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Augmented Reality Supplemental Material


This book is equipped with augmented reality (AR) supplemental material to enhance your learning experience. Follow the steps below to access this capability.


Step 1


Use your camera-enabled phone, mobile device, or tablet to scan the QR code below.
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ar.kaptest.com


For quick access, bookmark or star this URL in your browser or save the webpage to your mobile device’s home screen.


Note: The camera connects to the AR webpage only when you are directly accessing it, and the camera does not collect any data from your device.





Step 2


Focus your camera on any of the AR markers found throughout the book to view an accurate 3D representation of a virtual object. Try it out below! The sample AR marker on the left will show human alveoli. The sample AR marker on the right will show a triceratops.
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	Tear out the perforated color “quick sheets” at the back of this book and staple them together so you can study even when you don’t have your book.
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	Resist temptation to skip straight to the science. Instead, start by reading the first three chapters (only 28 pgs!).
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	As you finish a chapter (including the practice problems!), check it off on the Table of Contents.
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	Obtain a DENTPIN (required to take the DAT and apply to Dental school) at ada.org/dentpin
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	Register to take the DAT at ada.org/dat
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	Contact Prometric (prometric.com) to arrange date, time and location for DAT administration.
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	Take a moment to admire your completed checklist then get back to the business of prepping for this exam!









Late-Breaking Developments


kaptest.com/publishing


The material in this book is up to date at the time of publication. However, the test makers may release more information on test changes after this book is published. Be sure to carefully read the materials you receive when you register for the test. If there are any important late-breaking developments—or any changes or corrections to the Kaplan test preparation materials in this book—we will post that information online at kaptest.com/publishing.


Feedback and Comments


Email us: booksupport@kaplan.com


Ask us on Facebook: facebook.com/KaplanHealth


Ask us on Twitter: twitter.com/KaplanHealth


We would appreciate your comments and suggestions about this book. Please provide any feedback you have for the improvements of this book to booksupport@kaplan.com. Your feedback is extremely helpful as we continue to develop high-quality resources to meet your needs.









Note to Students Applying to Canadian Dental Schools


The American Dental Association (ADA) and the Canadian Dental Association (CDA) offer different versions of the Dental Aptitude Test (DAT). The version of the DAT you should take is determined by where you plan to attend dental school and whether or not you are a Canadian resident. This book will prepare you for both exams, but understanding the differences between the two tests will allow you to tailor your preparation to your specific needs.


The American DAT is a computer-based test (CBT) and includes the Survey of Natural Sciences (with Biology, General Chemistry, and Organic Chemistry), Perceptual Ability, Reading Comprehension, and Quantitative Reasoning. In contrast, the English Canadian DAT is paper based and does not contain the Organic Chemistry subsection or Quantitative Reasoning section but does include an optional Manual Dexterity Test (soap carving). All other sections of the tests are identical with the exception of Reading Comprehension, which still contains three passages but allows for 10 fewer minutes. The CDA also offers a French Canadian DAT, which includes the same content as the English Canadian DAT but in French and without the Reading Comprehension section.


In the past, most Canadian schools required the Canadian DAT and the Manual Dexterity Test. However, several Canadian schools now accept American DAT results from applicants who are not Canadian residents, and many do not require the Manual Dexterity Test from any applicants.


If you are a resident of Canada and anticipate applying to Canadian dental schools: Plan to take the Canadian DAT, including the Manual Dexterity Test if any of your chosen schools require or encourage it. If you also plan to apply to U.S. dental schools, check the requirements at the schools that interest you. Your Canadian DAT results will be accepted by many U.S. schools, but you may also want to take the American DAT to maximize your options. If in doubt whether a school accepts Canadian DAT results or not, verify with that school in advance of applying.


If you are not a resident of Canada but plan to apply to Canadian dental schools: Research the specific requirements of each school you would like to attend, paying close attention to residency and standardized test requirements. American DAT results will be sufficient for some English-language Canadian dental schools, but some require the Canadian DAT, and a few of those also require the Manual Dexterity Test.


How to use this book: Since the American DAT includes more sections than the Canadian DAT (Organic Chemistry and Quantitative Reasoning) and many test takers, regardless of nationality, elect to take the American DAT, this book is formatted to follow the American DAT. However, if you will be taking the Canadian DAT, you can still use this book to prepare for your test since the sections the exams have in common test the same material in the same ways. If you are taking the Canadian DAT, you can safely skip Section IV: Organic Chemistry and Section VI: Quantitative Reasoning. However, these sections do contain strategies and information that may make learning the other sections easier, so you may still want to review parts of the sections, especially the first portion of each because it reviews basic concepts and approaches.


If you are planning to apply to one of the few English Canadian schools that requires the Manual Dexterity Test, then you may want to supplement your preparation with soap carving practice since that Test is not based on content knowledge or critical thinking like the sections covered in this book but rather your skilled use of soap, ruler, and blade.


For more information about the Canadian DAT, the Manual Dexterity Test, and Canadian dental school requirements, visit the CDA’s website at cda-adc.ca.


Note to International Students


If you are an international student hoping to attend a dental school in the United States, Kaplan can help you explore your options. Here are some things to think about.




	If English is not your first language, most dental schools will require you to take the TOEFL (Test of English as a Foreign Language) or provide some other evidence that you are proficient in English.


	Plan to take the DAT. All U.S. dental schools require it.


	Begin the process of applying to dental schools at least 12 months before the fall of the year you plan to start your studies. Some programs start as early as July.


	You will need to obtain an I-20 Certificate of Eligibility from the school you plan to attend if you intend to apply for an F-1 Student Visa to study in the United States.


	If you’ve already completed a dental degree outside the United States, get information from U.S. schools—some may have special programs for international graduates of dentistry.












PART 1


DAT STRATEGIES
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Section Goals


Many DAT questions require the application of a strategic approach and critical thinking. The first portion of this book is designed to introduce you to the DAT, as well as the major Kaplan strategies for raising your score. This section is designed to help you achieve the following goals:




	Identify common themes within DAT test sections


	Identify the key content areas and timing guidelines for each section of the DAT


	Recognize opportunities for a strategic approach within test sections and questions


	Review the materials within this book, using clear, effective rules that will assist with recall


	Troubleshoot problematic test questions with newly learned strategies





Content Overview
















	Test Day Format

	Chapter 1: Introduction to the DAT






	Strategy

	
Chapter 2: Studying Effectively
Chapter 3: Test Strategies










Key Study Strategies


These chapters are designed to serve as both an introduction to the DAT and the Kaplan strategies. This section will remain useful throughout your studies, so refer back to these chapters as needed. Special focus should be given to the unique strategies detailed within Chapter 3. Make sure to apply the skills and strategies from this portion of the book across every relevant section of the DAT. In early practice, it may help to refer back to this material or your notes on this material as you work through practice problems. In later practice, ensure you are using the Kaplan strategies on each practice problem. By the time you reach Test Day, these strategies and habits should be second nature to you. The DAT is a critical-thinking test, and high scores are accomplished through a combination of content knowledge and effective strategy.







CHAPTER 1

INTRODUCTION TO THE DAT


LEARNING OBJECTIVES

After this chapter, you will be able to:


	Recall the structure and function of a Computer-Based Test (CBT)

	Describe each section of the DAT

	Explain DAT scoring and how the test is designed

	Apply a growth mindset to build test awareness, stamina, and confidence





The Dental Admissions Test (DAT) is required for admission to most dental schools in the United States and Canada. The American Dental Association (ADA) Department of Testing Services administers the DAT at Prometric Test Centers. Your score is an important part of the admissions process because it provides a universal factor for schools to use in comparing applicants.

This test is unlike the knowledge-based exams common in high school and college that emphasize memorizing information; dental schools can assess your academic prowess by looking at your transcript. This test score is used to assess whether you possess the foundational skills upon which to build a successful dental career. Though you certainly need to know the content to do well, the focus is on knowledge application, emphasizing reasoning, critical thinking, reading comprehension, data analysis, and problem-solving skills.

The key to Test Day success is knowing what you are up against. That’s where this book helps. You’ll learn the philosophy behind the test, review the sections one by one, attempt sample questions, master Kaplan’s proven strategies, and understand what the test makers really want.

The Computer-Based Test

The DAT is conducted by the American Dental Association (ADA) and has been in operation on a national basis since 1950. The DAT is given year-round at test centers operated by Prometric. The official DAT website is where you can begin the process of registering for the DAT: ada.org/dat. You will also find guides, answers to Frequently Asked Questions, and many other resources for DAT test takers.

To register for the DAT or apply for admission to dental school, you will need a DENTPIN. The DENTPIN is a standardized personal identifier used by the agencies responsible for the accreditation of dental school applicants. To obtain or retrieve a DENTPIN, visit ada.org/dentpin. Once you have a DENTPIN, you will be able to submit an electronic application at ada.org using a credit card. To request a paper application, call 1-800-232-2162. The application (and fee) can be submitted several months ahead of when you plan to actually sit for the test.

After your application and fee are processed, you will receive instructions to contact Prometric (prometric.com) to arrange a date, time, and location for your test. Plan to log into your account and register several weeks in advance of when you want to take the test so you can arrange the best time and location. Afternoon testing sessions and desirable days often fill up quickly. Any corrections to your application must be completed at least two weeks prior to your test date, and rescheduling your test incurs a rescheduling fee that varies according to the advance notice you provide.

The American DAT is administered exclusively by computer and can be taken throughout the year. To check in for your testing session, you will need your admission ticket (emailed to you as confirmation of your registration) and two forms of valid, nonexpired identification with signature, one of which must be government-issued and contain a photograph of you, such as a driver’s license, passport, state ID, or military ID. The first and last names on your admission ticket must match your personal IDs exactly; however, IDs with only middle initial or with no middle name included will be accepted. At the testing center, additional security procedures such as photos or digital fingerprints may be taken to confirm and record your identity.

During the test, there is a countdown timer in the corner of the screen. You will not be allowed to wear a watch and may not have access to a clock. One 30-minute rest break is scheduled for the middle of the test. You may take additional breaks with the permission of the proctor, but the test timer will continue running. Even if you are not at the computer, the test will continue to run itself, and successive sections will start automatically if time for the previous section has elapsed.

An on-screen periodic table is provided for the Survey of Natural Sciences section, and an on-screen calculator is provided for the Quantitative Reasoning section. The testing center provides either paper and pen or a noteboard and marker to use for taking notes and writing out calculations. If you need to replace these, you may ask the proctor for a new set any time during the test (although if this is during a section, your time will continue to elapse). You are not allowed to bring your own calculator, writing utensils, or paper.

Content

The DAT is, among other things, an endurance test. It consists of four sections and 280 multiple-choice questions. Add in the administrative details at both ends of the testing experience plus the midtest break, and you can count on being in the test room for almost five hours. It can be a grueling experience. If you do not approach the DAT with sufficient confidence and stamina, you may lose your composure on Test Day. That’s why taking control of the test is so important.

The DAT consists of four timed sections: the Survey of Natural Sciences (including Biology, General Chemistry, and Organic Chemistry), Perceptual Ability, Reading Comprehension, and Quantitative Reasoning. In this book, we’ll take an in-depth look at each DAT section with content review, sample questions, and specific, test-smart hints.

Survey of the Natural Sciences (Chapters 4–51)

Time: 90 minutes (54 seconds per question)

Format: 100 multiple-choice questions across Biology, General Chemistry, and Organic Chemistry

What it tests: Your knowledge and application of university-level sciences
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Biology (40 questions): Cellular and Molecular Biology, Diversity of Life, Structure and Function of Systems (Anatomy and Physiology), Genetics, Evolution, and Ecology.

General Chemistry (30 questions): Stoichiometry and General Concepts, Gases, Liquids and Solids, Solutions, Acids and Bases, Chemical Equilibria, Thermodynamics and Thermochemistry, Chemical Kinetics, Oxidation-Reduction Reactions, Atomic and Molecular Structure, Periodic Properties, Nuclear Reactions, and Laboratory Techniques.

Organic Chemistry (30 questions): Mechanisms, Chemical and Physical Properties of Molecules, Stereochemistry (structure evaluation), Nomenclature, Individual Reactions of the Major Functional Groups and Combinations of Reactions to Synthesize Compounds, Acid-Base Chemistry, and Aromatics and Bonding.

Perceptual Ability (Chapter 64)

Time: 60 minutes (40 seconds per question)

Format: 90 multiple-choice questions across six sets of 15 questions each:

Keyholes (Apertures)

Top-Front-End (View Recognition)

Angle Ranking (Discrimination)

Hole Punching (Paper Folding)

Cube Counting

Pattern Folding (3D Form Development)

What it tests: Your ability to visualize and mentally manipulate objects in two and three dimensions

Reading Comprehension (Chapters 52–54)

Time: 60 minutes (20 minutes per passage)

Format: 50 multiple-choice questions; three passages followed by 16–17 questions each

What it tests: Your ability to comprehend, analyze, and interpret reading passages on scientific topics

Quantitative Reasoning (Chapters 55–63)

Time: 45 minutes (67.5 seconds per question)

Format: 40 multiple-choice questions

What it tests: Algebra (equations and expressions, inequalities, exponential notation, absolute value, ratios and proportions, and graphical analysis); Data Analysis, Interpretation, and Sufficiency; Quantitative Comparison; and Probability and Statistics

Scoring

The DAT is scored on a 1–30 scale. For each section of the test, the actual number of multiple-choice questions you answer correctly per section is your raw score. All multiple-choice questions are worth the same amount—one raw point—and there’s no penalty for incorrect answers. That means you should always fill in an answer for every question whether you have time to fully invest in that question or not. Never let time run out on any section without filling in an answer for every question.

The raw score is simply the number of questions you answered correctly in a given section. This doesn’t reflect the relative performance of all test takers. The official DAT score reported to you and the schools to which you are applying is a scaled score in the range of 1–30. In the scoring scale, a score of 17 is representative of approximately average performance. This allows scores from different tests, of potentially different difficulties, to be fairly compared to one another by dental schools.

When you receive your official score report, eight scores will appear: Biology, General Chemistry, Organic Chemistry, Perceptual Ability, Reading Comprehension, Quantitative Reasoning, Total Science, and Academic Average. The Total Science score represents your performance in Biology, General Chemistry, and Organic Chemistry, which is then standardized and converted into a score on the 1–30 scale, independent of your individual scores on these sections. To clarify, Total Science is not the average of your scaled scores in the Survey of Natural Sciences. The Academic Average is the average of the scores on all sections except for PAT: Biology, General Chemistry, Organic Chemistry, Quantitative Reasoning, and Reading Comprehension. For the purposes of looking at school admissions and matriculation statistics, Academic Average (AA), Total Science, and the PAT section score are the most commonly referenced measures of student DAT scores, and thus these should be the primary measures you use to determine if your score is potentially competitive for a given program.

Your score report will tell you not only your scaled scores but also the percentile ranking that corresponds with your scaled score in each section. A percentile ranking reflects how many test takers scored at or below your level. For example, a percentile of 80 means that 80 percent of test takers did as well as or worse than you did, and only 20 percent did better.

What’s a Good Score?

What defines a good score can vary significantly based on your personal situation. Much depends on the strength of the rest of your application (e.g., if your transcript is first-rate, then the pressure to do well on the DAT isn’t as intense) and on where you want to go to school (e.g., different schools have different score expectations).

For each administration, the average scaled scores are approximately 17 for each section; this equates to the 50th percentile. To be considered competitive, you’ll likely want to score above the 50th percentile. Highly competitive schools may want scores above the 70th percentile, and many tout 19+ or 20+ score averages. It’s important to check score expectations for each individual school. One commonality is that most schools will consider scores that are evenly distributed across sections to be more favorable than a very high performance on one section offset by a very low performance on another. Performing consistently across the board is preferred.

Because all of your section scores factor into your cumulative score, maximizing your performance on every question is important. Just a few questions one way or the other can make a big difference in your scaled score. Make an extra effort to score well on a test section if you did poorly in a corresponding class. The best antidote for getting a C in chemistry class is acing the Chemistry section of the DAT!

What the DAT Really Tests

It’s important to grasp not only the nuts and bolts of the DAT (so you know what to do on Test Day) but also the underlying principles of the test (so you know why you’re doing what you’re doing). The straightforward facts tested by the DAT are covered throughout this book, but now it’s time to examine the heart and soul of the exam to see what it’s really about.

The Myth

Most people preparing for the DAT fall prey to the myth that the DAT is a straightforward science test. They think something like this:

The DAT covers the two years of science I had to take in school: biology, chemistry, and basic organic chemistry, plus math and something to do with perceptual ability. The important stuff is the science, though. After all, we’re going to be dentists.

Remember: the DAT is not just a science test; it’s also a critical thinking test. This means the test is designed to let you demonstrate your thought processes as well as your knowledge base. The implications are vast. Once you shift your test-taking paradigm to match the test makers’, you’ll find a new level of confidence and control over the test. You’ll begin to work with the nature of the exam rather than against it. You’ll be more efficient and insightful as you prepare for the test, and you’ll be more relaxed on Test Day.

The Reality

Dental schools do not need the DAT to evaluate your content mastery; admission committees can assess your subject-area proficiency using your undergraduate coursework and grades. Schools are interested instead in your ability to solve problems. In recent years, many dental schools have shifted focus away from an information-heavy curriculum to a concept-based curriculum. Currently, more emphasis is placed on problem solving, holistic thinking, and cross-disciplinary integration. This trend is reflected in the DAT. It is designed to predict how likely it is that you will succeed in dental school. In fact, research affirms that the DAT is correlated with success in dental school, and, together with undergraduate GPA, is powerful tool for schools to determine which applicants are likely to excel.

Therefore, your intellectual potential—how skillfully you absorb new information, how quickly you build connections between ideas, and how confidently and creatively you solve problems—is far more important to admission committees than your ability to recite the pKa for every acid. Schools assume they can expand your knowledge base. They choose applicants carefully because expansive knowledge is not enough to succeed in dental school or in the profession. There’s something more, and it’s this something more that the test is trying to measure. Every section on the DAT tests essentially the same higher-order thinking skills: analytical reasoning, abstract thinking, and problem solving. Many test takers get trapped into thinking they are being tested strictly about their knowledge of science and math. Thus, they approach each section with a new outlook on what’s expected. This constant mental shifting of gears can be exhausting and counterproductive. Instead of perceiving the DAT as parsed into radically different sections, maintain your focus on the underlying nature of the test; each section presents a variation on the same theme. The DAT is not just about what you know; it’s also about how you think.

So, What About the Science?

With this perspective, you may be left asking questions: What about the science? What about the content? Don’t I need to know the basics? The answer to each question is a resounding Yes! You cannot do well on the DAT if you don’t know the basics of biology, general chemistry, organic chemistry, and mathematics. The best approach to learning that content is to take one year each of biology, general chemistry, and organic chemistry and then review the content in this book thoroughly before taking the DAT. However, knowing these basics is just the beginning of doing well on the DAT. You will also need to demonstrate the ability to reason based on ideas and concepts. In other words, knowing the science is necessary, but not sufficient, to ace the DAT!

Adopting a Growth Mindset

In addition to being a thinking test, the DAT is also a standardized test. As such, it has its own consistent patterns and features. This is the key to why test preparation works: You have the opportunity to familiarize yourself with those recurring aspects and adopt the proper test-taking mindset.

The DAT mindset is something to bring to every section, passage, and question you encounter. Being in the DAT mindset means reshaping the test-taking experience so you are in control. Answer questions in the order you want to answer them. Feel free to skip tough but doable passages and questions, coming back to them only after you’ve racked up points on easier ones. Answer questions how you want to; use Kaplan shortcuts and methods to get points quickly and confidently, even if those methods aren’t exactly what the test makers had in mind when they wrote the test or the way your college professors taught you.
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Some overriding principles of the DAT mindset that will be covered in-depth in the chapters to come are as follows:


	Read actively and critically.

	Translate prose into your own words.

	Save the toughest passages and questions for last.

	Know the test and its components inside and out.

	Practice! Do multiple DAT-style problems in each topic area after you’ve reviewed it.

	Allow your confidence to build on itself.

	Know that you are going to make mistakes and learn from those mistakes to get the most out of your practice.

	Stick with the new strategies you’ll be learning. Some might take more practice than others, but when mastered, all will pay off on Test Day by saving you valuable time and earning you more points.

	Complete full-length practice tests to familiarize yourself with the real experience.

	Look at the DAT as a challenge and the first step in your new career rather than as an arbitrary obstacle.



The DAT mindset boils down to being positive, proactive, and taking control of the testing experience so you can get as many points possible as quickly and as easily as you can. Keep this in mind as you read and work through the material in this book and as you face the challenge on Test Day.

The Four Basic Principles of Good Test Mentality

Knowing the test content arms you with the tools you need to do well on the DAT, but you must wield those tools with the right frame of mind and in the right spirit. Good test mentality involves taking a certain stance toward the entire test. Here’s what’s involved:

1. Test awareness

To do your best on the DAT, always keep in mind that the test is like no other test you’ve taken before, both in terms of content and in terms of the scoring system. If you took a test in high school or college and got a number of the questions wrong, you generally wouldn’t receive a perfect grade. However, on the DAT, you can get a handful of questions wrong and still earn a fantastic, if not perfect, score. The test is geared so that only the very best test takers are able to finish every section, but even these people rarely get every question right.

What does this mean for you? Just as you shouldn’t let one bad question ruin an entire section, you shouldn’t let what you consider to be a subpar performance on one section ruin your performance on the entire test. Often when you think you did not do well you are mistaken. The questions you didn’t know the answers to can cast an outsized shadow, obscuring the memory of all the questions you did know. If you allow a feeling of failure to rattle you, it can have a cumulative negative effect, setting in motion a downward spiral that can do serious damage to your score. Losing a few points won’t ruin your cumulative score, but losing your cool will. If you feel you did poorly on a section, don’t sweat it. Chances are it was just a difficult section, and that factor will already be figured into the scoring curve. The point is to remain calm and collected. Do your best on each section, and, once a section is over, forget about it and move on.

2. The right attitude

Those students who approach the DAT as an obstacle, rail against the necessity of taking it, or make light of its importance rarely fare as well as those who see the DAT as an opportunity to show off the reading and reasoning skills that dental schools are looking for. Don’t waste time making value judgments about the DAT. It’s not going away, so you have to deal with it. Those who look forward to doing battle with the DAT, or who enjoy the opportunity to distinguish themselves from the rest of the applicants, tend to score better than do those who resent or dread it.

3. Confidence

Confidence feeds on itself; unfortunately, so does the opposite of confidence: self-doubt. Confidence in your ability leads to quick, sure answers and a sense of well-being that translates into more points. If you lack confidence, you may end up reading the sentences and answer choices two, three, or four times until you confuse yourself. This leads to timing difficulties, which only perpetuate the downward spiral, causing anxiety and a rush to finish each section.

However, if you subscribe to the right mindset, you’ll gear all of your practice toward the major goal of taking control of the test. When you’ve achieved that goal, you’ll be ready to face the test with supreme confidence—armed with the principles, techniques, strategies, and approaches set forth in this book—and that’s the one sure way to score your best on Test Day.

4. Stamina

Improving your test-taking stamina can be just as beneficial as learning more content. Overall, the DAT can be a grueling experience, and some test takers simply run out of mental energy. This catches up to them on the last section, which happens to be one of the toughest in terms of timing and mental capacity required: Quantitative Reasoning. To avoid running out of steam, prepare by taking full-length practice tests in the weeks before your exam so that on Test Day completing all four sections will seem like a breeze. Taking online practice tests also ensures that you are comfortable with the computer-based format and allows you to review the explanations and assess your performance. Although the scores you earn on your Kaplan practice tests will be quite realistic, the scores are far less important than the practice itself.

It may sound a little dubious, but attitude adjustment is a proven test-taking technique. Just as a successful athlete prepares mentally and uses positive visualization before a big game, so too should you mentally prepare for Test Day. Here are a few steps you can take to make sure you develop the right DAT attitude:


	Look at the DAT as a challenge but don’t psych yourself out.

	Remember that, yes, the DAT is important, but this one test will not single-handedly determine the outcome of your life (contrary to what some students think).

	Practice makes permanent—the way you practice helps build the habits and skills you will use on Test Day. If you make sure to practice with the strategies you want to use on the real test, they will be second nature by the time you take the DAT.

	Have fun with the test. Learning how to match your wits against the test makers’ can be a very satisfying experience, and the reading and thinking skills you’ll acquire will benefit you in dental school as well as in your future dental career.

	Remember that you’re more prepared than most other test takers. You’re training with Kaplan. You will have the tools you need and know how to use them.

	Get in shape; you wouldn’t run a marathon without working on your stamina well in advance of the race, and the same goes for taking the DAT.







CHAPTER 2

STUDYING EFFECTIVELY


LEARNING OBJECTIVES

After this chapter, you will be able to:


	Build a personalized study plan utilizing guidelines and a sample calendar

	Apply principles of DAT studying to set goals and study efficiently

	Identify ideal study locations





The first year of dental school is a frenzied experience for most students. To meet the requirements of a rigorous work schedule, students either learn to prioritize and budget their time or else fall hopelessly behind. It’s no surprise, then, that a test specifically designed to predict success in the first year of dental school is a high-speed, time-intensive test. The DAT demands excellent time-management skills as well as grace under pressure, both during the test as well as while preparing for it. Having a solid plan of attack and sticking with it are key to giving you the confidence and structure you need to succeed.

Creating a Study Plan

Building a Calendar

The best time to create a study plan is at the beginning of your DAT preparation. If you don’t already use a calendar, you will want to start. You can purchase a planner, print out a free calendar from the Internet, use a built-in calendar or app on one of your smart devices, or keep track using an interactive online calendar. Pick the option that is most practical for you and that you are most likely to use consistently.

Once you have a calendar, write in all your school, extracurricular, and work obligations: class sessions, work shifts, meetings, etc. If you are actively taking a Kaplan course, be sure to include your class sessions in your calendar. Then add in personal obligations: appointments, lunch dates, family and social time, etc. As part of your personal obligations, schedule in specific time for family and friends, working out, or other hobbies. Making an appointment in your calendar for hanging out with friends or going to the movies may seem strange at first, but planning social activities in advance will help you cope with your busy schedule (soon to become even busier!) and will help you balance your personal and professional obligations. When life gets busy, social appointments are often the first to be sacrificed, but this can lead to strain in your personal life as well as burnout. Having a happy balance allows you to be more focused and productive when it comes time to study, so stay well-rounded and don’t neglect anything important to you.
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Once you have established your calendar’s framework, add in study blocks around your obligations, keeping your study schedule as consistent as possible across days and across weeks. Studying at the same time of day as your official test is ideal for promoting the best mental recall, but if that’s not possible, then fit in study blocks whenever you can. We recommend studying up to six days a week and taking one day off from your studies for down time and rejuvenation.

Next, add in your full-length practice tests. Remember, these are located in your online assets (to best simulate this computer-based test). Plan to take one test as a “diagnostic test” early in your prep. This can be any of the full-length tests in your online assets. For the remainder of your tests, plan to take one full-length test around half-way through your studies and then once per week until Test Day for the last two to three weeks. Staggering your tests in this way allows you to form a baseline for comparison and to determine which areas to focus on right away, while also providing realistic feedback as to how you will perform on Test Day. For each test scheduled, set aside five hours to take the test and then at least another five hours the next day to thoroughly review the test (discussed later in this chapter).

When planning your calendar, aim to finish your full-length practice tests and the majority of your studying by one week before Test Day, which will allow you to spend that final week completing a final, brief review of what you already know.

Your personal prep plan for studying for the DAT will need to be based around your commitments, your personal prep needs, and your time to Test Day. A sample week-by-week plan for the average student taking eight weeks to prep can be seen on pages 14 and 15 as Figure 2.1. Note that this plan is not prescriptive of individual chapters. This is because you should be using a full-length test as a starting point, in combination with your own background knowledge, to determine the best order in which to start reviewing material. This calendar is also careful to recommend a variety of materials each week, as we do not recommend reading this book from front to back. Instead, you should work on a mix of materials each week, reviewing past information frequently and through spaced repetition to ensure you retain all relevant testable information all the way to Test Day.

You will need to customize your study calendar in order to best suit your needs. For more sample calendars that follow different timelines or include typical Kaplan course schedules, for additional guidance on study planning, and for more information on the best ways to use this book to prepare for the DAT, make sure to check out the videos and resources in your online assets.

Study Blocks

To make studying as efficient as possible, block out short, frequent periods of study time throughout the week. From a learning perspective, studying one hour per day for six days per week is much more valuable than studying for six hours all at once one day per week (studying binges are simply less valuable!). Spacing out your preparation allows your brain time to consolidate its new memories, and seeing the material repeatedly over a longer period of time makes recalling the information on Test Day easier and faster. Specifically, Kaplan recommends studying for no longer than three hours in one sitting. In fact, three hours is an ideal length of time to study. It’s long enough to build up your stamina for the five-hour Test Day but not so long that you become overwhelmed with too much information.

If you can schedule those three-hour blocks, remember to take 10-minute breaks every hour. Use these breaks to get up from your seat, do some quick stretches, get a snack and a drink, and clear your mind. Although 10 minutes of break for every 50 minutes of studying may sound like a lot, these breaks will allow you to deal with distractions and rest your brain so you can remain completely focused during the 50-minute study blocks. Taking breaks longer than this, however, can be detrimental. Research shows that we often become fully engaged in a mentally taxing activity after about ten minutes. So, if you stop to check your email or social media, talk with your roommates, or grab another snack that takes longer than ten minutes, you may disengage from studying, and you will not be using your time effectively.

If you would like to study for more than three hours in one day, space out your studying with a significant break in the middle. For example, you might study for three hours in the morning, take a two-hour break to have lunch with your friends, then study for another two hours in the afternoon.

If you are unable to study for a full three hours in one sitting, shorter amounts of time can work as well, but you’ll get the most benefit from your studying if you immerse yourself in the material uninterrupted for at least one hour. For brief practice when you only have a few minutes, use the Study Sheets located at the back of this book. These sheets contain the most important information to memorize before Test Day, so take them with you wherever you go or put them where you’ll see them frequently. These can be a great way to fit in extra studying, such as when waiting for the bus to arrive, or for a class or meeting to start. Even five or 10 minutes per day quickly adds up to hours of additional studying over the course of a few weeks.

The total amount of time you spend studying each week will depend on your schedule, your starting content and critical thinking mastery, and your test date, but it is recommended that you spend somewhere in the range of 150–250 hours preparing before taking the official DAT. One way you could break this down is to study for three hours per day, five days per week, for three months. You might study six days per week or for more than three hours per day. You might study over a longer period of time if you don’t have as much time to study each week. Or you might find that you need more or fewer hours based on your personal performance and goal scores.

A common goal is to complete at least one chapter per day. Note that the length of each chapter varies considerably, so only use this as a rough guideline, remembering each week to spend additional time practicing the methods and strategies, memorizing vocabulary and formulas, and reviewing material previously covered. It’s better to jump between topics rather than read all the chapters in order. You can reinforce long-term learning by staggering or interleaving the material. Start thinking about all the sections of the test as interconnected and equally worth your time.

No matter what your plan is, ensure you complete enough practice to feel completely comfortable with the DAT and its content. A good sign you’re ready for Test Day is when you begin to earn your goal score consistently in practice.

Time Off

Taking some time off can be just as important as studying. Just as you should take breaks during study blocks, take breaks during the week as well. Kaplan recommends taking at least one full day off per week, ideally from all of your study obligations but at minimum from studying for the test. (The Kaplan course proactively blocks off Fridays with no classes for this reason.) Taking this time allows you to recharge mentally, and any fun or relaxing activities you plan for those days give you something to look forward to during the rest of the week.
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Figure 2.1 Sample Eight-Week Study Plan




How to Study

Goal Setting

The DAT covers a large amount of material, so studying for Test Day can initially seem daunting. To put studying more into your control, break the content down into specific goals for each day and each week instead of attempting to approach the test as a whole. A goal of “I want to increase my cumulative score by five points” is too big, abstract, and difficult to measure on the small scale. More reasonable goals are “I will read one chapter each day this week” or “I will be able to recite all the digestive enzymes by Friday.” Goals like these help break studying into manageable pieces. As you achieve these smaller goals, you may be surprised to see how quickly you begin achieving your bigger goals, too.

Once you’ve established your short-term goals, you will want to achieve them as efficiently and effectively as possible, which means making the most of your study time. Always take notes when reading and practicing. Don’t just passively read this book. Instead, read actively: Use the free margin spaces to jot down important ideas, draw diagrams, and make charts as you read. Highlighting can be an excellent tool, but use it sparingly. Highlighting every sentence isn’t necessarily active reading. It might just be coloring. Active engagement with the material increases your retention, and your marginal notes are also a great way to refresh your memory later.

Active Reading

As you go through this book, much of the information may be familiar to you from prior school work. Be careful, however. Familiarity with a subject does not necessarily translate to knowledge or mastery of that subject. Do not assume that if you recognize a concept that you actually know how it will be tested. Frequently stop and ask yourself questions while you read (e.g., What is the main point? How does this fit into the overall scheme of the test? Could I thoroughly explain this to someone else?). By making connections and focusing on the grander scheme, not only will you ensure you know the essential content, but you will also prepare yourself for the level of critical thinking required by the DAT.

Focus on Areas of Greatest Opportunity

If you are limited by only having a minimal amount of time to prepare before Test Day, focus on missing information or wrong answers first. Areas of opportunity are topic areas that are highly tested and that you have not yet mastered. Most students don’t have time to take detailed notes for every page of this book; instead, use your results from practice materials to determine which areas are your biggest opportunities and seek those out. After you’ve taken a Full-Length test, make sure you identify areas of opportunity. Skim over content that you are already proficient in and read more thoroughly only when something looks unfamiliar or particularly difficult. If you are already feeling confident with the topic of a specific chapter, consider starting with the Review Problems at the end of the chapter. If you can get all of those questions correct, you may be able to quickly skim through that chapter. If the questions prove to be more difficult, you will need to spend time reading the chapter or certain subsections of that chapter more thoroughly, taking notes.

Practice, Review, and Tracking

Leave time to review your practice questions and your notes from previous chapters, too. You lead a busy life in addition to preparing for the DAT, and fitting in so much study time can often feel difficult. You may be tempted to push ahead and cover new material as quickly as possible, but failing to schedule ample time for review may give you a false sense of mastery. The brain rarely remembers anything it sees or does only once. When you build a connection in the brain and then don’t follow up on it, that knowledge may still be in your memory somewhere but not in the accessible way you need it to be on Test Day. When you carefully review notes you’ve taken or problems you’ve solved and the explanations for them, the process of retrieving that information reinforces the connections you’ve built in your brain. This builds long-term retention and repeatable skill sets—exactly what you need to beat the DAT!

While reviewing, take notes about the specific reasons why you missed questions you got wrong or had to guess on, perhaps by using a spreadsheet like the one below in Table 2.1. Keep adding to the same Why I Missed It Sheet (WIMIS) as you complete more practice, and periodically review your WIMIS to identify any patterns you see. For example, many students consistently miss questions in certain content areas or fall for the same test-maker traps. For additional guidance on reviewing Full Length tests and other practice resources, check out your online resources.











	Section
	Q #
	Topic or type
	Wrong answer chosen
	Why I missed it





	Chemistry
	42
	Nuclear Chem.
	Opposite
	Confused electron absorption with electron emission



	Chemistry
	47
	Keq
	Miscalculation
	Need to memorize Kaplan steps



	Reading Comp.
	2
	Detail
	Opposite
	Didn’t read “not” in answer choice; slow down!



	Reading Comp.
	4
	Inference
	Out of Scope
	Forgot to make a prediction





Table 2.1

As you move through your study program, adjust your calendar based on your available study time and the results of your practice questions. Your strengths and weaknesses are likely to change over the course of this program. Keep shifting your focus between topics as those areas change.

Where to Study

One often-overlooked aspect of studying is the environment where the learning actually occurs. Although studying at home is many students’ first choice, several problems can arise in this environment, chief of which are distractions. At home, there may be family, roommates, books, television, movies, food, chores yet to be completed—the list goes on. Studying can be a mentally draining process, so as time passes these distractions become ever more tempting as escape routes.

Although you may have considerable willpower, there’s no reason to make staying focused harder than it needs to be. Instead of studying at home, head to a library, quiet coffee shop, or another new location if possible. This can eliminate some of the usual distractions and also promote efficient studying. By changing study locations, you will be most prepared for Test Day because you will be used to studying and practicing in a wide variety of (relatively quiet) environments.

If you must study at home, consider ways to prevent distractions. Give your schedule to family and friends and ask them not to interrupt your study blocks. Complete all the essential tasks you can before studying so they do not become distractions. Consider temporarily disabling your social media accounts or downloading an extension for your browser that blocks certain websites while you are studying. Rather than fighting distractions with willpower alone, remove as many distractions as possible in advance to avoid the problem entirely.

An additional advantage of studying at libraries, however, is that their environments tend to resemble those of the Prometric testing centers. Testing centers will be quiet but not completely silent. Not everyone at the testing center will be taking the DAT, and not everyone will start at exactly the same time. While you are in the middle of a multiple choice section, other test takers may be entering the testing room to start their tests, taking breaks, or typing essays. Practicing in this type of environment (as opposed to in complete silence or while listening to music at home) means you will be less distracted in the actual testing center on Test Day.

Finally, no matter where you study, make your practice as much like Test Day as possible. Just as is required during the official test, don’t have snacks or chew gum during your study blocks. Turn off your music, television, and phone. Practice on the computer with your online resources to simulate the computer-based test environment. When completing practice questions, do your work on scratch paper or noteboard sheets rather than writing directly on any printed materials since you won’t have that option on Test Day. As Test Day approaches, study at the same time of day as your official test, especially on the same day of the week, to get in the habit of thinking about the test at those times. The more test-like you can make your studying environment, the easier it will be on Test Day to recall the information you’re studying.

In the end, you want to: 1. personalize your studying to be as effective as possible for you individually, 2. follow a specific calendar that contains your study blocks and breaks, and 3. make the most of those study blocks by focusing on your opportunity areas while simulating the testing environment. In this way, you’ll learn faster and more efficiently than you could otherwise. Sticking with your efficient plan leads to effectively learning the material you need to ace the DAT—this way, you can do well the first time and not need to study for the test again. Being committed now will pay off in the end.





CHAPTER 3

TEST-TAKING STRATEGIES


LEARNING OBJECTIVES

After this chapter, you will be able to:


	Apply the Kaplan question strategy to DAT questions

	Integrate the four basic principles of test timing into your prep

	Organize your scratchwork

	Connect Kaplan’s Top 10 DAT strategies to your own study





Even someone with perfect knowledge of all the science and math on the DAT is unlikely to achieve a top score without adequate test-taking strategies. Understanding the test question formats and having a clear plan for how to tackle each question while finishing every section on time can be just as important as content knowledge. In fact, using Kaplan’s strategies allows you to use the test structure to your favor and determine correct answers even without complete knowledge of all the content. Specific strategies for each test section will be covered in the corresponding sections of this book, but this chapter will serve as an introduction to several overarching principles to apply throughout the DAT.

Kaplan Question Strategy

The DAT has only one question type: multiple choice. You won’t find any fill-in-the-blank, matching, short response, or true/false problems. You should be able to recognize and apply formulas or knowledge using the choices provided. This means your focus when studying and answering questions should be on recognizing relationships and patterns more than on memorizing lists. Also, the fact that every question is multiple choice means you can identify patterns among the questions and answer choices to help you choose the correct answer even if you’re not completely confident. Upcoming chapters in this book outline specific strategies for how to use question types and answer choices to your advantage in different subject areas of the test.

One overarching strategy that you’ll use across each section is this key method: Stop-Think-Predict-Match. Although you will make slight modifications to this strategy depending on which question type you are tackling, the core idea remains the same: analyze each question and determine what the correct answer will look like before reading the corresponding answer choices. This will allow you to use the question format to your advantage. You will quickly bypass wrong answer choices without falling for the test makers’ trap choices. You can still use alternative strategies, such as the process of elimination, when necessary.

Stop

Your first step when attempting any question is to Stop yourself from reading more than necessary. Don’t use your time to read answer choices. Instead, triage: analyze the question’s subject matter, length, and difficulty to determine if you should tackle it immediately, try it later, or make a strong guess and move on. If needed, take a moment to characterize the answer choices (e.g., as vocabulary terms, equations, numbers with units, graphs, etc.).

The Stop step helps you make the most of the limited time available. Determining each question’s general characteristics before tackling it also helps you get into the right mindset for that question. If you know you’ll need to calculate a specific value, you can list the variables you see as you read the question stem; if you know the answer is a graph, you can sketch a quick plot of the variables.

Think

Once you’ve characterized a question and decided to tackle it, Think through the question stem (without reading the answer choices) and put it in your own words. Paraphrasing is a powerful method for ensuring you are clear about what the question is asking. Next, establish what the correct answer should look like as specifically as possible (e.g., as meters per second on the x-axis increases, height on the y-axis should decrease). As always, be careful to note any negative words, such as not, except, or false.

Predict

Having focused on what the question is asking, your next step is to Predict what the correct answer will look like. No, you haven’t read the answer options yet. The Stop-Think-Predict-Match strategy may sound like a radical change to the way you approach a multiple-choice test, but this is what the best test takers do!

Often the order of steps is the major difference between novice and expert test takers. Most test takers immediately seek the correct answer from the options provided. Expert test takers Predict before reviewing the answer choices and reap the advantages. (For example, a Reading Comprehension answer option might have sounded reasonable if you had read it first. After making a prediction, however, you see that it doesn’t answer the question and in fact wasn’t even mentioned in the passage.) Predicting the correct answer also allows you to answer with greater confidence. Finally, you will feel much more confident with your answer if you Predict it and then find it among the choices. As discussed in Chapter 1, confidence builds upon itself, so this aspect of the Predict step is great for Test Day.

Match

After preparing a prediction, your last step is to select the answer choice that is the Match to your prediction. When matching, your goal is not to judge each answer choice based on its own merits but rather to identify if a choice corresponds with the prediction. To that end, answer choices will fall into one of three categories:


	
The choice matches your prediction: In this case, read the entire choice thoroughly to ensure all components of the choice match. If the choice looks completely correct, select it and move on to the next question.

	
The choice is the opposite of your prediction or otherwise incorrect: If at any point you realize a choice is definitely incorrect, stop reading and right-click the answer choice to strike it out. If any component of a choice is incorrect, the entire choice must be incorrect.

	
The choice does not really match your prediction: When an answer choice is not obviously wrong but also doesn’t align with what you were anticipating, keep it for now. Don’t spend time on first attempt definitively proving that the choice is incorrect. One of the other answer choices may match your prediction, meaning you won’t ever need to come back and reread that other option.



Note that just because a choice doesn’t match your prediction doesn’t mean you should eliminate it right away. It’s even possible that no answer choice matches your original prediction. When this happens, you will need to return to the Think and Predict steps, modifying your prediction as needed. Using this new prediction, you can then complete the Match step again and confidently eliminate toward the correct answer.

As you first start using the Stop-Think-Predict-Match strategy, you may find yourself moving through questions more slowly, especially when you need to modify your predictions, but don’t give up! With practice, you will begin to perform these steps automatically and increase both your speed and your accuracy. Because mastery of all the test strategies does require practice, use them consistently throughout your practice questions so you can use them effectively on Test Day.

Test Timing

For complete Test Day success, you must answer as many questions as possible correctly in the time allotted. Knowing the content and question strategies is important, but not enough; you also must hone your time-management skills so you have the opportunity to use those strategies on as many questions as possible. It’s one thing to answer a Reading Comprehension question correctly; it’s quite another to answer all of the questions in the section in the limited time allotted. The same applies for the other sections. It’s a completely different experience to move from handling an individual passage or problem at leisure to handling a full section under timed conditions. Time is a factor that affects every test taker, and the good news is that you can easily improve your scores by adhering to the following basic principles.

The Four Basic Principles of Test Timing

Every DAT question, no matter how difficult, is worth the same amount. There’s no partial credit, and there’s also no points off for a wrong answer guess. Because there are so many questions to do in so little time, you can seriously hurt your score by spending five minutes earning one point for a hard question and then not having time to get several quick points from questions later in the section.

Given this combination—limited time and all questions equal in weight—you must manage the test sections to ensure you earn as many points possible as quickly as you can.

1. Feel free to skip around

One of the most valuable strategies to help you finish sections in time is Triaging, meaning recognizing and dealing with the questions and passages that are easier and more familiar to you first. Savvy test-takers know that they can temporarily skip those questions that look more difficult and time-consuming. Time permitting, you’ll come back to these at the end, and, if you run out of time, you’re much better off addressing the questions that will definitely earn you points right away. Because there’s no guessing penalty, always fill in an answer to every question on the test whether you have time to fully attempt it or not.

This strategy is difficult for most test takers because we’re conditioned to do things in order. That just doesn’t pay off on the DAT. Don’t let your ego sabotage your score by wasting time on questions designed to slow you down. Sometimes it isn’t easy to give up on a tough, time-consuming question, but often it’s better simply to move on. The computer won’t be impressed if you get the toughest question right. A test section is too short to waste on lost causes. There’s no point of honor at stake here, but there are DAT points at stake.

The test is actually built to help you with skipping around: the test interface will inform you which questions have and have not been answered. Furthermore, there is a marking functionality that will allow you to mark specific questions. This function adds a ‘flag’ to the question that reminds you to return to it when you are on the review page: practice with this feature in your full lengths so that you are fully comfortable with it by Test Day.

Give Triaging (skipping around) a try when you practice. Be mindful of the clock, and don’t get bogged down with the tough questions. On the computer-based test, you can skip around within a section but not among sections.

2. Maximize the questions you can answer correctly

That may seem like an obvious one, but being able to identify which questions are the most difficult for you personally is essential to making decisions about which ones to skip. Unlike items on some other standardized tests, questions and passages on the DAT are not presented in order of difficulty. There’s no rule that says you have to work through the questions within a section in any particular order; in fact, the test makers scatter the easy and difficult questions throughout each section. Don’t lose sight of what is being tested along with your reading and thinking skills: efficiency and cleverness.

With practice, you’ll be able to determine if a question is easier or more difficult and time-consuming for you within the first five seconds. If you only realize a question is difficult after spending two minutes working on it, you’ve already lost time and forfeited possible points on a different question.

When evaluating the difficulty of a question, consider factors such as length of question stem and answer choices, type of question, type of answer choices provided (e.g., numbers, expressions, or sentences), vocabulary used, content area being tested, etc. Also consider how long a question will take you; even if you know exactly how to perform a calculation, if it involves multiple steps and will take you several minutes, you may want to skip that question initially. If you do decide you can’t do a question or realize you won’t get to it, guess! Fill in an answer for every question. There’s no penalty if you’re wrong, but you increase your score if you’re right.

3. Use the process of elimination judiciously

Because there are always more wrong answers than correct ones, you can usually eliminate some of them quickly. By eliminating as many as possible, you either get to the correct response or increase your chances of guessing correctly among the remaining ones. For information about common wrong answer pathologies in Reading Comprehension questions, see Chapter 53, Question Types.

However, note that using the process of elimination can be slow. If you attempt to use the process of elimination on every question, it may be hard to get to all the questions. Evaluating five choices is much more time-consuming than directly homing in on the correct answer without worrying about why all the wrong choices are incorrect. The process of elimination can be a powerful tool, but save it as a backup for when the Stop-Think-Predict-Match method has not yielded a direct match.

Note that the DAT also helps you to use an elimination strategy by including a strikethrough feature. By right-clicking on an answer choice, you can strike it out. Make sure to practice with this and other computer-based test functionalities prior to taking the real DAT!

4. Keep track of time

While working on a section, maintain a general sense of your timing without constantly looking at the clock. For most multiple choice sections, you must average from 55 to 65 seconds per question in order to finish in time. These are averages. You will be able to answer some questions in as little as 15 seconds, whereas other questions, such as those that involve lengthy calculations, may take over 60 seconds. Especially because of such discrepancies, constantly looking at the countdown timer after every question can be unnecessarily stressful and potentially misleading. Trying to stick too closely to the average for every question can be counterproductive.

A good strategy, therefore, is to look at the clock every five or 10 minutes with a specific goal, such as “I have done 10 new questions, so I should have only used 10 minutes in the Quantitative Reasoning section since I last looked” (one minute for every remaining question is a good goal). Having specific guidelines in mind helps you avoid spending time calculating in the middle of valuable testing time.
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When planning out your time, leave at least 30 seconds at the end of each section to review any questions you intended to come back to later. Always make quick educated guesses for questions you left blank (if any). With practice, you will develop an innate sense of how long you have to complete each question so you’ll know when you’re exceeding the limit and should start to move faster.

Section-Specific Pacing

Let’s now look at the section-specific timing requirements and some tips for meeting them. As described previously, keep in mind that the times per question or passage are only averages. Every question is of equal worth, so don’t get hung up on any one.

The Survey of Natural Sciences

You have about 55 seconds for each Biology, General Chemistry, or Organic Chemistry question in the Survey of Natural Sciences. However, Biology and Organic Chemistry questions typically take less time than General Chemistry calculations, so keep track of your overall progress. A common goal is to spend 30 seconds per Biology question, up to 75 seconds per General Chemistry question, and 60 seconds per Organic Chemistry question. Completing the fact-based Biology questions quickly will provide more time for the generally time-consuming chemistry questions.

Perceptual Ability

Answering questions in the Perceptual Ability section takes 40 seconds per item on average, but true timing varies greatly. Most students find that Keyholes (Apertures), Top-Front-End (View Recognition), and Pattern Folding (3D Form Development) questions require around 60 seconds to solve. Angle Ranking typically takes 20 seconds per problem, and Hole Punching (Paper Folding) and Cube Counting takes 20–30 seconds on average.

Reading Comprehension

Allow yourself 20 minutes per passage set, which includes reading a passage and answering the associated questions. On average, give yourself seven to eight minutes to read a passage and 10–12 minutes to answer the corresponding questions. Some longer passages may take more time to read, but limit yourself to eight minutes as a maximum so you have time to answer the questions. Ultimately it’s the questions that contribute to your overall score.

For passage-based questions, choose an answer based only on the information given. Be careful not to overthink the question by inserting of your own logic or outside knowledge. Passages might generate their own data, although it should agree with real-world science. Your answer choices must be consistent with the information in the passage, even if something seems inconsistent with the science of ideal, theoretical situations.

Quantitative Reasoning

You have about 67 seconds for each math question. Be sure to budget extra time for the Quantitative Comparison and Data Sufficiency problems.

Computer-Based Testing Tools

There are several tools available on the testing interface that make the computer testing experience better for the student if used strategically. These tools include the onscreen timer, the ‘Exhibit’ button (in the Survey of Natural Sciences), the calculator (in Quantitative Reasoning), highlighting (in Reading Comprehension), and strikethrough (throughout). Refer to your online resources to see these features in the interface and practice with them in your Full Length exams.

Practice with these tools now will make using them on Test Day simple and intuitive. The periodic table is pulled up via the Exhibit button and does cover most of the screen when opened, so we suggest pulling it up only once per question, extracting the information you need, and closing it. In addition, we generally recommend highlighting no more than one phrase per paragraph of a passage, marking only about one in every 10 questions, and using strikethrough only when sure of an elimination, in order to maximize efficiency on Test Day.

Scratchwork Strategies

On Test Day, you will be provided with either noteboard and felt-tip marker or a paper pamphlet and pen. Write clearly and conserve space by keeping all your work for a given problem in the same area. Number each question and box off its notes when you are finished. This enables you to come back to a specific problem later, if needed, and prevents you from confusing your work question to question. When you finish a section, you can ask your proctor for materials if you are running out. An example snippet of how scratchwork can be organized is shown in Figure 3.1.
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Figure 3.1



Kaplan’s Top 10 DAT Strategies

1. Get excited!

Just by reading the first few chapters of this book you are already taking steps towards Test Day success. By the time Test Day arrives, you will have mastered the Kaplan strategies and DAT content needed to conquer the test.

2. Know what the DAT tests.

Never forget the purpose of the test: to measure your analytical reasoning. You need to know the content because each section has its own particular topics, but the test makers are looking for more than memorization.

3. Develop a Test Day mindset.

The DAT is an opportunity to show off everything you’ve learned so far. Don’t let any single question or section get in your head or get you down. Instead, change your mindset and tackle the next item as if you’re starting anew.

4. Build your stamina.

Prepare your mind for Test Day by studying in three-hour blocks. Take breaks every hour and one day off per week.

5. Master the art of predicting.

Kaplan’s Stop-Think-Predict-Match strategy allows you to break up each question into manageable steps. Carefully determine what a question is really asking, then anticipate answers before you read the answer choices. This helps protect you from persuasive, tricky, or time-consuming incorrect choices.

6. Skip around within each section (triage).

You’re in charge. Since every question is worth the same amount, pick your best areas first to maximize your opportunity for DAT points. Don’t let any one question drag you down!

7. Use the process of elimination judiciously.

Most wrong answer choices are logical twists on the correct choice. Quickly move past any obvious traps to match your prediction, but only use the full process of elimination when you cannot find a match.

8. Keep track of time.

Pace yourself to avoid spending too much time on any individual question.

9. Make the most of your scratchwork and computer-based testing tools.

Keep track of all the notes you need by being neat and methodical. You aren’t given many resources to use on Test Day, so take full advantage of those provided.

10. Have a growth and success attitude.

Your mindset really does affect your performance. You don’t necessarily have to think nice thoughts about the DAT, but work to develop confidence and a positive mental stance. You can do this!







PART 2


BIOLOGY
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Section Goals


Biology is a topic area integral to mastery of the Survey of Natural Sciences portion of the test. The biology strategies, content, and practice presented within this section are designed to help you accomplish the following goals:




	Recall key biology content terms and ideas


	Identify when and how Test Day questions are using biological concepts


	Distinguish key differences in similar answer choices using knowledge of biological concepts


	Connect new information given in a question to previously existing knowledge of biology


	Predict answers to Biology questions accurately and quickly, using the Kaplan methods





Content Overview
















	Cell and Molecular Biology

	

Chapter 5: Cellular Biology


Chapter 6: Molecular Genetics*


Chapter 7: Metabolism









	Genetics

	

Chapter 6: Molecular Genetics*


Chapter 8: Genetics









	Structure and Function of Systems

	

Chapter 10: Integumentary and Immune Systems


Chapter 11: Nervous System


Chapter 12: Muscular and Skeletal Systems


Chapter 13: Circulatory and Respiratory Systems


Chapter 14: Digestive System


Chapter 15: Urinary System


Chapter 16: Endocrine System


Chapter 17: Reproductive System









	Developmental Biology

	

Chapter 18: Developmental Biology









	Evolution, Ecology, and Behavior

	

Chapter 9: Evolution


Chapter 19: Animal Behavior


Chapter 20: Ecology









	Diversity of Life

	Chapter 21: Taxonomy









*Note: An understanding of Molecular Genetics is necessary for both Cellular and Molecular Biology and Genetics.


Key Study Strategies


The biology review in this book begins with a chapter on strategy that should be read thoroughly before any other chapters within the section. Once Chapter 4 has been read and internalized, this section can be used in a number of versatile ways. Most of the chapters can be perused in any order, but it is recommended that you prioritize the chapters of greatest need to your individual prep. Boldface vocabulary terms are likely to show up on Test Day. Make sure that you know not only the definitions of these bold terms, but also how they relate to other key terms within biology. Recognition of relevant terms, or “buzzwords,” is one of the basic skills required for success on the test. Consider using Kaplan flashcards to review these terms, or build your own flashcard set. Use the table above, in combination with practice, to determine which chapters to prioritize in prep. After reviewing a chapter, use the associated quiz to test your knowledge of that content, and review the quiz to find any missing knowledge gaps.







CHAPTER 4

BIOLOGY STRATEGIES


LEARNING OBJECTIVES

After this chapter, you will be able to:


	Apply Kaplan’s question strategies to the Biology section

	Use Kaplan’s proven techniques to study biology content effectively





The biology knowledge you need for the test encompasses a wide variety of topics in the categories of cellular and molecular biology, diversity of life, vertebrate anatomy and physiology, developmental biology, genetics and evolution, and ecology and behavior. Mastering biology on the test means not only memorizing biology vocabulary and facts but also learning to integrate your knowledge, make connections, and otherwise approach the multiple-choice questions in the Biology subtest and the entire Survey of Natural Sciences section in the best way possible.

The Survey of Natural Sciences

Biology content appears in the Survey of Natural Sciences section, which contains the Biology, General Chemistry, and Organic Chemistry subtests. The Survey of Natural Sciences has a total of 100 questions that must be completed in 90 minutes. Questions 1–40 are always related to biology, questions 41–70 are always related to general chemistry, and questions 71–100 are always related to organic chemistry. The content in each subtest does overlap in some areas (such as chemical bonding, which is tested in both General Chemistry and Organic Chemistry), but the questions always remain in three discrete groups, and you will receive separate scores for each subtest in addition to your cumulative Survey of Natural Sciences score. Therefore, when you first begin studying for the Survey of Natural Sciences, it’s generally best to treat the section as three separate tests and master each content area separately, except for those topics that obviously overlap.

Survey of Natural Sciences Pacing

On Test Day you will be able to freely navigate among all 100 questions in the Survey of Natural Sciences section. Time is shared for all three subtests, giving you an average of 54 seconds per problem. Because the Survey of Natural Sciences is one long section, some test takers find themselves overwhelmed by the need to keep track of time, since there are so many questions yet less than one minute per question. Therefore, you should not only study each subtest separately but also consider each separately when managing the entire section.

Among the three subtests, you should complete Biology in the least amount of time since its questions are mostly fact based and require few calculations. Spend 30 seconds or less on each question to finish the Biology subtest within 20 minutes.

General Chemistry, which involves many more calculations and therefore more use of your scratch work, will take the most time. You should average 75 seconds for each General Chemistry question, which means the entire subtest will take you a total of 37.5 minutes.

Finally, Organic Chemistry will be somewhere in the middle, with some questions that involve drawing out reactions or complex figures taking longer and other questions that require just naming or identifying molecules taking less time. With 60 seconds per question, you will be able to complete this section in 30 minutes.

The Kaplan timing guidelines for the Survey of Natural Sciences are summarized below:


Biology: 20 minutes (30 seconds per question)

General Chemistry: 37.5 minutes (75 seconds per question)

Organic Chemistry: 30 minutes (60 seconds per question)

Review Marked Questions: 2.5 minutes

Total: 90 minutes



Following these guidelines will allow you to break down the Survey of Natural Sciences into more reasonable pieces and give you a more realistic sense of how you’re progressing through the section than if you were to use the overall average of 54 seconds per question. If you stick to the Kaplan guidelines closely, you’ll also have 2.5 minutes left at the end of the section to review any questions that you marked to return to later because they involved lengthy calculations or otherwise would take too long to answer during your first pass through the section. The test rewards students who complete sections out of order, so work through the Biology questions in whatever order is best for you. By adhering to this Kaplan pacing strategy, using the Test Timing tips from Chapter 1 and the Test Strategies and Scratchwork Strategies from Chapter 3, and continually practicing, you undoubtedly will find the timing of the Survey of Natural Sciences much more reasonable than you previously thought.

Biology Question Strategy

Kaplan’s Stop-Think-Predict-Match strategy is useful for all sections of the test and is especially helpful for the Survey of Natural Sciences section due to the limited time given per question. Before spending a significant amount of time on any one question, Stop to consider what content area is being tested and whether you want to attempt that question right away or mark it for later. Each question within a section is worth the same number of points, so answer the easiest and fastest questions first to ensure you’ve earned as many points as possible before attempting more difficult and time-consuming problems. Once you’ve committed to a question, Think about what is being asked by carefully reading and paraphrasing the question stem. Next, recall any pertinent outside information and apply that to the question to Predict the answer. Only when you have a strong prediction in mind should you read the answer choices, and even then, your goal should be to find a Match to your prediction rather than to analyze each answer choice on its own merits. Not reading the answer choices in advance is especially important for the Biology subtest because it contains many questions with lengthy trap answer choices that initially seem correct. For a more thorough review of Stop-Think-Predict-Match, see Chapter 3, Test Strategies.

Studying Biology Content

The test assesses test takers’ memories of discrete biological facts with particular focus on the molecular basis of life. However, the test also assesses test takers’ proficiency with integrative questions that focus on biological systems as wholes, including the complex interactions within them. This means that the test rewards both breadth of knowledge and the ability to make connections. Learn both approaches; you’ll still need to memorize a wide range of biology facts, but you’ll also need to understand how those pieces work together.

To help you learn this wide range of material, it’s important to use a wide range of methods while studying. The following chapters contain the biology content you need for Test Day, but you may still see questions on your official test about content that do not look familiar at first. That won’t be a problem, though, because you’ll be able to figure out the answers to those types of questions using critical thinking: bringing different ideas together to determine the correct answers and eliminate impossible choices. You may see a question about a particular enzyme you didn’t study, but you can still use information in the question about where it is produced and your knowledge of other molecules with similar names to find the correct answer. For example, if a question asks you about carboxypeptidase formed in the pancreas but you can’t remember its function, you can take what you do know to infer that coming from the pancreas means it acts in the small intestine. Since peptid refers to peptide bonds, carboxypeptidase must help digest proteins.

To ensure the facts you need come readily to mind, supplement your reading by memorizing flashcards as well as the science study sheets, which contain some of the most important content for Test Day, located at the end of this book. These study sheets are perforated and can be removed for easy reference. Once you have the basics down, use practice questions to evaluate your knowledge in a test-like setting, remembering to spend plenty of time reviewing the explanations for every question. Although it’s unlikely you’ll see the exact same questions on Test Day, carefully evaluating exactly why you answered correctly or incorrectly will allow you to apply the concepts to any similar questions you see in the future.

Finally, no matter how you’re studying, don’t neglect to keep a broad focus on the interactions within and among biological systems. It’s important to know that aldosterone is produced by the adrenal cortex and increases salt reabsorption in the nephrons, but it’s even more valuable to realize that damage to the adrenal glands (in the exocrine system) can cause low blood pressure (in the circulatory system). By making these connections, not only will you be prepared to answer challenging integrative questions on Test Day, but you’ll also ensure you have a solid knowledge of the basics as well. Even if you come from a strong biology background, many of the other test takers do as well, and you might not be very familiar with every topic tested, so it’s important to have very thorough knowledge to earn a higher score than your competition.


[image: image]






CHAPTER 5

CELLULAR BIOLOGY


LEARNING OBJECTIVES

After this chapter, you will be able to:


	Explain the key components of cell theory and cell structure

	Compare and contrast different methods of cellular transport

	Compare and contrast the steps of cell division via mitosis and meiosis





The cell is the fundamental unit of all living things. Every function in biology involves a process that occurs within cells or at the interface between cells. Therefore, a thorough understanding of the structure and function of different parts of the cell is essential.

Cell Theory and Structure

Cell Theory

The cell was not discovered or studied in detail until the development of the microscope in the 17th century. Since then, much more has been learned, and a unifying theory known as the Cell Theory has been proposed.

The Cell Theory may be summarized as follows:


	All living things are composed of cells.

	The cell is the basic functional unit of life.

	The chemical reactions of life take place inside the cell.

	Cells arise only from pre-existing cells.

	Cells carry genetic information in the form of DNA. This genetic material is passed from parent cell to daughter cell.



Cell Structure

There are millions of species of “living things” that can be divided into six kingdoms: Bacteria, Archaea, Protista, Fungi, Plantae, and Animalia. Within these six kingdoms are two major types of cells: prokaryotic and eukaryotic. Eukaryotes possess membrane-bound organelles and are generally considered more complex than prokaryotes. The word prokaryote means “before nucleus,” which alludes to the structure of these organisms as a whole: they do not contain nuclei or membrane-bound organelles. While eukaryotes possess all the cellular structures mentioned in this chapter, prokaryotes only possess a cell membrane, cytoplasm, genetic material, and ribosomes. Note that scientists formerly divided life into only five kingdoms but recently separated the kingdom of Monera (Prokaryota) into Bacteria and Archaea due to differing evolutionary origins.
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Figure 5.1



Cell membrane

The cell membrane (plasma membrane) encloses the cell and is semipermiable; it regulates the passage of materials into and out of the cell. According to the generally accepted fluid mosaic model, the cell membrane consists of a phospholipid bilayer with proteins embedded throughout. The lipids and many of the proteins can move freely within the membrane.

The phospholipid bilayer has a specific structure that forms spontaneously. Phospholipid molecules are arranged such that the long, nonpolar, hydrophobic, “fatty” chains of carbon and hydrogen face each other, with the phosphorus-containing, polar, hydrophilic heads facing outward. The hydrophilic heads face the watery regions inside and outside the cell, while the hydrophobic tails face each other in a water-free region between the lipid layers.

As a result of its lipid bilayer structure, a plasma membrane is readily permeable to both small, nonpolar, hydrophobic molecules, such as oxygen, and small polar molecules, such as water. Small charged particles are usually able to cross the membrane through protein channels. However, charged ions and larger charged molecules cross the membrane with the assistance of carrier proteins.


[image: image]



[image: image]
Figure 5.2




Nucleus

Enclosed by the nuclear membrane, the nucleus contains DNA wound around structural proteins called histones. Depending on the activities of the cell, DNA can tighten or loosen itself with the histones. During DNA replication, DNA tightly winds around the histones, compacting chromatin (loose DNA) into chromosomes. During transcription, however, DNA unwinds itself from the histones, allowing for transcription to occur. In addition, the nucleus contains a dense structure called the nucleolus where ribosomal RNA (rRNA) synthesis occurs.

Prokaryotes do not have nuclei and therefore do not possess histones to organize their DNA into linear chromosomes. Instead, prokaryotic DNA is organized into small circular chromosomes located in a region of the cell termed the nucleoid.

Ribosome

Ribosomes facilitate protein production (see Chapter 6) and are made of two rRNA sequences, called ribosomal subunits. Although rRNA molecules are synthesized in the nucleolus of eukaryotes, they function either in the cytoplasm as unbound ribosomes or on the outer membrane of the rough endoplasmic reticulum as bound ribosomes. Note that in prokaryotes, while ribosomes are present, due to the lack of membrane-bound organelles both rRNA synthesis and ribosome function occurs in the cytoplasm.

Endoplasmic reticulum

The endoplasmic reticulum (ER) is a network of membrane-enclosed spaces involved in the transport of materials throughout the cell, particularly those materials destined to be secreted by the cell. There are two kinds of endoplasmic reticuli, rough ER and smooth ER. Rough ER contains ribosomes (which gives it a “rough” appearance under the microscope) and plays an important role in the production of proteins. Smooth ER does not contain ribosomes and is involved with metabolism and the production of lipids.

Golgi apparatus

The Golgi apparatus is the primary site for cellular trafficking. It receives proteins and lipids from the smooth ER and then modifies them (i.e., glycosylation), repackages them into vesicles, and distributes them to the cell surface for exocytosis.

Mitochondria

Mitochondria are the sites of aerobic respiration within the cell; they are responsible for the conversion of sugars, fats, and other sources of fuel into usable energy, specifically adenosine triphosphate (ATP). Each mitochondrion is composed of an outer and inner phospholipid bilayer. The outer membrane forms a barrier with the cytosol; the inner membrane is folded into cristae and contains enzymes for the electron transport chain (see Chapter 7). Between the two membranes is the intermembrane space. Finally, within the inner membrane is the mitochondrial matrix. Mitochondria also contain their own genome. Located within the matrix, this DNA is independent of the cell genome and resembles circular bacterial chromosomes. The presence of an independent genome allows mitochondria to divide independently of the nucleus via binary fission.


[image: image]


Cytoplasm

Most of the cell’s metabolic activity occurs in the cytoplasm, which includes the cytosol (the cellular fluid contained within the cell membrane) and all the organelles of the cell. Transport within the cytoplasm occurs by cyclosis (streaming movement within the cell).

Vacuoles/Vesicles

Vacuoles are a type of vesicle and found in both plant and animal cells. Animal cell vacuoles are smaller than plant cell vacuoles. In plant cells, there is generally a central vacuole that also provides structure and support to the cell. Animal cell vacuoles are used as a transport vesicle for exocytosis and endocytosis. Both animal and plant cell types use vacuoles for storage of water and minerals.

Centrioles

Centrioles are composed of microtubules and are involved in spindle organization during cell division. They are not bound by a membrane. Animal cells usually have a pair of centrioles oriented at right angles to each other that lie in a region of the cell called the centrosome. The centrosome organizes microtubules and helps regulate the progression of the cell cycle. Plant cells do not contain centrioles.

Lysosomes

Lysosomes are membrane-bound vesicles that contain hydrolytic enzymes involved in intracellular digestion. Lysosomes break down material ingested by the cell. An injured or dying cell may self-destruct by rupturing the lysosome membrane and releasing its hydrolytic enzymes; this process is called autolysis.

Cytoskeleton

The cytoskeleton supports the cell, maintains its shape, and aids in cell motility. It is composed of microtubules, microfilaments, and intermediate filaments.

Microtubules are hollow rods made up of polymerized tubulin that radiate throughout the cell and provide it with support. Microtubules provide a framework for organelle movement within the cell. Centrioles direct the separation of chromosomes during cell division and are composed of microtubules. Cilia and flagella are specialized arrangements of microtubules that extend from certain cells and are involved in cell motility and cytoplasmic movement.

Microfilaments are solid rods of actin, which are important in cell movement as well as support. Muscle contraction, for example, is based on the interaction of actin with myosin. Microfilaments move materials across the plasma membrane, for instance, in the contraction phase of cell division and in amoeboid movement.

Intermediate filaments are a diverse group of filamentous proteins, such as keratin. Intermediate filaments serve as the structural backbone of the cell, as they are able to withstand a tremendous amount of tension. Along with making the cell structure more rigid, intermediate filaments help anchor organelles to their respective places in the cell.

Cellular Transport

Substances can move into and out of cells in various ways. Some methods occur passively, without energy, whereas others are active and require energy expenditure (via hydrolysis of ATP).
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Simple Diffusion

Simple diffusion is the net movement of dissolved particles down their concentration gradients—from a region of higher concentration to a region of lower concentration. This is a passive process that requires no external source of energy.

Osmosis

Osmosis is the simple diffusion of water from a region of lower solute concentration to a region of higher solute concentration. When the cytoplasm of a cell has a lower solute concentration than the extracellular medium, the medium is said to be hypertonic to the cell, and water will flow out of the cell into the surrounding medium. This process, also called plasmolysis, will cause the cell to shrivel.


KEY CONCEPT

During osmosis, water moves toward isotonic equilibrium. In other words, water always moves in the direction that will make both solutions isotonic to one another.



If the extracellular environment is less concentrated than the cytoplasm of the cell, the extracellular medium is said to be hypotonic and water will flow into the cell, causing it to swell and lyse (burst). For example, red blood cells will burst if placed in distilled water. Freshwater protozoa have contractile vacuoles to pump out excess water and prevent bursting.

If the extracellular environment has the same concentration of solutes as the cell cytoplasm, the cell is said to be isotonic to the environment, and water will move back and forth in equal amounts across the cell membrane.


[image: image]
Figure 5.4



Facilitated Diffusion

Facilitated diffusion (passive transport) is the net movement of dissolved particles down their concentration gradient through special channels or carrier proteins in the cell membrane (see Figure 5.3). This process, like simple diffusion, does not require energy.

Active Transport

Active transport is the net movement of dissolved particles against their concentration gradients with the help of transport proteins. Unlike diffusion, active transport requires energy. These carrier molecules or transport proteins aid in the regulation of the cell’s internal content of ions and large molecules. The passage of specific ions and molecules is facilitated by these carrier molecules, which include the following:


	
Symporters: move two or more ions or molecules in the same direction across the membrane

	
Antiporters: exchange one or more ions (or molecules) for another ion or molecule across the membrane

	
Pumps: energy-dependent carriers (require ATP); e.g., sodium-potassium pump



Endocytosis

Endocytosis is a process in which the cell membrane invaginates, forming a vesicle that contains extracellular medium (see Figure 5.5). This allows the cell to bring large volumes of extracellular material inside the cell. Pinocytosis is the ingestion of fluids or small particles, and phagocytosis is the engulfing of large particles. Particles may bind to receptors on the cell membrane, triggering endocytosis.

Exocytosis

In exocytosis, a vesicle within the cell fuses with the cell membrane and releases a large volume of contents to the outside. Fusion of the vesicle with the cell membrane can play an important role in cell growth and intercellular signaling (see Figure 5.5). For example, neurotransmitters, which act as signals to neighboring cells, are often released from neurons in this manner. Note that in both endocytosis and exocytosis, material never actually passes through the cell membrane.
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Figure 5.5



Cell Division

Cell division is the process by which a cell doubles its organelles and cytoplasm, replicates its DNA, and then divides in two. For unicellular organisms, cell division is a means of reproduction, whereas for multicellular organisms, it is a method of growth, development, and replacement of worn-out cells. Cell division can follow two different courses, mitosis or meiosis, but each is preceded by interphase. The entire series of events leading to cellular replication constitutes the cell cycle.

Interphase

Interphase is a period of growth and chromosome replication. A cell normally spends at least 90 percent of its life in interphase. During this period, the cell performs its normal cellular functions, and each chromosome is replicated so that during division a complete copy of the genome can be distributed to both daughter cells. After replication, the chromosomes consist of two identical sister chromatids held together at a central region called the centromere. During interphase the individual chromosomes are not visible; the DNA is instead uncoiled and called chromatin.
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Interphase consists of the following three parts:


	
G1: This phase initiates interphase. It is described as the active growth phase and can vary in length. The cell increases in size and synthesizes proteins. The length of the G1 phase determines the length of the entire cell cycle.

	
S: This is the period of DNA synthesis.

	
G2: The cell prepares to divide in G2. It grows and synthesizes proteins.



The last phase of the cell cycle is the M phase. During M phase mitosis or meiosis occurs, generally resulting in either two identical (mitosis) or four non-identical (meiosis) daughter cells.

Mitosis

Mitosis is the division and distribution of the cell’s DNA to its two daughter cells such that each cell receives a complete copy of the original genome. This type of cell division takes place in somatic cells (as opposed to gametes). Nuclear division (karyokinesis) is followed by cell division (cytokinesis). This process is accomplished in four phases: prophase, metaphase, anaphase, and telophase, as shown in Figure 5.7.
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Prophase

Mitosis begins with prophase, which prepares the cell for karyokinesis. First, chromatin is condensed into clearly defined chromosomes. The nuclear membrane dissolves, which is necessary for nuclear division. Finally, the centriole pairs separate and move towards opposite poles of the cell. The centrioles will serve as anchoring points to pull and separate the chromosomes.


MNEMONIC

The phases of the cell cycle can be remembered as “I Party More At The Club”: Interphase, Prophase, Metaphase, Anaphase, Telophase, and Cytokinesis.



Metaphase

In metaphase, the centrioles are now at opposite poles of the cell and anchor themselves to the cell membrane through the formation of spindle fibers. Additional spindle fibers radiate outwards from the centriole towards the chromosomes and attach to each chromatid at the kinetochore, a protein located on the centromere of the chromosome. Once attached, the spindle fiber aligns the chromosomes along the metaphase plate (sometimes referred to as the “equator”).

Anaphase

Anaphase is marked by the separation of sister chromatids of each chromosome. First, the centromeres split so that that each chromatid has its own distinct centromere, thus allowing their separation. The sister chromatids are pulled toward the opposite poles of the cell by the shortening of the spindle fibers.

Telophase

The spindle apparatus disappears. A nuclear membrane forms around each set of newly formed chromosomes. Thus, each nucleus contains the same number of chromosomes (the diploid number, 2N) as the original or parent nucleus. The chromosomes uncoil, resuming their interphase form.

Cytokinesis

Near the end of telophase the cytoplasm divides into two daughter cells, each with a complete nucleus and its own set of organelles. In animal cells, a cleavage furrow forms, and the cell membrane indents along the equator of the cell, eventually pinching through the cell and separating the two cell membranes. In plant cells a cell plate forms between the two nuclei, effectively splitting the plant cell in half and allowing the cell to divide.
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Meiosis

Sexual reproduction differs from asexual reproduction in that there are two parents involved. Sexual reproduction occurs via the fusion of two gametes—specialized sex cells produced by each parent. Meiosis is the process by which these sex cells are produced. Meiosis is similar to mitosis in that a cell duplicates its chromosomes before undergoing the process. However, whereas mitosis preserves the diploid number (2N) of the cell, meiosis produces haploid (1N) cells, halving the number of chromosomes. The haploid nature of sex cells is important, as it ensures that upon fertilization (sex cell fusion) the resulting cell is diploid.

Ploidy

Ploidy (i.e., haploid, diploid) refers to how many chromosomes an organism has in a homologous set. Homologous sets are chromosomes that share structure and gene locations, but can have different alleles. For example, humans are diploid, possessing two chromosomes in a homologous pair that will have a gene for hair color at the same location. However, one chromosome may contain an allele for brown hair while the other has the allele for blonde hair. Thus, one way to conceptualize ploidy number is to consider how many copies or versions of a chromosome a cell has (one copy is haploid; two copies is diploid; four copies is tetraploid).

Interphase

As in mitosis, the diploid parent cell goes through S phase, thereby replicating its DNA. Despite this replication, the result is still a diploid cell because the number of chromosomes remained the same. The change is that each chromosome now has two sister chromatids. Thus, each homologous pair has a total of four sister chromatids (see Figure 5.6).

First meiotic division

After replication of the parent cell genome, meiosis occurs. The first meiotic division yields two haploid (1N) daughter cells. Therefore, the first meiotic division separates the pair of homologous chromosomes, not chromatids.

Prophase I: Prophase I of meiosis shares similarities to prophase of mitosis: the chromatin condenses into chromosomes, the spindle apparatus forms, and the nucleoli and nuclear membrane disappear. The major difference in prophase I of meiosis is the occurrence of crossing over (see Figure 5.9). Crossing over is the genetic exchange between chromatids of homologous chromosomes and is vital for a species, as it increases genetic diversity.

The process of crossing over is as follows: First, homologous chromosomes come together and intertwine in a process called synapsis. This structure is often called a tetrad, as there is a total of four sister chromatids involved. The exact parts of the chromosomes where sister chromatids interact are called chiasmata. Once synapsis begins, chromatids of homologous chromosomes break at corresponding points and exchange equivalent pieces of DNA. Note that crossing over does not occur between sister chromatids on the same chromosomes, as these chromatids are identical and would not produce any genetic variation.
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Metaphase I: Homologous pairs (tetrads) align at the equatorial plane and each pair attaches to a separate spindle fiber at the kinetochore.

Anaphase I: The homologous pairs separate and are pulled to opposite poles of the cell. This process is called disjunction and it accounts for the Mendelian law of segregation. During disjunction, each chromosome of paternal origin separates (or disjoins) from its homologue of maternal origin, and either chromosome can end up in either daughter cell. Thus, the distribution of homologous chromosomes to the two intermediate daughter cells is random with respect to parental origin. Each daughter cell will have a unique pool of genes from a random mixture of maternal and paternal origin.

Nondisjunction occurs when cells do not separate appropriately during meiosis (see Figure 5.11). This results in the daughter cells having an incorrect number of chromosomes and is discussed in greater detail in Chapter 8.
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Telophase I: A nuclear membrane forms around each new nucleus, thereby forming two haploid cells (1N), in which each chromosome has two sister chromatids. These cells are often called intermediate daughter cells.

Second meiotic division

Meiosis II shares many similarities with mitosis, specifically that in both of these processes sister chromatids are separated. The end result of meiosis will be four haploid cells.

Prophase II

During prophase II, the nuclear envelope dissolves, nucleoli disappear, the centrioles migrate to opposite poles, and the spindle apparatus begins to form.

Metaphase II

During metaphase II, the chromosomes line up on the metaphase plate (equator).

Anaphase II

During anaphase II, the sister chromatids of the chromosomes are separated and are pulled apart by shortening spindle fibers. Each separated sister chromatid is now considered a chromosome itself.

Telophase II

During telophase II, a nuclear membrane forms around each new set of chromosomes. Cytokinesis follows and two haploid daughter cells are formed per intermediate daughter cell. Thus, by completion of meiosis II, up to four haploid daughter cells are produced per gametocyte (parent cell of meiosis II). We use the phrase up to because in oogenesis, female gametogenesis, two or three of the potential gametes become polar bodies and are absorbed by the body.


Review Problems


	All of the following are components of the Cell Theory EXCEPT the idea that

	all living things are composed of cells.

	all living things contain mitochondria.

	cooperation among cells allows for complex functioning in living things.

	all cells arise from preexisting cells.

	cells carry genetic information in the form of DNA.





	A eukaryotic cell contains organelles specialized for various activities. Name the organelles involved and the role they play in the following activities.

	Ingestion

	Digestion

	Transport of proteins





	Which of the following activities occurs in the Golgi apparatus?

	Synthesis of proteins

	Breakdown of lipids and carbohydrates

	Catalysis of various oxidative reactions

	Modification and packaging of proteins

	Aerobic respiration





	Draw the fluid mosaic model of the cell membrane. How does this model account for the passage of materials across the membrane?

	Prokaryotes and eukaryotes differ in a number of ways. Compare them in terms of the following characteristics.

	Organization of genetic material

	Site of cellular respiration

	Presence of membrane-bound organelles





	A researcher treats a solution containing animal cells with ouabain, a substance that interferes with the Na+/K+ pump embedded in the cell membrane and causes the cell to lyse. Which of the following statements best explains ouabain’s mechanism of action?

	Treatment with ouabain results in high levels of extracellular Ca2+.

	Treatment with ouabain results in high levels of extracellular K+ and Na+.

	Treatment with ouabain increases intracellular concentrations of Na+.

	Treatment with ouabain decreases intracellular concentrations of Na+.

	Treatment with ouabain results in high levels of extracellular Na+ only.





	Prokaryotic cells and eukaryotic animal cells both have

	DNA.

	ribosomes.

	cell walls.

	chloroplasts.

	A and B





	What is the significance of the lysosomal membrane?

	What roles do microtubules and microfilaments play in cell division?

	If the haploid number of an organism is 13, what is its diploid number?

	Fill in the blanks with the name of the appropriate stage of mitosis.

	During _______, the chromosomes separate and move to opposite poles of the cell.

	The nuclear membrane begins to dissolve during _______.

	The centromeres of the replicated chromosomes have completely split by _______.

	During _______, nucleoli disappear.

	Chromosomes condense, shorten, and coil during ________.

	Centromeres line up at the equatorial plate during _______.

	During ________, a cleavage furrow is formed.





	How do metaphase and anaphase of mitosis differ from metaphase I and anaphase I of meiosis?



Solutions to Review Problems


	
B Prokaryotes do not possess membrane-bound organelles, including mitochondria. This is further discussed in cell theory section of this chapter.

	
A Cellular ingestion is a function of the cell membrane and vesicles. The cell membrane invaginates around a food particle and pinches off, enclosing the material in a vesicle that can travel freely in the cytoplasm. This is known as endocytosis.
B The organelles involved in digestion are lysosomes, vesicles, and mitochondria. A lysosome is a membrane-bound sac containing hydrolytic enzymes. It fuses with a vesicle, allowing its enzymes to chemically degrade the ingested material. The products of lysosomal digestion are released into the cytoplasm, where they can be used by the cell. Glucose is metabolized in mitochondria via aerobic respiration.
C The endoplasmic reticulum forms a long, interconnecting series of passageways through which proteins are transported. Rough ER secretes proteins into cytoplasmic vesicles that are transported to the Golgi apparatus. Microtubules are involved in the transport of proteins in some specialized cells, such as neurons.

	
D Discussed in cell structure section of this chapter.

	According to the fluid mosaic model in Figure 5.2, the individual molecules of the lipid bilayer are in constant motion within the plane of the membrane. This fluidity allows ions and small molecules to diffuse directly across the cell membrane. However, large molecules cannot cross the membrane without the aid of special carrier protein molecules, which are embedded within the phospholipid bilayer. Some substances cannot cross the membrane at all. This selective permeability allows the cell membrane to tightly control the passage of materials into and out of the cell.

	
A In prokaryotes, the genetic material is composed of a single circular molecule, or chromosome, of DNA localized in a region of the cell called the nucleoid. Eukaryotes have highly coiled linear strands of DNA organized into chromosomes within a membrane-bound nucleus.
B In prokaryotes, cellular respiration occurs directly at the cell membrane, whereas in eukaryotes, cellular respiration occurs across the mitochondrial membrane and within the mitochondrion itself.
C Prokaryotes do not contain any membrane-bound organelles, whereas eukaryotes contain a number of membrane-bound organelles, such as the nucleus, lysosomes, vesicles, ER, and mitochondria.

	
C This question requires an understanding of osmosis and the action of the Na+/K+ pump, also known as Na+/K+ adenosine triphosphatase (ATPase). When a cell is placed in a hypertonic solution (a solution having a higher solute concentration than the cell), fluid will diffuse out of the cell into the solution, resulting in cell shrinkage. When a cell is placed in a hypotonic solution (a solution having a lower solute concentration than the cell), fluid will diffuse from the solution into the cell, causing the cell to expand and possibly lyse. Na+/K+ ATPase moves three sodium ions out for every two potassium ions it lets into the cell. Therefore, inhibition of Na+/K+ ATPase by ouabain will cause a net increase in the Na+ concentration inside the cell, and water will diffuse down its concentration gradient and into the cell, causing the cell to swell and then lyse.

	
E Discussed in cell structure section of this chapter.

	The lysosomal membrane serves an important function. It protects the cell from the hydrolytic actions of the enzymes it contains. If the membrane were to burst, these enzymes would digest cellular components and ultimately kill the cell.

	Microtubules and microfilaments play important roles in cell division. Microtubules form the mitotic spindle, which is responsible for separating sister chromatids. During prophase, a radial array of microtubules forms around the centrioles. The microtubules “push” the centrioles to opposite poles of the cell, forming the bipolar spindle apparatus. When the chromosomes align at the metaphase plate, these spindle fibers attach to the centromeres. During anaphase, the fibers shorten and pull on the centromeres, separating the sister chromatids and moving them toward opposite poles of the cell.
After anaphase, microfilaments (actin filaments) and myosin filaments under the cell membrane contract, leading to the indentation of the membrane at the metaphase plate and the subsequent division of the parent cell into two daughter cells.

	Haploid gametes are produced by meiosis, a process in which the chromosome number of the parent cell is reduced by one half. Thus, if the haploid number (N) of a particular organism is 13, then the diploid number (2N) must be 26.

	
A anaphase
B prophase
C anaphase
D prophase
E prophase
F metaphase
G telophase

	In metaphase of mitosis, replicated chromosomes line up in single file; during anaphase, sister chromatids separate and move to opposite poles of the cell. In metaphase I of meiosis, homologous pairs of replicated chromosomes line up; during anaphase I, the homologous chromosomes separate, but sister chromatids remain attached to each other.







CHAPTER 6

MOLECULAR GENETICS


LEARNING OBJECTIVES

After this chapter, you will be able to:


	Describe the structure, function, and replication of DNA

	Describe the structures, functions, and types of RNA

	Sequence the events of DNA transcription and translation

	Compare and contrast the levels of structure of proteins





DNA is the molecule of life, the molecule of heredity, and a core tenet of the unifying cell theory (see Chapter 5). The importance of DNA stems from its ability to self-replicate (DNA replication) and its ability to store information. This information is vital as it can be transcribed into RNA (ribonucleic acid), then translated into a sequence of amino acids called a protein. This transmission of information through DNA, RNA, and proteins is called the central dogma of molecular biology.

Deoxyribonucleic Acid

Deoxyribonucleic acid (DNA) is the basis for heredity. Its ability to self-replicate makes sure that the coded DNA sequence will be passed on to future generations. DNA is mutable and can be altered under certain conditions. These changes alter the proteins produced and therefore the organism’s characteristics. Changes in DNA are usually stable and are passed down from generation to generation. This provides the basis for evolution.
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Figure 6.1
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Figure 6.2




MNEMONIC

To remember the types and structures of the two classes of nitrogenous bases, remember to CUT the PYe (as C, U, and T are pyrimidines). You can also note that pie has one ring of crust, and pyrimidines have only one ring in their structure. You can also remember PURe As Gold (as A and G are purines); think of gold wedding rings. It takes two gold rings at a wedding, just like purines have two rings in their structure.



DNA Structure

The basic unit of DNA is the nucleotide. A nucleotide is composed of deoxyribose (a sugar) bonded to both a phosphate group and a nitrogenous base (see Figure 6.2). There are two types of bases: purines and pyrimidines. Purines in DNA include adenine (A) and guanine (G); pyrimidines are cytosine (C) and thymine (T). RNA contains the pyrimidine uracil (U) instead of thymine. Purines are larger in structure than pyrimidines because they possess a two-ring nitrogenous base, whereas pyrimidines have a one-ring nitrogenous base. The phosphate and sugar form a chain with the bases arranged as side groups off the chain.


[image: image]
Figure 6.3



The directionality of DNA is designated by a 3′ (read as “three prime”) and a 5′ (read as “five prime”) end. This naming convention is based on which carbon of the sugar molecule of the DNA strand is the terminus of the helix.

DNA is most commonly found in nature as double-stranded helices of complementary strands with the sugar-phosphate chains on the outside of the helix and the nitrogenous bases on the inside. These strands are held together by hydrogen bonds between the bases oriented toward the center. Purines pair with pyrimidines in the following pattern: T forms two hydrogen bonds with A, and G forms three hydrogen bonds with C. This pairing holds the two strands of the double helix together and links the polynucleotide chains. When arranged this way, one DNA strand has its 5′ end pointing up, and the other strand has its 3′ end pointing up, resulting in an antiparallel arrangement. This structure was discovered by James Watson and Francis Crick with the help of Rosalind Franklin and others and is therefore known as the Watson-Crick DNA or “double helix” model (see Figure 6.4).


[image: image]
Figure 6.4



DNA Function

DNA replication

In order to replicate, the double-stranded DNA helix must unwind and separate into two single strands. This involves the breaking of hydrogen bonds between nitrogenous bases from each strand by DNA helicase. The opening in the DNA molecule created by DNA helicase is known as the replication fork. As DNA is replicated, the replication fork continues to travel up the DNA molecule, which could cause a buildup of torsional strain (due to twisting of the DNA molecule) upstream of the replication fork. However, topoisomerase removes this strain by cutting, twisting, and then rejoining the strands of DNA (see Figure 6.6).

Once the replication fork has passed a portion of DNA, the two strands are separated. This area is known as the replication bubble, in which each single strand can act as a template for complementary base-pairing. This allows for the synthesis of two new daughter strands. Each new daughter helix contains an intact strand from the parent helix and a newly synthesized strand; this type of replication is called semiconservative. The daughter strands of DNA formed from the parent strands are identical to the parent strands.
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Figure 6.5



Creation of these daughter strands is the result of DNA polymerase. DNA polymerase reads the parent DNA strand and creates a complementary, antiparallel daughter strand. DNA polymerase always reads the parent strand in the 3′ → 5′ direction, creating a new daughter strand in the 5′ → 3′ direction. In other words, DNA polymerase can only add nucleotides to 3′ ends of DNA strands. This fixed directionality of DNA synthesis leads to an interesting difference between the two daughter strands, termed the leading strand and the lagging strand. The leading strand has its 3′ end facing towards the replication fork, thereby allowing DNA polymerase/DNA synthesis and the replication fork to travel in the same direction. This results in the leading strand being continually synthesized. In contrast, the lagging strand has its 3′ end facing away from the replication fork. Thus, the synthesis of the lagging strand and movement of the replication fork are opposite in direction. In order to replicate the entire lagging strand, additional DNA polymerase proteins must reattach to the parent strand near the continually moving replication fork. This discontinuous synthesis results in short fragments of synthesized DNA termed Okazaki fragments. As the lagging strand is formed, these fragments are joined together by DNA ligase (see Figure 6.6).


KEY CONCEPT

With the exception of DNA polymerase’s reading direction (and a few untested endonucleases), everything in molecular biology is 5′ to 3′. DNA polymerase reads 3′ to 5′, but the following processes occur 5′ to 3′:


	DNA synthesis

	DNA repair

	RNA transcription

	RNA translation (reading of codons)
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Figure 6.6



Flow of Genetic Information

A gene is a unit of DNA that encodes a specific RNA molecule through the process of transcription and, through translation, that gene can be expressed as a protein.

The relationship between the sequence found in double-stranded DNA, single-stranded RNA, and proteins is illustrated in Figure 6.7. Transcription is the process in which genetic information is passed from DNA to RNA. The RNA, specifically messenger RNA, is transcribed in the 5′ → 3′ direction and is complementary and antiparallel to the DNA template strand. The coding strand of DNA is identical to the mRNA strand (with the exception that adenine in DNA will pair with uracil in RNA, since thymine is found only in DNA). Translation is the process in which genetic information is passed from mRNA to protein. The ribosome translates the mRNA in the 5′ → 3′ direction and the protein is synthesized from the amino terminus (N-terminus) to the carboxyl terminus (C-terminus).
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Figure 6.7



Ribonucleic Acid

RNA Structure

Ribonucleic acid (RNA) is a polynucleotide that is structurally similar to DNA but with three major exceptions:


	The sugar constituent is ribose (instead of deoxyribose).

	Uracil is used in place of thymine.

	Most RNA is single-stranded.



RNA can be found in both the nucleus and the cytoplasm of the cell. There are several types of RNA, all of which are involved in protein synthesis. The three major types are mRNA, tRNA, and rRNA.

Messenger RNA

Messenger RNA (mRNA) carries the complement of a DNA sequence. It then transports this information from the nucleus to the ribosomes for protein synthesis. mRNA is made from ribonucleotides complementary to the template strand of DNA. Eukaryotic mRNA is monocistronic, meaning that one mRNA strand codes for one polypeptide.

Transfer RNA

Transfer RNA (tRNA) is a small RNA molecule found in the cytoplasm. It assists in the translation of mRNA’s nucleotide code into a sequence of amino acids by bringing the amino acids coded for in the mRNA sequence to the ribosomes during protein synthesis. tRNA recognizes both the mRNA codon and its corresponding amino acid. This dual function is reflected in its three-dimensional structure. One end contains a three-nucleotide sequence, the anticodon, which is complementary to one of the mRNA codons. The other end is the site of attachment of the corresponding amino acid. Each amino acid has its own aminoacyl-tRNA synthetase, which has an active site that binds to both the amino acid and its corresponding tRNA, catalyzing their attachment to form an aminoacyl-tRNA complex. When a tRNA is complexed with the appropriate amino acid, it is called a charged tRNA. There is at least one type of tRNA for each amino acid (there are approximately 40 known types of tRNA).

Ribosomal RNA

Ribosomal RNA (rRNA) is synthesized in the nucleolus of eukaryotes and in the cytoplasm of prokaryotes. rRNA functions as an integral part of the ribosomal machinery used during protein assembly in the cytoplasm. It is also the RNA type most abundant in the cell.

Transcription

Transcription is the process through which information coded in the sequence of DNA is used to direct the synthesis of a strand of RNA. After post-transcriptional modification, the RNA leaves the nucleus through nuclear pores.

The first step of transcription occurs when RNA polymerase binds to the DNA template strand at a promoter region, a short DNA sequence found upstream from the site where transcription of a specific RNA is going to take place. The most common promoter site in eukaryotes and prokaryotes, respectively, is the TATA box (approximately 30 bp upstream; sequence TATAAT) and the Pribnow box (approximately 10 bp upstream; sequence TTGACA). In order for RNA polymerase to bind to the promoter site, various transcription factors must assist. In a process very similar to DNA replication, the RNA polymerase surrounds the DNA molecule after it has been opened by the actions of DNA helicase and topoisomerase.

Once RNA polymerase has bound to the template DNA strand, it recruits and adds complementary RNA nucleotides, thereby transcribing a new RNA strand. As with DNA polymerase, RNA polymerase reads DNA in the 3′ → 5′ direction and creates a new daughter strand of RNA in the 5′ → 3′ direction. The RNA sequence is complementary to the original DNA sequence except that adenine (A) binds with uracil (U) rather than thymine (T).

Post-transcriptional processing

After transcription is complete, the RNA molecule undergoes post-transcriptional processing. RNA that has not yet been processed is known as hetero-nuclear RNA (hnRNA), or pre-RNA, and contains extra nucleotides that are not necessary to create the corresponding protein. These extra sequences are called introns and are subsequently spliced out (removed) by the spliceosome. In contrast, exons are the nucleotides necessary to make the protein and are kept during the post-transcriptional processing. In addition, before the spliced RNA can leave the nucleus it must gain a 5′ guanine cap and a series of adenines known as a 3′ poly-A tail. The function of these terminal structures is to provide protection from RNA-degrading enzymes within the cytosol. Once these three modifications are made to the RNA molecule, it is termed messenger RNA (mRNA) and can leave the nucleus.


MNEMONIC

INtrons stay IN the nucleus; EXons will EXit the nucleus as part of the mRNA.



Codons

While transcription from DNA to RNA relies on complementary base pair matching (A to U/T; C to G), translation is much more complex. In fact, this difference in complexity is found in the processes’ names themselves. Transcription means to write or copy a document in the same language. In biology, transcription rewrites the DNA message in RNA using the same language, nitrogenous bases. Translation means to express the same idea in a different language. In biology, translation converts the nitrogenous base message of mRNA to the amino acid language of proteins. In this analogy, codons are the dictionary for this translation.

Codons are three nucleotide sequences on the mRNA that correspond to a specific amino acid. Because there are 4 possible nucleotides for each of the 3 positions in a codon, there are 64 possible codons (see Figure 6.8). Note that all codons are written in the 5′ → 3′ direction, thus providing an unambiguous code where each codon codes for one and only one amino acid.
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Figure 6.8



The figure above is often cited as the “genetic code” because it can be used to decipher the message of genetic material (DNA/RNA) into amino acid sequences. This genetic code is universal across all species. While memorizing the table is unnecessary, there are a couple patterns that are worth pointing out.


MNEMONIC

Stop codons:


	
UAA—U Are Annoying

	
UGA—U Go Away

	
UAG—U Are Gone





First, note that out of the total 64 codons only 61 code for amino acids. The remaining 3 codons are known as stop codons as they instruct the ribosome to stop translation, thereby ending the polypeptide. These codons are UAA, UGA, and UAG.

Second, the 61 amino acid codons only correspond to 20 different amino acids, thus there must be redundancy to the genetic code. In other words, multiple codons code for the same amino acid. The presence of this redundancy in the genetic code makes the code degenerate, meaning the mRNA sequence cannot be regenerated from the amino acid sequence.

Third, codons corresponding to the same amino acid are very similar. For instance, the four codons that code for Alanine are GCU, GCC, GCA, and GCG. Notice that the third nucleotide does not affect which amino acid the codon corresponds to. To clarify, if the first two nucleotides are GC, the codon corresponds to alanine. This phenomenon is known as the wobble position (3rd position) and is explained by the aminoacyl-tRNA complex’s ability to bind to mRNA despite having non-complementary base pairs for the third nucleotide.

Translation

Translation is the process through which mRNA codons are translated into a sequence of amino acids. Translation occurs in the cytoplasm and involves ribosomes (rRNA), tRNA, mRNA, amino acids, enzymes, and other proteins. The process itself can be divided into four distinct stages: initiation, elongation, translocation, and termination (see Figure 6.9).

Initiation begins when the small ribosomal subunit binds to the mRNA near its 5′ end. The ribosome scans the mRNA until it binds to a start codon (AUG), which codes for methionine. The initiator aminoacyl-tRNA complex, methionine tRNA (with the anticodon 3′–UAC–5′), base pairs with the start codon. Once the mRNA, small ribosomal subunit, and the aminoacyl-tRNA complex is bound, the large ribosomal subunit binds, forming the completed initiation complex.

Elongation is a three-step cycle that is repeated for each amino acid added to the protein after the initiator methionine. During elongation, the ribosome moves in the 5′ to 3′ direction along the mRNA, synthesizing the protein from its amino (N-) to carboxyl (C-) terminus. The ribosome contains three very important binding sites:


	The A site holds the incoming aminoacyl-tRNA complex, which will be the next amino acid added to the growing chain. The incoming aminoacyl-tRNA complex is determined by mRNA codons.

	The P site holds the tRNA that carries the growing polypeptide chain and where the initiation complex formed (methionine). A peptide bond is formed as the polypeptide is passed from the tRNA in the P site to the tRNA in the A site. This action requires energy and is completed by the ribosome.

	The E site (not shown in Figure 6.9) is where the now uncharged tRNA briefly pauses before it is expelled from the ribosome, to be recharged.



Finally, this cycle is completed by translocation, in which the ribosome advances three nucleotides along the mRNA in the 5′ to 3′ direction. When the ribosome advances, the tRNA’s position on the ribosome shifts. The charged tRNA (bound to the polypeptide) is transferred from the A site to the P site. The uncharged tRNA is transferred from the P site to the E site, where it is expelled. After translocation, the result is an empty A site ready for the entry of the aminoacyl-tRNA corresponding to the next codon. This cycling continues until a stop codon (UAA, UGA, or UAG) is encountered, triggering termination.


MNEMONIC

Order of sites in the ribosome during translation: APE
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Figure 6.9



Post-translational modifications

Often, before a newly translated polypeptide chain is fully functional it must undergo modifications, termed post-translational modifications. Modification can include cleavage, where certain amino acid sequences are removed from the chain, or addition, where biomolecules are added to the peptide. Common addition processes include:


	
Phosphorylation: Addition of a phosphate group.

	
Carboxylation: Addition of carboxylic acid groups.

	
Glycosylation: Addition of oligosaccharides (sugars), completed in the Golgi body.

	
Prenylation: Addition of lipid groups, allowing for incorporation of the protein into membranes.



Prokaryotic vs. eukaryotic differences

Although the central dogma of molecular genetics is consistent between all forms of life, there are some key differences between the prokaryotic and eukaryotic processes.

In eukaryotes, transcription occurs in the nucleus; however, due to prokaryotes lacking membrane-bound organelles, transcription in these organisms occurs in the cytoplasm. In addition, since prokaryotes do not have a nucleus, posttranscriptional modification does not occur. Thus, prokaryotes are said to have polycistronic mRNA transcripts (while eukaryotes have monocistronic mRNA transcripts).


KEY CONCEPT

Monocistronic means one transcript translates to one protein. Polycistronic means one transcript translates to multiple proteins, often due to multiple start codons.



Although translation of mRNA is functionally the same between prokaryotic and eukaryotic cells, the ribosomes themselves have major structural differences. These structural differences have major implications in modern medicine as many antibiotic compounds target bacterial cells by targeting prokaryotic ribosomes.

In addition, due to the lack of membrane-bound organelles in prokaryotes, transcription and translation can occur at the same location in the cell. This results in transcription and translation occurring concurrently in prokaryotes.

Proteins

Formed by the culmination of transcription and translation, proteins are the functional units of life. The vast majority of all cellular functions are completed by proteins.

Protein structure

A protein’s function is closely linked to its 3D structure, which has four levels of organization: primary (1°), secondary (2°), tertiary (3°), and quaternary (4°) structure.

The primary structure of a protein is the sequence of amino acids, determined by its mRNA strand. By convention, primary structure lists amino acids from the N-terminus to C-terminus. Peptide bonds, the bonds linking linear amino acids together, are central to a protein’s primary structure.

The secondary structure of a protein is the local 3D structure of neighboring amino acids, which is determined by the primary structure of the protein. The most common secondary structures are α-helices (alpha helices) and β-sheets (beta-sheets). Secondary structure stability relies on hydrogen bond formation between amino acid side chains.

The tertiary structure of a protein refers to the folding of a polypeptide forming the 3D structure of the entire protein itself. This folding process is often assisted by chaperones, cellular proteins that stabilize transition states in the folding process. Tertiary structure relies on the hydrophobic and hydrophilic interactions of amino acid side groups, as well as disulfide bonds.
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The quaternary structure of a protein describes the combining of polypeptides to form a complete protein complex. For example, hemoglobin is a tetramer formed by four separate subunits (polypeptides) complexing together. Quaternary structure stability relies on both hydrophobic and hydrophilic interactions and disulfide bonds. Note, all proteins have primary, secondary, and tertiary structure, but not all have quaternary structure.

Protein function

Almost all processes in the cell are reliant on the functioning of proteins; therefore, it is not surprising that they have a wide range of functions. Typically, a single protein will have a specific function; thus, proteins themselves can be categorized by their function, the two major categories being enzymatic and non-enzymatic.

Non-enzymatic functions are wide-reaching but generally fall into two major categories.


	Structural proteins, including cytoskeleton components and motor proteins, have the primary functions to fix cellular components in place or to move cellular components to their needed location.

	Binding proteins serve to transport, attach, or sequester molecules by directly adhering to the molecule. Common examples include hemoglobin, cell adhesion molecules, and immunoglobulins.



Enzymes

Enzymes are proteins that have a catalytic function; thus, enzymes are often called organic catalysts. A catalyst is any substance that affects the rate of a chemical reaction while remaining unchanged or being regenerated as a product. Typically, catalysts, and, therefore enzymes, increase the reaction rate through reduction of the activation energy of the reaction. Enzymes are crucial to living things, as all life relies on chemical reactions (metabolism).

Enzymes are proteins and thus, thousands of different enzymes can conceivably be formed. In addition, the variability of enzymes can be increased through conjugation. Conjugated proteins covalently bond to other groups (lipids, sugars, cations, etc.) that often serve as coenzymes or cofactors.

Enzymes are very selective, often only catalyzing one reaction or one specific class of closely related reactions. The molecule the enzyme acts on is called the substrate. There is an area on each enzyme to which the substrate binds, called the active site. There are two models that describe the specific binding process of the enzyme and the substrate.

Most enzyme-catalyzed reactions are reversible. The product synthesized by an enzyme can be decomposed by the same enzyme. An enzyme that synthesizes maltose from glucose can also hydrolyze maltose back to glucose.

The following characteristics are true for all enzymes:


	Enzymes do NOT alter the equilibrium constant.

	Enzymes are NOT consumed in the reaction. This means that they will appear in both the reactants and the products.

	Enzymes lower the activation energy of a reaction, thereby speeding up the reaction.

	Enzymes are pH- and temperature-sensitive, with optimal activity at specific pH ranges and temperatures.



Lock and Key Theory

The Lock and Key Theory holds that the spatial structure of an enzyme’s active site is exactly complementary to the spatial structure of its substrate. The two fit together like a lock and key. For example, receptors are large proteins that contain a recognition site (lock) that is directly linked to transduction systems. When a drug or endogenous substance (key) binds to the receptor, a sequence of events is started. Although this theory has been largely discounted, it is still frequently used as a teaching tool when explaining drug interactions with receptors and enzymes.

Induced Fit Theory

This more widely accepted theory describes the active site as having flexibility of shape. When the appropriate substrate comes in contact with the active site, the conformation of the active site changes to fit the substrate (see Figure 6.10). It is this change in shape that begins the enzymatic process.
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Figure 6.10



Enzyme Reaction Rates

Enzyme action and the reaction rate depend on several environmental factors including temperature, pH, and the concentration of enzyme and substrate.

In general, as the temperature increases, the rate of enzyme action increases until an optimum temperature is reached (usually around 37°C). Beyond optimal temperature, heat alters the shape of the active site of the enzyme molecule and deactivates it, leading to a rapid drop in rate of action.

For each enzyme, there is an optimal pH; above and below that, enzymatic activity declines. Maximal activity of many human enzymes occurs around pH 7.2, which is the pH of most body fluids. Exceptions include pepsin, which works best in the highly acidic conditions of the stomach (pH = 2), and pancreatic enzymes, which work optimally in the alkaline conditions of the small intestine (pH = 8.5). In most cases the optimal pH matches the conditions under which the enzyme operates (see Figure 6.11).
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Figure 6.11



Enzyme Kinetics

The concentrations of substrate and enzyme greatly affect the reaction rate. When the concentrations of both enzyme and substrate are low, many of the active sites on the enzyme are unoccupied, and the reaction rate is low. Increasing the substrate concentration will increase the reaction rate until all of the active sites are occupied. After this point, further increase in substrate concentration will not increase the reaction rate, and the reaction is said to have reached the maximum velocity, Vmax (see Figure 6.12). Vmax is the reaction rate as substrate concentration goes to infinity. In order to change Vmax more enzyme must be added.
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Figure 6.12



Another key point to the plot above is Km, the Michaelis constant. Km represents the substrate concentration needed to fill half of the enzyme’s active sites. This is represented on the plot as the substrate concentration needed to reach ½ Vmax. Km can be used to assess an enzyme’s affinity for a substrate. Specifically, a higher Km requires a higher concentration of substrate to reach ½ Vmax; therefore, the higher the Km, the lower the enzyme’s affinity for that substrate. Conversely, a lower Km requires a lower concentration of substrate to reach ½ Vmax; therefore, the lower the Km, the higher the enzyme’s affinity for that substrate. In short, affinity and Km are inversely related.

Enzyme Inhibition

Biological systems require tight control over biochemical reactions. As previously discussed, enzymes can accomplish part of this goal by increasing the rate of reactions. To truly control reactions, cells must be able to regulate the activity of enzymes, one method being enzyme inhibition. Enzyme inhibition is also a common mechanism of drug action in modern pharmacology.

Competitive inhibition

The active site of an enzyme is specific for a particular substrate or class of substrates. However, it is possible for molecules that are similar to the substrate to bind to the active site of the enzyme. If a similar molecule is present in a concentration comparable to the concentration of the substrate, it will compete with the substrate for binding sites on the enzyme and interfere with enzyme activity. This is known as competitive inhibition because the enzyme is inhibited by the inactive substrate, or competitor. If sufficient quantities of the substrate are introduced, however, the substrate can outcompete the competitor and will still be able to reach the Vmax; however, this will require much higher concentrations of substrate than would be necessary without the competitor.

Noncompetitive inhibition

A noncompetitive inhibitor is a substance that binds to an enzyme at a site other than the active site. The interaction of the noncompetitive inhibitor at an allosteric site (allosteric means “other site” or “other structure”) changes the structure of the enzyme, resulting in a nonfunctional active site. The term noncompetitive stems from the concept that the inhibitor does not compete directly with the substrate for the enzyme’s active site. Consequently, a noncompetitive inhibitor cannot be displaced by the addition of excess substrate and Vmax must decrease. Noncompetitive inhibition is considered to be a type of allosteric inhibition.

Enzyme Classifications

Enzymes can be classified into six categories based on their function or mechanism. If you encounter an unfamiliar enzyme on Test Day, keep in mind that most enzymes have descriptive names ending in the suffix -ase: lactase, for example, breaks down lactose.

Ligases catalyze addition or synthesis reactions, generally between large, similar molecules, and often require ATP. Ligases are most likely to be encountered in nucleic acid synthesis and repair. They help in joining (ligation) of two molecules by forming chemical bonds.

Isomerases catalyze the rearrangement of bonds within a molecule. Some isomerases can also be classified as oxidoreductases, transferases, or lyases, depending on the mechanism of the enzyme. Keep in mind that isomerases catalyze reactions between stereoisomers as well as constitutional isomers.
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Major enzyme classifications:
LIL’ HOT


	
Ligase

	
Isomerase

	
Lyase

	
Hydrolase

	
Oxidoreductase

	
Transferase





Lyases catalyze the cleavage of a single molecule into two products. They do not require water as a substrate and do not act as oxidoreductases. Because most enzymes can also catalyze the reverse of their specific reactions, the synthesis of two small molecules into a single molecule may also be catalyzed by a lyase. When fulfilling this function, it is common for them to be referred to as synthases.

Hydrolases catalyze the breaking of a compound into two molecules using the addition of water. In common usage, many hydrolases are named only for their substrate. For example, one of the most common hydrolases you will encounter on Test Day is a phosphatase, which cleaves a phosphate group from another molecule. Other hydrolases include peptidases, nucleases, and lipases, which break down proteins, nucleic acids, and lipids, respectively.

Oxidoreductases catalyze oxidation-reduction reactions, that is, the transfer of electrons between biological molecules. They often have a cofactor that acts as an electron carrier, such as NAD+ or NADP+. In reactions catalyzed by oxidoreductases, the electron donor is known as the reductant, and the electron acceptor is known as the oxidant. Enzymes with dehydrogenase or reductase in their names are usually oxidoreductases. Enzymes in which oxygen is the final electron acceptor often include oxidase in their names.

Transferases catalyze the movement of a functional group from one molecule to another. For example, in protein metabolism, an aminotransferase can convert aspartate and α-ketoglutarate to oxaloacetate and glutamate. Most transferases will be straightforwardly named, but remember that kinases are also members of this class. Kinases catalyze the transfer of a phosphate group, generally from ATP to another molecule.


Review Problems


	What is the central dogma of molecular genetics?

	Which of the following is NOT true about pyrimidines and purines?

	Pyrimidines have a two-ring nitrogenous base.

	Purines have a two-ring nitrogenous base.

	Purines always bind to pyrimidines when a DNA helix is formed.

	Purines and pyrimidines make up the “rungs” of the DNA ladder.

	Purines and pyrimidines bind together using hydrogen bonds.





	What is the difference between the 3′ and the 5′ ends of a DNA molecule?

	Which model of DNA replication describes one parental strand and one new strand of DNA making up each new helix?

	Semiconservative

	Conservative

	Dispersive

	Redundancy

	Degeneracy





	Describe the process of DNA replication, including the roles of topoisomerase and DNA helicase, and the definitions of Okazaki fragments and the replication fork.

	What is the redundancy of the genetic code?

	What are the three major differences between RNA and DNA?

	Distinguish between transcription and translation and describe the process that takes place within the ribosome during translation.

	Describe the kinetic effects of increasing substrate concentration while enzyme concentration remains constant.

	What determines enzyme specificity?



Solutions to Review Problems


	The central dogma of molecular genetics states that genetic information goes from DNA to RNA to protein.

	
A Purines are larger molecules than pyrimidines and have a two-ring nitrogenous base, whereas pyrimidines only have a one-ring nitrogenous base. It is true that purines and pyrimidines bind to each other via hydrogen bonds when the DNA helix is formed and that they are on the inside of the helix (“rungs” of the DNA ladder) rather than the outside of the structure.

	The 3′ end of DNA is where the carbon on the sugar molecule at the farthest end of the DNA molecule is the 3′ carbon within the ring structure. Similarly, the 5′ end is where the carbon on the sugar molecule at the DNA terminus is the 5′ carbon.

	
A Semiconservative replication produces two copies of DNA that each contain one parent strand and one new strand. In conservative replication there is one DNA copy with both parent strands and one with two new strands. In dispersive replication there are two copies of DNA that both have pairs of parent and new genetic material interspersed throughout the helix. Redundancy and degeneracy describe the multiple codons that code for the same amino acid in the genetic code.

	DNA helicase “unzips” the DNA helix, exposing the two parent DNA strands. This opening is called the replication fork. DNA polymerase moves in a 3′ → 5′ direction along both parent DNA strands, recruiting complementary nucleotides and creating the daughter strands. The leading strand is made continuously, whereas the lagging strand is made discontinuously because DNA polymerase only moves in a 3′ → 5′ direction. This means that on the lagging strand DNA pieces are made in short sequences rather than one long strand. The short pieces of new DNA on the lagging strand are called Okazaki fragments. Topoisomerase prevents DNA from overcoiling during replication.

	The genetic code is redundant because more than one codon (sequence of three base pairs) codes for many amino acids. Because there are four possible nucleotides for a codon consisting of a combination of three nucleotides, 64 possible combinations of nucleotides exist to make each codon. However, since only 20 amino acids are coded for, most amino acids can be coded for by more than one sequence of nucleotides. This is referred to as the redundancy of the genetic code.

	Three major differences between RNA and DNA are that RNA (1) contains ribose instead of deoxyribose as its sugar, (2) contains uracil instead of thymine, and (3) is usually single-stranded.

	Transcription is the process by which DNA is turned into RNA, whereas in translation RNA is turned into protein. In translation the ribosome locates a start codon near the 5′ end of the mRNA. The ribosome then reads the mRNA sequence, codon by codon, and recruits the corresponding amino acid (attached to a tRNA) encoded by the mRNA. After each codon is read, the mRNA molecule translocates within the ribosome to make room for the next codon. Once a stop codon is reached, termination occurs, and the ribosome falls off the mRNA sequence. At this point the primary structure of the protein is complete, and it assumes its three-dimensional conformation based on its primary sequence.

	When substrate concentration is low, the reaction proceeds slowly. Initial increases in substrate concentration greatly increase the reaction rate because of the binding of substrate to available active sites. Eventually, a point is reached at which all of the active sites are occupied, and the addition of more substrate will not hasten the reaction appreciably. Eventually, at very high levels of substrate, the reaction rate approaches a maximum, Vmax.

	Enzyme specificity is determined by the unique three-dimensional spatial structure of the active site. According to the induced fit hypothesis, an enzyme’s active site is capable of undergoing a conformational change when the appropriate substrate comes into contact with it, such that the substrate is held in place to form an enzyme-substrate complex.







CHAPTER 7

METABOLISM


LEARNING OBJECTIVES

After this chapter, you will be able to:


	Recall terms related to energy use in living organisms

	Describe respiration, glucose catabolism, and alternate energy sources

	Relate the major components of photosynthesis





Energy is the currency of the universe. In order for any work, organization, or activity to occur, energy must be used. Organisms obtain energy from their environment (food, sunlight) and use it to power the basic activities of life. These processes fall under the definition of metabolism. Metabolism is the sum of all chemical reactions that occur in the body.

Metabolism can be divided into catabolic reactions, which break down chemicals and release energy, and anabolic reactions, which synthesize chemicals and require energy. Previous chapters have covered anabolic processes, such as DNA replication and protein synthesis. This chapter will primarily explore catabolic processes.

Cellular Respiration

Cellular respiration describes the biochemical conversion of chemical energy stored in molecular bonds into usable energy (ATP), a catabolic process. Cellular respiration has two major pathways, aerobic and anaerobic respiration. Aerobic respiration occurs in the presence of oxygen, while anaerobic respiration occurs in the absence of oxygen. Closely related, yet distinct concepts, are external and internal respiration. External respiration refers to the inhaling and exhaling of air into and out of the lungs as well as the exchange of gas between the alveoli and the blood (see Chapter 13). Internal respiration refers to exchange of gas between individual cells and the extracellular fluid.

The bioenergetics of cellular respiration and metabolism in general should be considered as an example of conservation of energy. To clarify, if energy is released during a reaction, then the products must have less potential energy than the reactants.

Carbohydrates and fats are the favored fuel molecules in living cells due to their high number of energy-rich C-H bonds. Through metabolism, hydrogen is removed, and energy is made available. The end products of this process are always H2O and CO2, which contain low-energy bonds. Thus, the difference in potential energy between high-energy carbohydrates/fats and the low-energy H2O and CO2 is used directly for generation of ATP.

C6H12O6 + 6 O2 → 6 H2O + 6 CO2

Another way to look at the above reaction is through the lens of redox (reduction and oxidation) reactions. In the reactants, carbons are heavily reduced due to their bonds to hydrogen. During cellular respiration, those carbons are oxidized to CO2. It is the oxidation of carbon that releases energy. The chemical reaction itself is very similar to that of combustion, the burning of fuel. The primary difference, however, is that cellular respiration releases this energy in a series of smaller steps, thereby allowing the cell to capture the energy for use rather than the energy being released to the environment as heat, as seen in combustion.

Glucose Catabolism

Glucose catabolism is the classic cellular respiration pathway studied. The degradation of glucose by oxidation begins with glycolysis and then splits into two separate pathways, aerobic and anaerobic.


[image: image]
Figure 7.1



Glycolysis

Glycolysis literally means “sugar breaking” and is a series of reactions that lead to the oxidative breakdown of glucose into two molecules of pyruvate, the production of ATP, and the reduction of NAD+ into NADH. Recall that in a redox reaction there is always a compound that is oxidized and one that is reduced. In the case of glycolysis, glucose is oxidized and NAD+ is reduced. The entirety of glycolysis occurs in the cytoplasm and, therefore, can be completed by both eukaryotic and prokaryotic cells.


[image: image]


The biochemical reactions of glycolysis can be divided into three stages: energy investment, cleavage, and energy payout (see Figure 7.2).


The energy investment stage (steps 1–3) gets its name from the fact that two ATPs are used to add two phosphate groups to glucose, producing fructose 1,6-biphosphate (6 carbon). These actions are completed by kinases.

The second stage of glycolysis (step 4), cleavage, splits fructose 1,6-biphosphate into glyceraldehyde 3-phosphate (PGAL) and dihydroxyacetone phosphate (DHAP), each being a 3 carbon compound with an added phosphate group. DHAP is then isomerized to form a second PGAL.

The third stage of glycolysis (steps 5–9), energy payout, results in the production of ATP. In addition, due to there being two PGAL molecules, steps 5–9 occur twice per glucose molecule. In this series of steps, PGAL is converted to pyruvate resulting in the reduction of NAD+ to NADH (catalyzed by a dehydrogenase) and the production of two ATPs (catalyzed by kinases).



Glycolytic pathway


[image: image]
Figure 7.2



In summary, from one molecule of glucose (6C), two molecules of pyruvate (3C) are obtained. During this sequence of reactions, two ATP are used (steps 1 and 3) and four ATP are generated (step 6 and 9, occurring twice each). Thus, there is a net production of two ATP per glucose molecule. This type of ATP production is called substrate level phosphorylation because ATP synthesis is directly coupled with the oxidation of glucose without participation of an intermediate molecule such as NADH or FADH2. This is contrasted with oxidative phosphorylation, which does require an intermediate electron carrier such as NADH or FADH2.

The net reaction for glycolysis is:

Glucose + 2 ADP + 2 Pi + 2 NAD+ → 2 Pyruvate + 2 ATP + 2 NADH + 2 H+ + 2 H2O

At the end of glycolysis, much of the initial energy stored in the glucose molecule has not been released and is still present in the chemical bonds of pyruvate. Depending on the capabilities of the organism, pyruvate degradation can proceed in one of two directions. Under anaerobic conditions (in the absence of oxygen), pyruvate is reduced during the process of fermentation. Under aerobic conditions (in the presence of oxygen), pyruvate is further oxidized during cellular respiration in the mitochondria.

Anaerobic Respiration

NAD+ must be regenerated for glycolysis to continue in the absence of O2. This is accomplished by reducing pyruvate into ethanol or lactic acid via fermentation. Fermentation does not produce any ATP itself; therefore, glucose metabolized in the anaerobic pathway only produces the two ATP through glycolysis.

Alcohol fermentation occurs in yeast and some bacteria. The pyruvate produced in glycolysis is converted to ethanol. In this way, NAD+ is regenerated, and glycolysis can continue.

Lactic acid fermentation occurs in certain fungi, bacteria, and in human muscle cells during strenuous activity. When the oxygen supply to muscle cells lags behind the rate of glucose catabolism, the pyruvate generated is reduced to lactic acid. As in alcohol fermentation, the NAD+ used in step 5 of glycolysis is regenerated when pyruvate is reduced.

Aerobic Respiration

Aerobic respiration is the most efficient catabolic pathway used by organisms to harvest the energy stored in glucose. Whereas anaerobic respiration yields only 2 ATP per molecule of glucose from glycolysis, aerobic respiration can yield 36–38 ATP. Aerobic respiration can be divided into three stages: pyruvate decarboxylation, the citric acid cycle, and the electron transport chain. All three of these stages occur in the mitochondria for eukaryotes and the cytoplasm for prokaryotes.

Mitochondria are membrane-bound organelles responsible for the aerobic production of ATP in eukaryotic cells. The function of the mitochondria is heavily reliant on its double membrane structure as seen in Figure 7.3. In general, the pyruvate produced from glycolysis is transported through both mitochondrial membranes into the mitochondrial matrix where it undergoes pyruvate decarboxylation to produce acetyl-CoA. Acetyl-CoA undergoes a cycle of reactions known as the citric acid cycle (sometimes called the TCA or Krebs cycle) producing electron carriers (NADH, FADH2) and regenerating oxaloacatate, allowing the cycle to repeat. These electron carriers power the electron transport chain (ETC), located on the inner mitochondrial membrane, which transports protons (H+) against their concentration gradient into the intermembrane space. This energy stored in this gradient is then used by ATP synthase, located on the inner membrane, to produce ATP. This method of ATP production is termed oxidative phosphorylation.

These processes will be expanded upon below.


[image: image]
Figure 7.3



Although prokaryotes do not have mitochondria, aerobic bacteria are still able to partake in aerobic respiration, but the citric acid cycle occurs in the cytosol and the electron transport chain is located on the bacterial membrane itself.

Pyruvate decarboxylation

The pyruvate formed during glycolysis is transported from the cytoplasm into the mitochondrial matrix where it is decarboxylated (i.e., it loses a CO2), and the acetyl group that remains is transferred to coenzyme A to form acetyl-CoA. In the process, NAD+ is reduced to NADH.

Citric acid cycle

The citric acid cycle, also known as the Krebs cycle, can be understood by tracking the number of carbons in each intermediate. First consider the carbons count: the cycle begins when the two-carbon acetyl group from acetyl-CoA combines with oxaloacetate, a four-carbon molecule, to form the six-carbon citrate. Through a series of reactions, two CO2 are released, and oxaloacetate, a four-carbon molecule, is regenerated for use in another turn of the cycle.


[image: image]
Figure 7.4



For each turn of the citric acid cycle, one ATP is produced by substrate-level phosphorylation via a GTP intermediate. In addition, electrons are transferred to NAD+ and FAD, generating three NADH and one FADH2, respectively. These reduction reactions are coupled with the oxidation of carbon, producing the two aforementioned CO2. Studying the cycle, we can do some bookkeeping; keep in mind that for each molecule of glucose, two pyruvate are decarboxylated and channeled into the citric acid cycle. Therefore, two of each type of molecular product at this stage of the cycle are created for each glucose molecule.





	2 × 3 NADH
	→
	6 NADH



	2 × 1 FADH2

	→
	2 FADH2




	2 × 1 GTP (ATP)
	→
	2 ATP







The net reaction of the citric acid cycle per glucose molecule is:

2 acetyl-CoA + 6 NAD+ + 2 FAD + 2 GDP + 2 Pi + 4 H2O → 4 CO2 + 6 NADH + 2 FADH2 + 2 GTP + 4 H+ + 2CoA

Electron transport chain

The electron transport chain (ETC) is a complex carrier mechanism located on the inside of the inner mitochondrial membrane. During oxidative phosphorylation, ATP is produced when high-energy potential electrons are transferred from NADH and FADH2 to oxygen by a series of carrier molecules located in the inner mitochondrial membrane. As the electrons are transferred from carrier to carrier, free energy is released, which is then used to form ATP. Most molecules of the ETC are cytochromes, electron carriers that resemble hemoglobin in the structure of their active site. The functional unit contains a central iron atom that is capable of undergoing a reversible redox reaction (i.e., it can be alternatively reduced and oxidized). Sequential redox reactions continue to occur as the electrons are transferred from one carrier to the next; each carrier is reduced as it accepts an electron and is then oxidized when it passes it on to the next carrier. The last carrier of the ETC passes its electron to the final electron acceptor, O2. In addition to the electrons, O2 picks up a pair of hydrogen ions from the surrounding medium, forming water.


[image: image]


ATP Generation and the Proton Pump

As alluded to earlier, the electron transport chain (ETC) uses energy from redox reactions to generate ATP. The operating mechanism in this type of ATP production involves coupling the oxidation of NADH and FADH2 to the phosphorylation of ADP. The coupling agent for these two processes is a proton gradient across the inner mitochondrial membrane, maintained by the ETC. As NADH and FADH2 pass their electrons to the ETC, hydrogen ions (H+) are pumped out of the matrix, across the inner mitochondrial membrane, and into the intermembrane space at each of the ETC protein complexes. The continuous translocation of H+ creates a positively charged, acidic environment in the intermembrane space. This electrochemical gradient generates a proton-motive force, which drives H+ back across the inner membrane and into the matrix. However, to pass through the membrane (which is impermeable to ions), the H+ must flow through specialized channels provided by enzyme complexes called ATP synthases. As the H+ pass through the ATP synthases, enough energy is released to allow for the phosphorylation of ADP to ATP. The coupling of the oxidation of NADH and FADH2 with the phosphorylation of ADP is called oxidative phosphorylation.


[image: image]


Total Energy Production

To calculate the net amount of ATP produced per molecule of glucose, we need to tally the number of ATP produced by substrate-level phosphorylation and the number of ATP produced by oxidative phosphorylation.

Substrate-level phosphorylation

Degradation of one glucose molecule yields a net of two ATP from glycolysis and one ATP for each turn of the citric acid cycle. Thus, a total of four ATP are produced by substrate-level phosphorylation.

Oxidative phosphorylation

In order to calculate the amount of ATP generated through oxidative phosphorylation, NADH and FADH2 must be counted, as shown below. Each NADH from the citric acid cycle generates three ATP. The two NADH that were reduced during glycolysis cannot cross the inner mitochondrial membrane and must use energy to be transferred into the mitochondria through a carrier protein, thus only yielding 2 ATP. FADH2 generates two ATP per molecule.

All in all, the two NADH formed in glycolysis yield four ATP, the other eight NADH yield 24 ATP, and the two FADH2 yield 4 ATP, for a total of 32 ATP produced in oxidative phosphorylation. For prokaryotes, the oxidative phosphorylation yield is 34 ATP because the two glycolytic NADH do not have any mitochondrial membranes to cross and, therefore, do not expend energy.









	Eukaryotic ATP Production per Glucose Molecule
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