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~ There is an answer to this riddle: the cell’s original energy source is
glucose. In cellular respiration, a cell breaks down glucose molecules and uses
the energy that was locked up in the glucose molecules to make ATP.

WHAT IS GLYCOLYSIS?

Take a look at this word: glycolysis. That's glyco (as in “glucose”) and lysis
(as in “to break apart”). Now whenever you see this intimidating-looking

word, you will immediately recognize that it names the biochemical process

in EEnr glucose is broken down.

- Let’s zero in on one little cell. More specifically, we'll be looking at the
cell’s cytoplasm, where glycolysis takes place. s

m._wno_wmmm. .. * S .
1 Glucose —> 2 pyruvic acid

So in glycolysis, 1 glucose molecule gets broken down into 2 pyruvic
acid molecules.
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Anything else about glycolysis? Yes. The cell needs to m:Euq 2 ATP to
the process, but it gets a total of 4 ATP at the end. Final tally: for each
glucose molecule, glycolysis yields 2 new ATP molecules.

Now you know glycolysis. (Of course, we've skipped all of the interme-

diate steps in the process in order to present it to you so neatly, but that's

okay. We have to leave some things for when you get to college.)

WHAT HAPPENS TO THE PYRUVATE?

50 the cell has performed glycolysis on one glucose molecule, and it has
gained 2 extra ATP molecules. [t also has 2 molecules of pyruvic acid as the
end product of glycolysis. What does it do with the pyruvic acid molecules?
Well, it turns out that there’s still loads of energy locked up in them—
energy that the cell wants. So the cell keeps working on the pyruvic acid
molecules. In the next phase of molecular manipulation, the cell sends the 2
pyruvic acid molecules over to the mitochondria. There the 2 pyruvate are

converted to 2 acetyl CoA molecules. Now the acetyl CoA molecules are
ready to enter the Krebs cycle. {5
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1. Glycolysis is a process that breaks 1 glucose molecule
down into .2 molecules.

2. How many Dm&_PHﬁ_ molecules are produced when
1 molecule of glucose is broken down via
glycolysis?

3. How many ATP molecules are used in the
breakdown of 1 glucose molecule during glycolysis?

4. Which of the following is true regarding pyruvic acid?
A. It contains little if any potential energy in its

structure.

B. It contains less energy than does mEn.Omm.
C. It is created from acetyl CoA.
D. It is formed in the mitochondria.

THe Kress CycLe

The Krebs cycle is also located in the mitochondria, where all the rest of the
reactions will take place. Whenever you see this:

Acetyl CoA
CelLLH CoA

¥ _..;. - |Oxaloacetate O:Hmnm_
' NADH+H* _ ., _
_  NAD* _bboﬂrmn Eo_mnim_ ._
_” _ - NAD*
_. ?ozamﬁrgowmnc_mg » NADH + H*

A new molecule _ _ | Still another molecule

| | NADT
FADH, __ » NADH + H*
FAD _
A different Bimnil _..mmﬁ another molecule
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1. The Krebs cycle takes place in the

2. Which one of the following molecules joins up
with oxaloacetate and enters the Krebs cycle?

A. Pyruvate

B. Glucose
C. Citrate .
D. Acetyl CoA | ..

3. Which one of the following molecules remains once
one complete turn of the Krebs cycle has occurred?

A. Acetyl CoA
B. Oxaloacetate
C. Citrate
D. Pyruvate

4. Which of the following get generated 5\ the Krebs
cycle?

A. NAD* _mza FAD
B. NADH: msm FADH,

C. ADP and EOH.mmEm phosphate
D. HO

5. Another name for the Krebs cycle is the

6. The breakdown of 1 glucose molecule by glycolysis
“would result in how many turns of the Krebs

cycle?
Al

Bi 2
C. 3
D. 4
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THE ELECTRON TRANSPORT CHAIN

Remember when we told you that the mitochondria make nearly all of a
cell’s ATP? Well, they need FPUI and NADH*{n order to do so. Here’s
what happens.

The Set-up: Sitting on all of that extra surface area of the inner mitochon-
drial membrane is the electron transport chain. Don’t let the name intimidate
you. If we said, “sitting on the inner mitochondrial membrane is an assort-
ment of blackbirds,” you wouldn't be phased. The electron transport chain
is simply some different carrier molecules sitting near one another. (They
have names like ubiquinone and cytochrome b.)

The Action: Electrons from our NADH and FADH, get passed down this
chain—"handed,” so to speak, from carrier to carrier down the line. Since
the electrons are first given and then passed on to each successive carrier,
the electron transport chain is essentially a series of oxidation-reduction (or
redox) reactions. As electrons get handed from carrier molecule to carrier
molecule, they give up a little energy at each point along the way.

The End of the Line

At the end of the carrier molecule chain, an oxygen awaits. The electrons get
handed to the oxygen and water forms.

My energy
isn't what it
used to be.

¢ ¢
_<_< arms are
. killing me.

OXIDATIVE PHOSPHORYLATION

Here’s where oxidative phosphorylation comes in. OP makes clever use of a
proton concentration gradient to get its work done. As the NADH and
FADH, are losing their electrons on the electron transport chain, they also
lose their protons. The small increments of energy that get released as the
electrons are passed from carrier to carrier get used to pump the protons




you're looking at the Krebs cycle (a.k.a. the citric acid Qn?v..mmn: acetyl CoA 3. at the end of the cycle, oxaloacetate emerges once again
enters the Krebs cycle one molecule at a time. It joins up with oxaloacetate to |
; gain entrance as citrate. _ AR
Acetyl CoA a4 “
_ o
, 3 . _Ox&omnmnmﬁm_
Oxaloacetate . m 3 :
Citrate m | et
_ wine | | Acid
- Think of it this way: you (acetyl CoA) arrive at a dance club (the Krebs ”_ ﬁ Cycle
cycle) and find out at the door that you can only get in as a couple. S0 you _, .
join up with the person hanging out at the entrance onm_omnmﬁﬂmv. Now F | . /
you're not a single (acetyl CoA) anymore—you're a couple An._.r..mﬁmv_, SO | o
you're allowed to enter the dance club (the Krebs cycle). _ | _ e

Once in the Krebs cycle, the citrate quickly becomes transformed into _ 1
something else and undergoes a bunch of further reactions. By the end of the A MituoN-poltArR QUESTION
cycle, however, oxaloacetate becomes available once again. H.q.m as though the
original couple that gained entrance (citric acid) doesn’t exist anymore, and
the person who arrived at the dance (acetyl CoA) is long gone, but the person

If what you start with is what you end up with, then what is the point of the
Krebs cycle? .

who was hanging out at the entrance is back again, available for the next This: it generates an ATP, but more importantly, it wﬁ.:m rwmﬁmm:m and
single (acetyl CoA) who arrives at the door. The oxaloacetate is available once Mwmﬂmqo:m off Mm Mrmﬂ molecules that M.H.m mo.__:mﬁ mo_m M w,_mwwﬂ_u It mMR_MMMWDmm _
. skl . tvl CoA for a spin around the Krebs cycle. yarogens and electrons onto something else (calle ' an , SO
again to __9: up with a e AR, e P ﬁ .w . that these new molecules harbor lots of potential energy. These new mol-
SO — N T AT Gh e o ecules are called FADH, and NADH, and they promptly get shifted to the
ST Sy R : P Rhae .m-iﬁm_. ﬂwf_ > L...___m_h.r L SRR
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.M”;Ermz we say that acetyl CoA enters the Krebs cycle, we _.Emmb..._?m.a

12+ it enters as citrate and the citrate then undergoes a series of biochemical - - i

#+7 reactions that keep transforming it into different compounds. Those d _ Goes GER | _
44 %“reactions happen in the mitochondrion because that’s where the enzymes . - - Let’s take a moment to look at oxidation and reduction,
Hithat catalyze those reactions are located. . ot L because it so r.amﬁm:m that the crux of cellular respiration is
e o e e B R s _ all about oxidizing glucose and its successor molecules as
%5, The reactions that make up the Krebs cycle are often depicted as one " far as the cell can push it.

@%Em circle in order to emphasize the fact that the oxaloacetate molecule =

Fil

* ” J . . i | .... 1 ; ' b - . 7 .
1% " the acetyl CoA initially joined up with becomes available once again _ In oxidation, a molecule loses an electron. That's LEO:

s R T af g Loss of Electron is Oxidation.
M,Hw_vwm,_m m.: ol the cycle. s g * Inreduction, a molecule gains an electron. That's GER:

Gain of Electron is Reduction.

_ s _ e NAD* is a coenzyme that takes on electrons. lts
Here’s a little recap of Krebs cycle events, because we know it takes a o

oy reduced form is NADH. .
few rounds in order to become familiar: 2 mmbmo M%Mw}mw coenzyme that takes on electrons. Its
1. acetyl CoA joins up with oxaloacetate and enters the feducest torm is FALIH,.
Krebs cycle as citrate
2. all sorts of things happen to the citrate and its successors “
during the Krebs cycle 5
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_ _ CHeck YOUurR PROGRESS 3
right out of the mitochondrial matrix (the innermost part of the mitochon-

dria). By establishing this proton gradient, the mitochondrion sets up some

potential energy for it to tap into 1. The electron transport chain transports

The Set-up: In certain spots on the inner mitochondrial membrane are | &, Eﬂ
special openings, or channels. Situated at these channels like ticket-takers P. splecs
are certain enzymes. These enzymes (like all enzymes) do one specific thing, . electrons
and they do it well. _ D. gold

The Action: The protons that were pumped out of the matrix can only get
back in one way: through the special channels -on the inner mitochondrial
membrane. Because there are more protons outside the matrix than inside,
every time a proton enters the matrix through that opening some energy | _ . .
becomes available. And an enzyme sitting at that opening snaps up that 3. Each time an electron is passed from one carrier
energy and uses it to add a phosphate onto an ADP (adenosine diphos- molecule to the next, some is released.
phate) molecule. Véila—the mitochondrion has made some ATP. _

2. An array of carrier molecules located on the 2
| make up the electron transport chain.

\ ,
_ _ . . 4. In oxidative phosphorylation, a ___ gradient

_ _ . | is established which ultimately provides energy for
BACKTRACKING ADP and phosphate to join up to become _ :

Because we just threw a whole lot of information at you, let’s do a little

backtracking to keep things straight. 5. Where does the cell get the energy to pump

The mitochondria made ATP. ” protons generated by the electron transport chain

. | outside of the mitochondrial matrix?
It got its source of energy from the movement of protons H_ _

down a concentration gradient. A. From energy released when electrons are
handed down the electron transport chain
B. From ATP generated by the process of

The protons came from the electron transport chain.

The electron transport chain pulled them off of NADH - glycolysis _
and FADH,. . C. From the conversion of pyruvate to acetyl CoA
The NADH mzn_ the FADH, were generated by the Krebs priogde when, it enters:the Jebs gy 1l
cycle. D. From an ATP source located outside the cell
Citric acid was the starting molecule for the Krebs cycle. 6. Which of the following species serves as the final
It came from acetyl CoA and oxaloacetate , hydrogen/electron acceptor in the electron transport
_ o chain?
The acetyl CoA came from pyruvate.
. : A. Hydrogen
The pyruvate was created via glycolysis. B. Nitrogen
Glycolysis broke down a glucose molecule. . : C. Oxygen
| w D. Carbon

There you have it—aerobic cellular respiration—forwards and back-

wards. Look over this whole section a few times and then construct the
sequence of events your own way.
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AEROBIC vS. ANAEROBIC RESPIRATION

With the exception of glycolysis, everything we’ve just covered is called

aerobic respiration (it requires oxygen). Specifically, the Krebs cycle, the
electron transport chain, and oxidative phosphorylation are all aerobic pro-
cesses. Aerobic respiration is extremely efficient, squeezing out as much

Anaerobic respiration, on the other hand, is not very efficient. But don’t

tell that to the bacteria, yeast and muscle cells that engage in it. How is

anaerobic respiration different from aerobic respiration? Well, it doesn’t use
oxygen at all. Anaerobic respiration starts out the same as aerobic respira-
tion—with the process of glycolysis, which is anaetobic. We told 'you that
glycolysis yields the cell a net of 2 ATP. Well, that’s all that any cell that

engages in anaerobic respiration gets—2 ATP. Compare that to 38 ATP for
aerobic respiration, and you see why we say it’s comparatively inefficient.
Organisms that conduct anaerobic respiration are called anaerobes.

FERMENTATION

Anaerobic respiration doesn’t end with glycolysis—only ATP production

ends with glycolysis. In anaerobic respiration, fermentation takes up where
glycolysis leaves off. Let’s take a look _

- glycolysis
1 glucose — -

> 2 pyruvic acid

fermentation

2 wﬁcim.mna g > (O, (carbon dioxide) and
1 _ alcohol (ethanol)

We’re looking at what happens to a glucose molecule in a yeast cell or a

bacterium. The glucose molecule undergoes fermentation. (This is how we
get things like beer and wine.)

- Here’s another fermentation process: once the cell mmmm its pyruvic acid,
it does this: .

y fermentation
mﬁﬁﬁinmni _r

i _ -> lactic acid
(This is how we get things like yogurt.)
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CHeck Your PrROGRESS 4

1. All of the following are possible products of
fermentation EXCEPT: _ _

A. lactic acid

B. carbon dioxide
C. ethanol _
D. citric acid

2. Which of the following are known to conduct
.. anaerobic respiration?

I. bacteria
II. yeast
IlI. animal cells

A. I only

B. II only

C. I and II only -
D. I, II, and III




3. Which of the following is NOT an aerobic process? O_.Ommb'ﬂ<

Aty A. Fermentation
B. The Krebs cycle
C. Oxidative phosphorylation
D. The electron transport system

i

acetyl CoA '
a 2-carbon molecule produced from pyruvate; joins oxaloacetate to form
citrate in the Krebs cycle

G aerobes .

4. @%no_wmmm 1s a process that does not require oxygen . organisms that conduct aerobic respiration

in mﬂmw to occur. Based on that fact, glycolysis aerobic respiration

wo e conside . . .

red an Process. the breakdown of glucose and its successor molecules in the presence of
. _ oxygen; relatively efficient yield of ATP

5. gamnm_m fatigue in humans is often due to a build- Q:quo_umm

up o _ in the [absence _ o _- . -

presence | .of oxygen. e / organisms that conduct anaerobic respiration

anaerobic respiration
the breakdown of glucose and its successor molecules in the absence of

6. Which of the following processes yields a net total oxygen; relatively inefficient yield of ATP

of 2 ATP?
fo _ _ itrate

[. Glycolysis | i s ] .

II. Electron transport and oxidative phosphorylation MMMWM omqh_m MMMW\W%%MHW%MMM& mmM%mmﬁom the Krebs cycle; formed by the

III. Fermentation |
_ electron transport chain

A. 1 onl
B o:ww\ an aerobic process in which carrier molecules on the inner mitochondrial
C. I and II only membrane transport electrons ultimately to an oxygen molecule
D. I and III only ~ ethanol g |
_ _ “ an alcohol; an end product of fermentation conducted by yeast and bacteria
7. 1 glucose - > pyruvic acid ——> EAD . .

ethanol and

a coenzyme that acts as an electron acceptor; this 1s its oxidized form

FADH,

8. The sequence shown in question 7 include ich _ | _
4 s which a coenzyme that acts as an electron acceptor; this is its reduced form

of the following process(es)?
OJ\GO—M\mmm OSJ\ | m_NnO_v\m_m

A. s _
W o orily " an anaerobic process in which glucose is broken down into 2 pyruvic acid
C. Glycolysis and the Krebs cycle only - molecules .
” D. Glycolysis, the Krebs cycle, the electron et Krebs cycle
s _ transport chain, and oxidative phosphorylation (a.k.a. the citric acid cycle) an aerobic process; a series of biochemical
only . _ reactions that take place in the mitochondria
lactic acid |
the end product of fermentation in muscle cells and certain fungi and
bacteria . . _
matrix

o the innermost portion of the mitochondria; it is surrounded by the inner
- mitochondrial membrane .




NAD*

a coenzyme that acts as an electron acceptor; this is its oxidized form

NADH a
a coenzyme that acts as an electron acceptor; this is its reduced form
oxaloacetate

2 4-carbon molecule that joins acetyl CoA to create citrate in the Krebs

cycle
oxidation _
when a molecule loses one or more electrons

oxidative phosphorylation .

an aerobic process on the inner mitochondrial membrane that makes use
of a proton gradient to produce ATP

pyruvic acid
(a.k.a. pyruvate) the end product of glycolysis
reduction _
when a molecule gains one or more electrons




