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Preface

All the atoms of the earth bear witness, O my Lord, to the greatness of Thy power and
of Thy sovereignty; and all the signs of the universe attest to the glory of Thy might.

GLEANINGS FROM THE WRITINGS OF BAHA'U'LLAH

This medical review text was written to explain the fundamentals of bio-
chemistry to medical-students and to cover thoroughly the topics in a standard
freshman medical biochemistry course and in the National Boards (Part I).

When 1 was a medical student at the University of Illinois, I found that most
existing texts were 8001200 pages and included so many diverse facts that they
were overwhelming. Those texts did not focus enough on the concepts most
relevant to medical biochemistry. The emphasis on medicine was limited, and
often those texts did not relate biochemical reactioris to organs and diseases.

I have designed Biochemistry to make learning as it should be—enjoyable.
People learn best when they ask questions and then seek the appropriate
answers. Each chapter comes equipped with a set of problems along with their
step-by-step solutions. By sharpening their problem-solving skills, students de-
velop a comprehension of biochemistry that obviates the need for thoughtless -
memorization on the night before an exam.

While preparing the second edition, I catalogued all of the suggestions that
readers had sent to me since 1977. At least half of them found their way into the
second edition, resulting in almost 150 changes in the text as well £s the addition
of a new chapter of 41 review problems with answers. In preparing the third
edition, I have made more than a hundred additional changes in the text as well
_as adding a short review chapter on metabolism and its hormonal control. Most
of these changes were in response to comments and suggestions from American
medical students, whose advice was invaluable.

In order to supplement and amplify this text, the beginning biochemistry
student should refer to one of the longer texts mentioned in the references of
each chapter.

P.J.F.
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Structure of Amino Acids

Structural biochemistry forms the foundation to the understanding of metabolic
pathways. To dismiss the study of structure as unessential and dull is as senseless
as refusing to learn anatomy. When we separate the chaff—in this case, the
superfluous structural details—-from the grain—the essential structural fea-
tures—we are then left with a dxgestlble foodstufl.

All living organismis contain e-amino acids, and all e-amino acids share the
same structural backbone:

R
| . /O\
+*HgN C‘I —C ~o-
H i

«-Amino group  a-Carbon atom  a-Carboxyl group

In other words, all e-amino acids possess three common features:

1. They have an a-carboxyl group. The a denotes that this group binds to
the central or a-carbon atom, which is asymmetric.

They possess an e-amino group. ,
They contain a side chain, or R group, that is bound to the a-carbon.

w po

5

" Problems 1-6

Which of these structures are a-amino acids? (Turn to the end of the chapter
for the answers.)

*H,,N—CHg—-COO'

H,—CH,—COO-
O—»CH,—CH—-—COO -
+ NHa
OH
C
N7 \ﬁ:/ \\(l:_CH,—N—@‘C—N—-CH—-CHQ—-CHQ—COO'
H,N—C O CH COO-

." *HN—CH,—CH;--COO-
.. *HN—CH,—CH,—CH,—C0O-

You have now proved for yourself that it is quite easy to identify a molecule
as an w-amino acid. Your next task is to classify twenty of the common, naturally
occurring a-amino acids. In general, you need not memorize the exact structure of each
R group; knowing the proper classification is sufficient. You should also be
familiar with the three-letter abbreviation for each amino acid.



Each amino acid may be classified as acidic, neutral, or basic, depending on
the charge on the R group at pH 7.0 (see Ch. 2). Acidic R groups bear a
negative charge at pH 7.0 because they are strong proton donors. The two
acidic «-amino acids—i.e., those with acidic R groups—are aspartic aad and
glutamic acid:

Aspartic acid (Asp) Glutamic acid (Glu)
‘ 8- a 8 a
~00C—CH,—H—C00- -ooc—éH,—cn,—(lzu—coo-
+NH, *NH,
. p-carboxyl y-carboxyl -

Glutamic acid differs from aspartic acid only in the number of CH; groups
contained in its side chain. Each acid carries a charge of minus one at neutral
PH. ‘ ,

Basic R groups carry a positive charge at pH 7.0 because they avidly bind
protons. The three common basic a-amino acids are lysine, arginine, and kistidine.

Lysine (Lys)
« B a
+H,N—CH,—éH,-éH,—CH,—tl:H-_coo—

*NH,
e-amino group

- Arginine (Arg)
H, N—%:—Nn—cn,—m{,—cu._—(lm—coo -
. + NHI + NH'

guanidinium
group

Histidine (His)
H(F ='c|;fcn,+;|:1{—coo -

* HN§C/NH *NH,

H
N —

imidazole
group

Two a-amino acids are commonly mislabeled as basic when in fact they are
neutral: glutamine and asparagine. They are the amides of glutamic and aspartic

acids, respectively. Although they are polar, the amide groups neither protonate -
nor dissociate.

' H,N——("}—-CH,—(IL‘H—COO' H,N—(HZ—CH,—CH,—(i?H-—COO‘
+NH, o) +*NH,
Asparagine (Asn) Glutamine (Gln)
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In addition to their charge at ncutral pH, amino acids may be classified
according to whether or not they contain sulfur atoms, hydroxyl or aromatic
groups, and branched or straight-chain hydrocarbons in their side chains
(R groups). Each neutral amino acid may also be designated as polar or nonpolar.

Cysteine and methionine contain sulfur. The free sulfhydryl group of cysteine
makes it a polar molecule. The —SH groups of cysteine can bind to one another
to form the disulfide bridges that stabilize the structure of proteins. Cystine is a
dimer of cysteine, in which two molecules of cysteine are joined via their sulfur
atoms. Methionine, as the name implies, has a methylated thiol group (sulfur
atom), which is nonpolar. ’

Methionine, (Met) Cysteine (Cys)
CH,—S—CH,—CH,—CH—COO - HS—CH,—CH—COO-
+ l'\YHs _ * 111 H,

sulfhydryl
group

Cystine

CH,—CH—COO-

S + ILH;,

% +NH,

|
CH,—CH—COO-

Three «-amino acids contain aromatic groups: phenylalanina, tyrosine, and
tryptophan. Phenylalanine consists of a phenyl ring bound to the methyl group
of alanine (which is shown subsequently). Tryptophan contains an indole group,
which consists of a phenyl ring fused to a five-membered, nitrogen-containing
ring. Both phenylalanine and tryptophan are nonpolar. The hydroxyl group of
tyrosine, or p-hydroxyphenylalanine, renders it polar.

Phenylalanine (Phe) Tyrosine (Tyr)
, QCH,;?H—coo- HO—@—CH,—(I}H—COO'
+NH, +NH,

Tryptophan (Trp)

@‘ﬁ—CH,_CﬁH—COO‘
N/CH + NHa

H
| S

indole group

- Three a-amino acids have branched hydrocarbon chains: leucine, isoleucine,
and oaline. Since their side chains are purely hydrocarbons, they are therefore
nonpolar.

A



+*NH,4 A , *NH,
CH,,——C':H——CH,—Ci}_H———COO‘ S CH,——CH,—C'IH—CH—COO'
CH, CH,
Leucine (Leu) A Isoleucine (Ile)
*NH,
CHs—(';‘H—CH—('}OO‘

CH,
Valine {Val)

The R groups of alanine and glycine are a methyl group and a hydrogen
atom, respectively. Glycine, the simplest of the amino acids, is highly polar,
since it is dominated by its charged carboxyl and amino groups. The methyl
side chain of alanine tends to make it nonpolar.

» ’

CH,,—(l)H—COO - ("JH,—-—COO -
*NH; *NH,
Alanine (Ala) . Glycine (Gly)

The R groixps of serine and threonine contain hydroxyl groups, like tyrosine,
which render them polar. :

HO—CHQ—C':H—COO' ' CH,—CH—CH~—C0O"
*NH, OH *NH,
Serine (Ser) , ' Threonine (Thr)

-

One so-called amino acid is actually an““imino” acid, The imino nitrogen

in proline’s -five-membered ring binds to two ¢arbon atoms, Because of the

“rigidity of this ring, proline residues will kink a chain of amino acids. Proline is
nonpolar, :

_CH,
H,C >cn—coo -
HQC =~ N Hz

Proline (Pro)
Ninhydrin reacts with the free «-amino groups of amino acids and proteins
to produce a purple color. The ninhydrin reaction can be used to estimate the

quantity of amino acid present in a sample. The quantitation of individual
amino acids involves their separation by chromatographic techniques.
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Problems 7-18

Describe each amino acid below in terms of its sulfur content, aromatic and_
hydroxyl groups, and branched or straight hydrocarbon chains. Designate each

as acidic, neutral, or basic, and classify the neutral amino acids as polar or -
nonpolar. ’ '

7.  *HyN—CH,—CH,—CH,—CH,;—CH—COO -
» | “NH,
8. Phenylalanine
9. CHy—S—CH,—CH,—CH—COO-
"NH,
10. Glycine
11. CH,—CH—CH—COO-
(I:H,, +NH,
12, Glutamine
13. CH,—CH—COO-
N tNH, *Ille
14. Proline '
15. -~OOC—CH,~-CH—COO-
“NH,
16.  Asparagine o
17. CH,—CH—CH—COO-
. OH fxlm,,
18.  Arginine
ANSWERS 1. Yes. This structure represents the simplest and smallest amino acid: glycine.
Its R group is a hydrogen atom. ‘ A
2. No. This molecule has a carboxyl group but lacks an amino group. It is a
three-carbon fatty acid, propionic acid. ‘
3.  Yes. It has both an a-carboxyl and e-amino group. Its R group is an aromatic
alcohol, which identifies this as tyrosine.
‘4. Although this molecule as a whole is not an amino acid, it does contain an

amino acid. Look again carefully and find the amino acid:

OH
| 0] COO-
C_ N T
l\llf \f'] %'C—-CHQ—E C——II}———CH——CH,——CH,——COO',
HQN—C% /C\ /’CH ~ s . - )
N . N . PABA glutamate *
pteridine '

This molecule is the B vitamin, pteroylglutamic acid, one form of folic acid.

The a-amino group of glutamic acid is linked through a peptide bond to
p-aminobenzoic acid (PABA). '



5.

®

10.
1L
12,
13.

14.
15.
16.
17.

18.

Did this g-amino acid fool you? Notice that thc amino group binds to the
B-carbon atom; hence, it is a f-amino acid, not an «-amino one.

This is a y rather than an e-amino acid. It is y-ammobutync acid (GABA), an
inhibitory neurotransmitter.

Basic (note the e-amino group of lysine), straight-chain.

Neutral, aromatic, nonpolar.

Neutral, sulfur-containing (you should be able to identify this as methioninc
because the sulfur is methylated), nonpolar.
Neutral, polar.,

Neutral, branched-chain, nonpolar.
Neutral (thc amide does not protonate or dissociate), polar.

Basic (the imidazole group will have a positive charge; you should be able to
identify this as histidine).

Neutral, nonpolar imino acid.

Acidic,

Neutral, polar. :

The hydroxyl-containing group, like that-of alcohols, is polar but does not
dissociate; hence, it is a neutral amino acid. ‘

Basic (the guanidine group of arginine has a positive charge at pH 7.0).
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Acids, Bases, and Buffers
This may be one of the most challenging chapters in this book, and you should
plan to spend at least fifteen hours to master this area. Never skip the problcms,
they are essential to your learning.

In biochemistry the most workable definitions of acids and bases are those
of Brensted, who defined an acid as a proton donor and a base as a proton

acceptor. For each acid and each base, there is its conjugate base and conjugate acid,
respectively, from which it differs by the proton lost or gained.,

THE HENDERSON.-
HASSELBALCH
EQUATION

Let RH represent an acid and R~ its conjugate base. Its dissociation may be
represénted by:

RH = H* 4 R-

The ionization, or dissociation, constant of this acid, K,, is defined by the

_ equilibrium expression:

[H*IR"]

where the square brackets indicate the molar concentrations of the substances.
By rearrangement and substitution: utxhzmg the definitions pH = —log[H*]
and pK, = —log K,, we get:

K,[RH]
R

—log[H"] = ~log K, + log

pH = pK, + log%,%'q]j ' 22)

B B . fo
Note that log A - (-(—;> = log A + log (—é) = log A — log (B)

Equation 9.2 is the Henderson-Hasselbalch equation, which may also be written: .

[H*] =

[R°]
[RH]

pH = pK, + log [proton acceptor]

{proton donor]

Problem 1

Calculate the hydrogen ion concentration, [H+*], in:

A. plasma at pH 7.4 ’
B. 'gastric juice at pH 2.7

" Problem 2

Calculate the pH of:

A. 0.001 M HCl
B. 0.20 M NaOH
C. 0.05M CH,COOH (K, = 1.86 x 10-%)

-~
-



ProbZem 3

* Using the Hendcrson-Hasselbalch equatlon, compute the [R-]/[RH] ratio

“when?
A. pH = pK, ~ ‘ D. pH=pK, -1
B.  pH = pK, + 1 : E. pH=pK, -2

C. pH =pK, + 2

If the pH differs by two or more units from the pK.,, you will not, for most
practical purposes, need to use the Henderson-Hasselbalch equation to calculate
the concentrations of the components of the dissociation reaction, because 99%,
or more of the substance will exist as the proton acceptor (if pH > pK, + 2)
or the proton donor (if pH < pK, — 2). .

The meaning of the Hendcrson-Hasselbalch equation can be easnly con-

_ceptualized. If the pH drops below the pK,, the conjugate base (R-) is

protonated to the acid (RH); hence, the ratio [R ~]/[RH] falls below one. On
the other hand, if the pH rises above the pK,, the acid (RH) liberates its proton
and the {R ] /[RH] ratio rises above one..

TITRATION AND
BUFFERS

Titration is the incremental addition of a strong acid or base to a solution while
measuring its pH up to the point, say, of ieutralization. After the desired pHis

“reached, one calculates the moles of acid or base added, and from that figure,

one determines the quantity of titratable acid or base in the solution.

The results of titration demonstrate whether or not the substance in
solution is acting as a buffer, that is, a compound that changes pH relatively
slowly in response to the addition of strong acid or base. Most buffers exhibit
their buffering action only within a narrow pH range. :

An important application of titration to medicine is in renal physiology.
The titratable acidity of urine is defined as the number of millimoles of NaOH
required to titrate one liter of urine up to physiologic pH (7. 4) The principal

titratable acid found in the urine is phosphate, which exists in three different
forms and has two pK, values:

pKy, = 1.2

.Pku, .
H,PO, H* + H,PO,-

H* 4 HPO,-2

Since the pH of urine never drops below 4.5, there is virtually no HyPO, in
urine, because pK,, = 2.1 (recall the value of [R~]/[RH] when pH = pK, + 2).

Problem 4

Your patient, a Nobel pnze-wmmng biochemist, asks you to calculate the ratio

' [HPO,~2}/[H;PO, "] in blood at pH 7.4 and urine at pH 7.2, 6.2, and 5.5.

You mutter “Bullfeathers!” under your breath as you draw your pocket
calculator and get to work.

Problem 5

The next morning the biochemist verifies your calculations. Now he wants you
to compute the titratable acidity of the phosphate in urine at pH 7.2, 6.2, and
5.5, assuming the phosphate concentration is 0.01 M and ignoring other
urinary buffers. Hearing you stammer a series of feeble excuses, he volunteers

8 2. Acids, Bases, and Buffers



to help you: “For pH 7.2, you determined (see Problem 4) that [HPO,~%]/

[H,PO,~] = 1.0. Therefore, a 0.01 M (or 10 mM) phosphate solutibn at
‘pH 7.2 will exist as 5.0 mM HPO,~2 and 5.0 mM H,PO,~. Now for pH 7.4,

you determined (sce Problem 4) that [HPO, ~2}/[H,PO,~] = 1.6. Hence, at -
pH 7.4, this solution will exist as 6.2 mM HPO, -2, since (1.6/2.6) x 10 mM =
6.2 mM, and as 3.8 mM H,PO,", since (1/2.6) x 10 mM = 3.8 mM. In
titrating 1 liter of this solution from pH 7.2 to pH 7.4, 1.2 mmoles of H,PO, -
are converted to HPO,~2 (5.0 mmoles — 3.8 mmoles = 1.2 mmoles H,PO,~
converted). This liberates 1.2 mmoles of hydrogen ion: '

P4
EEN

1.2 H,PO,- — 1.2 HPO,-? + 1.2 H*
which must be neutralized by NaOH:

2H* + 1.2NaOH — 1.2Na* + 1.2 H,0

In other words, 1.2 mmoles of NaOH are required to titrate 1 liter of this urine
solution from pH 7.2 to physiologic pH. Thus, the titratable acidity of one liter
of urine containing 10 mM phosphate at pH 7.2 is 1.2 mmoles. Now follow this
example for the cases of pH 6.2 and pH 5.5.” '

Amino Acids as

Buffers

Proteins function as one of the most important buffer systems in blood and

tissues, and their buffering ability derives from the dissociable groups on their
constituent amino acids.

‘Glycine, the simplest amino acid, has two dissociable groups, the a-amino

* and e-carboxyl groups:

pK,»" =23
—_—_— \

*H;N—CH,—COOH

pK, ag = 9.6

*+*H,N—CH,—COO- H,;N—CH,—CO00-
Glycine can therefore exist in three forms, depending on the pH:

1. Completely protonated (*HyN—, —COOH). Net charge of positive one.

2. Protonated o«-amino group with unprotonated a-carboxyl group

(*HyN—, —COO~-). This is the isoelectric species of glycine because it has
zero net charge. : »
3. Completely unprotonated (H,N—, —COO-). Net charge of negative one.

To determine the form and net charge of glycine at pH 3.0, for example,
consider each dissociable group separately. Since pK,, for the a-carboxyl group

. is 2.3, this group will exist mainly as COO-. More than about 10%,, however,

will be in the COOH form, because pH — pK, < 1.0. Applying the Henderson-
Hasselbalch equation, :

3.0 = 2.3 + log[COO-)/[COOH]
[COO-}/[COOH] = 5



Therefore, § of the carboxyl groups will exist as COO - whlle 1 will bc COOH
The net charge due to the carboxyl groups will be. —

' Turning to the a-amino group, its pK,, of 9.6 is 6. 6 units above pH 3. You
do not need to use the Henderson-Hasselbalch equation here, because virtually
100%, of this group will exist as *NH; with a charge of + 1. Thus, the net charge
on glycine at pH 3. 0is +4.

The net charge on an amino acid or protein determines its mobility in
electrophoresis, a technique that is used to separate compounds of differing charge
by applying an electrical potential across a medium, such as paper or starch gel,
that contains a solution of buffer and the sample compounds. Since glycine at
pH 3.0 has a charge of +3}, it will move toward the negative pole during-
electrophoresis at this pH. )

Because its imidazole group has a pK, of 6.0, histidine is the only amino
acid with significant buffering capacity in the physiologic range, i.e., between
pH 6 and pH 8. The pX, of cysteine’s sulfhydryl group is 8.3, which is closer to
the normal blood pH of 7.44 than the pK, of the imidazole group, but this SH
group is often tied up in disulfide linkages (such as in the dimer cystine) and is
therefore unable to act as a buffer. ¢

Let us next consider the buﬂ'ermg properties of hlstldxnc

K, = 6.0
H(f:(lz—cu,—(,m—-coo- = H(l}=('3—CH,-(I:H~—-COO' .
Nyg~NH *NH, ’ *HN&C/NH *NH,
H . H

At pH 7.4 the a-carboxyl group (pK, = 1.8) will exist as COO~, while the
e-amino group (pK, = 9.0) will exist almost entirely as *NH,. For the imid-
azole group,

)
7.4 = 60+10g—7-
"HN

[N<]
=25
[*HN\; ]

Hence, at this pH, the charge due to this group is + . Since the — 1 charge on
the e-carboxyl group balances the +1 charge on the a-amino group, the net
charge on histidine at pH 7.4 is + k.

Problem 6

Hemoglobin A (HbA), thc predominant adult hemoglobin, contains ‘5%,
histidine by weight. How many millimoles of histidine are in one liter of blood
containing 14 g hemoglobin per 100 ml blood, if the histidine content of other
blood proteins is ignored ? The molecular weight (MW) of His is 156 g/mole.

10 2. Acids, Bases, and Buffers



In titrating hemoglobin starting at pH 7.4, we nced consider only the
imidazole groups of histidine until the pH rises above 7.6 or falls below 5.5,
because no other dissociable R groups on the hemoglobin molecule have pK,
values near 7.4. If we titrate a one liter solution of 14 g HbA per 100 ml
starting at pH 7.4, we are in fact titrating a 45 mM solution of the imidazole
group of histidine (see Problem 6). At pH 7.4 the protonated form of the
imidazole group accounts for 1.7 millimoles (# of 45 mM) and the un-
protonated form for 43.3 millimoles per liter (2§ of 45 mM). If 2.0 mmoles v
HCl are added, the following buffering reaction occurs:

2 mmoles HC] + 2 mmoles N { —> 2 mmoles +HN< + 2 mmoles CI-

Thus, there will now be 3.7 millimoles ‘protonated and 41.3 millimoles un-
protonated imidazole groups. Applying the Henderson-Hasselbalch equation,

41.3 mM)

pH = 6.0 + log(11.2) = 7.05

Problem 7 Using the method just given, complete the titration chart below for one liter of
hemoglobin solution (14 g/100 ml) starting at pH 7.4:
/.
NQD
— N
Millimoles HCI added [*HN<] pH
2 -11.3 7.05
4 cee cee
8
14
20.8
Problem 8

Using the pK, values listed below, 1dennfy amino acids 4, B, C, and D from
their titration curves in Flgure 2-1. v

Amino acid pK,, pK,, pK,,
Asp 1.9 3.6 96
His 1.8 -7 6.0 9.2
Lys 2.2 90 10.5
Thr 2.6 10.4 —

11



Figure 2-1
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pH

Isoelectric pH

The isoelectric pH, or pHy, is the pH at which an amino acid has a net charge.of
zero. For an amino acid with two dissociable groups, the pH, is the average of
the two respective pK, values. For an amino acid with three dissociable groups,
one must average the two pK, values on c1ther side of the isoelectric species to
obtain the pH,. Thus for cysteine,

pK,a = 8.3
—_ .

ok,
HS, *NH,, COOH HS, *NH,, COO-

charge = +1 isoelectric,
charge = 0
pK,, = 10.8
-8, *NH,, COO- -8, NH,;, COO-
charge = —1 charge = -2

Thus, thc pH; of pysteme is the average of pK, (1.7) and pK,,(8.3), which
equals 5.0.

For basic amino acids, pH; equals the average of pK,, and pK_ . For
acidic amino acids, pH, is the average of PK, and pK, .

B Problem 9

Calculate the pH, for the amino acids listed in the table under Problem 8.

Ion Trapping

One of the principal means of excreting acids into the urine is the renal tubular

- secretion of NH,* (ammonium). Once inside the lumen of the tubules,

ammonium cannot be reabsorbed unless it is converted to ammonia (NH,).
In other words, the NH,* cation becomes trapped within the lumen. Since the
pK, of ammonium is 9.3, within the normal urinary pH range of 4.5 to 7
virtually all the NH; secreted by the tubules is trapped as NH, *,

Another application of ion trapping to medicine is to augment the

excretion of barbiturates after an overdose by administering agents to render
the urine more alkaline.

»
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The Bicarbonate
Buffer

Bicarbonate (HCO;~) provides the most important physiologic buffer system
for several reasons:

1. Bicarbonate is present in high concentration in plasma; e.g., in humans,
its concentration is 25 mEq/liter at pH 7.4 when Pco; = 40 mm Hg.

2. The enzyme carbonic anhydrase in erythrocytes (red blood cells) and renal
tubules allows the rapid interconversion of CO, and carbonic acid (H,COj).

3. The lungs rcgulate the partial pressure of CO3 (Pcoy) in the blood on a
minute-by-minute basis. _ ; '

4. The kidneys regulate urinary bicarbonate excretion and can alter the
plasma HCO, - concentration slowly, over the course of hours.

5. Hemoglobin is positioned side-by-side with carbonic anhydrase in erythro-
cytes and assists the buffering action of bicarbonate.

Let us first consider the bicarbonate buffer system in vitro, unassisted by
the lungs, kidneys, carbonic anhydrase, or hemoglobin.

pK, = 6.1

CO, + H,0 =— H,CO,

H* + HCO,4-

In vitro, the hydration of CO, to form carbonic acid, H,CO,, and the reverse
reaction occur very slowly. As a buffer at pH 7.4, this system compares in
strength to the histidine buffer. If we add HCI to this buffer, the rapid net
reaction will be: ’

H* + HCOy~ —— H,CO,

As the pH is raised, carbonic acid will dehydrate to yield CO,, which can
escape into the surrounding air.

Adding the enzyme carbonic anhydrase in vitro improves the buffer
strength of the bicarbonate buffer. If HCI is added to such a system, the rapid
net reaction will be:

» Carbonic
H* + HCOy- —— H,CO, 22, 0, + H,0
Applying the Henderson-Hasselbalch equation, we get:

' HCO,~]

H = 6.1 + log 5199

P ® [H,C0,]
In the presence of carbonic anhydrase, the H;CO; concentration will be so
small that it cannot be accurately measured. Instead, we may substitute the

CO, concentration (mmoles/liter):

[HCO, "]

pH = 6.1 + log [CO,]

In practice, we measure the partial pressure of carbon dioxide (Pco; in mm
Hg or torr), rather than measuring the CO, concentration directly:

[CO,] (mmoles/liter) = 0.03Pco, (mm Hg)
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