peptide with the free -amino group is 

listed first and is referred to as the amino- or N-terminal amino acid residue; the end of a peptide 

with the free -carboxyl group is listed last and is referred to as the carboxyl- or C-terminal 

amino acid residue. Since in a dipeptide the -carboxyl group of the N-terminal residue and the 

-amino group of the C-terminal residue are part of the peptide bond and thus not free to ionize, 

if we want to determine the pI of the dipeptide, we only have to consider the -amino group of 

the N-terminal residue, the -carboxyl group of the C-terminal residue, and the side-chains of 

the amino acids that make up the dipeptide (if these side-chains contain ionizable groups). This 

last statement applies to larger peptides such as tri-, tetra- and even polypeptides since the -

carboxyl and -amino groups of all internal amino acid residues are not free to ionize, which can 
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Analysis System (ExPASy) website (15). The third set of values in Table 2 is from the European 

Molecular Biology Open Software Suite (EMBOSS) (16, 17); these values are used by the 

programs “iep” and “pepstats” that are part of this suite of programs. If we use the first set of 

values in Table 2, we arrive at the protonation states shown in Scheme 6 for an assumed pH of 7. 

An inspection of Scheme 6 shows that both DK and DIAK appear to have net charges of zero at 

pH 7. The reason why we cannot conclude that the net charge is zero at pH 7 is that the value of 

the pKa of the N-terminal -amino groups is assumed to be 8.0, so at pH 7 the ratio of 

ammonium form to amino form of this group is 10:1 for both peptides. If we imagine that the pH 

is lowered below 7 then the ammonium form of the N-terminal -amino groups of both peptides 

is favored. If the pH is lowered too much, the group with the next closest pKa, which for both 

peptides would be the -carboxylates of the aspartate residues, will start to become protonated. 

In fact, we can estimate that the pI is midway between the pKas of the N-terminal -amino 

groups and the -carboxyl groups of the aspartate residues. The pI that we estimate is the same 

for both the di- and tetrapeptides since the side-chains of the two additional amino acid residues 

in the tetrapeptide do not ionize. 

 The above line of attack is very approximate, but it works reasonably well for small 

peptides. If we imagine that the protonation state of the peptide under consideration is such that 

the net charge is positive at pH 7, we know that we need to “move” to a higher pH to deprotonate 

a group and either expose a negative charge or remove a positive charge. If on the other hand we 

imagine the net charge of the peptide is negative at pH 7 then we know that we need to “move” 

to a lower pH to protonate a group to add a positive charge or neutralize a negative charge. Using 

this approach, we generally can identify the two residues whose pKas most closely bracket the 

neutral species, and the pI usually is close to the average of the pKas of these two residues. For 
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(1)*($B$5)*(10^(D2$C$5)/(10^(D2$C$5)+1)) + 

(1)*($B$6)*(10^($C$6D2)/(10^($C$6D2)+1)) + 

(1)*($B$7)*(10^(D2$C$7)/(10^(D2$C$7)+1)) + 

(1)*($B$8)*(10^(D2$C$8)/(10^(D2$C$8)+1)) + 

(1)*($B$9)*(10^($C$9D2)/(10^($C$9D2)+1)) + 

(1)*($B$10)*(10^($C$10D2)/(10^($C$10D2)+1)))”. The use of dollar signs to specify 

various cells in the above function statement makes the cells absolute references, and the values 

in the cells are used repeatedly as the calculation of net charge is carried out for each of the pH 

values indicated in column D of Figure 8. Note that cell D2 in the above function statement is 

entered without the dollar signs so that this cell, as in our previous examples, is a relative 

reference, and the value used to calculate “Net Charge” in the adjacent cell(s) depends on the 

value of the relative reference, which increases as one moves down column D. For example, the 

first term in the above function statement indicates that the number of N-terminal residues 

(usually one for small peptides or monomeric proteins) is to be multiplied by positive one (the 

charge of the protonated form of the N-terminal residue) times the fraction of N-terminal groups 

in the protonated form (with the absolute reference to cell C2 indicating the assumed pKa of the 

N-terminal group). The remaining terms of the function statement are analogous to this first term 

but refer (in Figure 8) to the number of C-terminal residues (cell B3), number of aspartate 

residues (cell B4) etc… in conjunction with their assumed pKa values (column C). By 

constructing the spreadsheet in the manner shown in Figure 8 we can easily change the number 

of ionizable residues (column B) as would occur if we considered a different peptide or protein, 

or we could change the assumed pKa values of the ionizable groups (column C) as will be 

discussed below. In either case, changing the values in columns B or C leads to concomitant 



changes in column E (once we have filled in this column initially), and all we have to do to find 

the new pI estimate is to scroll down column E until we find the sign change. 

 Since, in our present example, a sign change occurs between cells E609 and E610 of 

column E, we conclude that the pI of the peptide DIAK is between 6.07 and 6.08, but likely 

closer to 6.07 since the corresponding net charge in cell E609 is closer to zero than is the 

corresponding net charge in cell E610. To know more precisely the value of the pI we could 

always decrease the incremental changes between cells in column D of Figure 8 (e.g., change 

0.001 units between cells rather than 0.01 units), but such precision is unwarranted given the 

assumptions and approximations used in the calculations (e.g., all ionizable residues of a 

particular type have the same pKa in a peptide or protein, etc…). Indeed, estimations of the pI 

beyond the first decimal point are overly optimistic but will be used to compare values obtained 

with the spreadsheet approach to those of other methods. For example, the value of 6.07 

compares very well with the value of 6.05 that was obtained above by averaging the pKas of the 

two residues that bracketed the neutral species. The slight difference is due to the influences of 

the other two other ionizable groups, which were ignored in the first method.  

 At this point, it is reasonable to consider how the spreadsheet approach of estimating pIs 

compares with other methods. A search with Google using the search terms “isoelectric point 

calculation” yields many possibilities. To avoid the risk of “link-rot”, however, we will compare 

the present method with two other methods that are likely to remain in use for some time. The 

first method is part of the ExPASy suite mentioned above in reference to column 2 of Table 2 

(14, 15). The ExPASy proteomics server has been in existence for over 15 years and therefore 

should be a good resource. The programs “pI/Mw” and “ProtParam” use the same algorithm to 

calculate pIs, but each has its own unique features. For example, the program “pI/Mw” accepts 



entries as short as a single amino acid, and the output consists of the calculated pI and molecular 

weight. The program “ProtParam” requires that the input sequence contain at least five amino 

acid residues. The output for this program, however, provides more information than does the 

output for “pI/Mw”. This output includes estimates of the pI and molecular weight, but also the 

extinction coefficient, the amino acid composition, and many other parameters. The amino acid 

composition is very useful for longer polypeptides and proteins, and in fact a weakness of the 

spreadsheet approach is that in the absence of such a program one would have to visually inspect 

the sequence of a protein and count the number of ionizable residues of each type before entering 

this information into column B of Figure 8, which would be a very time-consuming task. The 

pKa values used by the “pI/Mw” and “ProtParam” programs were primarily determined from 

experiments done at 25 C and in 9.8 M urea since these conditions match the denaturing 

conditions that prevail during the first dimension of a 2-D electrophoresis experiment. A pKa of 

7.5 is used for most -ammonium N-terminal groups, but different values are assumed when the 

following residues are at the N-terminus: Ala (7.59), Met (7.00), Ser (6.93), Pro (8.36), Thr 

(6.82), Val (7.44), Glu (7.70). In addition, the side-chains of Asp and Glu are assumed to have 

different pKas (4.55 and 4.75, respectively) when they occur at the C-terminus (12, 13). To run 

the “pI/Mw” and “ProtParam” programs, one has only to go to the ExPASy website (15), select 

the appropriate program, enter the amino acid sequence of the peptide or protein, and then select 

the “compute” tab.   

 The second internet-based method of estimating pKas is, as mentioned, from the 

EMBOSS suite of programs and was established in 2000 (16, 17). The data in the third column 

of Table 2 represent the pKa values from the default “Epk.dat” file that is used by the programs 

“iep” and “pepstats”. Unlike the ExPASy programs mentioned above, to run “iep” and “pepstats” 



one must first download and install the EMBOSS suite of programs (17). Once EMBOSS is 

installed, then one can select either program and proceed in a similar manner to that described 

above for “pI/Mw” and “ProtParam”. Both “iep” and “pepstats” can accept inputs consisting of a 

single amino acid. 

 When the pI of the tetrapeptide DIAK is estimated with “pI/Mw” the pKa estimate is 

5.84. If the same pKa values that these programs use (second column of Table 2) are used in 

place of the values in column C of Figure 8, then the pKa estimate determined by the spreadsheet 

approach also is 5.84. Similarly, when the programs “iep” or “pepstats” are used to estimate the 

pI of the tetrapeptide DIAK, the estimate is 6.34, which again agrees with the value obtained 

when the spreadsheet approach is used, provided that the pKa values in column C of Figure 8 are 

replaced by the values in the third column of Table 2. Thus, we see that the spreadsheet approach 

compares favorably with the two methods freely available on the internet, at least in the case of 

the above tetrapeptide. Indeed, it appears to produce identical results to the two internet-based 

methods provided that the appropriate pKa values are used.  

 What about the case of a longer polypeptide, say a full-length protein that has 124 amino 

acid residues? If we obtain the sequence of bovine pancreatic ribonuclease A (from any number 

of protein databases that are found on the internet; see, for example, (18)) and “paste” the amino 

acid sequence into the window provided by “ProtParam”, then we obtain a pI estimate of 8.64. 

(The sequence pasted includes residues 27 – 150 since the first 26 residues are not incorporated 

into the finished protein – i.e., these residues are post-translationally removed.) We also get the 

amino acid composition, which we can use in column B of Figure 8 and thus use our 

spreadsheet, with the appropriate pKa values. When we do this, we also get an estimate of 8.64. 

If we use “iep” or “pepstats” we obtain a slightly lower pI estimate of 8.39. Use of the 



spreadsheet approach (again, with the appropriate pKa values) also yields a pI estimate of 8.39. 

These values are somewhat close to the experimental value of 9.6 (19), especially given the 

above-mentioned assumptions of uniform pKa values for all residues of a particular type etc…, 

and thus would be useful in determining initial conditions for a possible ion-exchange 

chromatography step in the purification of the enzyme. But we can do better, however, if we 

recall that ribonuclease A has its eight cysteine residues involved in four disulfide bonds as 

discussed in most introductory biochemistry textbooks (for example, see, (11)). When we 

manually remove the eight cysteines from the sequence prior to running the programs we obtain 

estimates of 9.36 and 9.83 using “ProtParam” and “pepstats”, respectively. We obtain the same 

results with the spreadsheet approach (using the appropriate pKa values) by entering a zero into 

cell B7 of Figure 8 rather than entering the number 8. Thus, the calculated estimates of the pI 

agree more closely with the experimental value when we incorporate additional information 

about the protein prior to running the programs or using the spreadsheet.  

 Granted, information about a protein such as the number if disulfide bonds is not always 

available, but when it is we can take advantage of it. Again, if we wanted to purify ribonuclease 

A in the absence of such additional knowledge (but still knowing the sequence), then the initial 

estimates would still be useful in this regard. For example, since the initial pI estimate was close 

to 8.5, we might decide to use a cation-exchange resin (which carries a negative charge) 

equilibrated in a low-salt buffer at pH 7.5. Since this pH is less than the estimated pI of our 

protein, we anticipate that our protein would mostly be positively charged and thus would bind to 

the resin; any contaminating proteins that had isoelectric points lower than 7.5 would be 

negatively charged at this pH value and thus they would not bind to the resin, which would help 

to separate our protein from some of the contaminating proteins.  



 Our final example is a complex protein that is made up of more than one subunit. Such a 

protein, as mentioned, is called an oligomeric protein. The protein we will consider is the 

important oxygen-transporting protein hemoglobin. Specifically, hemoglobin is a heterotetramer; 

it is made up of two polypeptides of one type (called -chains) and two polypeptides of a 

different type (called -chains). The sequence of an -chain is similar but not identical to that of 

a -chain. How would we enter the sequence of such a protein into one of the above computer 

programs? There does not seem to be an immediately obvious answer. If one enters the sequence 

of the mature -chain of bovine hemoglobin into the “ProtParam” program of ExPASy, a pI 

estimate of 8.19 is obtained. If one enters the sequence of the -chain of bovine hemoglobin into 

the same program, a pI estimate of 7.02 is obtained. The experimental value of the pI is 6.77 

(20), and only the latter of the above two estimates is somewhat close to this experimental value. 

The average of the two estimates is 7.60, but there is no reason to expect that this value would 

approximate the pI. Alternatively, one could “splice together” the sequence of the -chain 

immediately followed by the sequence of the -chain to form an  sequence that, in a sense, 

should be representative of an 22 tetramer. When one does this splicing and runs the programs, 

a pI estimate of 8.00 is obtained. Again, there is no sound reason why this value should 

approximate the pI. In fact, this splicing together of the sequences neglects the fact that in an  

heterodimer there are two N-termini and two C-termini. 

 The spreadsheet approach, however, is flexible enough to treat a complex protein such as 

hemoglobin. We start by indicating the appropriate number of N- and C-termini (cells B2 and 

B3, respectively, of Figure 8) and then adding the respective numbers of ionizable residues of, in 

this example, the - and -chains. When we do this we obtain a pI estimate of 7.62. This 

estimate is not an improvement over the above attempts. As discussed in most introductory 



textbooks of biochemistry, some amino acid residues in hemoglobin have pKa values that are 

significantly different from the “typical” values that we might expect. For example, at least two 

histidine residues (per  heterodimer) that form “salt-bridge” interactions have pKa values close 

to 7 rather than the more typical value of 6 (11). If we subtract two histidine residues from our 

combined - and -sequences and then add a term to the function statement that includes the 

ionization of two imidazole groups with pKas of 7, we obtain a new pI estimate of 7.75, which is 

even further away from the experimental value. But we also learn in introductory biochemistry 

texts that the amino groups of the N-termini of deoxygenated hemoglobin can form carbamates 

with CO2 (11). These modified termini are estimated to have pKa values of 5.3 (21). When we 

include one or two of these modified N-termini (along with their estimated pKa values) into our 

spreadsheet, we obtain pI estimates of 7.25 and 6.84, respectively. This last estimate is fairly 

close to the above-mentioned experimental value of 6.77. 

 Although hemoglobin is a very complex protein, the spreadsheet approach proved to be 

amenable to the task of providing a satisfactory estimate of its pI. More importantly, such built-

in flexibility in the hands of students would allow them to experiment with other complex 

proteins and see if they can satisfactorily estimate the pIs of these proteins as well. Such an 

exploration could form the core of assignments that require students to apply their knowledge of 

the acid-base chemistry of biomolecules and to become familiar with some of the programs and 

databases that are freely available on the internet.  

 

 

 

 



Summary 

 We started with simple, weak acids and showed how a spreadsheet program could be 

used to facilitate understanding of the acid-base chemistry of these molecules. We then 

proceeded to amino acids and finally to peptides and proteins. Along the way, we saw that the 

spreadsheet approach was facile and even adaptable to working with complex proteins. Since the 

construction of these spreadsheets requires that the students enter their own equations, it is hoped 

that this “learning by doing” approach will help enhance the learning of these important 

concepts, which are essential for a fuller and deeper appreciation of many aspects of 

biochemistry in general. 
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