BY 101 
EXAM 1
Study Guide

WARNING!!!! This guide is only an outline of basic concepts you need to know and to study!!  It is NOT a complete set of study notes!!  You MUST study using your lecture notes and the text…relying solely on this will lead to a world of pain on exam day!!!

CHEMICAL CONCEPTS:

Electron shells:  Electrons orbiting around atoms can ONLY orbit in restricted regions (actually, specific energy levels) and not elsewhere.  These regions, called electron shells, can each hold only a limited number of electrons….any additional electrons must go to the next shell.  (Note for the chemically inclined: electron shells are collections of orbitals…the 1s orbital forms the first shell, the 2s, 2px, 2py, 2pz orbitals form the second shell, etc).

The first shell can hold 2 electrons, the second shell can hold 8, the third shell can also hold 8, and higher shells can hold more.

Atoms with FILLED outer electron shells, the noble gases such as helium and neon, are very stable and completely unreactive…they do not form molecules.

The number of electrons in the outermost shell (the valence shell or valence electrons) of an atom largely defines that element’s chemical and physical properties (forming a column on the periodic table).  For instance, sodium, lithium, and potassium all have similar properties and react in similar ways, and all have a single electron in the outer shell meant to hold 8.  (Note:  hydrogen also has one outer electron, but since that shell can only hold two, and since that electron orbits relatively close to the nucleus, hydrogen’s chemical properties are quite different from those of lithium, sodium, etc.).

Electronegativity:

This property of atoms is vital in understanding why and how chemical bonds form, and why some elements react with each other while others don’t!!

Electronegativity is how tightly an atom holds on to its outer electrons, and also indicates how strongly an element tries to take another atom’s electrons.  In general, the more electrons in the outer shell an atom has, the more electronegative it is… for instance, Chlorine, with 7 outer electrons is much more electronegative than sodium, which has only a single outer electron.  Also, for atoms with the same number of outer electrons, such as fluorine and chlorine, the lighter atom is usually more electronegative than the heavier one.  Fluorine therefore is more electronegative than chlorine, and chlorine is more electronegative than bromine.  Note that fluorine is the most electronegative atom of all.

Electronegativity scale:
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Chemical Bonds:

Atoms join together to form molecules by forming chemical bonds.  The reason they do so is that each atom “wants” to fill its outer shell….once it has done so, it is stable.

For instance, H needs a single electron to fill its outer shell, Na needs either to gain seven electrons or lose one to fill its outer shell, C needs four electrons to fill its outer shell, O needs two, and Cl needs one.  (Note that noble gases such as helium and Ne already have filled electron shell…..they don’t  need any more electrons and therefore don’t form chemical bonds!)

HOW an atom gets a filled electron shell defines what kind of chemical bonds it forms, and this in turn depends on how electronegative an atom it and its potential partner atoms are!!

Ionic Bonds:

These bonds form between atoms of extremely different electronegativities, such such as Li, Na, K, Ca, or Mg and Cl, F, Br.  In this case, using NaCl as an example, the Cl atom needs a single additional electron to fill its outer shell, while Na either needs to gain 7 electrons or lose one to have a filled outer shell.  But Cl is FAR more electronegative than Na, so it simply “steals” the single electron in Na’s outer shell and takes it as its own.  The end result; both Cl and Na have filled shells, but Cl has one more electron than protons and therefore is a negatively charged Cl- ion, while Na has one less electrons than protons, so it is a Na+ ion.  The opposite charges of the two ions attract and hold them tightly together, forming NaCl or salt!  Note that the properties of this molecule are radically different from the properties of either Na or Cl, since both atoms now have filled outer electron shells.  Ionic bonds are moderately strong bonds, but dissolving ionically bonded molecules in water actually breaks the ionic bonds and separates the molecule into separate ions.

Covalent Bonds:

These are the strongest bonds known, often three times as strong as ionic bonds.  Covalent bonds form between atoms that are more similar in electronegativity.  Neither atom is able to steal electrons away from the other (that would form an ionic bond) so the only way they can fill their outer electron shells is to SHARE pairs of electrons between each other, so that part of the time one atom gets a filled shell and part of the time the other atoms get filled shells.  A single pair of shared electrons is a single covalent bond, often drawn as a line between the atoms.  Some atoms can form two or even 3 covalent bonds with another atom.

For example, H needs only a single additional electron to fill its outer shell, so it can share its electron with another hydrogen and vice versa forming hydrogen gas (H2)…each H atom has the pair of shared electrons (resulting in a filled shell) part of the time.

Even fluorine is not electronegative enough to steal hydrogen’s single electron away, so it shares one of its electrons with hydrogen and vice versa…this results in F getting a filled shell part of the time, and H getting the filled shell the other part of the time, forming the molecule HF (hydrofluoric acid).  In general, the number of electrons needed to fill an atoms outer shell is the number of covalent bonds it can make.  H, Cl, F all need one additional electron and can form a single covalent bond, O and S need 2 more electrons and form 2 covalent bonds, N and P each need 3 and make 3 covalent bonds, while C needs four more electrons and can form four covalent bonds.

Polar and non-polar molecules:

Not all atoms share electrons evenly, however.  When an electronegative atom shares electrons and forms a covalent bond with a much less electronegative atom, for example, oxygen forming a single covalent bond with each of two hydrogens to form water, the oxygen is much more electronegative than the hydrogen, so the shared pairs of electrons spend far more time around the oxygen than the hydrogen.  The result is that the oxygen has a partial (not full….O did not actually steal the electron from the hydrogen!) (-) charge and the hydrogens each have a partial (+) charge.  Molecules with these regions of partial electrical charges are called POLAR molecules, and once again they form when atoms of different electronegativities form covalent bonds and share electrons.  Examples of atoms that form polar molecules include H and F, H and Cl, O or S and C, O and S and H, N and C or H.

When atoms of very SIMILAR electronegativities form covalent bonds between each other, they share electrons evenly and the molecule has NO regions of partial electrical charges.  These molecules are called NON-POLAR or HYDROPHOBIC.  As the name implies, non-polar molecules do not dissolve in water.  C and H form non-polar molecules since they are very similar in electronegativity.

Polar molecules dissolve well in other polar molecules (for example, NH3 (ammonia) and water, HCl and HF in water, ethanol and water, etc).  Non-polar or hydrophobic molecules dissolve well with each other, such as cooking oil and gasoline (= octane), methane and octane, etc.  But NON-POLAR and POLAR MOLECULES DO NOT DISSOLVE in EACH OTHER!!!  For instance, octane and water simply do not mix.  The fact that cooking oil does not dissolve in water indicates that the molecules in cooking oil must be hydrophobic.

Water is a highly polar molecule, so it is a terrible solvent for non-polar molecules but is an excellent solvent for polar molecules.  It also dissolves ionic-bonded molecules quite well.  When a salt dissolves in water, the water molecules are attracted and stick to the ions by their partial charges, overcoming the attraction the ions have for each other and pulling the ions apart.  Thus, NaCl in water is actually a equal number of Na+ and Cl- ions, each surrounded by a shell of attracted water molecules.  When all the water molecules are surrounding ions, any more salt added will simply not dissolve…you have reached the saturation limit of that salt.  A few ionic-bonded molecules such as CaF2 (the mineral Fluorite) hold together so tightly that even water cannot pull these ions apart, so fluorite is insoluble in water.

Hydrogen Bonds:

Polar molecules with a hydrogen may be able to form hydrogen bonds, which are VERY weak attractions between appropriate molecules.  Hydrogen bonds are less than 1% if the strength of a covalent bond, and can easily be broken by boiling water temperatures, but they are vitally important biologically.

To make a hydrogen bond, you need two ingredients:

A. A hydrogen atom with a partial (+) charge on it due to it being covalently bonded to a much more electronegative atom such as N, S or O.

And

B. An electronegative atom with a partial (-) charge on it because it is covalently bonded to a much less electronegative atom…. Examples include: C=O, H-O, C=S, N bonded to C or H.

If these chemical groups are brought within an atomic diameter or so, a hydrogen bond forms because the opposite partial charges attract.  Examples of hydrogen-bond forming molecules include water (the O of the water molecules forms hydrogen bonds with the H of other water molecules) and NH3 (the N is attracted to the H of other ammonia molecules).  Hydrogen bonds are the main reason water stays liquid at high temperature.  Ammonia forms hydrogen bonds with other ammonia molecules but weaker ones (nitrogen is less electronegative than oxygen), so ammonia is a gas at room temperature and doesn’t liquefy until very cold.  Methane (CH4) by contrast does NOT form hydrogen bonds (no partial charges on either the C or the H) and boils at 300 degrees below zero!!!

Hydrogen bonds are critically important in two of life’s most fundamental processes: the accurate replication of DNA and the accurate synthesis of RNA.  This works because the “bases” of DNA and RNA, nitrogen-rich single or double-ringed molecules, can form hydrogen bonds only with specific other bases.

Adenine (A) forms two hydrogen bonds with either Thymine (T) or Uracil (U)

Cytosine (C) forms 3 hydrogen bonds with Guanine (G)

This allows one strand of DNA to specify the sequence of a second strand of DNA or a strand of RNA.

For example:
   ATTCATTTACG

If we separate the strands, each strand can 



   TAAGTAAATGC

specify the sequence of a new strand

ATTCATTTACG

and

ATTCATT……

TAAGA………



TAAGTAAATGC

The same happens with one strand of DNA specifying the sequence of a newly synthesizing strand of RNA.

The error rate of this process is only one in a million, and “spell checking” enzymes ensure that even the rare mistakes get caught and corrected when DNA is replicated.

Hydrogen bonds also play roles in the structure of proteins.

Energy Change in Chemical Reactions:

All chemical reactions involve a change in energy, whether it be subtle or dramatic, slow or explosively violent.  When chemical reactions occur, chemical bonds are broken (which uses energy) and new ones formed (which releases energy)…the overall reaction may either release or absorb energy.

Exergonic reactions release energy.  Once started, they continue to equilibrium (which usually means near-completion).

Endergonic reactions absorb energy.  Without a supply of energy, the reaction simply ceases.

Chemical reactions also have an energy “barrier”, called the activation energy, that must be overcome in order for the reaction to start.  This explains why even highly exergonic reactions such as combining octane (gasoline) with oxygen will not occur at room temperature…the molecules at room temperature simply are not able to overcome the activation energy barrier.  Heat octane enough, however, and the activation energy barrier is overcome and the reaction proceeds.

Catalysts:

A catalyst speeds up the rate of a reaction or allows it to proceed at a temperature that it ordinarily wouldn’t, by providing in some way an alternate reaction pathway that effectively lowers the activation energy barrier of a reaction.  It is like going from Italy to France by climbing over the Alps compared to walking over a mountain pass.

Catalysts participate in the reactions they catalyze but DO NOT get used up in the reaction and can be used over and over again.  Each catalyst has a range of reactions they can catalyze; some like platinum powder catalyze a large range of reactions while others are much more specific.

Enzymes are specialized biological catalysts that are used in all kinds of processes.  Most enzymes are proteins although a few are RNA molecules.  Enzymes are VERY specific, catalyzing just a single or a limited range of reactions.  Because they are so specific, they catalyze their reactions very effectively.  Like all catalysts, enzymes do not get used up in the reactions they catalyze.  The ACTIVE SITE of an enzyme is the region of the enzyme that actually performs the catalytic reaction, while the SUBSTRATES of an enzyme are the molecules that bind to and are catalyzed by the enzyme.  For instance, the enzyme alcohol dehydrogenase or ADH, which breaks down ethyl alcohol into acetaldehyde (which is toxic and responsible for some of the hangover symptoms), has ethyl alcohol and some other small alcohols as its substrates.

Polymers: 

A polymer is a large organic molecule made up of many small organic molecules covalently bonded together.  Many of our common plastics and fabrics are polymers.  For instance, the plastic polyethylene is made of thousands of ethylene molecules (a gas at room temperature) covalently bonded together to form the plastic.  Nylon, Rayon, and other fabrics are also polymers.

Four major classes of vital biological molecules are also polymers:

Polysaccharides (carbohydrates) are polymers of sugars.

Nucleic Acids (DNA and RNA) are polymers of nucleotides, which themselves consist of a five-carbon sugar, a phosphate ion and a nitrogen-rich base.

Lipids are polymers of several kinds, the most common ones are made of glycerol and fatty acids.

Proteins are polymers made of amino acids.

The biological polymers and many artificial ones as well are made by a type of reaction called a condensation or dehydration reaction.  If A and B represent two subunit molecules we wish to join together: 

H-A-OH + H-B-OH---------( H-A-B-OH + H2O

Condensation reactions are ENDERGONIC, they use up energy.

The reverse reaction is a HYDROLYSIS reaction, where a water molecule is forced between the covalent bond holding two subunits together, breaking that bond.  Hydrolysis reactions are EXERGONIC.

H-A-B-OH --------( H-A-OH + H-B-OH

Coupled Reactions and ATP Hydrolysis:

One hydrolysis reaction in particular is especially important in life: the hydrolysis of ATP.

During ATP hydrolysis, the third phosphate is removed from the molecule, resulting in ADP.  This hydrolysis reaction is unusually exergonic.

ATP + H2O -------( ADP + PO4

The energy released by ATP hydrolysis is captured and used to power the many endergonic reactions, such as synthesizing a protein or a nucleic acid, in a cell.  ATP is often called the “energy currency of the cell”…when an endergonic reaction is performed, almost always ATP hydrolysis is used to power it.

ATP hydrolysis powers these reactions by what are called COUPLED REACTIONS.  An enzyme binds BOTH ATP and the substrate molecules at its active site.  Then the enzyme catalyzes ATP hydrolysis, and the energy released alters the enzyme in a way that the enzyme then catalyzes and powers the energonic reaction on the substrates.

MOLECULES OF LIFE:

Sugars and polysaccharides:

Sugars are ring-shaped molecules made entirely of C, H, and O.  They have lots of H and –O-H chemical groups attached to the carbons in the ring.  Amino sugars also have one or more nitrogen-containing amino groups (-NH2) attached.

Sugars are joined together by condensation reactions to form polysaccharides (=carbohydrates).

Common Six-Carbon sugars:

Glucose (=corn sugar = dextrose)  Major sugar used in metabolism.  Also produced by plants from carbon dioxide in photosynthesis.

Fructose (= fruit sugar)  Found in lots of fruits….much sweeter than table sugar

Galactose.

Common five-carbon sugars:

Ribose.  Component of nucleotides and nucleotides used in RNA.

Deoxyribose.  Similar to ribose but missing an oxygen.  Found in the nucleotides that make up DNA.

Ribulose.  A modified version (ribulose diphosphate) is what CO2 is attached to during photosynthesis to eventually make glucose.

There are sugars ranging from 4 – 8 carbons as well.

Common Dissaccharides (2 sugars):

Sucrose.  Made up of glucose_+ fructose, it is ordinary table sugar.  Produced and stored in large quantities by sugar cane and sugar beets.

Maltose:  Made of glucose + glucose.  Produced by germinating barley plants (=malt).

Lactose (milk sugar) + Glucose + galactose.  Produced by the mammary glands of mammals.  Lactose is relatively tasteless.  Many people, especially African and Asians, lose the ability to produce the enzyme lactase which breaks the bond between the two sugars, resulting in lactose intolerance.

Polysaccharides:

Made by condensation reactions involving sugars.  Since each sugar has many H and 

-OH groups, there are many different locations on each sugar that covalent bonds between sugars can be formed.  Thus you can get different polysaccharides, each made up of the same sugar, by using different covalent bonds between the sugars.  

Because you can attach two sugars off of the same sugar, you can generate polysaccharides that are branched like a tree.  This is unique to polysaccharides.

There are two major classes of polysaccharides: simple and complex.  

Simple polysaccharides are made entirely of glucose, but with different covalent bonds.  Simple polysaccharides = starch, cellulose, and glycogen.

Starch:  Made only by plants, it is used to store energy for the plant.  Seeds, containing an embryonic plant, are especially rich in starch.  Animals, including us, consume large amounts of starch…our major food source!

Glycogen:  A polysaccharide produced only by animals that is used to store energy in animal cells for short-tern use.  Glycogen plays the same role in animals as starch does for plants.  Cells that need a sudden burst of energy, such as skeletal muscle cells, are rich in glycogen, which is quickly metabolized when needed.

Cellulose: Made exclusively by plants, it forms the plant cell walls and by extension, gives the entire plant mechanical support.  Think of the trunk of trees…it’s made of cellulose.  Unlike starch and glycogen, only certain bacteria, fungi, and a few other microorganisms have the enzymes that can break the covalent bonds between glucose subunits in cellulose.  Animals with cellulose-rich diets, such as termites, and grass-eating mammals, do not digest the cellulose by themselves; they have symbiotic microbes in their digestive tracts that do the digestion, and the host animal gets the “table scraps” of glucose the microbes do not want.

Another simple polysaccharide is Chitin.  Chitin forms both the cell walls of fungi and the exoskeletons of arthropods.  Chitin is a tough material made from an amino sugar called N-acetyl glucosamine.  Chitin is used as a structural material both by fungi and arthropods.  

Amino Sugars:  Have one of more amino groups (nitrogen covalently bonded to 2 hydrogens= polar)

Complex polysaccharides

Complex polysaccharides are those made up of many different types of sugar, including amino sugars.  Often they form highly branched structures to increase diversity.  Complex polysaccharides are usually covalently attached to proteins (glycoprotens) or to lipids (glycolipids).  Their function is to serve as “flags” or markers for molecular recognition.  Often other molecules, cells, etc. recognize the polysaccharides attached to a protein and not the protein itself.  An example of this is the A, B, O blood types…the A and B proteins are actually quite similar but the attached polysaccharides are not and it is they that get recognized.  

Closely related to this is that covalently attached polysaccharides act as molecular “zip codes” in the cellular pathway that produces and sorts all secreted and membrane proteins.  The polysaccharide zip code ensures that the protein gets to the right cellular destination.  

Lipids: 

Lipids are the cellular molecules that are hydrophobic.  Because of this property, lipids have diverse uses in the cell, ranging from barriers (cell membranes) to cell regulation to energy storage.  

There are many different types of lipids, but we will focus on only a few.

Glycerol-Fatty acid- Based Lipids:

Glycerol (glycerin) is a 3-carbon alcohol with –OH groups on each carbon.  A Fatty Acid is a hydrocarbon (carbon and hydrogen only) with an organic acid (C=O) group at the end.


















     OH

(Despite the organic acid being polar, the rest of the molecule is too hydrophobic for that to make much difference.)

In these lipids, the fatty acids are attached by their organic acid groups to the OH groups of the glycerol in a condensation reaction.

Fatty acids can be either saturated or unsaturated. 

Saturated fatty acids have only single covalent bonds between carbons and form ramrod-straight molecules.

Unsaturated fatty acids have one or more double bonds between carbons.  Mono-unsaturated fatty acids have a single double bond between carbons, while polyunsaturated fatty acids have two or more.  The double bonds cause the fatty acid molecule to bend sharply at the double bond.

Since saturated fatty acids and the lipids containing them are straight molecules, they pack together more tightly and stick to each other.  This gives saturated fatty acids and saturated fats a higher melting temperature than unsaturated fatty acids and lipids, which cannot pack together as tightly due to the fatty acids being bent.  Note that lard, high in saturated fats, is solid at room temperature, while corn oil, high in unsaturated fats is liquid at room temperature.  

It is critical that the lipids in a cell membrane stay liquid or fluid since proteins and other molecules in the membrane must be free to move around inside the membrane.  So cell membranes must have the right ratio of saturated and unsaturated lipids in order to be fluid enough, but not too fluid.

Types of glycerol-fatty acid based lipids:

Triglycerides:
These molecules are made of three fatty acids attached to a glycerol molecule.  They are otherwise known as fats and oils and are used and made by both animals and plants for energy storage.  Fat packs far more energy (calories) per gram than do polysaccharides, but triglycerides can only be metabolized slowly (compared to rapid metabolism for polysaccharides) and are therefore used as a long-term energy storage system.  

Phospholipids:

These molecules consist of a glycerol with two fatty acids attached and a phosphate ion with an attached polar molecule attached to the third carbon.  Note that this molecule has a highly polar “head” and the very hydrophobic fatty acids forming the “tail.”  Phospholipids are the major cell membrane lipids in animals and are also found to a lesser degree in plant cell membranes.

Glycolipids:
These molecules have 2 fatty acids attached to the glycerol, then a complex polysaccharide attached to the third carbon of the glycerol…once again, these molecules have a polar head and hydrophobic tail.  They are the major cell membrane lipids in plants.  Animals have relatively minor amounts of glycolipids in their membranes.  

Both phospholipids and glycolipids have polar heads and hydrophobic tails.  In water (or other polar solvents), these molecules spontaneously arrange themselves to keep the polar regions in water and the hydrophobic regions away from water.  The best way of doing that is to form a double layer of lipid molecules on opposite orientations, so that the polar heads face water in all directions and the hydrophobic fatty acid tails are snuggled together safely away from water.  This is exactly the structure of a cell membrane!   Thus, cell membrane structure is a natural consequence of the tendency of the constituent lipids to arrange themselves so that hydrophobic regions are kept away from water.  

Sterols:
Sterols are not made of glycerol and fatty acids; instead, they are variations of the “sterol ring,” four interlocking rings of carbon atoms.  Many different sterols are found with diverse functions.  

Cholesterol:
Cholesterol is made only by animals and is about 10% of animal cell membrane lipids.  It is found in membranes because it helps to regulate the fluidity of the membranes, usually making them more fluid.  Cholesterol is made mostly by the liver, then is surrounded by a shell of proteins and secreted into the bloodstream as LDL and HDL cholesterol.  Cells scavenge out the cholesterol complexes from the blood and incorporate it into their membranes.  They can make cholesterol on their own if necessary, but if they just fish it out of the bloodstream, then they don’t have to and can use the energy and effort making other things.  The problem arises if cells cannot remove cholesterol from the blood faster than it is put in, both by the liver and by diet.  The cholesterol then sticks to artery walls causing strokes and heart attacks.  The Statin class of drugs inhibits one of the enzymes that makes cholesterol and is widely used to prevent heart attacks.  

Steroid hormones:  A major class of sterols that are produced by certain cells, secreted into the bloodstream, then bind to selected target cells, which have Steroid receptor proteins.  The steroid receptor protein with its bound steroid then goes into the nucleus and turns on (and occasionally turns off) certain genes.  Therefore, steroids act as global regulators of cell and physiological function.  The sex hormones, estrogen, testosterone, and progesterone, are especially important in regulating reproductive function, causing breast and gonad maturation, sperm and egg development, uterine lining proliferation, ovulation, even the sex drive! Steroids used in sports (illegally!) are artificial versions of testosterone…but the problem is that doses used in sports give blood levels as much as 10,000 times normal!!!  Not a good idea when you consider that steroids work by activating many genes in different cells.  Birth control pills are versions of estrogen and progesterone derived from plants that effectively fool the body into thinking it is already pregnant.  The controversial drug RU-486, often called “the abortion pill” by opponents, blocks the effects of progesterone that is required to keep the uterine lining that the embryo implants in.  Blocking progesterone’s effects in the first trimester causes the lining to break down and slough off, carrying the embryo along with it.  In later trimesters, other factors keep the uterine lining intact.  

Other lipids:  There are many other lipids of different structures and functions.  Some are found in cell membranes, while others play other roles.  One such family of lipids are the prostaglandins, which act as hormones regulating pain sensation, inflammation, and blood clotting.  Drugs such as aspirin and ibuprofen inhibit prostaglandin synthesis.

