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Chapter 5 - Lab Techniques and Spectroscopy

 

Separations

Extractions

· The idea is that we can separate mixtures based on different solubilities and acid/basic properties of each of the components of the mixture
 

· Liquid-liquid Extraction
· We add solvent #1 to a mixture which only one of the (let's say) two components of the mixture is soluble in, and then solvent #2 which the other component of the mixture is soluble in
· This will create two layers of liquid - one will be the solvent #1 + soluble compound, and the other will be solvent #2 + soluble compound
· The ratio of a substance's solubilities in the 2 solvents is the partition coefficient:
 

 

 

· Acid-Base Extraction (my own name…probably technically still a liquid-liquid extraction)
· Here we use acidic or basic water solutions
· Weakly acidic water solutions (i.e. 5-10% HCl): all the basic components of the mixture will become protonated and become positively charged ions, which will then dissolve in water (unlike the non-basic components of the mixture which will remain in the organic phase)
· Weakly basic water solutions (i.e. 5% NaHCO3, sodium bicarbonate): same idea, except now organic acids are being converted into their anionic salts and dissolved in water
· NaOH (a stronger base) can be used if we want to extract phenols
 

· These extractions are done in separatory funnels, and venting has to be done because when we mix the solvent + solution, their vapor pressures add up (the partial pressure thing) and there is excess, so gas will escape when we vent
· No more gas leakage when venting means that everything has reached equilibrium
 

Crystallization and Precipitation

· Crystallization
· This method relies on 2 or more compounds in a solvent having different solubilities
· Shake, stir, or superheat the compound so that everything dissolves…and then as you let it sit, the least-soluble substance will come out of solution first and form crystals which can be isolated by filtration
· Precipitation
· Very similar to crystallization, except we help the process along by adding a solvent to the mixture which the compound of interest is NOT soluble in…thus it is going to come out of solution to form crystals even faster
 

Chromatography

· Thin-Layer Chromatography
· The idea is that we separate compounds based on their differing polarities
· We have a set up with a moving liquid phase (a non-polar solvent) and a polar stationary phase (a solid which is coated with a polar absorbant material)
· So for example, take a container, fill the bottom with the non-polar solvent, then stick a glass plate in the middle of the container which is coated with this polar absorbant
· Then put the mixture to be separated into the solvent
· The mixture will dissolve in the solvent and the solvent will slowly begin to ascend the glass plate by capillary action
· However, as it ascends the plate, some of the molecules of the original mixture will be left behind because being polar themselves, they will stick to the polar absorbant
· At the end of the day, we can look at the glass plate to see the pattern of when the molecules stopped moving
· The ones closest to the bottom are obviously the most polar, and the ones closer to the top are less polar
· We can quantize everything using "ratio to front" value:
 

 

 

· Gas Chromatography
· This is similar to thin-layer chromatography, except the stationary phase is LIQUID and the moving phase is GAS…and thus the separation of compounds is based on differing VOLATILITIES (i.e. ease of evaporation)
· So we have a "gas stream" which is the mixture carried along by an inert gas (i.e. helium)
· The sample is brought through a column which has particles coated with a liquid absorbant
· As the components pass through the column, the different kinds of gas will interact different with the absorbant based on their relative volatilities
· The end-game is that the different components of the sample mixture will exit the column at different times, depending on how much they interacted with the particles
· This is because the less volatile components will spend more time as a liquid, meaning that they will travel through the column more slowly
· And the more volatile components will be mostly gas, meaning that they will go through very fast
 

Distillations

· In general, this process is when we raise the temperature of a liquid until it evaporates (hopefully leaving another liquid of higher boiling point behind), and we collect the gas particles and let them condense somewhere else
 

· Simple Distillation
· This is for when we need to remove impurities from a compound, or separate a mixture of compounds of SIGNIFICANTLY different boiling points
 

· Fractional Distillation
· This is simple distillation when the components of the mixture are so close together in boiling point (50o or less) that a simple distillation will not produce a pure enough product
· So what we do is essentially do simple distillation many times - evaporate, condense, repeat...
 

Spectroscopy

 

Carbon NMR Spectroscopy

 

[Chapter 5 Addendum]

 

IR Spectroscopy

· So the idea is that we are just working with absorbances (recall from Gchem)…so basically we pass light through a substance and if it is the correct frequency (i.e. energy), certain parts of the molecule in question (namely the BONDS) will absorb this energy and vibrate/stretch as a result
· Since the energy they absorb will not pass through the molecule (this is the definition of absorption), a graph of the energy detected on the other side of the sample will have certain wavelengths where very little energy came through (because it was absorbed)
· These wavelengths are called peaks, and since a given characteristic of any molecule (i.e. a bond) will always be energized by the same amount of energy, we can start assigning peaks to certain bond-types, and be pretty sure that the bond type exists in the molecule if we see a peak in that area
· So these peaks are characterized by the wavenumber at which they appear, the strength with which they appear, and the intensity with which they appear
· Wavenumber: this is just a more convenient way to characterize their location -- it is proportional to the wavelength at which they appear as well as the frequency at which they appear (in fact, wavenumber is just the reciprocal of wavelength)
· Strength: how much energy gets absorbed at this region?  We can tell by how "high" the peak is
· Intensity: the more intense it is, the "thinner" the peak will be -- as opposed to a "broad" peak, which represents absorption over a wider range of wavenumbers
 

· So when it comes down to it, doing IR Spectroscopy questions just requires memorizing the characteristics of peaks and then identifying the ones which appear on the graph -- and thus knowing which functional groups are present on the molecule
· See the following table:
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1H NMR Spectroscopy

· So again this is chemical identification based on absorption patterns, and once again it works by interpreting characteristics of peaks
· So basically, what it comes down to is that the hydrogen atoms in a given molecule will produce a certain absorption pattern based on how many there are, which atoms they are bonded (or close) to, and so on…
· Also of note, this time the measurements aren't made using "wavenumbers", but rather by using "parts per million"
 

· It comes down to interpreting FOUR things about a given graph:
· Chemically equivalent protons: each chemically UNIQUE proton type will have its own "peak" on the graph, so by looking at the number of different peaks, we can find out how many chemical "types" of protons exist in the molecule
· For two protons to be chemically equivalent, this is defined as the ability to interchange them by a free rotation or symmetry operation - so basically, can I rotate a bond to have these two H's switch positions, or is there a plane of symmetry running through the molecule and these H's are basically just the opposite of each other?
· Chemical shift: the place on the graph where each peak appears is determined by how much of its electron density has been taken away by neighboring phenomena
· Shift types:
· A "downfield" shift means to go LEFT on the graph, and this happens when something nearby "deshields" the proton
· An "upfield" shift means to go RIGHT on the graph, and this happens when there is nothing to deshield the proton
· So, what kinds of things can deshield protons?
· Nearby electronegative atoms: these steal electron density
· Hybridization effects: if the C which the H is bonded to has a lot of "s" character (i.e. it is an sp-hybridized C involved in a triple bond), there is also LESS electron density
· Acidity/H-bonding: if the proton is acidic and/or it is bonded to N, O, or F (such that H-bonding can occur), once again it has very little electron density
· Integration: this one is simple -- it's just that the height of the peak (and therefore the area underneath it, which is determined by a calculus integration operation) tells us how many protons are contributing to that peak (i.e. a peak created by 4 chemically equivalent protons is taller than a peak created by 2 chemically equivalent protons)
· Splitting: here the idea is that for a given set of chemically equivalent protons, the field they experience (and therefore the resonance they show) is influenced by nearby protons.  This means that often the peak is not just one sharp thing, but is "split" into multiple peaks (all in the same area of course)
· It comes down to this: for a given set of chemically equivalent protons, the peak will be split into n + 1 peaks where there are n protons attached to adjacent carbons
· Note 1: the "n" protons CANNOT be chemically equivalent to the proton whose peak we are talking about
· Note 2: it does not matter, however, whether those "n" protons are chemically equivalent amongst themselves -- we only care about how MANY there are
 

· Talking about chemical shift -- again, the same functional groups/molecules produce the same types of shifts, and so just by looking at the magnitude of a given shift, we can guess what molecule is there.  See the following table for characteristic proton shifts:
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13C NMR Spectroscopy

· 13C NMR Spectroscopy is based on the same concept as 1H NMR Spectroscopy, but when we look at those 4 characteristics, there are some differences to be aware of
 

· Integration: there is NO integration - so the peaks will always be very thin, and we cannot know how many C's are contributing to a given peak
· Splitting: there is NO splitting
· Chemical shift: again, the surrounding molecules tell us what environment each C is in, and so based on shift magnitude we can predict what functional groups there are
 

· See table:
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Chapter 6 - Biologically-Important Organic Chemistry

 

Amino Acids

Amino Acid Structure and Nomenclature

· Here is the generic formula for all amino acids:
 

 

 

 

· Note that:
· There is always an amino group and a carboxyl group…then the R group is variable
· The α carbon (the first carbon connected to the carboxyl group) is chiral because it is tetrahedral and connected to 4 different groups (except in the case of glycine)
 

· The stereoconfiguration of amino acids is indicated using "L" or "D" - "L" is when the amino group is drawn on the left for a Fischer diagram, and "D" is when it is on the right:
 

 

 

 

 

· Recall that in Fischer projections, the horizontal lines project outwards and the vertical lines project inwards
· REMEMBER that all animal amino acids have the "L" configuration and all naturally-occurring carbohydrates have the "D" configuration (we will see this later)
 

Amino Acid Reactivity

· Firstly realize that all amino acids are amphoteric - they have both acidic (the carboxylic acid group) and basic (the amino group) activity
· Thus the amino group can either exist as ---NH2 or ---NH3+, and the carboxyl group can either be ---COO- or ---COOH
· Whether they will be protonated or not depends on their pKa
· We can use the Henderson Hasselbalch equation to tell how the pH of any given solution affects the protonated (or de-protonated) form of a given molecule in that solution:
 

 

 

 

· We can gather from this equation (subbing in numbers) that we can tell whether there is more of the protonated or un-protonated form by comparing the pKa to the prevailing pH: if the pH is lower than the pKa, then the group will be protonated (whereas if the pH is higher, then it will be de-protonated)
· Remember that physiological pH is 7.4
 

· From here we can think about NET CHARGES on a given amino acid at some pH
· We know that the pKa of the carboxyl group is 2, and the amino group's pKa is 9 - so depending on what pH it is, either they will be:
· Both protonated (NH3+ and COOH): net +1 charge
· Zwitterionic (dipolar) (NH3+ and COO-): neutral charge
· Both deprotonated (NH2 and COO-): net -1 charge
 

· More on zwitterionic states: since this state is neutral, we call it the isoelectric point
· The way to CALCULATE the isoelectric point is to average the pKa's of the 2 acidic/basic functional groups on the amino acid
 

Classification of Amino Acids

· OK, so this is all about the side chains of the amino acids…they are important because their different properties such as:
· Shape
· Charge
· Ability to H-bond
· Ability to act as acids or bases (in the sense of proton transfer)
· There are 4 broad categories of amino acids:
· Hydrophobic
· These side chains are either aliphatic (alkyl) or aromatic
· The larger the hydrophobic group is, the greater repulsion it experiences in water and thus the more likely it is to be found on the INSIDE of a protein
· Hydrophilic: these are either acidic (the charge makes it polar), basic (the charge makes it polar), or uncharged but still polar
· Acidic: it's just glutamic acid and aspartic acid, which have carboxylic acid functional groups in their side chains (this means that there are 3 groups in total [if you include the carboxyl and amino on the backbone] which can participate in A-B reactions)
· Basic: it's lysin, arginine, and histidine, which all have amino groups in their side chains and are thus polar
· Of special note, histidine's amino group has a pKa of 6.5, which is close enough to physiological pH that it is not constantly in a protonated state…in other words, it can be either protonated or deprotonated
· Thus we often see histidine at enzymatic active sites because it can exchange protons with the substrate
· Uncharged polar: here the side chain is polar but not exhibiting acidic/basic activity
· Sulfur-containing
· There are only 2: cysteine and methionine
· Cysteine has the S on the "end", meaning that it can make thiol linkages
· It is polar
· Whereas methionine has the "S" in the middle (called a "thioether"), and so it cannot make thiol linkages
· It is non-polar
· The amino acid proline
· Here the amino group is bound to part of the side chain, which has consequences which will be discussed later...
· Refer to separate sheet for STRUCTURES - memorize the names and the key characteristics of each!
 

· There are 8 essential amino acids, which cannot be synthesized by humans and therefore must be obtained from the diet: PVT TIM HALL = phenylalanine, valine, tryptophan, threonine, isoleucine, methionine, histidine, arginine, lysine, leucine
· NOTE THAT adults gain the ability to make arginine and histidine (thus they are essentially only for infants and adolescents)
 

Proteins

 

Carbohydrates

Introduction

· Carbohydrates have the molecular formula CnH2nOn
· It's basically a carbon chain which begins with an aldehyde or a ketone and then continues with each carbon having a hydroxyl substituent (thus we essentially have a polyalcohol)
 

Structure and Nomenclature of Monosaccharides

· The names of monosaccharides have 2 parts:
· First part is either "aldo" or "keto", depending on what we have at the beginning
· Second part is ______-ose, depending on how many carbons there are (i.e. hexose for a 6-carbon chain)
· We number the carbons starting at the aldehyde or ketone end (which can also be thought of as the most oxidized end)
 

· We stereochemically classify carbohydrates based on the configuration of the last CHIRAL carbon in the chain (i.e. farthest from the aldehyde or ketone)
· We compare this carbon with glyceraldehyde, which is an aldotriose (3 carbons with an aldehyde on the end):
 

 

 

 

 

· When the hydroxyl group is on the left, we say it is "L" configuration…and when on the right, it is a "D" configuration
· Note that we only have D-sugars in our bodies
 

· Cyclic structures of monosaccharides are important to be familiar with - they form into this structure when they are in solution
· Rings we frequently see are 6-membered rings (called "pyranoses" and formed from hexoses) and 5-membered rings (called "furanoses" and formed from pentose)
· Note when we are counting ring members, we INCLUDE the oxygen...
 

· When straight-chains convert into rings, this usually is because the hydroxyl group on C-4 or C-5 (say we are considering a hexose) attacks the carbonyl carbon (i.e. the aldehyde or ketone) and forms a hemi-acetal
· Note that it can attack on either "face" of the carbon, meaning that we will have either α-glucose or β-glucose ("fish in the sea, birds in the air"):
 

 

 

 

 

 

 

 

· Understand this whole statement: the carbon which gets attacked IS the carbonyl carbon (hence could either be C-1 or C-2) which IS also the "anomeric" carbon (because this is the carbon where the attached hydroxyl group either points up (α) or down (β)
· Thus the 2 forms of whatever ring sugar we get are "anomers"
· FURTHERMORE, these two anomers can interconvert with each other - this process is called "mutarotation"
· You should be able to look at a ring structure and identify which carbon is the anomeric carbon - first find the "O" in the ring, which is undoubtedly the former hydroxyl group which attacked the carbonyl carbon to make the ring in the first place
· Now realize that of the 2 carbons the "O" is linked to, the one with a hydroxyl group is going to be the anomeric carbon
· Of note later on, this hydroxyl group can interconvert to a carbonyl group, which is what makes certain sugars "reducing" (right?)
 

Structure and Nomenclature of Disaccharides

· When monosaccharides link up to form disaccharides or polysaccharides, the bonds are called glycosidic linkages (it's basically just a dehydration reaction)
· The linkages are between different carbons, depending on what the particular disaccharide is
· An important point is that if the anomeric carbon is involved in the glycosidic bond, it can no longer mutarotate into a carbonyl form (meaning that it cannot be oxidized and thus it is no longer a "reducing" sugar)
· The linkages are either considered α or β depending on where the oxygen lies relative to the plane of the molecules (which in turn depends on the location of the hydroxyls on the carbons which participate in the bond)
 

· Here are the linkages of some common disaccharides:
· Sucrose: Glucose α-1,2 Fructose
· Lactose: Galactose β-1,2 Glucose
· Maltose: Glucose α-1,4 Glucose
· Cellobiose: Glucose β-1,4 Glucose
· Also consider polysaccharides:
· Glycogen: Glucose α-1,4 Glucose
· Also there are some Glucose α-1,6 Glucose (when we join separate chains together)
· Cellulose: just a polymer of cellobiose (hence more β-1,4 linkages)
 

· Here is the point: there are all these different kinds of linkages, and although hydrolysis is energetically (thermodynamically) favorable, it is not KINETICALLY favorable
· In other words, we need to use an enzyme to get the hydrolysis started…and there is a DIFFERENT enzyme for each linkage type
· That is why we cannot use some of these molecules in our body - because we lack the enzyme to hydrolyze them so that we can start oxidizing them to use as energy
 

Reducing Sugars

· Often we can use Benedict's Test to check for the presence of reducing sugars
· All the test is, is mixing an oxidized form of copper with some solution of sugar…
· If the sugar has any free aldehyde or ketone groups, then they can reduce the copper while themselves getting oxidized
· When the copper gets reduced, it changes color and so we know that there are reducing sugars present
· So now let's think…what counts as a reducing sugar?
· Unpolymerized glucose YES: realize that the ring form will exist in equilibrium with the open-chain form in solution…and then realize that when it is in the open chain form, the aldehyde or ketone can participate in the redox reaction which will reduce copper!
· However note that sugars in the RING form can also participate in the necessary redox reaction (i.e. lactose is a reducing sugar)
 

 

 

 

 

· Polymerized glucose (i.e. glycogen) NO: because all the glycosidic bonds tie up the anomeric carbons, making them into acetals…thus it is impossible to interconvert to the carbonyl form which will allow for oxidization
 

Lipids

· There are basically 3 uses for lipids in the body:
· Form cell membranes (phospholipids and I guess cholesterol)
· Store energy (triglycerides in adipose cells)
· Form steroid hormones (all based on cholesterol)
 

· Notes on fatty acid structure:
· It is usually between 14 and 18 carbons long
· It is always an even number, because that is how they are made
· Any double bond is "cis"
· We number the double bonds starting with the carboxylic acid carbon
 

· Thinking about triacylglycerols: they are a better energy storage molecule (that's why we have more of it than glycogen) for two reasons…
· Packing: they are hydrophobic so they pack together really well in an aqueous environment, as opposed to hydrophilic molecules like glycogen where they are so solvated that you can't pack them together so tightly
· Energy content: since fatty acids (the components of triacylglycerol) are more reduced, they carry more energy than carbohydrates
 

Steroids

· All steroids share the same basic tetra-cyclic (4) system
· It should also be noted that they are usually amphipathic (i.e. both hydrophilic and hydrophobic), but for the most part hydrophobic - this is why they diffuse through cell membranes as hormones and enact change directly on the nucleus
 

Nucleic Acids

Phosphorus-containing Compounds

· Phosphoric acid (H3PO4) can donate 3 protons, and (of course) each of them has a different dissociation constant (Ka value)
· The values are 2.1, 7.2, and 12.4 which means that in physiological pH (7.4), the 2.1 and 7.2 protons will probably be de-protonated, which means that phosphoric acid in the body usually exists in anionic form
· Phosphoric acid often appears in pairs or even triplets, where the phosphates are bound together with an "anhydride linkage" (essentially P-O-P) - 2 phosphates thus linked are called "pyrophosphate"
· This linkage is very high energy, meaning that if we break it, the reactants are very stable and so we are going from an unstable molecule to a stable molecule - so the energy has to go somewhere, and often it goes to other energy-requiring processes
· There are 3 reasons that the multi-phosphates are so unstable:
· The phosphates (as mentioned earlier) often have negative charges, and when multiple phosphates are linked together, these charges strongly repel each other
· Phosphate on its own has more resonance forms than linked phosphate does
· Phosphate on its own interacts more favorably with water (the biological solvent)
 

Nucleotides

 

[Chapter 6 Addendum]

 

Proteins

The Peptide Bond

· So this is what links the individual residues (amino acids) together -- it is a bond between the carboxyl group of one AA to the α-amino group of another AA
· Think orgo -- it is an addition-elimination reaction of an amine to a carboxylic acid
· Note that the bond is rigid (i.e. no rotation) because of the double-bond character
· See figure:
 

 

 

 

· What about when we want to hydrolyze the bond?  There are two ways to do this:
· Acid hydrolysis
· We just use a strong acid and water to hydrolyze the bond, which will regenerate our carboxylic acid and amine groups
· Note that this is UNSPECIFIC, meaning that every bond within a given polypeptide will be cleaved
· Proteolytic enzymes
· This is when we use enzymes (instead of strong acid + water), and furthermore the enzymes are designed to only cleave bonds when one of the adjacent amino acids (either the one owning the carboxyl or amine group) is a certain amino acid
 

The Disulfide Bond

· This is another way that amino acids bond to each other -- more specifically, it is when cysteine amino acids bond to each other through the creation of a thiol linkage between two cysteines
· This happens because each cysteine has --SH on its functional group, meaning that an S--S bond can be created (this is our thiol linkage)
· Note that we call cysteine, "cystine" when it is involved in a thiol linkage
 

Protein Structure in Three Dimensions

· So the idea here is that a protein is defined by more than just the order of the amino acids in its polypeptide chain -- it is also defined by the way in which it is folded
· There are 3 "levels" or "kinds" of folding which can occur, and they correspond to the secondary, tertiary, and quaternary structure of protein
 

· In certain situations, proteins can become unfolded -- or in other words, "denatured".  When this happens, they become non-functional
· Conditions which cause this include:
· Urea (disrupts H-bonds)
· pH extremes (think stomach gastric acid)
· Temperature extremes
· Changes in salt concentration
 

· Now let's talk about the different levels of folding…
· Primary structure -- the amino acid sequence
· So this is just the order of amino acids...
· Secondary structure -- hydrogen bonds between backbone groups
· OK this is all about HYDROGEN BONDS -- more specifically, those between the carboxyl oxygens and the amino protons which are on every amino acid
· From these two guys, we can get a number of different bonding patterns, but there are TWO which are primarily important:
· α-helix: this is when the polypeptide chain forms a helix, almost like the one which DNA is in -- and the role which hydrogen bonds play in this are that there will be bonds between the amino acids in different "turns"
· Notably, the amino acid PROLINE has a structure that prevents it from being part of the α-helix, so you will never see a proline in an α-helix
· A lot of times we see that the transmembrane regions of channel proteins will have α-helices, and they will be set up in such a way that we have the hydrophobic side groups contacting the bilayer, and the polar NH and COO groups pointing inwards
· β-pleated sheet: OK the idea here is that amino acids are bonded in a "sheet", so it is flat rather than a helix
· The other consequence of this is that the hydrogen bonds can be between amino acids that are nowhere close to each other on the polypeptide chain (they could even be on SEPARATE CHAINS)
· Also note that with β-pleated sheets, there are side groups sticking above and below the plane of the sheet
· There is also parallel or anti-parallel sheets, depending on whether the N -> C configurations line up between 2 rows or not
· Tertiary structure -- hydrophobic/hydrophilic interactions
· OK this is all about interactions between the R GROUPS (unlike the amino/carboxy ends, as discussed before).  There is either…
· Hydrophobic/hydrophilic: this is when the protein folds such that the hydrophilic R groups are on the outside, and hydrophobic ones are on the inside (although of course this is reversed if it is a membrane protein)
· Disulfide bonds: discussed earlier
· Quaternary structure -- bonding between different polypeptide chains
· OK this is when we have interactions between completely different polypeptide chains -- often called polypeptide subunits
· The bonds we use here are everything we have discussed already EXCEPT peptide bonds (do you know why?)
· Examples of this include the multiple subunits of heme in hemoglobin that interact cooperatively
