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PH

3TUDENT ,VAYUAL

I. INTRODUCTION

Enzymes are pH specific; that is, they work best at certain pH values.
For example the enzyme that digests protein in.your stomach, works
well at nH vatues of 1 and 2 but doesn't work at all at pH 9. Why?

Scientists have not yet agreed on an answer to this question, but there
are several theories. The PH program allows you to explore one of these
theories without having to do the required math.

The theory that the PH program is based on holds that pH specificity
ran be traced Co the behavior of ionizable amino acids present at the active
site. Ry we mean that the amino acids can become charged. The

is the particular location on ,the-enzyme where catalysis occurs.

Studies of many different enzymes kndicate that there are usually
ionized amino acids present at an active site. Amino acids that take a
positive (+) charge are called basic amino acids, those that take a negative
(-) chariw.acidic amino acids. There are only a few of each kind. Some of
these are listed below:

ARGININE

HIS TI DINE

LYSINE

BASIC AMINO ACIDS shown in ionized form)
. H NH

I II

CH2- CH2-CH2- N-C- NH3
e)

H2N- C -COOH

HC
N

HC N
H2

CH2

H2N- C- COOH

CH2- CH2- CH2- CH2 -NH3

H2N ?- COO H



ACIDIC AMINO ACIDS (shown in Ionized form)

ASPARTIC ACID

CYST EINE

GLUTAMIC ACID

TYROSINE

CH2-c000
H2N-C- COOH

4

CH2- se
H2N-C-COOH.

CH2- CH2 - COO°

H2N -C- COOH

oe
HC"-CH

II I

CH2

H2N-C-:COOH

t

ahilitv of an Amino acid to become charged can be very important
t iviiv i t , tor -vxamplv,- it ig- the- at traction_of _oppoaita..

charges that is responsible for hold-
ing the enzyme's substrate,(the sub-
stance the enxyme works on) in correct
position on the surface of the enzyme
during catalysis.

ENZYME As we said before, pH specificity eau
probably be traced to the behavior of
ionizable amino acids present at the
active site, the explanation for this

SUBSTRATE being the different pH values at which
different amino acids become charged.
Does it matter how many amino acids

are present at a site? Does the
tYpe ot make any difference? These are some of the questions
vou will t r t tuwr i t Ii the PY program.

2



THE PH INVESTIGATIONS

r # 7 PA TTE!1,21 12 1,74F ACT I VI T Y

The PH model predicts high enzyme activity when the active site is
properly charged.and low enzyme activity when there is an improper chatge
at the active site. As you have already read, the ionizable amino acids
become charged conly.at certain pH values, some at high pH only and soMe
at low pH only. Throulgh this investAgation you should be able to figure
out at what pH each of the seven ionizable amino acids is charged.

Experiment 1 WHAT PATTERN OF ENZYME ACTIVITY
WOULD.BE EXPECTED IF AN ENZYME
HO ONLY ONE CHARGED ACIDIC
AMINO ACIDTAT ITS ACTIVE SITE?

To answer the question it will be necessary to run Pll'at least once
and possibly several times. If you find it necessary to run PH more than
onee, remember that in a controlled experiment only one thing is varied
from experiment to experiment, all other variables remaining constant.

The program will first ask you for a series of inputs:

HOW MANY IONIZABLE AMINO ACIDS AT ACTIVE SITE?

The question above gives you the answer to this question.
You may want to enter this answer on an INPUT SHEET (see
end of this Manual).

Uhe computer will next ask:

AMINO ACID I ---- CODE NO.?

These are the code numbers for each of the acids:

I = aspartic acid
2 = r!ysteine

3 = glutamic acid
4 = tyrosine

5 -= arginine
6 = histidIne
7 = lysine

Numbers I throull 4 are acidic amino acids, while
numbers 5 through 7 are basic amino acids.

3



ShUULD I : OARt;LI) 0=YES, 0=Nor:

t6.t as:iume in thi experiment that the amino acid mus,_
he in the charged condition for enzyme activity.

PH HANa EOR VMS EXPERIMENT:

LOWER
UPPER LIMIT':

Sfnce we are interested in enzyme activity over the
entire pH range, you should select your limits accord-
ingly. (You are limited,to the range from 0 to 14.)

.1 .7"'or wa cxr plc n t

.;',=?fork: wi.4 go to You
1:1PUT .:v*

'0:hen you have tinished entering your inputs, the computer will carry
out the necessary calculations and then give you the results in graphical
form. Enzyme activity will be plotted on the y-axis, and pH on the x-axis.
Remember Lhat a computer graph always comes out :3/...ic:,;(2ys, so you will have

40 turn it on itt4 side for easier reading.

..."....."4%."
ENZYME ACTIVITY

TURNED OVER FOR READING

AS IT COMES
OFF THE
TELETYPE

New, sec I you can aer the following question:

'7 rq F.7?"..! 0- 7 ?- 14 , 111.1)

r'r!A ,7.:D 77-'1'7 Ar.:[,T)
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Experiment 2 WHAT ENZYME'ACTIVITY PATTERN WOULD BE EXPECTED FOR
AN ENZYME THAT REQUIRES ONE CHARGED BASIC AMINO ACID
AT THE ACTIVE SITE FOR ENZYME ACTIVITY?

If you did not carry out Experiment 1, please read Experiment 1
Instructions iirst.

Since the only change for Experiment 2 is in the type of ionizable
amino acid present, your inputs should differ for only one question. '

AMINO ACID 1 ---- CODE NO.?

Amino acids coded 5 7 are basic amino acids.

ti

iV40iin, be sure to record your inputs on a COMPUTER INPUT SHEET before going
to the machine.

At the end of this experiment you should be able to answer the question:

OVER WHICH pH RANGE, 0-7 OR 7-14, SHOUWAN,ENZYME .THAT

InglIRES 0.VE CHARGED BASIC AMINO ACID WORK BEST?

Fv)criment 3 VHAT PATTERN OF ENZYME ACTIVITY WOULD SE ASSOCIATED
WITH AN ENZYME THAT REQUIRES TWO CHARGED AMINO ACIDS
AT THE ACTIVE SITE, ONE ACIDIC AMP-ONE BASIC?

It you did not carry out Experiment 1, be sure to read the instructions
stirting (-1 page 3 before going on.

For this experiment you will have to enter inputs for the following
questions:

HOWMANY IONIZABLE NMINO ACIDS AT ACTIVE SITE?

AMINO ACID 1 ---- CODE NO.?

SHOULD IT BE CHARGED (1=YES, 0=NO)?

AMINO ACID 2 ---- CODE NO.?

SHOULD IT BE CHARGED (1=YES, 0=NO)?

PH RANGE FOR THIS EXPERIMENT?

LOWR LIMIT?
UPPER LIMIT?.

5



Since there are many possible-coMbinations of amino acids that can be
used tn this .experiment, ',it may be wise to do several runs or to compare
your results with those of other groups doing the same experiment.

thul't forget to record your inputs on one of the computer INPUT SHEETS
(included at the back of this Manual) before you begin.

When you have tompleted Experiment 3, you should be able to answer the
follr)wing question:

WHAT ;;ENERAL PATTERN OF ACTIVITY CAN BE EXPFCTEP FOR
AV I;NZYMT: WIPH TWO IONIZED AMINO ACIDS AT ITS A:TIVE
:::Y, TY 0.7E IS ACIDIC AND THE nYTHER

.11.11=1.1.

FOLL0W-UP (UESTINS FO Z7LFSTIGATION #1

1) Ar Jtiot H Alues khigh or low) are the acidic amino rp.:ids charged?

2) At what Ji value.(high or low) are the basic amino acids charged?

3) 14,-in work,; best only at low pH values of 1 or 2. What type(s)
.,ticliard Amino a('ids might be found at its active site?

4) '1,1t cn.*.v-A.-; in living cells work best around a pH of 6, 7 or 8
and Jo not work at all in very high or very low pH's. _What_kind(s).
7,1= amino mTdsmicit c-ause this behavior?

4
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' ' A "," 17'!'

F. !, tio 41, an increase in the num-
1,,r ,,! res triets the range of pH in which the enzyme will
t t H. often desirable; for instance, we want pepsinto ftne-

.1-10v acidic stomach and not in the slightly alkaline

qution that If two amino acids at the active site
H otIter acidic) can produce a restricted activity range,

I .1 have i'lore than two ionizable amino acids at its
te thls question lies in the possibility of the

ioni tHd-i doiEg more than just restricting the pH range over
fivIctions; they May also be taking part in the catalysis

!'
. Thk:refore, ii an enzyme required more than two types

*;%, kei_d-; to out catalysis, there would be more than

:Hatiun is designed to allow you to explore the conse-
: !i one or two more charged amino acids at the active

the outline of experiments offered here, or
fl,;.!.,t lows) experiment oa your own.

'!IFRF: MOR THAN oNE COM:13 INAT ION OF 70
A'1!::o ACIDS THAT WILL PRODUCE A MAXIMUM
A(.LlVITY IN TH RANCE OF pH 7?

l*nt ,emhinations of two amino acids (they need not be
he ahle to find a combination that produces a pat-

' . Aetivit-: at pfl 7 with a sharp falling off of
:.2.1111pIe graph below).

PH

er,:er to first determine the
t



Experiment 2 WHAT IS THE EFFEcror ADDING A THIRD
AMINO ACID AT THE ACTIVE SLIP

Once you have completed Experiment, 1, it is possible to extend that
line of inquiry to see the effe-Cr of-adding a third ionizable amino acid
at the active site. What is the effect of adding an amino acid already
present as opposed to an amino acid not currently at the active site?

Question: Ihe addition of which amino acid had the least Kfect -on activity?

Exyerimont 3 WHAT IS ThE EFFECT OF kDDING A FOURTH AMNO ACID AT
THE ACTIVE SITE, ASSUMING THAT ACTIVITY IS MODERATE
TO HIGH WITH THREE IONIZABLE AMINO ACIDS PRESENT?

Select the combination from Experiment 2 that resulted in the highest
relative activity at pH 7. Find the effect of adding another aminm acid

site.

Question: If enzyme activity is high with three ioni atino acids
present, will the addition of a fourth amino acid improve
the relative activity of the enzyme?

(Optional) Is there another combination of amino acids that will
produce higher activity at pH 7?

ronow-uP QUESTION'S FOR :T/::::-:'.7:AT7,-)N #2

!) All other factors being the same, does the addition of another
ionizable amino acid improve the activity of an enzyme?

2) Why might a certain enzyme have three or four ionizable amino
acids at its active site?

l) While knowledge of th :? detailed structure of most enzymes is
lacking, there are indications chat most enzymes have only

ono or mo ionizable amino acids at the active site. Why might
this make sense from the investigation that you just carried out":

lb

4) Assume that an enzyme works well with two ionizable amino acids
at the active site. If an animal were born with a mutation that
caused a third ionizable amino acid to be placed at the active
site, what would be the chances that the.mutation would be pa,ed

W11"C
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eni.vme acetvichoi.inesterase catalyzes the breakdown 0C the diemi cal
at.ei vi chol tie. Tlyh; reaction i.s very- important for the proper functioning
of the nervou-. s4N'stem.

irs t ou' 1 I be given some necessary background on this enzyme anil
ts act i ve i te, then, you' ll be asked to hyp3thesize which ionizable amino

aci,f-, [night he l..)cated at the active site, This question you can netecrit
to ,inswer u in ,! the/P/1, program. The method of investigation. is tbtaiy up
to you.

t

Acetvioeholinesterase catalyzes the following reaction in living

A,!et'v 1 chol Inc Acetic Acid Choli.ne

1111 !=.t.udi of this'enzyme show it to have a maximum activity at
aptwoximately 8.5. When its activity is plotted vainst pH, a "bell-
!,h,ipeLicurve" results.

'-4u.die.4 of both the enzymo and the substrate Indicate the active
t., ke he fol lowing

A

It is t houv,ht t hat there are two ionizable amino ac ids at the act iyf,
ac id at s i te A in the diagram above is thought to carrv

i ) cha-ge whi le the amino acid at s to B is thought to remain
when t he en.,..yme is active.

Your t a,-;k is to determine whi Om amino aci d(s)
mk,ht be at sites A and B.

;

7%! z i;.11107.z-, artti:
/: !';/,! 1,. .s11'!'

V,,g ; 4
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FOLLOW-UP ovEsTIoNs FOR INVESTMATION #3

1) Should the amino acid at se A be acidic or basic? WHY?

2 if there-were no ionizable amino acid at site B, what would
the. sketch of the activity curve look like?

3) If there were an uncharged ionizable amino acid at site 11,
should it be acidi9,or basic? WHY?

/
4

4) What audno acid(s), is probably at site A?

5) What amino acid(s) is probably at site B?

6) (Optional) Are there any other combinations of amino acids
tcharged or uncharged) that might produce maximum activity at
or near pH 8.5?

10
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PH COMPUTERINPUT SHEET

Name

Experiment #

RUN 1 RUN 2 RUN 3 RUN 4

NO. IONIZABLE AMINO ACIDS

AMINO ACID 1 CODE NO.

CHARGED (1=YES, O=NO)

.

AMINO ACID 2 CODE NO.*

CHARGED (1=YES, O=NO)

-
.

AMINO ACID 3 CODE NO.*

CHARGED (I=YES, O=NO)

-

AMINO ACID 4 CODE NO.*

CHARGED (1=YES, O=NO)

,

,

PH RANGE:

LOWER LIMIT

UPPER LIMIT

,

,

*
If you are using fewer than 4 ionizable amino acids, leave
an appropriate number of these blank,
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PH

TEACHER MANUAL

I. BASIC INFORMATION ABOUT THE UNIT

Sub ect Area: Biology

Special,Topic: Enzyme Studies

Grade Level: iOth - 12th

CompUter Language: BASIC

Special Langua*
Feature: TAB

Abstract: The PH program consists of three different
laboratory investigations dealing with the
pH specificity of enzymes. The purpose
of the program is to enable students to
determine a possible explanation,for pH
specificity in an experimental, yet now
mathematical, fashion.
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II. INTRODUCTION

The program PH* and its related STUDENT MANUAL are not designed
to replace the many worthwhile student experiments that Can be carried
out in'the area of enzyme pH specificity (e.g., BSCS Yellow's Investi-
gation 6-1). Rather, MIAs disigned toialow the student to investigate
a possible "why" for pH specificity.

This are. of biology is highly matheatical. Since the mathematics
is generally beyond the tenth grade study of biology, the explanation of
a biochemical phenomenon must often be taken on faith. The Pff program
was designed to present an explanation of the pH specificity of enzymes
in a way that would allow students to sidestep the mathematics involved.

The PH materials outline threeAifferept laboratory investigations.
You will probably-not want-to ocarryLo4-aWo.f.these experiments, but----
.we wanted to offer intereited students further activities in this field.
'ale first investigation-deals with why many enzymes ekhibit'a bell-Chaped
curve when their activity is plotted 'againat different,0 values. The
second exercise provides an introduction into the impOttance,of structure
in an enzyme. The third and last investigatioi-deals WIth.a specific
enzyme, adetyloholinesteme. This enzyme was the study.mOdel for.
another HUNTINGTON TWO program, LOCKEY, and teachers looking for coml-

tinaty may want to use this exercise.

*
We will use the convention of capital PH when referring to the prograd and
materials and the conventional pH when referring to hydrogen ion concentration. .
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HOW MAVY AMI10 ACIDS AT ACTIVF SIfF. (up TO 4)7 0

AMIVO ACID 1 conr vo.? 4
sHouLn IT nF CHAnGFD (1=YS, 1=V0)? 1

AMIVO Ann 1 con!! vn.? 7
SHOULD IT nF C44:161FD C1=BYFS, 1=V0)7 1

-.1!! paySF FCX! THIS FXPFRIMFVT:
LWER LI4IT7'7
UPPFR LIMIT? 13

RFLATIVF FMMF ACTIVITY
10 '1/ 31 41 51 61_ 71 0 91 11.1

C.
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IV. INSTRUCTIONS FOR RUNNI40 PH

The PH program requires inputs to the following questions:

1) DO YOU WISH INSTRUCTIONS (1=YES, 0-NO)?

If the students have studied this material, instructions would be
time-consuming and unnecessary. Many teachers may wish to delete
lines 190-240 and lines 300-430 to eliminate the'instructions.

2) CODE LIST (1YES, 0.410?

While the code list is handy,,it too- is duplicated in the STVDENT
MANUAL. Those teachers wishing tO eliminate both instructions and
the code list can delete lines 190-600.

3) H(W MANY IONIZABLE AMINO ACIDS AT THE ACTIVE SITE (YJP TO 4)?

For INVESTIGATION #i the student will choose either 1 or 2.,In general,
the more amino acids chosen, the more restrrcted will be the resulting
pH- range of the enzyme chosen.

4) AMINO ACID 1 ---- CODE'NO.?

The input here is a nuMber corresponding to a particular aftiho acid.
Each amino acid and its corresponding number can be found_on'te
code list.

(NOTE: The order of the code list is semi-alphabetical, with all acidic
amino acids listed first. Order does not denote "strength" or any
other Chemical property.)

5) SHOULD'AMINO ACID BE CHARGED (1YES, 01160)?

This question is the most.diffiCult for students to understand. It
means: "Should the amino acid just,named by-code be in a charged corr.
dition if the enzyme is to have catalytic activity?" For INVESTIGATIOYS
#1 and #2 the answer to this question is alMays assumed to be "yes."
This question is, at least at this point, both for INVESTIGATION #3
and for the interested,student who may want to investigate the PE.
model further,

(VOTE: If the answer to Quesiion #3 was 2 or more, the program will
jump back to Question #4 until all amino acid information is inputted.)

6) PH RANGE FOR THIS EXPERIMENT .

LOWER LIMIT?
UPPER LIMIT?

When the student has an idea as to when a change in activity will occur,
he can shorten the output by narrowing the pH range for the experiment.
If your students are just beginning, it is best to encourage Chem to
use 0 to 14 (or at least 2 to 12).



Graphical Output

Since the Pltmodel is based on many approximations, a graphical output'
is both more honest and more comprehensible. You may want to have your
students connect the points of the graph to improve visibility, especially
if the whole class, will be oboerving these results.

V. USING PH IN THE CLASSROOM

Most biology students are taught4that enzymes operate best only at cer-
tain pH levels, and this knowledge is essential for understanding certain
phenomena such as the functioning of the human digestive tract. It is very
difficult to teach why most enzymes show a pH optimum, however, without intro-
ducing mathematics too complex for most tenth graders. PH was designed in an
attempt to answer this question without introducing the underlying mathematics.

A. Preparation

The following concepts are important for a student' understanding of
the PH program:

t> protein structure

> the nature of a catalyst

the idea that amino acids can pick up a positive (+)
or negative (-) charge (acidic and basic amino acids). 411/

1>

> the active site Of an enzyme (see,.p. 5, RESOURCE MANUAL).

Materials you should have on hand while using PH:

t> Copies of pp.1-3 of the STUDENT MANUAL, with names,
structures and codes for the scidic and basic
amino acids.

> Tape or tacks to hang up graphical output after each
run. (If you use a fresh ribbon in the teletype,
most students should be able to see the pattern
from their seats.)

B. Hints for Using PH

1) As a classroom tool

a) Run INVESTIGATION #1,'as described in the STUDENT MANUAL,
before class. PH allows combinations of amino acids that
probably would not function in nature. These combinations
will yield poor results.

6
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b) Teletypes are flat. Allow the student 4Sking the Vhat
question to input the proper information.

c) Since Complete graphical output may take a few minutes on
some systems, have caldents hypothesize about the results,
under the assumption that the enzyme,is active only when
all the amino acids are ionizedC"What shape will the
activity graph have?" or "Will the activity be greater
or lower at pH 7?", etc.

d) Bring up the example of leucine amincpeptidase (see p.6,
RESOURCE hulm), an enzyme that doesn't have a single
pH optimum, and have the students explain why this enzyme
doesn't .how a bell-shaped curve when its activity is
plotted against different pH values.

2) As a laboratory

Many teachers have fouppi it easiest to use computer-oriented
exercises with part of the class while carrying out a relatcd
laboratory for the rest of the class. This diAbles the exposure
the individual student can have, especially if you have access
to only a-single teletype. In addition, this apprrach tends to
make the students rely mote on themselves and the STUDENTAIANUAL
as, you may be busy with those students carrying out the alternative
laboratory. Some Suggestions for alternative labs that.would work -

well with PH include the BSCS Yellow Investigation 6-1, BSCS Blue
Investigation 6-4, or S-15. Most other lab books 41109 contain
enzyme'investigationsl

If this approach is not possible, you can still use PH,
since students should be able to learn by observing the results
of different runs.

INVESTIGATION #1 - This investigation develops most of
the key concepts, including the nature of enzyme patterns,
the role of amino acids at the active site, and the
importance of the number and types of amino acids present.

There are three parts to this investigation. If, all three
parts must be carried out in the same laboratory session,
it would,be'advisable to have.students break up into
groups of 2 or 3, with 1/4 of the groups assigned to
Experiment 1, 1/4 assigned to Experiment 2, and the

-

rest of the group assigned to Experiment 3. By careful
organization of groups, it should be possible to cover
every possibility within a double-period laboratory
session (or over two .days).



When each group of students has finished at the computer
teletype and made,observations on the outputted data,
have ,them hang up their outputs carefully noting the.
number and types of amino acids used, so that other

. 'groups might also observe the 'results. This tethnique
should enable stddents to arrive at the answers to all
the follow-Asp questions for the investigation.,

INVESTIGATIONS #2 and #3 - These tWo experimeats require
either a great deal of trial-and-error work or previous
experience with INVESTIGATION #4*therefore, it is not
advisable to attempt either #2 or #3 with whole class
groUps. These investigations have been included in the
STUDENT MANUAL (rather than in the.RESOURCE WOAD) for
the benefit of interested students or groups of stUdents
who are working on their own.

3) With individuals or small groups

If you have computer facilities available to you over long
periods of time, an individualized approach to PH will give the
student maximum investigative experience. PH has been designed
so that there is Seldom a single coriect solution; an organized
experimental approadh, however, will usually,give the best results
in a minimum of time. If time,is not a major prOblem, we recomMend
your students work ihrough all three investigations.

As far aa background material is ccncerned, you may want to
provide tnose students working on their awn with appropriate
readings 'rather than lecturing to them; the RESOURCE MANUAL is
keyed for this purpose: The information contained in the back-
ground readings in addition to the basic material in a standard
text should be sufficient for these students to runNpli.

VI. KEY FOR STUDENT INVESTIGATIONS AND FOLLOW7UP QUESTIONS

INVESTIGATION #1 PATTERNS OF ENZYME ACTIVITY,

Evitriment 1 WHAT PATTERN OF ENZYME ACTIVITY WOULD BE EXPECTED
IF AN ENZYME HAD ONLY ONE CHARGED ACIDIC AMINO
ACID AT ITS ACTIVE SITE?

Correct Inputs (You may wish to-check the student's INPUT SHEET either
efore or after carrying out this laboratory)

8
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Correct Inputs

NO. OF IONIZABLE AMINO ACIDS? 1

AMINO ACID 1 ---- CODE NO.? 1,2.3 or 4

SHOULD IT BE CHARGED (1YES, 0NO)? 1

PH RANGE FOR THIS EXPERIMENT

(Other numbers may be used
LOWER LIMIT? 0 here; for example, to save

' time, 2 to 12 might be used.)
UPPER LIMIT? 14

Sample OutPut - For amino acid #1 (28partic acid) assuming charged
condition necessary for enzyme activity:

:".7%Af1Vr. ICTTVITY
11 41 51 61 71 (-0 (11 I'll

2./

lk

14

1 I k

s I k

I

1 k

4

C-)

6 1

7 1

i{

9



Other Possible Solutions for Experiment I.

An enzyme containing:

amino acid #2 (aysteine) will show low activity in a pH range of 0-7,
and,high activity in a pH range of 9-14:

amino acid 03 (glutamio acid)will show low activity in the range 0-3,
and high activity in the range 5-14;

amino acid #4 (4rosine) will show low activity in the range 0-9,
and high activity in the range 11-14.

Student Question for Experiment 1

IN WHICH F f 'RANGE, 0-7 or 7-14, WOULD AN ENZYME THAT REQUIRES
ONE CHAR(ZD ACIDIC MONO ACID WORK BEST?

Answer: The specific pH's at which the enzyme might'operate
best depends on the nature of.the amino acid at the
active site. All acidic amino acids tend to be
ionized at high pH values,,however, so that if the
enxyme requires this ionization for activity, it
wouldoperate best in the range 7 to 14.

Additional Run for Experiment 1

HOY MAW IovI7joLr AMIVO ACIDS AT ACTIVE SITE. CUP TO 4)? 1

1A1\10 ACID 1 CODE NM.? 4
S4OULD IT nF C4411AL_D (1=YFS, 1:140)?

P4 PAVGE FOR T4IS EXPERIMEVT:
L^',!FP. LIAIT? 7
TP-IpFit LIMIT? 11

I

"

RELATIVE FAMMF AtTIVITY
VI 11 31 41 51 51 71 rin (11 111

T I*

I*
q 1,*

I *

1 I

4

11

11 I k

11

13 I

10

4



INVESTIGATION #1,

Lmeriment 2 WHAT ENZYME ACTIVITY PATTERN WOULD BE EXPECTED
FOR AN ENZYME THAT REQUIRED ONE CHARGED BASIC
AMINO ACID AT THE ACTIVE SITE FOR ENZYME ACTIVITY?

NOTE: ExPlanation of the computer inputs are in the
STUDENT MANUAL-only.under Experiment 1. If the'

students have not carried out Experiment 1, they
.

should read the STUDENT MANUAL for that experiment.

NO. OF IONIZABLE AMINO ACIDS?

Correct In uts

AMINO ACIA 1 ---- CODE NO.? 5 6 ar 7

SHOULD IT BE CHARGED.(1m1YES,OuNW?

PH RANGE FOR THIS EXPERIMENT

LOWER LIMIT? a
, UPPER LIMIT? 14

\Sample Output - FOr amino acid #6 (hiatidine), assuming ionized conditiOn
necessary for enzyme activity:

py,T,11.TUF F'41,1"1;;', t"C:CIVITY
11 2'1 3'1 Ill 51 An 71 Ctj r) r

t34
1 I

1/4

1/4

T k

1 T it

11 1 .<

T

Tic

TIc

cl

Tic

1,1 1 k

k

14 T1/4

:10

I.



Other Possible Solutions for Experiment 2

An enzyme containing:

amino acid #5 (arginine) at its active site will show low activity in a pH

range of 3-14 and high activity in range 0-2;

amino acid #7 (lysint) at its active site will show low activity in the

range 11-14 and high activity in range 0-9.

Student Question for Experiment 2

OVER WHICH FW RANGE, D.? or 7.14, SHOULD AN ENZYME THAT MOMS
OWE CHARGED BASIC AMINO ACID WORK BEST?

Answer: Just's* with acidic amino acids at the active site,,there
is variation in behavior from amino acid to amino acid;

but we should expect such an enzyme to be activi at

pH values 0 - 7.

Additional Run for Experiment 2

404 MAW IOIPWILE AMI4O Actns AT ACTIVE. SITE. (UP TO 4)/ I

AMIVO ctn t ---- CODE V0.7 7
SIOULO tr nE CliA:tGEn (11=YES, 1=V0)? I

pq R41GF FOP.. T4IS EXPERTIEVT:
LOWER LIMIT? 79
.OFY..3F:) LI1IT? 11.5

77.FL4TIVE F47.Y4E ACTIVITY
1 I ?fi 31 41 51 61 7./1 81 .11 111

pH

8 I

)

11

It I

11 I*
1*

12
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INViSTIGATION #1

Experiment 3 WHAT.PATTERN OF ENZYME ACTIVITY WOULD BE
ASSOCIATED WITH AN ENZYME THAT REWIRE§ TWO

' CHARTED AMINO,ACIDS AT THE ACTIVE SITE, ONE
ACIDIC AND ONE BASIC?,

;

NOTE: It.is necessary for the students to read
Experimant 1 before attempting this
experiment..

Correct Inputs,

NO. or IONIZABLE AMINO ACIDS? 2

'AMINO ACID 1 --17,CODE NO.? 1., 2. 3 or 4

SHOULD IT BE CHARGED (1!YES, 0NO)?

PH RANGE FOR THIS EiPERIMENT

DYER LIMIT?

UPPER LIMIT? .

0

14

(See Sample Output on following page.)
.



FoLLOW-Up QUESTIONS FOR INVESTIGATION #1

1) At what pR values (high or low) are the actdic amino acids charged?

The acidic amino acidslare,generally charged at high pH values.
This is because it high pH values there ate feW hydrogen ions
but many hydroxide ions in solution, causing the hydrogen to
be.removed from ehe side groups of these amino acids, leaving
them with a net negative.charge.

'2) 'At what pH values (high or iow).ate the basic amino acids charged?

The basic amino acids are generally charged at low pH values.
,This is because at low pH values hydrogen ions are in excess,
an unbalanced situation which moves toward equilibrium by
the addition of hydrogen ions to the basic amino acids,
leaving each amino acid With a net positive charge.

3) tepsin worksbest only at law pH values of 1 or 2. What type(s)
of charged amino acids might be found at its active site?

Since we are restricting our answer to' amino acids carrying
a charge, there would have to be a basic amino acid at-the
active site, Ilince at these extremely low pH values only
basic amino acids are charged.

4) Most enzymes in living cells work beet around a pg of 6, 7 orA and
do not work at all in very high or very low pH's. What kind(s) of
amino acids might cause this behavior?

There are several correct answers for this question. The
most likely response, considering the results of this
investigation, is that at least one acidic and one basic
amino acid must be present at the active site. Another
correct answer to this question would be two acidic amino
acids at the active site, one Charged and the other
uncharged. There are other correct solutions and the
best test of an answer would be a run of the PH program.

16
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Other Possible Solutions for Exgoriment.3

There'are 12,different solutions for this experiment. In general, they
will exhibit bell-shaped curveswith various degrees of extent. -A few cow-
binations will exhibit no activity.

Student Question for Experiment 3

WHAT GENERAL PATTERN OF ACTIVITY.CAN BE EXPECTED FOR AN ENZYME
WITH TWO IONIZED AmmTO ACIDS AT ITS ACTIVE SITE, IF ONE IS
ACINC AND THE CTHER BASIC?

Answer: Activity is usually displayed in the middle pH region
with little or no activity at the acidic and basic
extremes. In general, the curve can be called
bell-shaped.

Additional Run for Experiment 3

40%7 MA1? /01Anl..1 I10.AcIIIS'AT ACTIVF SITE (UP TO.4)7 0

nmtvn.ACID I ---- CODE 10.7
.9,10t11..0 IT nE C4ARGED (1=YFS, 1=10)7 1

flyo ,NcIn 2 ---- CODE 10.7 7
S101.11,7) IT nE CMAY:GFD (1=YES, 1=I0)? 1

?,;4 PAIGE Fft T4IS
1,1*;7E.? LUIIT? 6

UPPER TAITT? 12

Au:LATIVE EiZYAF ACTIVITY
1 11 21 31 40 51 61 71 91 11 111

6 1*

I

7 1 *

r4

) f

11 I

11 I

i*



lima Output - Usina.ailno acids #1 (aspartio acid) and #6
Ihistidine) and asspning ionised.condition
of both nacepaary for anzyno activity:

Ir.LATIVF EltYMF-ACTIVITY

5. .

14
3 5



',IiIESTIGATION #2 EFFECT ON ENZYME AcTrvrTi OF THE NumBER OF'.
IONIZABLE AMINO ACIDS AT THE ACTIVE-SITE.

There is no single solution to any of the experiments in this investiga-
,

tion. 'For this reason many teachers mill want to avoid this investigation
with large groups.

Experiment 1 IS THERE MORE THAN.ONE COMBINATION OT
'TWO' AMINO ACIDS THAT WILePRODUCE A
MAXIMUM ACTIVITY IN THE RANGE OF 0 7?

Due to the large nUmber of.combinationsipossible (over 150), there
are very likely many Imino acid coMbinations that yield maximum
activity in a pH range of 7.

For Experimenta.Z and 3, let students work with any of these eligible sets
of amino acids. These amino acids may be in the charged or uncharged,
states.

Experiment 2 WHAT IS THE EFFECT OF ADDING A THIRD AMINO
ACID AT THE ACTIVESITE?

It 4,pends'oh the type of amino acid added; usualty, the addition
of4I6 amino acid of the same type as one of those already present
will have the,least effect.

For this experiment, let the students add any of the seven amino acids
available, in either the charged or the uncharged state, to satisfy the
catalytic requirement.

Experiment 3 WHAT IS THE EFFECT OF ADDING A FOURTH AMINO
ACID AT THE ACTIVE SITE OF AN ENZYME, ASSUMING
THAT ACTIVITY IS MDDERATE TO HIGH WITH THREE
IONIZABLE AMINO ACIDS PRESENT?

In genaral, the greater the number of amino acids, the more
restricted the pH range in which an enzyme is active.

ik6
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FOLLOWOP WESTIONS FOR INVESTIGATION #2

Allother 4ctors being the same, does the addition of another
'ionizable 'nano acid improve the activity of an enzyme?

No; in general the addition of another amino acid lowers
activity and narrows the range of actiVity. (See the three
sample runs for this experiment.)

2) Why might a certain enzyme have three or four ionizable amino
acids at its active site?

If three or four were required for catalytic activity, they
would have to be Present or no catalytic activity would
result at all. (Note: This is an aspect of PA which can
lead many students astray. You May wish to emphasize this
in your classroom follow-up.)

3) While knowledge of'the detailed structure of most enzymes is
still lacking, there are indications that most enzymes have
only one or two ionizable amino acids at the active site.
Why might this make sense frmW the investigation that you just
carried out?

One of the conclusions the student,might come to from this
investigatibn is that the addition of a third or fourth
amino acid is disadvantageous, unless there is a good reason
for the presence of the extra amino acid(s). (Some genet-
icists have begun to use this idea as a basis for molecular
evolution.)

4) Assume that an enzyme works well with two ionizable amino acids
at the active'site. If an animal were born with a mutation that
caused a third ionizable amino acid to be placed at the active
site, what would be the chances that the mutation would be passed
on? WHY?

This is an open discussion question. Some of the above ideas
may play an important role in the ultimate decision (or lack
of one) by your class.

IP
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1

INVESTIGATION #3 INVESTIGATION OF THE ACTIVE SITE
OF THE ENZYME ACETYLCHOLINESTERASE.

NOTE: Additional background materials on the enzyme amitylohaineeterate
may be found in the materials for the HUNTINGTON TWO program LOCKE!.

GIVEN (1) THAT THE ENZYME ACETYLCHOLINESTERASE
IS KNOWN TO HAVE A pH OPTIMUM IN THE AREA, OF
8.5 to 9, AND (2) THAT THERE ARE THOUGHT TO
BE TWO IONIZABLE AMINO ACIDS LOCATED AT THE:
ACTIVE SITE (ONE CHARGED AND ONE UNCHARGED),
WHAT TWO AMINO ,ACIDS ARE RESPONSIBLE FOR
THE ENZYME'S pH BEHAVIOR?

Since there are many experimental approaches that might be taken in
this investigation, no specific directions have been given. Students might
find the additional background material in the RESOURCE MANUAL helpful in
determining a method of approach.

A Sample Approach to INVESTIGATION #3

The following approach is only one of several that should'prove
successful

1) First determine the characteristics of each amino
acid: when it is ionized, when it is un-ionized, etc.

2) Discard from consideration all amino acids that
undergo ionization change in a region other than
near pH 9l.these amino acids are unlikely to
produce an optimum In the proper ranger as
shown by the results of INVESTIGATION #1,
Experiment'3.

3) Investigate the combined properties of remaining
amino acids, when one amino acid is ionized and
the other un-ionized (not charged).

4) Select as the most probable choice the pair th-at
produce an optimum near pH 8.5 to 9 and that meet

the requirements noted in.tfie background materials.

5) Also examine other poRsible combinations that have
an optimum around pH 8.5 to 9.



A Possible Solution

Using a mathematical procedure similar to that carried out by the pro-
gram PH, biochemists have come up with the most probable ionizable amini)
acids at the active site of Acetylcholinesterase:

Site A: oysteine in the charged condition

Site 13: tyrosine IA, the uncharged.condition.

The following graph produced by the PH program will confirm that the
presence 9f cysteine in a negatively charged state and tyrosine in an
uncharged state produces a'pli maximum in the proper range ind meets'the
requirements noted in the background materials.

Initructors with a knowledge of catalytic mechanisms may recognize
this state as being favorable for acid-base catalysis.'

20
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.....aisiatutiGrIr this Solution

H.CW MAW IIAJI?An LF AMIW1 ACIDS AT ACTIVF SITF

4MI\10 ACTF1 1

's4omn IT nF.
A,1/\10 .4CIR.

SHOUI4171 IT TIE

OD - C ODT N16. ?
C44RGED (12YFS, ('40)? 1

OD - conF VO.? 4
(NAI?GFD (1=YES, 1=g0)?

i.)11 Fni: THIS FXRFPIMFAIT:
LIMIT? 1
%I'4117 14

PYLATIVv FAIWAF ACTIVITY

P1r
1

1

/1

5

6

7

1 '1

1 1

1 .?

1 3

1 11

(rr' TO 4)?

1(1 2r1 :VI 41 51 6n 701 (11 1 11

NOTE: There may be other solutions. Certain biochemists have suggested the
use of histidine. You may want to examine this possible solution your-
self,1 or have one of your students work with this possibility.

a.
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F01442F-UP QUESTIONS FOR INITSTIGATION #3

1) Should the aMino acid at site A be acidic or basic? WHY?

The amino acid at site A should be acidi:. In the background
materials it was noted that the amino acid at site A was
thought to carry a negative charge. Only an acidic amino
acid is likely to develop a negative charge through the loss
of a hydrogen ion.

'(For your information this deduction, in part, came from
noting the nature of the substrate. Acetylcheline, the
natural substrate, has a positive charge in the equivalent
location.) .

2) If there were no ionizable amino acid at site B what would
'the sketch of the activity curve look like?

In.this case the activity plotted against pH would show low
activity in the basic pH range, assuming site A contained
an acidic amino acid that had to.be in the charged state
for cai:alyois.

(Note: If another answer were given for Question #1 Above,
the response to this question would also be different.)

3) If there were an uncharged ionizable amino acid at site B,
would it be acidic or basic? WHY?

4)

5)

6)

If the student, has used an ionized (charged) acidic amino
acid at site A, then he must use an uncharged acidic amino
acid at site B. If a basic amino acid is used, a broad
range of pH optimum generally results. (There are some
solutions that melte use of basic amino acids, however.)

What amino acidtaris probably at site A?

Scientists think cysteine most likely.

What amino acid(s) is probably at site B?

Tyrosine seems to be the most likely choice.

Are there Any other conbinations of amino acids (charged or unchazged)
that might produce maximum activity at or near pH 8.5?

There may well be, since the PH program alone allows over
2500 combinations of amino acids.
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RESOURCE' MANUAL

INTRODUCTION

Some of the material in this manual is written with the student, rather
thal. th teacher, in mind. It is our hope that an interested student will
.be able Co research and find his own answers to questions posed in the PH
program, using certain materials in this manual as the necessary background.

other parts of this manual are clearly meant for the teacher. Those
sections that are intended solely for background reading will be marked
with alk, and the Sections containing extended materials for the teacher
will he marked with a 4P. Sections marked with both (1t41) indicate a mixed
f unet ion.

I. BACKGROUND INFORMATION

* Eni:vnies ProL e ins

Structurally, enzymes are ?rote:no; therefore,-it is necessary to
understand the nature of,proteins in order to understand enzymes. Proteins
are polymeric. A polymer may be thought of as a group of simil,ar units
bonded together in a chain. Figure I can be used to represent a polymer.
ln th cao, the similar polymer unit is the circle. Notice that not all
tue ciretes'are mactly the same. The definition of a polymer requires
only that the units he similar.

FIGURE

We will take the "... an the end of the chain to mean "and so on."
lhi iq another characteristic of most polymers: they are long. Also,
the units tilw_ make up the polymer are usually handed together in a par-
ticular fashion. We have now stated three requirements of proteins as

polymers: they MIVA be made up of similar units in a chain; the chain
must he long; and the units should he handed together in a particular
fashion.



the ',nits that makr up protein,' are cal led amino acids. Al I. amino
acids are it rue t urat 1 I Tr. Figure 2 below i lustrates the basic
st rue t ure i no ;it: id. Each amino ac id is based on a central carbon
at om (1) to wh-tri; roar di rent 4roups are attached: the amino group (2)
conyosod 0 t. a nitrogen and t wo hYdrogen:;, the ca rboxyl or carboxyllic
acid group ( I) a -;ingic hydrogen and a side group or replaLement
gro'it) 7)) . iii t aese grouw, , ont y taw I de group is allowed to vary from
ont ami no Ac id to Anot he r .

5

FIGURE 2

In Ft ;et' t wo e'.:Artlp les ot- inni no ac id:,. In glycine (a) the side
roup (R) ; -;ifu;1,' hydrogen atom; in aspar ic .1c id (b) the side group

mor ,omp x . !oth are amino ac ids , however, and can be found in pro
t n rhI'( :tr.,' over 20 other types of amino acids that can be
ound in :lrot, i n h :,f :icids (with two exceptions) is
ruturil v i.x(...pt for t he side (R) group.

it 0*
/

\ C-OH ir
\ I I ,/\ H I '41- C - H,'

H
I 0 H %.---"' 0\ // \ I *

N - C - C N -C- C
H/ I

\OH
HI 1 \ OH

H H

(0) (b)

FIGURE 3

10H Ai-, pry( in po IVT1It'rs .I. got son. idea of what. "1 ong" means

t hi I p I 71' ". : f wo xinio I e; and j 'Yt

!1;11 u I he t ,,t pr'.! I p.r1 1<11own and has 51 amino
iriann.d in two n..lur;. whi.11 I round in your hai r and

,in have ; 1,0":10 amino and col lagen is
i t pr.0 HT).
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Proteins have their amino acid units bonded together by peptide bond .

Figure 4 shows the location of a peptide bond. The covalent bond is always
between the amino group of one amino acid and the carboxyl group of the
other.

. COOH

'1 I:OHICH2
1 I ov

N1 C C .
1 \ A / 1 IHi IH

J

FIGURE 4

flIt free carboxyl groups can in turn be bonded to the amino group of
an)ther amino.acid and so on until long chains result.

Protelmi are not straight chains; they are folded over and about them-
Ives. Studies have shown that this folding becomes an important consider-

a-ion when one attempts to determine the properties of a protein. Heat- and
s rong acids and bases are among the-many factors that can change the folding
f a protein. Think of the change that occurs when you cook egg white.
gg white is a solution of albumin, a protein.

*Enzymes as Catalysts

We can picture al chemical reaction as a hill. No matter what the
grade on the other side of the hill, it is going to take energy to get up
to the crest of the hill. if w: could in some way lower the top of the
hill, with d bulldozer for instance, it would require less energy to get
to the other side. Catalvsts act by "lowering the hill."

BEFORE
AFTER

FIGURE 5

4
3



For au example, let's take an enzyme called acetylcholinesterase.
Th s i!itzvme !-ipeeik the breakdown of the chemical acetylochol4ne into two
par , (holihe Ahd acetic acid.

<acetyl chollne... MINIM110110 acetic <
acid

FIGURE 6

ThLi brelk-ul) woulA occur.naturally, hut at a very slow rate,, because the
enet i quir.'d I ,) tip the hill" is great. (rhis amount of energy is
called iho :.,L1 of the reaction.) in fact, the reaction would
proceed --,1..,.41v that you would die because your nerves would stop func-.
ttehih:4. How ( to '' lower the activation energy so that the reaction will
proceed nore (4h(!..1v7

rvdhcc the Activation energy, we require a particular enzyme., since
each ell=w -Tecitic and is a catalyst for only one of a few reactions.
\n kOVUL ,. ihh,)t . awe r the activatioa energy of any of the-other reactions
that micht Pe cci i.. on at the same time. In our case, we require the
en./.yrtie v ilt,.tity r;rtit..

OrAt bonds to the substrate (the substance that the enzyme
work,.4 )!1), !tn.miiw an tazvme-'snhstrate. Most enzymes are thought to have
clocIricalIv chirgcd ';roups that in some way lower the amount of energy
regaired tor tae r.'lltion. When the reaction is over, the enzyme releases
t he pro,1)1( t .

E+S-----+\E-S ---E-P -----,E+P
separate enzyme enzyme separateenzyme substrate and products entymeand substrate complex after reaction and products

of ter reaction

FIGURE 7
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Figure) slwws the enzkie emerging from the reaction unchanged. Thisis another characteristft of , catalyst, that it takes part in a reaction
but is itself unaltered hv the reaction. For this reason, a 'catalyst (in
our case, the enzyme) can be uscl over and over again. Furthermore, only
a small amount of catalvit is reqiired for a reaction involving a large
amount 01 Ole -11h`r rat L. .

lt zo depict a reaction in which an enzyme is prosent as
A catitv,t in t:u tel 1owiti WAV:

E-S E-P

activation
energy without
enzyme

SO all. .g. 418.
4%- s s

%
activation/e energy with

//I % enzyme
%

FIGURE 8
NO

The eN doe:, not chingt. the substrate or the products that would normally
tom; it only lowers the activation energy, allowing the reaction to occur
mor,' -ailv cid u,,naliv mire rapidly.

it o, an t:11;.vnte

()Iwo ;Hentists discovered some of the mechanisms of enzyme action,
they tried to nswer' another question: Doei the whole enzyme take part in
catalvsis! Careful investigations using many different techniques have
indicated that_ certain area'; of an enzyme aro very important for catalysis,
while other areas have no effect on the enzyme's catalytic ability. This
lads to the idea uf an a(tive site the area of the enzyme on which catalysis

actually carried out. !%lany enzymes may have more than one active site, but
all the active ite,; in 'met' cases are involved in the cAtalvsis of the same
,reaction.



Al. On the pH Specificity of Enzyme

Nearly all enzyms exhibit pH optima. Some specific examples that
rou may find usqful in class discussion are listed below:

Enzyme pH Of5timum

Salivary amylase 5.5 - 6.5
Pepsin 1 - 2
Pancreatic amylase 6.7 - 7.2
TrysLn 7.8 - 8.7
Lipase 8

Maltase 6.1 - 6.8

The ranges in the above figures reflect thVrange of experimental
determination; but even then the variations are small. Most enzymes
have a bell-shaped curve when their activity is plotted against pH (see
(a) below).

ACTIVITY

4 6

PH

(0)

ACTIVITY

FIGURE 9

5 6 7 9

(b)

9

However there are a few enzymes such as leucine aminopeptidase that
show.quite a different curve (see (b)). Why should enzimes in general show
a bell-shaped curve and have restricted pH optima? And why do certain
enzymes behave differently?

As we said before, the answers to these questions can become highly
mathematical; while weido not expect high school students to understand
the'mathematical solutDons involved, we hope that by using PH they will
acquire a basic underst nding of pH specificity -- the norm and the
exceptions.

pH can affect (I) the,affinity of an enzyme for its substrate; (2) the
stability of the enzyme; or (3) the catalytic sctIon of the enzyme. The
.effeccs of (1) and (2) can often be screened out of experimental results.
When this is done the "belll-shaped curve" still remains. It seems, then,
that a pH optimum is due primarily to the effect of different pH values
on the catalytic action of the enzyme.

1

6



ln general ervi.ymes are thought to function through acid-base catalySis;

in.order for this tpe of catalysis to..occur, there must be charged groups
at,the active site of the enzyme. Since enzymes are protein structures,
thepnly possible Oarrged groups will be amino acids. Luckily, there are
only a few amino acids that can carry a charge on their side groups (R groups).

1

Those amino acids that can carry a positive charge on their side group,

(by picl.ing up an additiona) hMrogen ton) are called basic amino acids.
One,example ot a basic amino acid is k:..7.sine:

NH2

(CH)4

H2N - CH- COOH

FIGURE 10

NH3

(CH2)4

H2N -CH - COON

Since a hydrogen ion OM is involved in such.a reaction, a basic
amino acid can carry a net positive charge only at certain pH values.
hile the plttorn is the same for each of the basic amino acids, each
basic ri n a. H ho, its own range of pH values in which it is charged.

RASIC AMINO ACIDS

pH at which the
grouo Is one-half
ionized == pK

a

. 1 Pra R-Croup Structure

1.48 -C11
2

-CH
2

-C11
2
-NH-C = NH

6 8 -CH. -C_N
2 ;

H
3

10 .(-.) -CH ,--CH -C11-CHz-NII2

62



to.

Other amino acids can carry a nei negative charge (by releasing a
hydrogen ion). The amino acids are called acidic. Glutamic acid is
one example:

COOH

1

CH2

CH2

1

H2N CH COOH

Likewise, each acidic
y41ues in which it is
charged at pH higher
higher than\11.

FIGURE II

COO

CH2

1

CH2

1

H2N COOH

H

amino acid has a certa0 particular range of pH
charged. For example,.glutamic acid is highly
than 5, while tyrosine is charged only at pH

ACIDIC AMINO ACIDS

Name pKa

Ar:TD 4.6

C7.717Y 8.3

7 A t 7:L1 4.25

10.7

-11-Group Structure

-CH
2
-COOH

-CH
2
-SH

- CH 2-CH
2
-COOH

- CH 2-C
6
H470H

4.



..

fit genera I haf, 1, .nni II., ,,,. 1,i- I r-. c;targed .0- 1 ow (an idi,c) pit values,-
whi l ae id e i-uni no .,c ;d5., lc.. ..h.tr.,cii :ti_ hit,h (ba:-1 Lc) pil.values. Your
situdentF; shou, d be ab i- t, J.., ve loll th rs tinders t and ing through exper Lthenta--
t Lon w i th t he ,,rot4ram : ... . .......6

,

ii Rel.). t i on et .',' :-,,hrie A.. i v it ., to Amine. Ac i d Cl:ar ye-......- -

I f k and .in t i i, n ac id are both present: at th.e active
01 an en?.,yme, a be 11 --;hapod 1.:1.1rvi- May. deve lop. Since the basic amino

ac i d chard nik it di v a l ue,s and Oki. ;i'cldic amino acid is charged
only at high 0 valut, hotil Will be charged.only in the middle of
the pH 14c'hit-, it at 11!.. !f both the ACidic and the bat5ic amipo acids
arc .require,.1 r t lu iflZUr tka1.vtic act ivity, then we will- find that
the l'11:Y.":!0 i re!-,r ric ti dl opt ilnum somewhere .around 7 on the pH scale.

100

IONIZATION

1 2 3 4 5 6 7 8 9 10 11 12 13

FIGURE 12

This %,..1!4i account tor ').11-s.icyed curves seen for many enzymes.
if Co., of ho ..n at ',tic And a bmit. amino acid is necessary for
the oivinf to funai,,n, ti) e italvtfc activity only
whk'n t b i t .tri . ate

-.4 t .1' os, an enzyme such as leucine
p t 1..1 hi tiN!, cai i mum -ver Lite ent ire basic range?

lo t 17'4 '.111.)11 H he able t. (4 formulate a
ethe!...

Si



.a.

(AP

pH and Amino Acid Charge State

A8 for many other chemical reactions, a change in the charge of an
amino acid can he described by an equilibrium equation. For the roaction

amino acid II+ f amino acid-

we can write the following crluilibrium expre!ii;ion:

[11+1 [amino acid-1
K

(amino acidI

Rearranging terms we obtain!

+
[amino ecidl

1111 r
Nmino acid -j [21

If we ,.ssume that only avery small number the hydrogen ions present
are contributed by the water, we can derive an expression for.the pH of the
solution trom Eqoation [2] above. To do tlits, rirst L.11. the log oLeacn side:

[aidino ac,n1
log [I

+
1 log Ka +

nnid-I 13i

Sine. pH equals the negative log of the hydtogen ion concentration, multi-
plying Equation 13] through by -I will give us the desired expresion:

ph -1w4 [01 = -log K + log
a [amino acid1

[amino acid-I

[41

Note that multip through by -1 inVerts the fract,ion. Afso, the qnantity
(-log.K.1) is a const t for any single amino acid. Thi!; difficult Corm or
the equation can be simplified by introducing A new quantity called the pK1,
the negative logo the constant K,1. By substituting this new quantitY
Into Equation 141 and rearranging 'terms, we obtain:

[aminy acid-]
log pH - pK

a
!amino acid]

Using this equation, it Is po:;sible to calculate rh, pi?r cent i)t

acid in the char4ed form at any pH. Al t. h iui, Ii I l'qllat i;111

using an acidic amino acid, a similar CTI:lt en ,:in he derived 11/' Hi
amino at.ids. The program evaluates sip]) cf1,1,Atit)T1H tor tih

over the ontire pH range from 0 te
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III. THE PH MODEL

Program Equaeions and Assumptions

\

1) Equations derj.ved from the Henderson-Hasselbach equation for weak
acids are a:sumed to be a valid description for the reactions of
side groups of amino acids:

log (ionized/de-ionized) = pH - pKa for acidic groups

log (ionized/de-ionized) = pKa- pH for basic groups

2) When more than one ionizable amino acid is present at the active
site, all amino acid side groups are assumed to be equally impor-
tant in carrying out catalysis:

caealytic ability = (% amino acid #1 with proper charge)
x (% amino acid #2 with proper charge)

3) None of the amino acids at the active site are N-terminal or C-terminal.
thus alpha amino and alpha carboxyl groups are not significant.

4) Neither the structure of the enzyme nor the structure of the substrate
is assumed to have a modifying effect on catalysis.

5) pH is assumed to affect only the enzyme, not the substrate.

6) At nu time does the enzyme become irreveraibly denatured.

5 9

14



Program Variables and Their Meaniag

A(T) pKa of amino acid #T multiplied by identifier
(fl for acidic, -1 for basic amino acids)

AlLino acid code number holder

Charged state identifier (-1 means uncharged)

pKa. holder

Per cent of amino acid ln correctly charged state

Number of amino acids at active site

pH

Lower limit of pH determination

Upper limit uf pH determination

Respowie nolder

Counter

CIL:Ilytic ability of the enzyme

1 5
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