11.  Respiration and Metabolism

Having just finished a quick look at photosynthesis in which carbon dioxide and water combine to produce the six-carbon carbohydrate glucose, for example, we can proceed to look at the complementary processes, one of which is the metabolism of carbohydrates.  Photosynthesis is summarized as

 6 CO2 + 6 H2O ( C6H12O6 + 6 O2
The metabolism of the carbohydrate is summarized as

C6H12O6 + 6 O2( 6 CO2 + 6 H2O 

Photosynthesis requires energy -- in the form of light for our discussion.  Not surprisingly, what looks like the reverse, metabolism of carbohydrate, releases energy.  Metabolism is a source of energy.  But as in the case of photosynthesis, the details of the metabolism of carbohydrates are extraordinarily complex.  Yet all living things that metabolize carbohydrates using oxygen follow nearly identical pathways.

We'll begin with a modest observation.  The overall equation for the metabolism of glucose as represented by the above equation looks identical to what you would write down if you were talking about burning glucose -- with a flame -- in the presence of oxygen.  The energy released would appear in the form of lots of heat, some light, and gases given off (carbon dioxide and water vapor).  To make use of that energy, the heat and expanding gases can be tapped.  This is what an internal combustion engine and also a steam engine do using hydrocarbons, (though, not glucose).  But an inescapable requirement – one that cannot be overcome by even the most ingenious engineering design – is that some of the heat is lost to the surroundings.  Theoretically, the most efficient steam engine operating between the boiling point of water and room temperature is about 20%.  The theoretical limit is not achieved very easily.  The efficiency can be improved if the hotness (temperature) of the energy source is increased.  But for living species, there aren’t many examples that can tolerate temperatures above or even near the boiling point of water.  What is done biologically is to step through a large number of intermediate energy generating segments in such a way that the heat generated is minimal, yet the efficiency of extracting the available energy is about 40%.  That’s what we’ll now look at.

The energy extracting steps usually involve the combination of ADP with the phosphate ion to make ATP.  In the very first stages of glucose metabolism, oxygen isn’t even needed.  The pathway is referred to as the anaerobic sequence.  A sequence of nine steps involving nine different enzymes brings about bond rearrangements, phosphate additions, breaking an intermediate 6-carbon species into two 3-carbon species and, ultimately, the generation of lactic acid, C3H6O3, whose structure is shown below.
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The overall chemistry can be expressed as (compare to no ADP/ATP?)

C6H12O6  + 2 ADP + 2 H3PO4 (2 C3H6O3 + 2 ATP + 2 H2O

where we have written phosphoric acid (H3PO4) instead of the phosphate ion (PO43-) for simplicity’s sake.  In muscle, if the anaerobic path proceeds under extreme demands, the lactic acid concentration can build up high enough to cause pain and the sensation of being tired.  Recovery takes time.  But eventually, the next part of the path brings about the concluding sequence of converting lactic acid into carbon dioxide and water.

But not in all living species.  In some microorganisms, yeast being a prime example, the immediate precursor of lactic acid follows an alternate path because of a different enzyme. In yeast, we refer to the metabolic process as the fermentation of glucose.  The precursor of lactic acid is another three-carbon molecule, pyruvic acid.  
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Instead of conversion to lactic acid, each of the two pyruvic acids loses a carbon dioxide and the two-carbon residue ends up (after one more step) as ethanol: ethyl alcohol or grain alcohol.  That is

C6H12O6  + 2 ADP + 2 H3PO4 (2 C2H6O + 2 ATP + 2 H2O + 2 CO2
Note the production of carbon dioxide in this fermentation is accompanied by the generation of carbon dioxide.  It was this by-product from a brewery that led Priestley to his early work on fixed air (See the chapter “Discovery”.)

Getting back to discussion of conventional metabolism, that seen not in yeast; for the conversion of each of the two lactic acids all the way to carbon dioxide and water, another series of steps, more than a dozen, is called upon for each of the pair of molecules.  As in the case of photosynthesis, this series is cyclic in nature because regeneration of ingredients is necessary to sustain the living system.  One of the early steps is the conversion of each three-carbon derivative of lactic acid into carbon dioxide and a two-carbon derivative related to acetic acid.  Each glucose thus feeds ultimately into a pair of cycles that will each release three carbon dioxide molecules schematically shown here.
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Not shown on this gross simplification is where oxygen comes into play.  The oxygen(s) are employed in several steps to remove hydrogen ions, regenerating some of the enzyme-helping molecules so that they are again available.  In so doing, the oxygens are converted into water, H2O.  The overall scheme for lactic acid metabolism is encapsulated in the expression

C3H6O3  + 18 ADP + 18 H3PO4 + 3 O2 ( 3 CO2 + 21 H2O + 18 ATP 

For the full blown spectacle going from glucose to carbon dioxide and water, incorporating the pair of lactic acid loops, we have 

C6H12O6  + 38 ADP + 38 H3PO4 + 6 O2 ( 6 CO2 + 44 H2O + 38 ATP

Where’s the energy, you ask?  That was the point of this discussion.  It’s stored in the ATP molecules from which it can be released as needed by conversion (back) to ADPs plus phosphates.

Photorespiration

In the previous chapter where photosynthesis was being discussed, mention was made of the important enzyme rubisco whose main role is in speeding up the “carboxylation” – the addition of carbon dioxide – to the five-carbon molecule abbreviated as RuBP.  Rubisco is short for “ribulose bisphosphate carboxylase/oxygenase”.  The “-ase” suffix is what is used to indicate an enzyme.  As with all enzymes, rubisco is a large molecule, a protein.  There is more than one kind whose detailed structure is known, but not all of rubisco’s function is understood.  Spinach rubisco has the structure shown here.
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The part of its action that relates to our discussion here is its affinity for both CO2 and RuBP and its ability to foster a re-arrangement of the chemical bonds, subsequently releasing the pair of three-carbon “PGA” molecules pictured in the previous chapter.  The shuffling of bonds is the carboxylation reaction, hence the word carboxylase in the enzymes long name.  But rubisco has another talent in that it can also encourage the launching of a different sequence of steps.  The alternative requires light and involves the enzyme using oxygen, releasing CO2 and producing just one PGA molecule plus a two-carbon by-product.  The latter actually inhibits the Calvin photosynthetic pathway and must be metabolized for the process to ever recover.  The alternative oxygenation pathway – the use of O2 – accounts for the word oxygenase in the dual function enzyme’s name.  Requiring light to foster an oxygenation is why this process is referred to as photorespiration.

Because the rate is slow in which rubisco carries out its CO2 its carboxylation, its addition to RuBP, lots of the enzyme is required in plant leaf.  It has been found that it constitutes as much as 50% of the soluble protein in leaves making rubisco arguably the most prevalent protein on the planet.

The result of following the photorespiration pathway is that one carbon dioxide is produced for each two RuBP used.  It is a drain on the plant’s efficiency, taking place about a third of the time in place of carbon dioxide incorporation leading to sugar.   Detailed analysis of the entire photorespiration phenomenon indicates that nearly half the energy associated with the carboxylation and photosynthesis path is lost via photorespiration.

Since O2 and CO2 compete for rubisco, the pathway taken by the enzyme, not surprisingly, depends on the relative concentrations of O2 and CO2.  Even though rubisco’s action favors carbon dioxide use over that for oxygen by a factor of 80, the more than 500-fold excess of O2 over CO2 in the atmosphere now reduces that advantage to only a 3-fold benefit.

There are variations in the rubisco protein from species to species.  Even slight changes in structure can alter, among other things, the competition (or “selectivity”) between O2 and CO2.  For example, there are versions of some bacteria that have the CO2 advantage reduced by factors of two or more compared to the typical factor mentioned above.  This is no problem, though, if there’s no oxygen around as in anaerobic environments…or on the primitive Earth.  On the flip side, there are some photosynthetic systems such as that in certain thermophilic alga that have CO2 specificities more than twice the normal originally referred to.

Respiration

When we breathe, the incoming air contains 21% oxygen (at sea level).  When we exhale, the oxygen level in the expired breath is down to 15% and there is 3.6% carbon dioxide present.  The carbon dioxide is the result of metabolic processes among which is the oxidation of glucose just described above.  The oxygen entering our lungs passes down our trachea into the bronchial branches and then to the bronchioles.  
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Then everything fans out into the alveolar region strikingly displayed above.  There are 300,000,000 alveolar sacs in the human lung.  Their surface area is nearly 100 square meters, roughly the size of a tennis court.  The O2 diffuses across very thin membranes here into capillary blood where it is taken up by a large molecular assembly called hemoglobin.  Central to the behavior of hemoglobin is a structure called heme which is vaguely similar to chlorophyll a major difference being the presence of Fe2+ at its core rather than magnesium.  The outer regions of heme also differ from that of chlorophyll.
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Hemoglobin is a package of four major protein structures, each containing a heme group.  Just less than half the volume of blood is the volume due to red blood cells.  There are five trillion red blood cells in a liter of blood and within each such cell are a few hundred million hemoglobin molecules.  Blood is continuously circulated via the pumping heart and delivers the oxygenated hemoglobin to places where it is needed, such as working muscle.  There, the oxygen is released by the hemoglobin.  That action has an interesting and critical effect on the carbon dioxide waste product that needs to be removed.  The carbon dioxide is converted to the bicarbonate ion, HCO3-, which is very water soluble and can enter the blood and be carried back to the lungs where a new supply of oxygen is picked up at inhalation.  The action of taking on oxygen converts the bicarbonate back to carbon dioxide in the lung where it is then released as a gas into the subsequent expiration breath.  The delicate balance here is quite necessary.  For example, where there is less metabolism and consequently less carbon dioxide waste product, the release of oxygen from hemoglobin is reduced.  In trying to maintain the balance also, an increase in carbon dioxide is answered with increased pulmonary ventilation (breathing).  For a period of time in recent history, carbon dioxide was actually used to stimulate respiration in human newborns.

The steady-state amount of bicarbonate in the blood is itself of crucial physiological importance.  It serves to buffer the acidity of the blood at pH 7.4.  This is determined by the ratio of HCO3- to “H2CO3” which, in blood, is about 11 to 1.  (See Fig. ? in the chapter “Carbon Dioxide and Water”.)  Any blood pH outside the range of about 7.2-7.6 can have serious consequences.  Although there are other chemicals which also act as buffers in the blood, the predominant capacity of the blood pH to remain more or less constant is due to the bicarbonate.  The bicarbonate buffer is not maintained automatically as an equilibrium outcome of carbon dioxide levels in the air, but rather is controlled by those amazing chemical machines, the kidneys, which can remove carbonic acid and/or pump bicarbonate back into the blood as needed.

The rate of our breathing is controlled by the concentration of carbon dioxide in the lungs monitored by sensor cells that communicate with the medulla oblongata.  The latter is located at the base of the brain at the top of the spinal column and controls motor nerves in the diaphragm and muscles in the rib cage.  Additionally, the smooth muscles in the walls of the lungs’ brachioles are sensitive to the presence of carbon dioxide.  Rising concentrations of CO2 causes the bronchioles to dilate – open wider – and this, in turn, lowers the resistance in the airways, increasing the airflow in and out.

Meanwhile, away from the lungs and after metabolic production, carbon dioxide waste diffuses out of tissue cells and enters the capillaries as dissolved CO2 .  A minor portion – 7 % – is transported to the lungs in this way.  By far most of the aqueous carbon dioxide is converted to carbonic acid, H2CO3, a process that is ordinarily slow taking many seconds or even minutes, but that is accelerated five thousand fold by carbonic anhydrase, an enzyme in red blood cells.  In less than a second, we inevitably then get H+ and HCO3- because the dissociation of carbonic acid, H2CO3 ( H+ + HCO3-, is fast even without an enzyme.  The H+ produced would and does cause a drop in pH – an increase in acidity.  But because hemoglobin can take up the H+ and act, in effect, as a buffering agent itself, the pH drops only to 7.37 from 7.41.  The soluble bicarbonate HCO3- diffuses out of the red blood cell into the blood plasma, being replaced by chloride, Cl-, because the solution must stay electrostatically neutral (uncharged).  The opposite effect occurs when the bicarbonate is later released as CO2 in the lung upon exhalation. HCO3- combines with H+ released by hemoglobin as fresh oxygen is taken up by hemoglobin.  The H+ recombines with bicarbonate to form water and carbon dioxide.  About 70% of the total carbon dioxide transport process follows this route.  The remaining 23% of carbon dioxide actually becomes loosely bonded to certain nitrogens on the hemoglobin assembly, forming a carbaminohemoglobin.  This is a relatively slower reaction that, through its structural influence, lowers the affinity of the hemoglobin towards oxygen.  That is, where there’s CO2 to be picked up (in a energy consuming cell) there’s a requirement for more oxygen which requirement is consequently met.

Normally, while resting, blood carries 4 volume percent CO2 : 4 milliliters of carbon dioxide per 100 milliliters of blood.  

Hyperventilation

Anxiety can sometimes bring about a condition known as “hyperventilation”, involving rapid shallow breathing resulting in carbon dioxide being released from the blood faster than the pH can be physiologically maintained at its buffer value 7.4.   Blood becomes less acidic, more basic (alkalotic), with the loss of carbon dioxide.  The light-headedness, dizzy feeling in “alkalosis” is often accompanied by tingling sensations in the hands and feet.  Loss of consciousness can result.  Hyperventilation can frequently be overcome by relaxing, breathing slowly, and arguably by breathing into a paper bag (so as to re-inhale higher levels of carbon dioxide and restoring blood pH balance).  On the other hand, self-diagnosis is not recommended since other more serious phenomena have similar symptoms.  Among these are pulmonary collapse or embolism.

Amphibians use their skin to “breathe” out CO2 .  Frogs expunge carbon dioxide two and a half times faster through the skin than through the lungs.  In contrast, humans release only 1% of carbon dioxide through the skin.

It’s a croc!
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Crocodiles seize prey in their powerful jaws and then submerge.  They do this to drown their captives.  Crocs are able to remain under water for an hour or even more.  This ability is enabled by a form of hemoglobin that actually reacts in a beneficial way with carbon dioxide, metabolism’s by-product, in its bicarbonate form.  In 1995, a team of molecular biologists (N. Hennakao Komiyama et al. Nature 373 244 ’95) determined that the protein portion of croc hemoglobin binds with the bicarbonate ion in a place and way that greatly eases the release of oxygen stored on the hemoglobin.  It acts on a molecular scale something like a surgeon’s retractor does in prying structures apart.
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a surgeon’s retractor

The crocodile seems to be the only species with this particular variation in molecular structure and its concomitant function.

Apollo 13
Everyone is more or less familiar with the famous lunar flight of Apollo 13.  Briefly, at about 47 hours following launch it appeared to be developing as the smoothest flight of the Apollo program.  The coupled command, lunar and service modules were on their way to a lunar landing.  Nine hours later, one of two oxygen tanks blew up, fatally damaging the remaining tank.  These were the gases supplied for fuel cells that provided electricity to the launched system.  Backup batteries were available for 10 hours worth of electricity, but obviously this wasn’t enough.  The “command module” lost its normal supply of electricity, light and water while 200,000 miles from Earth on the way to the Moon, another 40,000 miles away.  The astronauts transferred to the “lunar module” which could serve as a sort of lifeboat.  There was plenty of oxygen for breathing available from a variety of sources.  However, the electricity use had to be cut to one-fifth normal.  Not enough water remained for more than five hours normal use, so intake of water was also cut to one-fifth.  The tough problem was the build-up of carbon dioxide.

Carbon dioxide was ordinarily removed from the module’s air by lithium hydroxide canisters.   The reaction is

CO2 (gas) + 2 LiOH (solid) ( Li2CO3 (solid) + H2O

The set-up in the lunar module was sufficient for two men for 49 hours – the lunar landing requirement.  But now it would be needed for three men for nearly 84 hours – the return to Earth.  Understandably, there were also lithium hydroxide canisters in the command module where the astronauts had been and where they were ordinarily still supposed to be, but these were of a different configuration and did not fit in the lunar module.  The carbon dioxide level in the lunar module was rising to dangerous levels.  The federal standard for limit of exposure to carbon dioxide in the home is 5000 ppm (nearly 14 times that present in the air normally).  In the module, the CO2 level was well past that and dire consequences were all but guaranteed.  But Mission Control in Houston, which had a replica of the modules and all the on-board supplies and equipment, devised a patch connection.  Using available plastic storage bags, cardboard, space suit hoses and adhesive tape, the astronauts were instructed on how to assemble a connection from the lunar module that would allow the air to be sucked through the cartridges in the command module.  A photo of the rigged system is seen here.
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The partial pressure of carbon dioxide peaked at 20,000 ppm (2% CO2) when the hook-up was activated.  Within an hour, the CO2 level dropped to about 250 ppm, less than we now breathe as we read this.  Near the end of the return flight, the command module was released.  The damage from the tank explosion is clearly seen in the upper right of the photograph on the left.  On the right is an artist’s recreation of the sequence of events:  release of the command module, release of the lunar module which never landed on the lunar surface, and re-entry of the service module into the upper atmosphere.
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Planned unconsciousness

Carbon dioxide can be used as an anesthetic and has been so used for humans, but infrequently, and not in recent decades.  More often it was employed with animals.  It is believed that the anesthetic effect of carbon dioxide brings about a pH change in the cerebrospinal fluid which induces the anesthesia.  The technique is rather extreme, involving high levels of carbon dioxide, perhaps 80%, supplemented as oxygen with the remainder.  The advantage is the very rapid response to the anesthetic probably owing to the ease of its chemical transport through the pulmonary and circulatory system.  The disadvantage is that recovery is also quick, maybe less than a minute duration for the anesthetic effect.
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