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PREFACE



And now it starts: your long, yet fruitful journey toward wearing a white coat. Proudly wearing that white coat, though, is hopefully only part of your motivation. You are reading this book because you want to be a healer.


If you’re serious about going to medical school, then you are likely already familiar with the importance of the MCAT in medical school admissions. While the holistic review process puts additional weight on your experiences, extracurricular activities, and personal attributes, the fact remains: along with your GPA, your MCAT score remains one of the two most important components of your application portfolio—at least early in the admissions process. Each additional point you score on the MCAT pushes you in front of thousands of other students and makes you an even more attractive applicant. But the MCAT is not simply an obstacle to overcome; it is an opportunity to show schools that you will be a strong student and a future leader in medicine.


We at Kaplan take our jobs very seriously and aim to help students see success not only on the MCAT, but as future physicians. We work with our learning science experts to ensure that we’re using the most up-to-date teaching techniques in our resources. Multiple members of our team hold advanced degrees in medicine or associated biomedical sciences, and are committed to the highest level of medical education. Kaplan has been working with the MCAT for over 50 years and our commitment to premed students is unflagging; in fact, Stanley Kaplan created this company when he had difficulty being accepted to medical school due to unfair quota systems that existed at the time.


We stand now at the beginning of a new era in medical education. As citizens of this 21st-century world of healthcare, we are charged with creating a patient-oriented, culturally competent, cost-conscious, universally available, technically advanced, and research-focused healthcare system, run by compassionate providers. Suffice it to say, this is no easy task. Problem-based learning, integrated curricula, and classes in interpersonal skills are some of the responses to this demand for an excellent workforce—a workforce of which you’ll soon be a part.


We’re thrilled that you’ve chosen us to help you on this journey. Please reach out to us to share your challenges, concerns, and successes. Together, we will shape the future of medicine in the United States and abroad; we look forward to helping you become the doctor you deserve to be.


Good luck!


Alexander Stone Macnow, MD


Editor-in-Chief


Department of Pathology and Laboratory Medicine


Hospital of the University of Pennsylvania


BA, Musicology—Boston University, 2008


MD—Perelman School of Medicine at the University of Pennsylvania, 2013










ABOUT THE MCAT



Anatomy of the MCAT


Here is a general overview of the structure of Test Day:


















	Section

	Number of Questions

	Time Allotted










	Test-Day Certification

	

	4 minutes






	Tutorial (optional)

	

	10 minutes






	Chemical and Physical Foundations of Biological Systems

	59

	95 minutes






	Break (optional)

	

	10 minutes






	Critical Analysis and Reasoning Skills (CARS)

	53

	90 minutes






	Lunch Break (optional)

	

	30 minutes






	Biological and Biochemical Foundations of Living Systems

	59

	95 minutes






	Break (optional)

	

	10 minutes






	Psychological, Social, and Biological Foundations of Behavior

	59

	95 minutes






	Void Question

	

	3 minutes






	Satisfaction Survey (optional)

	

	5 minutes









The structure of the four sections of the MCAT is shown below.
















	Chemical and Physical Foundations of Biological Systems










	Time

	95 minutes






	Format

	



	59 questions


	10 passages


	44 questions are passage-based, and 15 are discrete (stand-alone) questions.


	Score between 118 and 132












	What It Tests

	



	Biochemistry: 25%


	Biology: 5%


	General Chemistry: 30%


	Organic Chemistry: 15%


	Physics: 25%












	
Critical Analysis and Reasoning Skills (CARS)







	Time

	90 minutes






	Format

	



	53 questions


	9 passages


	All questions are passage-based. There are no discrete (stand-alone) questions.


	Score between 118 and 132












	What It Tests

	Disciplines:



	Humanities: 50%


	Social Sciences: 50%





Skills:




	
Foundations of Comprehension: 30%


	
Reasoning Within the Text: 30%


	
Reasoning Beyond the Text: 40%












	Biological and Biochemical Foundations of Living Systems






	Time

	95 minutes






	Format

	



	59 questions


	10 passages


	44 questions are passage-based, and 15 are discrete (stand-alone) questions.


	Score between 118 and 132












	What It Tests

	



	Biochemistry: 25%


	Biology: 65%


	General Chemistry: 5%


	Organic Chemistry: 5%












	Psychological, Social, and Biological Foundations of Behavior






	Time

	95 minutes






	Format

	



	59 questions


	10 passages


	44 questions are passage-based, and 15 are discrete (stand-alone) questions.


	Score between 118 and 132












	What It Tests

	



	Biology: 5%


	Psychology: 65%


	Sociology: 30%












	Total






	Testing Time

	375 minutes (6 hours, 15 minutes)






	Total Seat Time

	447 minutes (7 hours, 27 minutes)






	Questions

	230






	Score

	472 to 528
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Scientific Inquiry and Reasoning Skills (SIRS)


The AAMC has defined four Scientific Inquiry and Reasoning Skills (SIRS) that will be tested in the three science sections of the MCAT:




	
Knowledge of Scientific Concepts and Principles (35% of questions)


	
Scientific Reasoning and Problem-Solving (45% of questions)


	
Reasoning About the Design and Execution of Research (10% of questions)


	
Data-Based and Statistical Reasoning (10% of questions)





Let’s see how each one breaks down into more specific Test Day behaviors. Note that the bullet points of specific objectives for each of the SIRS are taken directly from the Official Guide to the MCAT Exam; the descriptions of what these behaviors mean and sample question stems, however, are written by Kaplan.


Skill 1: Knowledge of Scientific Concepts and Principles



This is probably the least surprising of the four SIRS; the testing of science knowledge is, after all, one of the signature qualities of the MCAT. Skill 1 questions will require you to do the following:




	Recognize correct scientific principles


	Identify the relationships among closely related concepts


	Identify the relationships between different representations of concepts (verbal, symbolic, graphic)


	Identify examples of observations that illustrate scientific principles


	Use mathematical equations to solve problems





At Kaplan, we simply call these Science Knowledge or Skill 1 questions. Another way to think of Skill 1 questions is as “one-step” problems. The single step is either to realize which scientific concept the question stem is suggesting or to take the concept stated in the question stem and identify which answer choice is an accurate application of it. Skill 1 questions are particularly prominent among discrete questions (those not associated with a passage). These questions are an opportunity to gain quick points on Test Day—if you know the science concept attached to the question, then that’s it! On Test Day, 35% of the questions in each science section will be Skill 1 questions.


Here are some sample Skill 1 question stems:




	How would a proponent of the James–Lange theory of emotion interpret the findings of the study cited in the passage?


	Which of the following most accurately describes the function of FSH in the human menstrual cycle?


	If the products of Reaction 1 and Reaction 2 were combined in solution, the resulting reaction would form:


	Ionic bonds are maintained by which of the following forces?





Skill 2: Scientific Reasoning and Problem-Solving



The MCAT science sections do, of course, move beyond testing straightforward science knowledge; Skill 2 questions are the most common way in which it does so. At Kaplan, we also call these Critical Thinking questions. Skill 2 questions will require you to do the following:




	Reason about scientific principles, theories, and models


	Analyze and evaluate scientific explanations and predictions


	Evaluate arguments about causes and consequences


	Bring together theory, observations, and evidence to draw conclusions


	Recognize scientific findings that challenge or invalidate a scientific theory or model


	Determine and use scientific formulas to solve problems





Just as Skill 1 questions can be thought of as “one-step” problems, many Skill 2 questions are “two-step” problems, and more difficult Skill 2 questions may require three or more steps. These questions can require a wide spectrum of reasoning skills, including integration of multiple facts from a passage, combination of multiple science content areas, and prediction of an experiment’s results. Skill 2 questions also tend to ask about science content without actually mentioning it by name. For example, a question might describe the results of one experiment and ask you to predict the results of a second experiment without actually telling you what underlying scientific principles are at work—part of the question’s difficulty will be figuring out which principles to apply in order to get the correct answer. On Test Day, 45% of the questions in each science section will be Skill 2 questions.


Here are some sample Skill 2 question stems:




	Which of the following experimental conditions would most likely yield results similar to those in Figure 2?


	All of the following conclusions are supported by the information in the passage EXCEPT:


	The most likely cause of the anomalous results found by the experimenter is:


	An impact to a person’s chest quickly reduces the volume of one of the lungs to 70% of its initial value while not allowing any air to escape from the mouth. By what percentage is the force of outward air pressure increased on a 2 cm2 portion of the inner surface of the compressed lung?






Skill 3: Reasoning About the Design and Execution of Research



The MCAT is interested in your ability to critically appraise and analyze research, as this is an important day-to-day task of a physician. We call these questions Skill 3 or Experimental and Research Design questions for short. Skill 3 questions will require you to do the following:




	Identify the role of theory, past findings, and observations in scientific questioning


	Identify testable research questions and hypotheses


	Distinguish between samples and populations and distinguish results that support generalizations about populations


	Identify independent and dependent variables


	Reason about the features of research studies that suggest associations between variables or causal relationships between them (such as temporality and random assignment)


	Identify conclusions that are supported by research results


	Determine the implications of results for real-world situations


	Reason about ethical issues in scientific research





Over the years, the AAMC has received input from medical schools to require more practical research skills of MCAT test takers, and Skill 3 questions are the response to these demands. This skill is unique in that the outside knowledge you need to answer Skill 3 questions is not taught in any one undergraduate course; instead, the research design principles needed to answer these questions are learned gradually throughout your science classes and especially through any laboratory work you have completed. It should be noted that Skill 3 comprises 10% of the questions in each science section on Test Day.


Here are some sample Skill 3 question stems:




	What is the dependent variable in the study described in the passage?


	The major flaw in the method used to measure disease susceptibility in Experiment 1 is:


	Which of the following procedures is most important for the experimenters to follow in order for their study to maintain a proper, randomized sample of research subjects?


	A researcher would like to test the hypothesis that individuals who move to an urban area during adulthood are more likely to own a car than are those who have lived in an urban area since birth. Which of the following studies would best test this hypothesis?





Skill 4: Data-Based and Statistical Reasoning



Lastly, the science sections of the MCAT test your ability to analyze the visual and numerical results of experiments and studies. We call these Data and Statistical Analysis questions. Skill 4 questions will require you to do the following:




	Use, analyze, and interpret data in figures, graphs, and tables


	Evaluate whether representations make sense for particular scientific observations and data


	Use measures of central tendency (mean, median, and mode) and measures of dispersion (range, interquartile range, and standard deviation) to describe data


	Reason about random and systematic error


	
Reason about statistical significance and uncertainty (interpreting statistical significance levels and interpreting a confidence interval)


	Use data to explain relationships between variables or make predictions


	Use data to answer research questions and draw conclusions





Skill 4 is included in the MCAT because physicians and researchers spend much of their time examining the results of their own studies and the studies of others, and it’s very important for them to make legitimate conclusions and sound judgments based on that data. The MCAT tests Skill 4 on all three science sections with graphical representations of data (charts and bar graphs), as well as numerical ones (tables, lists, and results summarized in sentence or paragraph form). On Test Day, 10% of the questions in each science section will be Skill 4 questions.


Here are some sample Skill 4 question stems:




	According to the information in the passage, there is an inverse correlation between:


	What conclusion is best supported by the findings displayed in Figure 2?


	A medical test for a rare type of heavy metal poisoning returns a positive result for 98% of affected individuals and 13% of unaffected individuals. Which of the following types of error is most prevalent in this test?


	If a fourth trial of Experiment 1 was run and yielded a result of 54% compliance, which of the following would be true?





SIRS Summary


Discussing the SIRS tested on the MCAT is a daunting prospect given that the very nature of the skills tends to make the conversation rather abstract. Nevertheless, with enough practice, you’ll be able to identify each of the four skills quickly, and you’ll also be able to apply the proper strategies to solve those problems on Test Day. If you need a quick reference to remind you of the four SIRS, these guidelines may help:


Skill 1 (Science Knowledge) questions ask:




	Do you remember this science content?





Skill 2 (Critical Thinking) questions ask:




	Do you remember this science content? And if you do, could you please apply it to this novel situation?


	Could you answer this question that cleverly combines multiple content areas at the same time?





Skill 3 (Experimental and Research Design) questions ask:




	Let’s forget about the science content for a while. Could you give some insight into the experimental or research methods involved in this situation?





Skill 4 (Data and Statistical Analysis) questions ask:




	Let’s forget about the science content for a while. Could you accurately read some graphs and tables for a moment? Could you make some conclusions or extrapolations based on the information presented?






Critical Analysis and Reasoning Skills (CARS)


The Critical Analysis and Reasoning Skills (CARS) section of the MCAT tests three discrete families of textual reasoning skills; each of these families requires a higher level of reasoning than the last. Those three skills are as follows:




	
Foundations of Comprehension (30% of questions)


	
Reasoning Within the Text (30% of questions)


	
Reasoning Beyond the Text (40% of questions)





These three skills are tested through nine humanities- and social sciences-themed passages, with approximately 5 to 7 questions per passage. Let’s take a more in-depth look into these three skills. Again, the bullet points of specific objectives for each of the CARS are taken directly from the Official Guide to the MCAT Exam; the descriptions of what these behaviors mean and sample question stems, however, are written by Kaplan.


Foundations of Comprehension


Questions in this skill will ask for basic facts and simple inferences about the passage; the questions themselves will be similar to those seen on reading comprehension sections of other standardized exams like the SAT® and ACT®. Foundations of Comprehension questions will require you to do the following:




	Understand the basic components of the text


	Infer meaning from rhetorical devices, word choice, and text structure





This admittedly covers a wide range of potential question types including Main Idea, Detail, Inference, and Definition-in-Context questions, but finding the correct answer to all Foundations of Comprehension questions will follow from a basic understanding of the passage and the point of view of its author (and occasionally that of other voices in the passage).


Here are some sample Foundations of Comprehension question stems:




	
Main Idea—The author’s primary purpose in this passage is:


	
Detail—Based on the information in the second paragraph, which of the following is the most accurate summary of the opinion held by Schubert’s critics?


	
(Scattered) Detail—According to the passage, which of the following is FALSE about literary reviews in the 1920s?


	
Inference (Implication)—Which of the following phrases, as used in the passage, is most suggestive that the author has a personal bias toward narrative records of history?


	
Inference (Assumption)—In putting together the argument in the passage, the author most likely assumes:


	
Definition-in-Context—The word “obscure” (paragraph 3), when used in reference to the historian’s actions, most nearly means:





Reasoning Within the Text


While Foundations of Comprehension questions will usually depend on interpreting a single piece of information in the passage or understanding the passage as a whole, Reasoning Within the Text questions require more thought because they will ask you to identify the purpose of a particular piece of information in the context of the passage, or ask how one piece of information relates to another. Reasoning Within the Text questions will require you to:




	Integrate different components of the text to draw relevant conclusions





The CARS section will also ask you to judge certain parts of the passage or even judge the author. These questions, which fall under the Reasoning Within the Text skill, can ask you to identify authorial bias, evaluate the credibility of cited sources, determine the logical soundness of an argument, identify the importance of a particular fact or statement in the context of the passage, or search for relevant evidence in the passage to support a given conclusion. In all, this category includes Function and Strengthen–Weaken (Within the Passage) questions, as well as a smattering of related—but rare—question types.


Here are some sample Reasoning Within the Text question stems:




	
Function—The author’s discussion of the effect of socioeconomic status on social mobility primarily serves which of the following functions?


	
Strengthen–Weaken (Within the Passage)—Which of the following facts is used in the passage as the most prominent piece of evidence in favor of the author’s conclusions?


	
Strengthen–Weaken (Within the Passage)—Based on the role it plays in the author’s argument, The Possessed can be considered:





Reasoning Beyond the Text


The distinguishing factor of Reasoning Beyond the Text questions is in the title of the skill: the word Beyond. Questions that test this skill, which make up a larger share of the CARS section than questions from either of the other two skills, will always introduce a completely new situation that was not present in the passage itself; these questions will ask you to determine how one influences the other. Reasoning Beyond the Text questions will require you to:




	Apply or extrapolate ideas from the passage to new contexts


	Assess the impact of introducing new factors, information, or conditions to ideas from the passage





The Reasoning Beyond the Text skill is further divided into Apply and Strengthen–Weaken (Beyond the Passage) questions, and a few other rarely appearing question types.


Here are some sample Reasoning Beyond the Text question stems:




	
Apply—If a document were located that demonstrated Berlioz intended to include a chorus of at least 700 in his Grande Messe des Morts, how would the author likely respond?


	
Apply—Which of the following is the best example of a “virtuous rebellion,” as it is defined in the passage?


	
Strengthen–Weaken (Beyond the Passage)—Suppose Jane Austen had written in a letter to her sister, “My strongest characters were those forced by circumstance to confront basic questions about the society in which they lived.” What relevance would this have to the passage?


	
Strengthen–Weaken (Beyond the Passage)—Which of the following sentences, if added to the end of the passage, would most WEAKEN the author’s conclusions in the last paragraph?






CARS Summary


Through the Foundations of Comprehension skill, the CARS section tests many of the reading skills you have been building on since grade school, albeit in the context of very challenging doctorate-level passages. But through the two other skills (Reasoning Within the Text and Reasoning Beyond the Text), the MCAT demands that you understand the deep structure of passages and the arguments within them at a very advanced level. And, of course, all of this is tested under very tight timing restrictions: only 102 seconds per question—and that doesn’t even include the time spent reading the passages.


Here’s a quick reference guide to the three CARS skills:


Foundations of Comprehension questions ask:




	Did you understand the passage and its main ideas?


	What does the passage have to say about this particular detail?


	What must be true that the author did not say?





Reasoning Within the Text questions ask:




	What’s the logical relationship between these two ideas from the passage?


	How well argued is the author’s thesis?





Reasoning Beyond the Text questions ask:




	How does this principle from the passage apply to this new situation?


	How does this new piece of information influence the arguments in the passage?





Scoring


Each of the four sections of the MCAT is scored between 118 and 132, with the median at approximately 125. This means the total score ranges from 472 to 528, with the median at about 500. Why such peculiar numbers? The AAMC stresses that this scale emphasizes the importance of the central portion of the score distribution, where most students score (around 125 per section, or 500 total), rather than putting undue focus on the high end of the scale.


Note that there is no wrong answer penalty on the MCAT, so you should select an answer for every question—even if it is only a guess.




The AAMC has released the 2021–2023 correlation between scaled score and percentile, as shown on the following page. It should be noted that the percentile scale is adjusted and renormalized over time and thus can shift slightly from year to year. Percentile rank updates are released by the AAMC around May 1 of each year.
















	
Total Score

	Percentile










	528

	100






	527

	100






	526

	100






	525

	100






	524

	100






	523

	99






	522

	99






	521

	98






	520

	97






	519

	96






	518

	95






	517

	94






	516

	92






	515

	91






	514

	89






	513

	87






	512

	84






	511

	82






	510

	79






	509

	76






	508

	73






	507

	70






	506

	67






	505

	64






	504

	61






	503

	58






	502

	54






	501

	51






	500

	48






	499

	45






	498

	42






	497

	39






	496

	36






	495

	33






	494

	30






	493

	27






	492

	25






	491

	22






	490

	20






	489

	18






	488

	16






	487

	14






	486

	12






	485

	10






	484

	9






	483

	7






	482

	6






	481

	5






	480

	4






	479

	3






	478

	2






	477

	2






	476

	1






	475

	1






	474

	
<1






	473

	
<1






	472

	
<1









Source: AAMC. 2024. Summary of MCAT Total and Section Scores. Accessed November 2024. https://students-residents.aamc.org/mcat-research-and-data/percentile-ranks-mcat-exam


Further information on score reporting is included at the end of the next section (see After Your Test).



MCAT Policies and Procedures


We strongly encourage you to download the latest copy of MCAT®  Essentials, available on the AAMC’s website, to ensure that you have the latest information about registration and Test Day policies and procedures; this document is updated annually. A brief summary of some of the most important rules is provided here.


MCAT Registration


The only way to register for the MCAT is online. You can access AAMC’s registration system at www.aamc.org/mcat.


The AAMC posts the schedule of testing, registration, and score release dates in the fall before the MCAT testing year, which runs from January into September. Registration for January through June is available earlier than registration for later dates, but see the AAMC’s website for the exact dates each year. There is one standard registration fee, but the fee for changing your test date or test center increases the closer you get to your MCAT.


Fees and the Fee Assistance Program (FAP)


Payment for test registration must be made by MasterCard or VISA. As described earlier, the fee for rescheduling your exam or changing your testing center increases as one approaches Test Day. In addition, it is not uncommon for test centers to fill up well in advance of the registration deadline. For these reasons, we recommend identifying your preferred Test Day as soon as possible and registering. There are ancillary benefits to having a set Test Day, as well: when you know the date you’re working toward, you’ll study harder and are less likely to keep pushing back the exam. The AAMC offers a Fee Assistance Program (FAP) for students with financial hardship to help reduce the cost of taking the MCAT, as well as for the American Medical College Application Service (AMCAS® ) application. Further information on the FAP can be found at www.aamc.org/students/applying/fap.


Testing Security


On Test Day, you will be required to present a qualifying form of ID. Generally, a current driver’s license or United States passport will be sufficient (consult the AAMC website for the full list of qualifying criteria). When registering, take care to spell your first and last names (middle names, suffixes, and prefixes are not required and will not be verified on Test Day) precisely the same as they appear on this ID; failure to provide this ID at the test center or differences in spelling between your registration and ID will be considered a “no-show,” and you will not receive a refund for the exam.


 During Test Day registration, other identity data collected may include: a digital palm vein scan, a Test Day photo, a digitization of your valid ID, and signatures. Some testing centers may use a metal detection wand to ensure that no prohibited items are brought into the testing room. Prohibited items include all electronic devices, including watches and timers, calculators, cell phones, and any and all forms of recording equipment; food, drinks (including water), and cigarettes or other smoking paraphernalia; hats and scarves (except for religious purposes); and books, notes, or other study materials. If you require a medical device, such as an insulin pump or pacemaker, you must apply for accommodated testing. During breaks, you are allowed access to food and drink, but not to electronic devices, including cell phones.


Testing centers are under video surveillance and the AAMC does not take potential violations of testing security lightly. The bottom line: know the rules and don’t break them.



Accommodations


Students with disabilities or medical conditions can apply for accommodated testing. Documentation of the disability or condition is required, and requests may take two months—or more—to be approved. For this reason, it is recommended that you begin the process of applying for accommodated testing as early as possible. More information on applying for accommodated testing can be found at www.aamc.org/students/applying/mcat/accommodations.


After Your Test


When your MCAT is all over, no matter how you feel you did, be good to yourself when you leave the test center. Celebrate! Take a nap. Watch a movie. Get some exercise. Plan a trip or outing. Call up all of your neglected friends or message them on social media. Go out for snacks or drinks with people you like. Whatever you do, make sure that it has absolutely nothing to do with thinking too hard—you deserve some rest and relaxation.


Perhaps most importantly, do not discuss specific details about the test with anyone. For one, it is important to let go of the stress of Test Day, and reliving your exam only inhibits you from being able to do so. But more significantly, the Examinee Agreement you sign at the beginning of your exam specifically prohibits you from discussing or disclosing exam content. The AAMC is known to seek out individuals who violate this agreement and retains the right to prosecute these individuals at their discretion. This means that you should not, under any circumstances, discuss the exam in person or over the phone with other individuals—including us at Kaplan—or post information or questions about exam content to Facebook, Student Doctor Network, or other online social media. You are permitted to comment on your “general exam experience,” including how you felt about the exam overall or an individual section, but this is a fine line. In summary: if you’re not certain whether you can discuss an aspect of the test or not, just don’t do it! Do not let a silly Facebook post stop you from becoming the doctor you deserve to be.


Scores are typically released approximately one month after Test Day. The release is staggered during the afternoon and evening, ending at 5 p.m. Eastern. This means that not all examinees receive their scores at exactly the same time. Your score report will include a scaled score for each section between 118 and 132, as well as your total combined score between 472 and 528. These scores are given as confidence intervals. For each section, the confidence interval is approximately the given score ±1; for the total score, it is approximately the given score ±2. You will also be given the corresponding percentile rank for each of these section scores and the total score.


AAMC Contact Information


For further questions, contact the MCAT team at the Association of American Medical Colleges:


MCAT Resource Center
 Association of American Medical Colleges


www.aamc.org/mcat


(202) 828-0600


www.aamc.org/contactmcat












HOW THIS BOOK WAS CREATED



The Kaplan MCAT Review project began shortly after the release of the Preview Guide for the MCAT 2015 Exam, 2nd edition. Through thorough analysis by our staff psychometricians, we were able to analyze the relative yield of the different topics on the MCAT, and we began constructing tables of contents for the books of the Kaplan MCAT Review series. A dedicated staff of 30 writers, 7 editors, and 32 proofreaders worked over 5,000 combined hours to produce these books. The format of the books was heavily influenced by weekly meetings with Kaplan’s learning science team.


In the years since this book was created, a number of opportunities for expansion and improvement have occurred. The current edition represents the culmination of the wisdom accumulated during that time frame, and it also includes several new features designed to improve the reading and learning experience in these texts.


These books were submitted for publication in January 2025. For any updates after this date, please visit www.kaptest.com/retail-book-corrections-and-updates.


If you have any questions about the content presented here, email KaplanMCATfeedback@kaplan.com. For other questions not related to content, email booksupport@kaplan.com.


Each book has been vetted through at least ten rounds of review. To that end, the information presented in these books is true and accurate to the best of our knowledge. Still, your feedback helps us improve our prep materials. Please notify us of any inaccuracies or errors in the books by sending an email to KaplanMCATfeedback@kaplan.com.










USING THIS BOOK



Kaplan MCAT Biochemistry Review, and the other six books in the Kaplan MCAT Review series, bring the Kaplan classroom experience to you—right in your home, at your convenience. This book offers the same Kaplan content review, strategies, and practice that make Kaplan the #1 choice for MCAT prep. 


This book is designed to help you review the biochemistry topics covered on the MCAT. Please understand that content review—no matter how thorough—is not sufficient preparation for the MCAT! The MCAT tests not only your science knowledge but also your critical reading, reasoning, and problem-solving skills. Do not assume that simply memorizing the contents of this book will earn you high scores on Test Day; to maximize your scores, you must also improve your reading and test-taking skills through MCAT-style questions and practice tests.


Learning Objectives


At the beginning of each section, you’ll find a short list of objectives describing the skills covered within that section. Learning objectives for these texts were developed in conjunction with Kaplan’s learning science team, and have been designed specifically to focus your attention on tasks and concepts that are likely to show up on your MCAT. These learning objectives will function as a means to guide your study, and indicate what information and relationships you should be focused on within each section. Before starting each section, read these learning objectives carefully. They will not only allow you to assess your existing familiarity with the content, but also provide a goal-oriented focus for your studying experience of the section.


MCAT Concept Checks


At the end of each section, you’ll find a few open-ended questions that you can use to assess your mastery of the material. These MCAT Concept Checks were introduced after numerous conversations with Kaplan’s learning science team. Research has demonstrated repeatedly that introspection and self-analysis improve mastery, retention, and recall of material. Complete these MCAT Concept Checks to ensure that you’ve got the key points from each section before moving on!


Science Mastery Assessments


At the beginning of each chapter, you’ll find 15 MCAT-style practice questions. These are designed to help you assess your understanding of the chapter before you begin reading the chapter. Using the guidance provided with the assessment, you can determine the best way to review each chapter based on your personal strengths and weaknesses. Most of the questions in the Science Mastery Assessments focus on the first of the Scientific Inquiry and Reasoning Skills (Knowledge of Scientific Concepts and Principles), although there are occasional questions that fall into the second or fourth SIRS (Scientific Reasoning and Problem-Solving and Data-Based and Statistical Reasoning, respectively). You can complete each chapter’s assessment in a testing interface in your online resources, where you’ll also find a test-like passage set covering the same content you just studied to ensure you can also apply your knowledge the way the MCAT will expect you to!





Guided Examples with Expert Thinking


Embedded in each chapter of this book is a Guided Example with Expert Thinking. Each of these guided examples will be located in the same section as the content used in that example. Each example will feature an MCAT-level scientific article, that simulates an MCAT experiment passage. Read through the passage as you would on the real MCAT, referring to the Expert Thinking material to the right of the passage to clarify the key information you should be gathering from each paragraph. Read and attempt to answer the associated question once you have worked through the passage. There is a full explanation, including the correct answer, following the given question. These passages and questions are designed to help build your critical thinking, experimental reasoning, and data interpretation skills as preparation for the challenges you will face on the MCAT.


Sidebars


The following is a guide to the five types of sidebars you’ll find in Kaplan MCAT  Biochemistry Review:




	
Bridge: These sidebars create connections between science topics that appear in multiple chapters throughout the Kaplan MCAT Review series.


	
Key Concept: These sidebars draw attention to the most important takeaways in a given topic, and they sometimes offer synopses or overviews of complex information. If you understand nothing else, make sure you grasp the Key Concepts for any given subject.


	
MCAT Expertise: These sidebars point out how information may be tested on the MCAT or offer key strategy points and test-taking tips that you should apply on Test Day.


	
Mnemonic: These sidebars present memory devices to help recall certain facts.


	
Real World: These sidebars illustrate how a concept in the text relates to the practice of medicine or the world at large. While this is not information you need to know for Test Day, many of the topics in Real World sidebars are excellent examples of how a concept may appear in a passage or discrete (stand-alone) question on the MCAT.





What This Book Covers


The information presented in the Kaplan MCAT Review series covers everything listed on the official MCAT content lists. Every topic in these lists is covered in the same level of detail as is common to the undergraduate and postbaccalaureate classes that are considered prerequisites for the MCAT. Note that your premedical classes may include topics not discussed in these books, or they may go into more depth than these books do. Additional exposure to science content is never a bad thing, but all of the content knowledge you are expected to have walking in on Test Day is covered in these books.


Chapter profiles, on the first page of each chapter, represent a holistic look at the content within the chapter, and will include a pie chart as well as text information. The pie chart analysis is based directly on data released by the AAMC, and will give a rough estimate of the importance of the chapter in relation to the book as a whole. Further, the text portion of the Chapter Profiles includes which AAMC content categories are covered within the chapter. These are referenced directly from the AAMC MCAT exam content listing, available on the testmaker’s website.


You’ll also see new High-Yield badges scattered throughout the sections of this book:


In This Chapter


1.1 Amino Acids Found in Proteins [image: image]


A Note on Terminology


Stereochemistry of Amino Acids


Structures of the Amino Acids


Hydrophobic and Hydrophilic Amino Acids


Amino Acid Abbreviations


1.2 Acid—Base Chemistry of Amino Acids


Protonation and Deprotonation


Titration of Amino Acids


1.3 Peptide Bond Formation and Hydrolysis [image: image]


Peptide Bond Formation


Peptide Bond Hydrolysis


1.4 Primary and Secondary Protein Structure [image: image]


Primary Structure


Secondary Structure


1.5 Tertiary and Quaternary Protein Structure [image: image]


Tertiary Structure


Folding and the Solvation Layer


Quaternary Structure


Conjugated Proteins


1.6 Denaturation


Concept Summary


1.1 Amino Acids Found in Proteins [image: image]





LEARNING OBJECTIVES


After Chapter 1.1, you will be able to:





These badges represent the top 100 topics most tested by the AAMC. In other words, according to the testmaker and all our experience with their resources, a High-Yield badge means more questions on Test Day.


This book also contains a thorough glossary and index for easy navigation of the text.


In the end, this is your book, so write in the margins, draw diagrams, highlight the key points—do whatever is necessary to help you get that higher score. We look forward to working with you as you achieve your dreams and become the doctor you deserve to be!



Studying with this book


In addition to providing you with the best practice questions and test strategies, Kaplan’s team of learning scientists are dedicated to researching and testing the best methods for getting the most out of your study time. Here are their top four tips for improving retention: 


Review multiple topics in one study session. This may seem counterintuitive—we’re used to practicing one skill at a time in order to improve each skill. But research shows that weaving topics together leads to increased learning. Beyond that consideration, the MCAT often includes more than one topic in a single question. Studying in an integrated manner is the most effective way to prepare for this test. 


Customize the content. Drawing attention to difficult or critical content can ensure you don’t overlook it as you read and re-read sections. The best way to do this is to make it more visual—highlight, make tabs, use stickies, whatever works. We recommend highlighting only the most important or difficult sections of text. Selective highlighting of up to about 10% of text in a given chapter is great for emphasizing parts of the text, but over-highlighting can have the opposite effect. 


Repeat topics over time. Many people try to memorize concepts by repeating them over and over again in succession. Our research shows that retention is improved by spacing out the repeats over time and mixing up the order in which you study content. For example, try reading chapters in a different order the second (or third!) time around. Revisit practice questions that you answered incorrectly in a new sequence. Perhaps information you reviewed more recently will help you better understand those questions and solutions you struggled with in the past. 


Take a moment to reflect. When you finish reading a section for the first time, stop and think about what you just read. Jot down a few thoughts in the margins or in your notes about why the content is important or what topics came to mind when you read it. Associating learning with a memory is a fantastic way to retain information! This also works when answering questions. After answering a question, take a moment to think through each step you took to arrive at a solution. What led you to the answer you chose? Understanding the steps you took will help you make good decisions when answering future questions.


Online Resources


In addition to the resources located within this text, you also have online resources awaiting you. If you purchased this book as part of a 7-book set, scan the QR code that appears on your slipcase (the illustrated box that originally contained the books) and enter your unique access code, which appears on a sticker on the front of that slipcase. If you purchased this book separately, book-specific resources are available at www.kaptest.com/booksonline. Make sure to log on and take advantage of free practice and other resources!


Please note that access to the online resources is limited to the original owner of this book.










STUDYING FOR THE MCAT



The first year of medical school is a frenzied experience for most students. To meet the requirements of a rigorous work schedule, students either learn to prioritize their time or else fall hopelessly behind. It’s no surprise, then, that the MCAT, the test specifically designed to predict success in medical school, is a high-speed, time-intensive test. The MCAT demands excellent time-management skills, endurance, and 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


The best time to create a study plan is at the beginning of your MCAT 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. If you purchased this book new as part of a set, your online resources come with a calendar to space out your readings, chapter quizzes, full-length practice tests, and other study materials (see the previous page for how to log on).


Once you have a calendar, you’ll be able to start planning your study schedule with the following steps:




	
Fill in your obligations and choose a day off.

Write in all your school, extracurricular, and work obligations first: class sessions, work shifts, and meetings that you must attend. Then add in your personal obligations: appointments, lunch dates, family and social time, etc. 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 achieve a balance between personal and professional obligations even as life gets busy. 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 that is important to you.


In addition to scheduling your personal and professional obligations, you should also plan your time off. Taking some time off is just as important as studying. Kaplan recommends taking at least one full day off per week, ideally from all your study obligations but at minimum from studying for the MCAT.




	
Add in study blocks around your obligations.

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 recall, but if that’s not possible, then fit in study blocks wherever you can.


To make your 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. Specifically, Kaplan recommends studying for no longer than three hours in one sitting. Within those three-hour blocks, also plan to take ten-minute breaks every hour. Use these breaks to get up from your seat, do some quick stretches, get a snack and drink, and clear your mind. Although ten 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 that, during the 50-minute study blocks, you can remain fully engaged and completely focused.




	
Add in your full-length practice tests.

Next, you’ll want to add in full-length practice tests. You’ll want to take one test very early in your prep and then spread your remaining full-length practice tests evenly between now and your test date. Staggering 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 throughout your prep as to how you will perform on Test Day.








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 brief review of what you already know. In your online resources, you’ll find a sample study calendar to use as a starting point. This sample calendar may include more focus than you need in some areas, and less in others, and it may not fit your timeline to Test Day. You will need to customize your study calendar to your needs using the steps above.


The total amount of time you spend studying each week will depend on your schedule, your personal prep needs, and your time to Test Day, but it is recommended that you spend somewhere in the range of 300–350 hours preparing before taking the official MCAT. One way you could break this down is to study for three hours per day, six days per week, for four months, but this is just one approach. You might study six days per week for more than three hours per day. You might study over a longer period of time if you don’t have much time to study each week. No matter what your plan is, ensure you complete enough practice to feel completely comfortable with the MCAT and its content. A good sign you’re ready for Test Day is when you begin to earn your goal score consistently in practice.
 

How to Study


The MCAT covers a large amount of material, so studying for Test Day can initially seem daunting. To combat this we have some tips for how to take control of your studying and make the most of your time.


Goal Setting


To take control of the amount of content and practice required to do well on the MCAT, break the content down into specific goals for each week instead of attempting to approach the test as a whole. A goal of “I want to increase my overall score by 5 points” is too big, abstract, and difficult to measure on the small scale. More reasonable goals are “I will read two chapters each day this week.” Goals like this are much less overwhelming and help break studying into manageable pieces. 


Active Reading


As you go through this book, much of the information will be familiar to you. After all, you have probably seen most of the content before. However, be very careful: Familiarity with a subject does not necessarily translate to knowledge or mastery of that subject. Do not assume that if you recognize a concept you actually know it and can apply it quickly at an appropriate level. Don’t just passively read this book. Instead, read actively: Use the free margin space 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 active reading, it’s coloring. 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 things? 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 also prepare yourself for the level of critical thinking required by the MCAT.


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 your biggest areas of opportunity first. Areas of opportunity are topic areas that are highly tested and that you have not yet mastered. You likely won’t have time to take detailed notes for every page of these books; 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 are using your performance report to best identify areas of opportunity. Skim over content matter for which you are already demonstrating proficiency, pausing to read more thoroughly when something looks unfamiliar or particularly difficult. Begin with the Science Mastery Assessment at the beginning of each chapter. If you can get all of those questions correct within a reasonable amount of time, you may be able to quickly skim through that chapter, but if the questions prove to be more difficult, then you may need to spend time reading the chapter or certain subsections of the chapter more thoroughly.


Practice, Review, and Tracking


Leave time to review your practice questions and full-length tests. You may be tempted, after practicing, to push ahead and cover new material as quickly as possible, but failing to schedule ample time for review will actually throw away your greatest opportunity to improve your performance. The brain rarely remembers anything it sees or does only once. When you carefully review the questions you’ve solved (and the explanations for them), the process of retrieving that information reopens and 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 MCAT!


One useful tool for making the most of your review is the How I’ll Fix It (HIFI) sheet. You can create a HIFI sheet, such as the sample below, to track questions throughout your prep that you miss or have to guess on. For each such question, figure out why you missed it and supply at least one action step for how you can avoid similar mistakes in the future. As you move through your MCAT prep, adjust your study plan based on your available study time and the results of your review. Your strengths and weaknesses are likely to change over the course of your prep. Keep addressing the areas that are most important to your score, shifting your focus as those areas change. For more help with making the most of your full-length tests, including a How I’ll Fix It sheet template, make sure to check out the videos and resources in your online syllabus.






















	Section

	Q #

	Topic or Type

	Why I missed it

	How I’ll fix it










	Chem/Phys

	42

	Nuclear chem.

	Confused electron absorption and emission

	Reread Physics Chapter 9.2






	Chem/Phys

	47

	Keq

	Didn’t know right equation

	Memorize equation for Keq






	CARS

	2

	Detail

	Didn’t read “not” in answer choice

	Slow down when finding match






	CARS

	4

	Inference

	Forgot to research answer

	Reread passage and predict first









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. 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 whenever possible. This will eliminate many of the usual distractions and also promote efficient studying; instead of studying off and on at home over the course of an entire day, you can stay at the library for three hours of effective studying and enjoy the rest of the day off from the MCAT.


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. Because memory is tied to

 all of your senses, the more test-like you can make your

 studying environment, the easier it will be on Test Day to

 recall the information you’re putting in so much work to

 learn.











[image: image]











SCIENCE MASTERY ASSESSMENT


Every pre-med knows this feeling: there is so much content I have to know for the MCAT! How do I know what to do first or what's important?


While the high-yield badges throughout this book will help you identify the most important topics, this Science Mastery Assessment is another tool in your MCAT prep arsenal. This quiz (which can also be taken in your online resources) and the guidance below will help ensure that you are spending the appropriate amount of time on this chapter based on your personal strengths and weaknesses. Don't worry though— skipping something now does not mean you'll never study it. Later on in your prep, as you complete full-length tests, you'll uncover specific pieces of content that you need to review and can come back to these chapters as appropriate. 


How to Use This Assessment


If you answer 0–7 questions correctly:


Spend about 1 hour to read this chapter in full and take limited notes throughout. Follow up by reviewing all quiz questions to ensure that you now understand how to solve each one.


If you answer 8–11 questions correctly:


Spend 20–40 minutes reviewing the quiz questions. Beginning with the questions you missed, read and take notes on the corresponding subchapters. For questions you answered correctly, ensure your thinking matches that of the explanation and you understand why each choice was correct or incorrect.


If you answer 12–15 questions correctly:


Spend less than 20 minutes reviewing all questions from the quiz. If you missed any, then include a quick read-through of the corresponding subchapters, or even just the relevant content within a subchapter, as part of your question review. For questions you got correct, ensure your thinking matches that of the explanation and review the Concept Summary at the end of the chapter.






	In a neutral solution, most amino acids exist as:





	positively charged compounds.


	zwitterions.


	negatively charged compounds.


	hydrophobic molecules.







	At pH 7, the charge on a glutamic acid molecule is:



	–2.


	–1.


	0.


	+1.







	Which of the following statements is most likely to be true of nonpolar R groups in aqueous solution? 



	They are hydrophilic and found buried within proteins.


	They are hydrophilic and found on protein surfaces.


	They are hydrophobic and found buried within proteins.


	They are hydrophobic and found on protein surfaces.







	Scientists discover a cDNA sequence for an uncharacterized protein. In their initial studies, they use a computer program designed to predict protein structure. Which of the following levels of protein structure can be most accurately predicted?



	Primary structure


	Secondary structure


	Tertiary structure


	Quaternary structure







	How many distinct tripeptides can be formed from one valine molecule, one alanine molecule, and one leucine molecule? 



	1


	3


	6


	27







	Which of the following best describes the change in entropy that occurs during protein folding?



	Entropy of both the water and the protein increase.


	Entropy of the water increases; entropy of the protein decreases.


	Entropy of the water decreases; entropy of the protein increases.


	Entropy of both the water and the protein decrease.







	An α-helix is most likely to be held together by: 



	disulfide bonds.


	hydrophobic effects.


	hydrogen bonds.


	ionic attractions between side chains.







	Which of the following is least likely to cause denaturation of proteins?



	Heating the protein to 100°C


	Adding 8 M urea


	Moving it to a more hypotonic environment


	Adding a detergent such as sodium dodecyl sulfate







	A particular α-helix is known to cross the cell membrane. Which of these amino acids is most likely to be found in the transmembrane portion of the helix? 



	Glutamate


	Lysine


	Phenylalanine


	Aspartate







	
Which of these amino acids has a chiral carbon in its side chain?



	Serine


	Threonine


	Isoleucine






	I only


	II only


	II and III only


	I, II, and III







	Following translation and folding, many receptor tyrosine kinases exist as monomers in their inactive state on the cell membrane. Upon the binding of a ligand, these proteins dimerize and initiate a signaling cascade. During this process, their highest element of protein structure changes from: 



	secondary to tertiary.


	tertiary to quaternary.


	primary to secondary.


	secondary to quaternary.







	Which of these amino acids has a side chain that can become ionized in cells?



	Histidine


	Leucine


	Proline


	Threonine







	In lysine, the pKa of the side chain is about 10.5. Assuming that the pKa of the carboxyl and amino groups are 2 and 9, respectively, the pI of lysine is closest to: 



	5.5.


	6.2.


	7.4.


	9.8.







	Which of the following is a reason for conjugating proteins?



	To direct their delivery to a particular organelle


	To direct their delivery to the cell membrane


	To add a cofactor needed for their activity






	I only


	II only


	II and III only


	I, II, and III







	Collagen consists of three helices with carbon backbones that are tightly wrapped around one another in a “triple helix.” Which of these amino acids is most likely to be found in the highest concentration in collagen? 



	Proline


	Glycine


	Threonine


	Cysteine













Answer Key




	B


	B


	C


	A


	C


	B


	C


	C


	C


	C


	B


	A


	D


	D


	B













CHAPTER 1


AMINO ACIDS, PEPTIDES, AND PROTEINS


In This Chapter


1.1 Amino Acids Found in Proteins [image: image]
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Stereochemistry of Amino Acids


Structures of the Amino Acids


Hydrophobic and Hydrophilic Amino Acids


1.2 Acid–Base Chemistry of Amino Acids 


Protonation and Deprotonation


Titration of Amino Acids


1.3 Peptide Bond Formation and Hydrolysis  [image: image]


Peptide Bond Formation


Peptide Bond Hydrolysis


1.4 Primary and Secondary Protein Structure  [image: image]


Primary Structure


Secondary Structure


1.5 Tertiary and Quaternary Protein Structure  [image: image]


Tertiary Structure


Folding and the Solvation Layer


Quaternary Structure


Conjugated Proteins


1.6 Denaturation


Concept Summary






CHAPTER PROFILE


[image: Pie chart indicating the content in this chapter should be relevant to about twenty two percent of all questions about Biochemistry on the MCAT]


The content in this chapter should be relevant to about 20% of all questions about biochemistry on the MCAT.


This chapter covers material from the following AAMC content categories:


1A: Structure and function of proteins and their constituent amino acids


5D: Structure, function, and reactivity of biologically-relevant molecules





Introduction


How important are amino acids? Consider sickle cell disease. People with sickle cell disease have red blood cells that, under certain conditions, can become rigid and sickle-shaped. Those sickle-shaped cells can become stuck in capillaries, blocking them. In severe cases, it can block enough of the blood supply to cause damage to several organs, such as the kidneys, liver, and spleen. This happens because of a mutation in hemoglobin, the protein in red blood cells that transports oxygen. Remarkably, the difference between the normal form of hemoglobin, HbA, and the one that causes sickle cell disease, HbS, is a seemingly minor one. All it takes is a change in a single amino acid on the surface of hemoglobin: the sixth amino acid in two of its four chains is changed from glutamic acid to valine. That minor difference allows the deoxygenated form of HbS to aggregate and precipitate, which leads to the sickled shape—and all the symptoms—of sickle cell disease.




MCAT EXPERTISE


This chapter represents a whopping 20% of all biochemistry questions you  will see on  Test Day. That makes amino acids one of the  highest yield subjects within any of the review books! Make sure to work sufficient study of these materials into your study plan.







In this chapter, we’ll take a look at the basics of proteins by focusing on the amino acids that compose them  and how those amino acids contribute to the physical and chemical properties of proteins.




1.1 Amino Acids Found in Proteins [image: image]




LEARNING OBJECTIVES


After Chapter 1.1, you will be able to:




	Recognize common abbreviations for amino acids, such as Glu and Y


	Distinguish the stereochemistries, typical cellular locations, and reactivities of the 20 major amino acids


	Identify the major amino acids, such as:





[image: amino acid with an isopropyl as the R group]







MCAT EXPERTISE


The “High-Yield” badge on this section indicates that the content is frequently tested on the MCAT.







Amino acids are molecules that contain two functional groups: an amino group (–NH2) and a carboxyl group (–COOH). In this chapter, we’ll focus specifically on the α-amino acids, in which the amino group and the carboxyl group are bonded to the same carbon, the α-carbon of the carboxylic acid. Think of the α-carbon as the central carbon of the amino acid, as shown in Figure 1.1.




[image: alpha carbon bonded to amino group, carboxylic acid, R group, and a hydrogen]

Figure 1.1 Amino Acid Structure











BRIDGE


Remember that for carboxylic acids, the α-carbon is the carbon adjacent to the carboxyl carbon. The structure and nomenclature of carboxylic acids are discussed in Chapter 8 of MCAT Organic Chemistry Review.







In addition to the amino and carboxyl groups, the α-carbon has two other groups attached to it: a hydrogen atom  and a side chain, also called an R group, which is specific to each amino acid. The side chains determine the properties of amino acids, and therefore their functions.






KEY CONCEPT


The side chains (R groups) of amino acids determine their chemical properties.





A Note on Terminology


Amino acids do not need to have both the amino and carboxyl groups bonded to the same carbon. For example, the neurotransmitter γ-aminobutyric acid (GABA) has the amino group on the gamma (γ) carbon, three carbons away from the carboxyl group. Similarly, not every amino acid found in the human body is specified by a codon in the genetic code or incorporated into proteins. One example is ornithine, one of the intermediates in the urea cycle, the metabolic process by which the body excretes excess nitrogen. There are also some amino acids that are specifically modified for specialized roles in the body; for example, lysine is sometimes converted into pyrrolysine.


That said, the Association of American Medical Colleges (AAMC) has specifically stated they’ll focus on the 20 α-amino acids encoded by the human genetic code, also called proteinogenic amino acids. So, for the rest of this chapter, we’ll use the term amino acid to refer specifically to these compounds.






MCAT EXPERTISE


While the MCAT could include passages on GABA or other nonstandard amino acids, they are not part of the background information you’re expected to know for Test Day.





Stereochemistry of Amino Acids


For most amino acids, the α-carbon is a chiral (or stereogenic) center, as it has four different groups attached to it. Thus, most amino acids are optically active. The one exception is glycine, which has a hydrogen atom as its R group, making it achiral, as shown in Figure 1.2.




[image: amino acid with R group = H]

Figure 1.2 Glycine







All chiral amino acids used in eukaryotes are L-amino acids, so the amino group is drawn on the left in a Fischer projection, as demonstrated in Figure 1.3.




[image: Fischer diagrams with COOH up and R down. In L-amino acid, amino group is on left; in D-amino acid, amino group is on right]

Figure 1.3 L- and D-Amino Acids











KEY CONCEPT


Except for glycine, all amino acids are chiral—and except for cysteine, all of them have an (S) absolute configuration.











REAL WORLD


While L-amino acids are the only ones found in eukaryotic proteins, D-amino acids do exist. One example is gramicidin, an antibiotic produced by a soil bacterium called Bacillus brevis, in which D- and L-amino acids alternate in the primary structure.







In the Cahn–Ingold–Prelog system, this translates to an (S) absolute configuration for almost all chiral amino acids. The only exception is cysteine, which, while still being an L-amino acid, has an (R) absolute configuration, as shown in Figure 1.4, because the –CH2SH group has priority over the –COOH group.




[image: image]

Figure 1.4 Cysteine Has an (R) Absolute Configuration







Structures of the Amino Acids


There are several ways to classify amino acids. In this section, we’ll break them down by the structures of their side chains.


Nonpolar, Nonaromatic Side Chains


Seven amino acids, shown in Figure 1.5a, fall into this class. Glycine, discussed earlier, has a single hydrogen atom as its side chain  and is therefore achiral. It is also the smallest amino acid. Four other amino acids—alanine, valine, leucine, and isoleucine—have alkyl side chains containing one to four carbons.






MCAT EXPERTISE


The AAMC’s practice materials have made it clear that test takers are expected to know the structures, names, and three-letter and one-letter abbreviations for the amino acids.







Methionine is one of only two amino acids that contains a sulfur atom in its side chain. Nevertheless, because the sulfur has a methyl group attached, it is considered relatively nonpolar.


Finally, proline is unique in that it forms a cyclic amino acid. In all the other amino acids, the amino group is attached only to the α-carbon. In proline, however, the amino nitrogen becomes a part of the side chain, forming a five-membered ring. That ring places notable constraints on the flexibility of proline, which limits where it can appear in a protein and can have significant effects on proline’s role in secondary structure.




[image: amino acids with following R groups: glycine = H, alanine = methyl, valine = isopropyl, leucine = sec-butyl, methionine = methylthioethyl, proline = pyrrolidine]

Figure 1.5a Amino Acids with Nonpolar, Nonaromatic Side Chains











MCAT EXPERTISE


The MCAT writers strive to avoid misuse of terminology. Some textbooks problematically describe proline as an imino acid because the amino nitrogen forms two bonds to carbon. The MCAT won’t use this term because an imine is specifically a molecule with a carbon–nitrogen double bond.







Aromatic Side Chains


Three amino acids have uncharged aromatic side chains  and are depicted in Figure 1.5b. The largest of these is tryptophan, which has a double-ring heterocyclic system called an indole that contains a nitrogen atom. The smallest is phenylalanine, which has a benzyl side chain (a benzene ring plus a –CH2– group). Adding an –OH group to phenylalanine gives the third member, tyrosine. The –OH group makes tyrosine relatively polar compared to phenylalanine, though still net nonpolar.




[image: amino acids with following R groups: tryptophan = benzene ring fused with pyrrole ring attached to single carbon, phenylalanine = benzyl, tyrosine = p-hydroxybenzyl]

Figure 1.5b Amino Acids with Aromatic Side Chains





Polar Side Chains


Five amino acids, shown in Figure 1.5c, have side chains that are polar but not aromatic. Serine and threonine both have –OH groups in their side chains, which makes them highly polar and able to participate in hydrogen bonding. Asparagine and glutamine have amide side chains. Unlike the amino group common to all amino acids, the amide nitrogens do not gain or lose protons with changes in pH; they do not become charged.






BRIDGE


Make sure you know your carboxylic acid derivatives for Test Day! They are discussed in Chapter 9 of MCAT Organic Chemistry Review.







The last amino acid with a polar side chain is cysteine, which has a thiol (–SH) group in its side chain. Because sulfur is larger than oxygen, the S–H bond is longer and weaker than the O–H bond. In addition, sulfur is more electronegative than oxygen. This leaves the thiol group in cysteine prone to oxidation, a reaction we’ll study later in this chapter.






[image: amino acids with following R groups: serine = hydroxymethyl, threonine = 1-hydroxyethyl, asparagine = amidomethyl, glutamine = amidoethyl, cysteine = thiomethyl]

Figure 1.5c Amino Acids with Polar Side Chains





Negatively Charged (Acidic) Side Chains


Only two of the 20 amino acids have negative charges on their side chains at physiological pH (7.4). Those two are aspartic acid (aspartate), which is related to asparagine, and glutamic acid (glutamate), which is related to glutamine. Unlike asparagine and glutamine, aspartate and glutamate have carboxylate (–COO–) groups in their side chains, rather than amides. Note that aspartate is simply the deprotonated form of aspartic acid, and glutamate is the deprotonated form of glutamic acid. These two amino acids are depicted in Figure 1.5d.




[image: amino acids with following R groups: aspartic acid = carboxymethyl (anion is aspartate), glutamic acid = carboxyethyl (anion is glutamate)]

Figure 1.5d Amino Acids with Negatively Charged Side Chains











MCAT EXPERTISE


On the MCAT, you’re likely to see anion names (aspartate and glutamate) instead of acid names (aspartic acid and glutamic acid) because most acids in cells exist in the deprotonated form. This also applies to molecules other than amino acids (malate instead of malic acid).







Positively Charged (Basic) Side Chains


The remaining three amino acids, shown in Figure 1.5e, have side chains that have positively charged nitrogen atoms. Lysine has a terminal primary amino group, while arginine has three nitrogen atoms in its side chain, forming a guanidine; the positive charge is delocalized over all three nitrogen atoms. The final amino acid, histidine, has an aromatic ring with two nitrogen atoms (this ring is called an imidazole). You might be wondering how histidine can acquire a positive charge. The pKa of the side chain is relatively close to 7.4—it’s about 6—so, at physiologic pH, one nitrogen atom is protonated and the other isn’t. Under more acidic conditions, the second nitrogen atom can become protonated, giving the side chain a positive charge.




[image: amino acids with following R groups: arginine = aminoamidoaminopropyl, lysine = aminobutyl, histidine = imidazolemethyl]

Figure 1.5e Amino Acids with Positively Charged Side Chains











BRIDGE


The catalytic triad found in chymotrypsin makes use of the histidine side chain’s ability to gain a proton. The histidine residue in its active site removes a proton from the –OH group of a serine residue side chain, which facilitates nucleophilic attack by the serine residue on the carbonyl carbon atom of the substrate. Chymotrypsin’s role as a digestive enzyme is discussed in Chapter 9 of MCAT Biology Review.





Hydrophobic and Hydrophilic Amino Acids


Classifying amino acid side chains as hydrophobic or hydrophilic is actually a very complex matter. For example, tyrosine has both an –OH group and an aromatic ring—so which one “wins”?


A few clear conclusions can be drawn, though. First, the amino acids with long alkyl side chains—alanine, isoleucine, leucine, valine, and phenylalanine—are all strongly hydrophobic and thus more likely to be found in the interior of proteins, away from water on the surface of the protein. Second, all the amino acids with charged side chains—positively charged histidine, arginine, and lysine, plus negatively charged glutamate and aspartate—are hydrophilic, as are the amides asparagine and glutamine. The remaining amino acids lie somewhere in the middle and are neither particularly hydrophilic nor particularly hydrophobic.






KEY CONCEPT


The surface of a protein tends to be rich in amino acids with charged side chains. Strongly hydrophobic amino acids tend to be found in the interior of proteins.







Amino Acid Abbreviations


Now that we have explored the structures of the 20 proteinogenic amino acids, it is worth mentioning that you are expected to be able to identify an amino acid on the MCAT not only by name, but also by its three-letter and one-letter abbreviations. These abbreviations are listed in Table 1.1.




MCAT EXPERTISE


It bears repeating: the structures and abbreviations (both three- and one-letter) have been tested heavily on both natural science sections of the MCAT. Make sure you know this page by heart!








Table 1.1 Three- and One-Letter Abbreviations of Amino Acids















	AMINO ACID

	THREE-LETTER
ABBREVIATION

	ONE-LETTER
ABBREVIATION






 



	Alanine

	Ala

	A


 



	Arginine

	Arg

	R


 



	Asparagine

	Asn

	N


 



	Aspartic acid

	Asp

	D


 



	Cysteine

	Cys

	C


 



	Glutamic acid

	Glu

	E


 



	Glutamine

	Gln

	Q


 



	Glycine

	Gly

	G


 



	Histidine

	His

	H


 



	Isoleucine

	Ile

	I


 



	Leucine

	Leu

	L


 



	Lysine

	Lys

	K


 



	Methionine

	Met

	M


 



	Phenylalanine

	Phe

	F


 



	Proline

	Pro

	P


 



	Serine

	Ser

	S


 



	Threonine

	Thr

	T


 



	Tryptophan

	Trp

	W


 



	Tyrosine

	Tyr

	Y


 



	Valine

	Val

	V











Mutagenesis


Mutagenesis describes the process by which mutations are deliberately introduced into a DNA sequence in order to produce a mutant gene or protein. Mutagenesis is commonly used by researchers interested in determining the function of specific amino acids within proteins or of specific nucleotides within DNA or RNA, where the specific sites are mutated to see if the mutation disrupts normal protein or nucleotide function. For instance, a researcher interested in determining if certain amino acids within a protein are phosphorylated may generate mutant proteins that contain alanine mutations (which are not amino acids that undergo phosphorylation) at the putative phosphorylation sites. The researcher can then compare the levels of phosphorylation in the wild-type protein to the mutated proteins. If one of the amino acids that was mutated to an alanine originally was phosphorylated, levels of phosphorylation would be expected to decrease on the mutant protein compared to the wild-type protein. However, if the amino acid that was mutated was never phosphorylated to begin with, there would be no change in the levels of phosphorylation, indicating that amino acid is not a phosphorylation site.


A mainstay of mutagenesis is site-directed mutagenesis, which is a method used to introduce specific mutations into DNA. First, DNA primers are synthesized that contain the mutation of interest. Surrounding the site of mutation are sequences complementary to the template DNA. The primers are then used to introduce the mutation into each newly-synthesized DNA molecule.


As shown in the preceding table, each amino acid has a one-letter code. This one-letter code is commonly used as a shorthand to denote single amino acid mutations: The original amino acid is listed first, which is then followed by a number denoting the position of the mutated amino acid in the primary sequence relative to the N-terminus, before ending with a second letter that denotes the substituted amino acid. For example, S46A indicates that the 46th amino acid, which was originally a serine (S), has been mutated to an alanine (A). This type of shorthand will show up on not just one, but all three, of the science sections of the MCAT on Test Day.




BRIDGE


Solutions to concept checks for a given chapter in MCAT Biochemistry Review can be found near the end of the chapter in which the concept check is located, following the Concept Summary for that chapter.









MCAT CONCEPT CHECK 1.1:


Before you move on, assess your understanding of the material with these questions.




	What are the four groups attached to the central (α) carbon of a proteinogenic amino acid?

________________________________________





	What is the stereochemistry of the chiral amino acids that appear in eukaryotic proteins? 



	
L or D?


	(R) or (S)? (Exception:)____________







	Which amino acids fit into each of these categories? (Note: The number in parentheses indicates the number of amino acids in that category.)



	Nonpolar, nonaromatic (7): _________________________________________




	Aromatic (3):_________________________________________




	Polar (5):_________________________________________




	Negatively charged/acidic (2):_________________________________________




	Positively charged/basic (3): _________________________________________









	Where do hydrophobic amino acids tend to reside within a protein? What about hydrophilic ones?



	Hydrophobic: _________________________________________




	Hydrophilic: _________________________________________










	Identify the amino acids below by their one-letter abbreviation.





[image: ]







1.2 Acid–Base Chemistry of Amino Acids 






LEARNING OBJECTIVES


After Chapter 1.2, you will be able to:




	Identify the predominant ion form of the generic amino acid backbone given a pH value


	Calculate pI values for an amino acid given pKa values for backbone and side chains


	Predict the general form of the titration curve for an amino acid








The AAMC loves to use amino acids to test your understanding of acid–base chemistry because they have both an acidic carboxylic acid group and a basic amino group. That makes them amphoteric species, as they can either accept a proton or donate a proton; how they react depends on the pH of their environment. The key to understanding the behavior of amino acids is to remember two facts:




	Ionizable groups tend to gain protons under acidic conditions and lose them under basic conditions. So, in general, at low pH, ionizable groups tend to be protonated; at high pH, they tend to be deprotonated.


	The pKa of a group is the pH at which, on average, half of the molecules of that species are deprotonated; that is, [protonated version of the ionizable group] = [deprotonated version of the ionizable group] or [HA] = [A–]. If the pH is less than the pKa, a majority of the species will be protonated. If the pH is higher than the pKa, a majority of the species will be deprotonated. (These relationships are depicted in Figure 1.6.)







[image: image]

Figure 1.6 Protonation Depends on pH and pKa









MCAT EXPERTISE


You are not expected to know exact values for isoelectric points or side chain pKa values. The MCAT will either provide you with numerical data to use in answering a question  or test clear-cut distinctions that can be made without additional information (such as, Which is more hydrophilic, valine or lysine? but not Which is more hydrophobic, valine or alanine?).





Protonation and Deprotonation


Because all amino acids have at least two groups that can be deprotonated, they all have at least two pKa values. The first one, pKa1, is the pKa for the carboxyl group  and is usually around 2. For most amino acids, the second pKa value, pKa2, is the pKa for the amino group, which is usually between 9 and 10. For amino acids with an ionizable side chain, there will be three pKa values, but we’ll come back to that later. As an example, let’s take glycine, which doesn’t have an ionizable side chain.






KEY CONCEPT


Like all polyprotic acids, each ionizable proton has its own pKa at which it is “half-deprotonated.”§







Positively Charged under Acidic Conditions


At pH 1 (below even the pH of the stomach), there are plenty of protons in solution. Because we’re far below the pKa of the amino group, the amino group will be fully protonated (–NH3+) and thus positively charged. Because we’re also below the pKa of the carboxylic acid group, it too will be fully protonated (–COOH)  and thus neutral. Therefore, at very acidic pH values, amino acids tend to be positively charged, as shown in Figure 1.7.






[image: amino acid with amino group protonated as NH3+]

Figure 1.7 Amino Acid Structure at Acidic pH





Zwitterions at Intermediate pH


If we increase the pH of the amino acid solution from pH 1 to pH 7.4, the normal pH of human blood, we’ve moved far above the pKa of the carboxylic acid group. At physiological pH, you will not find amino acids with the carboxylate group protonated (–COOH) and the amino group unprotonated (–NH2). Under these conditions, the carboxyl group will be in its conjugate base form and be deprotonated, becoming –COO–. Conversely, we’re still well below the pKa of the basic amino group, so it will remain fully protonated and in its conjugate acid form (–NH3+).  Thus, we have a molecule that has both a positive charge and a negative charge, but overall, the molecule is electrically neutral. We call such molecules dipolar ions, or zwitterions (from the German zwitter, or “hybrid”), as depicted in Figure 1.8. The two charges neutralize one another, and zwitterions exist in water as internal salts.




[image: amino acid with protonated amino group in equilibrium with amino acid with protonated amino group and deprotonated carboxyl group]

Figure 1.8 Carboxylic Acids Become Deprotonated at Neutral pH, Forming  Zwitterions







Negatively Charged under Basic Conditions


Milk of magnesia, which is often used as an antacid, has a pH around 10.5. At that pH, the carboxylate group is already deprotonated and thus remains –COO–. On the other hand, we are now well above the pKa for the amino group, so it deprotonates too, becoming –NH2. So, at highly basic pH, glycine is now negatively charged, as depicted in Figure 1.9.




[image: zwitterion form in equilibrium with amino acid with deprotonated carboxyl group]

Figure 1.9 Amino Groups Become Deprotonated at Basic pH, Forming an Anion











KEY CONCEPT


At very acidic pH values, amino acids tend to be positively charged. At very alkaline pH values, amino acids tend to be negatively charged.





Titration of Amino Acids


Because of these acid–base properties, amino acids are great candidates for titrations. We assume that the titration of each proton occurs as a distinct step, resembling that of a simple monoprotic acid. Thus, the titration curve looks like a combination of two monoprotic acid titration curves (or three curves, if the side chain is charged). Figure 1.10 shows the titration curve for glycine. After we inspect this curve, we’ll look at the differences for the amino acids with charged side chains.




[image: titration curve with buffer regions at 2.34 (pKa1) and 9.60 (pKa2), equivalence point (pI) at 5.97]

Figure 1.10 Titration Curve for Glycine







Imagine an acidic 1 M glycine solution. At low pH values, glycine exists predominantly as +NH3CH2COOH; it is fully protonated, with a positive charge. As the solution is titrated with NaOH, the carboxyl group will deprotonate first because it is more acidic than the amino group. When 0.5 equivalents of base have been added to the solution, the concentrations of the fully protonated glycine and its zwitterion, +NH3CH2COO–, are equal; that is, [+NH3CH2COOH] = [+NH3CH2COO–]. At this point, the pH equals pKa1. Remember: when the pH is close to the pKa value of a solute,  the solution is acting as a buffer  and the titration curve is relatively flat, as demonstrated in the blue boxes in the diagram.






KEY CONCEPT


When the pH of a solution is approximately equal to the pKa of the solute, the solution acts as a buffer.







As we add more base, the carboxylate group goes from half-deprotonated to fully deprotonated. The amino acid stops acting like a buffer, and pH starts to increase rapidly during this phase. When we’ve added 1.0 equivalent of base, glycine exists exclusively as the zwitterion form (remember, we started with 1.0 equivalent of glycine). This means that every molecule is now electrically neutral, and thus the pH equals the isoelectric point (pI) of glycine. This is true of all amino acids: the isoelectric point is the pH at which the molecule is electrically neutral. For neutral amino acids, it can be calculated by averaging the two pKa values for the amino and carboxyl groups:


[image: image]


Equation 1.1


For glycine, the pI value is (2.34 + 9.60) ÷ 2 = 5.97. Remember that when the molecule is neutral, it is especially sensitive to pH changes, and the titration curve is nearly vertical.






KEY CONCEPT


When the pH of an amino acid solution equals the isoelectric point (pI) of the amino acid, it exists as electrically neutral molecules. The pI is calculated as the average of the two nearest pKa values. For amino acids with non-ionizable side chains, the pI is usually around 6.







As we continue adding base, glycine passes through a second buffering phase as the amino group deprotonates; again, the pH remains relatively constant. When 1.5 equivalents of base have been added, the concentration of the zwitterion form equals the concentration of the fully deprotonated form; that is, [+NH3CH2COO–] = [NH2CH2COO–], and the pH equals pKa2. Once again, the titration curve is nearly horizontal. Finally, when we’ve added 2.0 equivalents of base, the amino acid has become fully deprotonated, and all that remains is NH2CH2COO–; additional base will only increase the pH further.


Amino Acids with Charged Side Chains


For amino acids with charged side chains, such as glutamic acid and lysine, the titration curve has an extra “step,” but works along the same principles as described above.


Figure 1.11 shows the titration curve for glutamic acid. Because glutamic acid has two carboxyl groups and one amino group, its charge in its fully protonated state at low pHs is +1. As the glutamic acid solution is titrated with NaOH, it undergoes the first deprotonation where, like with glycine, a proton is lost from the main carboxyl group. At that point, the amino acid is electrically neutral with a net charge of 0.




As the pH continues to increase, it loses its second proton so that the net charge of glutamic acid becomes −1, just as it does when glycine loses its second proton. However, unlike glycine, which loses its second proton from the amino group, the second proton that is removed from glutamic acid comes from the side chain carboxyl group! The side chain carboxyl group on glutamic acid is a relatively acidic group, with a pKa of around 4.2. Therefore, the pI of glutamic acid is around 3.2.




[image: image]

Figure 1.11 Titration Curve for Glutamic Acid





The isoelectric point for an acidic amino acid can be calculated by averaging the pI values of the acidic side chain and carboxylic acid group, as shown below:


[image: image]


Equation 1.2




Figure 1.12 shows the titration curve for lysine. Lysine has two amino groups and one carboxyl group. Thus, its charge in its fully protonated state is +2, not +1. Losing the carboxyl proton, which still happens around pH 2, brings the charge down to +1. However, lysine does not become electrically neutral until it loses the proton from its main amino group, which happens around pH 9. It gains a negative charge around pH 10.5, at which point it loses the proton on the amino group located on its side chain. Thus, the pI of lysine is around 9.7.




[image: image]

Figure 1.12 Titration Curve for Lysine





The pI for a basic amino acid can be calculated by averaging the pI values of the basic side chain and the amino group, as shown below:


[image: image]


Equation 1.3






KEY CONCEPT


Amino acids with acidic side chains have pI values well below 6; amino acids with basic side chains have pI values well above 6.







The take-home message: amino acids with acidic side chains have relatively low values for pI while those with basic side chains have relatively high ones.






MCAT CONCEPT CHECK 1.2:


Before you move on, assess your understanding of the material with these questions.
 



	For a generic amino acid, NH2CRHCOOH, with an uncharged side chain, what would be the predominant form at each of the following pH values?



	pH = 1: _________________________________________




	pH = 7: _________________________________________




	pH = 11: _________________________________________










	Given the following pKa values, what is the value of the pI for each of the amino acids listed below?



	Aspartic acid (pKa1 = 1.88, pKa2 = 3.65, pKa3 = 9.60): pI = _________


	Arginine (pKa1 = 2.17, pKa2 = 9.04, pKa3 = 12.48): pI = _________


	Valine (pKa1 = 2.32, pKa2 = 9.62): pI = _________
















1.3 Peptide Bond Formation and Hydrolysis [image: image]






LEARNING OBJECTIVES


After Chapter 1.3, you will be able to:




	Recognize the relationship of nomenclature with length, such as predicting the length of a compound called a “tripeptide”


	Apply the hydrolytic mechanisms of trypsin and chymotrypsin to novel peptide chains


	Predict the products of peptide bond formation and cleavage reactions:





[image: formation of a peptide bond from amino acid subunits]





Peptides are composed of amino acid subunits, sometimes called residues, as shown in Figure 1.13. Dipeptides consist of two amino acid residues; tripeptides have three. The term oligopeptide is used for relatively small peptides, up to about 20 residues; while longer chains are called polypeptides.






BRIDGE


For Test Day, you also need to know how peptide bonds are formed in the context of ribosomes, which is covered in Chapter 7 of MCAT Biochemistry Review.





 



[image: four glycine residues connected by peptide bonds]

Figure 1.13 Peptide Residues







The residues in peptides are joined together through peptide bonds, a specialized form of an amide bond, which form between the –COO– group of one amino acid and the NH3+ group of another amino acid. This forms the functional group –C(O)NH–. In this section, we’ll look at the key reactions involved in forming and breaking peptide bonds.


Peptide Bond Formation


Peptide bond formation is an example of a condensation or dehydration reaction because it results in the removal of a water molecule (H2O); it can also be viewed as an acyl substitution reaction, which can occur with all carboxylic acid derivatives. When a peptide bond forms, as shown in Figure 1.14, the electrophilic carbonyl carbon on the first amino acid is attacked by the nucleophilic amino group on the second amino acid. After that attack, the hydroxyl group of the carboxylic acid is kicked off. The result is the formation of a peptide (amide) bond.






[image: two amino acids forming peptide bond, dipeptide undergoing acid- or base-catalyzed hydrolysis]

Figure 1.14 Peptide Bond Formation







Because amide groups have delocalizable π electrons in the carbonyl and in the lone pair on the amino nitrogen, they can exhibit resonance; thus, the C–N bond in the amide has partial double bond character, as shown in Figure 1.15.




[image: two resonance forms of dipeptide: carbonyl and single C-N bond, negatively charged oxygen with double C=N bond]

Figure 1.15 Resonance in the Peptide Bond











BRIDGE


The peptide is drawn in the same order that it is synthesized by ribosomes: from the N-terminus to the C-terminus! Translation is covered in Chapter 7 of MCAT Biochemistry Review.







As a result, rotation of the protein backbone around its C–N amide bonds is restricted, which makes the protein more rigid. Rotation around the remaining bonds in the backbone, however, is not restricted, as those remain single (σ) bonds.


When a peptide bond forms, the free amino end is known as the amino terminus or N-terminus, while the free carboxyl end is the carboxy terminus or C-terminus. By convention, peptides are drawn with the N-terminus on the left and the C-terminus on the right; similarly, they are read from N-terminus to C-terminus.


Peptide Bond Hydrolysis


For enzymes to carry out their function, peptides need to be relatively stable in solution. Therefore, they don’t normally fall apart on their own. On the other hand, in order to digest proteins, we need to break them down into their component amino acids. In organic chemistry, amides can be hydrolyzed using acid or base catalysis.




MCAT EXPERTISE


You do not need to memorize the specific amino acids that hydrolytic enzymes recognize or the exact mechanisms for those reactions. On the other hand, you could certainly encounter a passage describing them.





	 In living organisms, however, hydrolysis is catalyzed by hydrolytic enzymes such as trypsin and chymotrypsin. Both are specific, in that they only cleave at specific points in the peptide chain: trypsin cleaves at the carboxyl end of arginine and lysine, while chymotrypsin cleaves at the carboxyl end of phenylalanine, tryptophan, and tyrosine. While you don’t need to know the exact mechanism of how these enzymes catalyze hydrolysis, you do need to understand the main idea: they break apart the amide bond by adding a hydrogen atom to the amide nitrogen and an OH group to the carbonyl carbon as shown in Figure 1.16. This is the reverse reaction shown before in Figure 1.14.




[image: image]

Figure 1.16 Peptide Bond Cleavage









MCAT CONCEPT CHECK 1.3:


Before you move on, assess your understanding of the material with these questions.
 



	What is the difference between an amino acid, a dipeptide, a tripeptide, an oligopeptide, and a polypeptide?

________________________________________




	What molecule is released during formation of a peptide bond?

________________________________________




	If chymotrypsin cleaves at the carboxyl end of phenylalanine, tryptophan, and tyrosine, how many oligopeptides would be formed in enzymatic cleavage of the following molecule with chymotrypsin?

Val – Phe – Glu – Lys – Tyr – Phe – Trp – Ile – Met – Tyr – Gly – Ala





 






1.4 Primary and Secondary Protein Structure [image: image]






LEARNING OBJECTIVES


After Chapter 1.4, you will be able to:




	Describe all four levels of protein structure


	Recognize the unique role of proline in secondary protein structure


	Recall the structural features of α-helices and β-pleated sheets










Proteins are polypeptides that range from just a few amino acids in length up to thousands. They serve many functions in biological systems,  functioning as enzymes, hormones, membrane pores and receptors, and elements of cell structure. Proteins are the main actors in cells; the genetic code, after all, is simply a recipe for making thousands of proteins.


Proteins have four levels of structure: primary (1°), secondary (2°), tertiary (3°), and quaternary (4°). In this section, we’ll examine the first two; we’ll discuss tertiary and quaternary structure in the next section.


Primary Structure


The primary structure of a protein is the linear arrangement of amino acids coded in an organism’s DNA. It’s the sequence of amino acids, listed from the N-terminus, or amino end, to the C-terminus, or carboxyl end. So, for example, the first ten amino acids of the β-chain of hemoglobin are normally valine, histidine, leucine, threonine, proline, glutamate, glutamate, lysine, serine, and alanine. Primary structure is stabilized by the formation of covalent peptide bonds between adjacent amino acids.






MCAT EXPERTISE


The MCAT will not expect you to memorize the exact primary sequence of any protein!







The primary structure alone encodes all the information needed for folding at all of the higher structural levels; the secondary, tertiary, and quaternary structures a protein adopts are the most energetically favorable arrangements of the primary structure in a given environment. The primary structure of a protein can be determined by a laboratory technique called sequencing. This is most easily done using the DNA that coded for that protein, although it can also be done from the protein itself.


Secondary Structure


A protein’s secondary structure is the local structure of neighboring amino acids. Secondary structures are primarily the result of hydrogen bonding between nearby amino acids. The two most common secondary structures are α-helices and β-pleated sheets. The key to the stability of both structures is the formation of intramolecular hydrogen bonds between different residues.






KEY CONCEPT


The primary structure of a protein is the order of its amino acids. The two main secondary structures are the α-helix and β-pleated sheet, which both result from hydrogen bonding.






α-Helices


The α-helix, shown in Figure 1.17, is a rodlike structure in which the peptide chain coils clockwise around a central axis. The helix is stabilized by intramolecular hydrogen bonds between a carbonyl oxygen atom and an amide hydrogen atom four residues down the chain. One complete turn of the α-helix has 3.6 amino acids residues. The side chains of the amino acids in the α-helical conformation point away from the helix core. The α-helix is an important component in the structure of keratin, a fibrous structural protein found in human skin, hair, and fingernails.




[image: spiraling protein with hydrogen bonds between amino acids four residues apart]

Figure 1.17 Hydrogen Bonding and Spatial Configuration of an α-Helix






β-Pleated Sheets


In β-pleated sheets, which can be parallel or antiparallel, the peptide chains lie alongside one another, forming rows or strands held together by intramolecular hydrogen bonds between carbonyl oxygen atoms on one chain and amide hydrogen atoms in an adjacent chain, as shown in Figure 1.18.






[image: two zig-zagging structures connected by hydrogen bonds]

Figure 1.18 Hydrogen Bonding and Spatial Configuration of a β-Pleated Sheet





To accommodate as many hydrogen bonds as possible, the β-pleated sheets assume a pleated, or rippled, shape. The R groups of amino residues point above and below the plane of the β-pleated sheet. The adjacent peptide chains can either form a parallel or antiparallel orientation, as shown in Figure 1.19. Fibroin, the primary protein component of silk fibers, is composed of β-pleated sheets.




[image: image]

Figure 1.19 Parallel and Antiparallel β-Pleated Sheets





Turns


Turns are secondary structural motifs that lead to a change in the direction of the polypeptide chain. These motifs usually contain between one to five amino acids and join secondary structural elements together, where the first amino acid is labeled i, with subsequent ones labeled i + 1, i + 2, i + 3, and so on. The structure of the turns often allows for the formation of a main chain hydrogen bond between the residues that start and end the turn. They are classified based on the separation between the two end residues of the turn that are joined by a hydrogen bond.




	
α-turn: The hydrogen bond is between end residues i and i + 4.


	
β-turn: The hydrogen bond is between end residues i and i + 3. This is the most common type of turn.


	
γ-turn: The hydrogen bond is between residues i and i + 2.


	
δ-turn: The hydrogen bond is between residues i and i + 1. This type of turn is unlikely to form due to steric unfavorability.


	
π-turn: The hydrogen bond is between residues i and i + 5.







Secondary Structures and Proline


Because of its rigid cyclic structure, proline will introduce a kink in the peptide chain when it is found in the middle of an α-helix (see Figure 1.20). Proline residues are thus rarely found in α-helices, except in helices that cross the cell membrane. Similarly, it is rarely found in the middle of pleated sheets. On the other hand, proline is often found in the turns between the chains of a β-pleated sheet, and it is often found as the residue at the start of an α-helix.




[image: image]

Figure 1.20 Proline in Secondary Structure









MCAT CONCEPT CHECK 1.4:


Before you move on, assess your understanding of the material with these questions.
 



	What are the definitions of primary and secondary structure, and how do they differ in subtypes and the bonds that stabilize them?



















	Structural Element

	Definition

	Subtypes

	Stabilizing Bonds





	Primary structure (1°)

	 

	 

	 





	Secondary structure (2°)

	 

	 

	 











	
What role does proline serve in secondary structure?

________________________________________




	Describe the key structural features of the following secondary structures. 



	
α-helix:________________________________________




	
β-pleated sheet:________________________________________











 






1.5 Tertiary and Quaternary Protein Structure [image: image]






LEARNING OBJECTIVES


After Chapter 1.5, you will be able to:




	Identify the major structural components of tertiary and quaternary protein structure


	Recognize the relationship between protein folding and the solvation layer


	Recall the nomenclature of proteins with prosthetic groups, such as nucleoproteins








Proteins can be broadly divided into fibrous proteins, such as collagen, that have structures that resemble sheets or long strands, and globular proteins, such as myoglobin, that tend to be spherical (that is, like a globe). These are caused by tertiary and quaternary protein structures, both of which are the result of protein folding.


Tertiary Structure


A protein’s tertiary structure is its three-dimensional shape. Tertiary structures are mostly determined by hydrophilic and hydrophobic interactions between R groups of amino acids. Hydrophobic residues prefer to be on the interior of proteins, which reduces their proximity to water. Hydrophilic N–H and C=O bonds found in the polypeptide chain get pulled in by these hydrophobic residues. These hydrophilic bonds can then form electrostatic interactions and hydrogen bonds that further stabilize the protein from the inside. As a result of these hydrophobic interactions, most of the amino acids on the surface of proteins have hydrophilic (polar or charged) R groups; highly hydrophobic R groups, such as phenylalanine, are almost never found on the surface of a protein.




KEY CONCEPT


The tertiary structure of a protein is primarily the result of moving hydrophobic amino acid side chains into the interior of the protein.









[image: image]

Figure 1.21 Salt Bridge Interaction





The three-dimensional structure can also be determined by hydrogen bonding, as well as acid-base interactions between amino acids with charged R groups. When an interaction consists of both a hydrogen bond and an ionic bond, as shown in Figure 1.21, it is referred to as a salt bridge. A particularly important component of tertiary structure is the presence of disulfide bonds, the bonds that form when two cysteine molecules become oxidized to form cystine, as shown in Figure 1.22. Disulfide bonds create loops in the protein chain. In addition, disulfide bonds determine how wavy or curly human hair is: the more disulfide bonds, the curlier it is. Note that forming a disulfide bond requires the loss of two protons and two electrons (oxidation).






[image: two cysteine residues forming disulfide bond, while losing 2 H+ and 2 electrons.]

Figure 1.22 Disulfide Bond Formation







The exact details of protein folding are beyond the scope of the MCAT, but the basic idea is that the secondary structures probably form first, and then hydrophobic interactions and hydrogen bonds cause the protein to “collapse” into its proper three-dimensional structure. Along the way, it adopts intermediate states known as molten globules. Protein folding is an extremely rapid process: from start to finish, it typically takes much less than a second.


If a protein loses its tertiary structure, a process commonly called denaturation, it loses its function.


Folding and the Solvation Layer


Why do hydrophobic residues tend to occupy the interior of a protein, while hydrophilic residues tend to accumulate on the exterior portions? The answer can be summed up in one word: entropy.


Whenever a solute dissolves in a solvent, the nearby solvent molecules form a solvation layer around that solute. From an enthalpy standpoint, even hydrocarbons are more stable in aqueous solution than in organic ones (ΔH < 0). However, when a hydrophobic side chain, such as those in phenylalanine and leucine, is placed in aqueous solution, the water molecules in the solvation layer cannot form hydrogen bonds with the side chain. As depicted in Figure 1.23, this forces the nearby water molecules to rearrange themselves into specific arrangements to maximize hydrogen bonding—which means a negative change in entropy, ΔS. Remember that negative changes in entropy represent increasing order (decreasing disorder) and thus are unfavorable. This entropy change makes the overall process nonspontaneous (ΔG > 0).




[image: image]

Figure 1.23 Protein Folding and Entropy









BRIDGE


Make sure you understand the basic thermodynamic properties of enthalpy, entropy, and Gibbs free energy, discussed in Chapter 7 of MCAT General Chemistry Review. On Test Day, they can be tested on both natural sciences sections!







On the other hand, putting hydrophilic residues such as serine or lysine on the exterior of the protein allows the nearby water molecules more latitude in their positioning, thus increasing their entropy (ΔS > 0), and making the overall solvation process spontaneous. Thus, by moving hydrophobic residues away from water molecules and hydrophilic residues toward water molecules, a protein achieves maximum stability.


Quaternary Structure


All proteins have elements of primary, secondary, and tertiary structure; not all proteins have quaternary structure. Quaternary structures only exist for proteins that contain more than one polypeptide chain. For these proteins, the quaternary structure is an aggregate of smaller globular peptides, or subunits, and represents the functional form of the protein. The classic examples of quaternary structure are hemoglobin and immunoglobulins, shown in Figures 1.24a and 1.24b. Hemoglobin consists of four distinct subunits, each of which can bind one molecule of oxygen. Similarly, immunoglobulin G (IgG) antibodies also contain a total of four subunits each, held together by disulfide bonds.




[image: four large ribbon structures in close proximity with wireframe heme molecules in each subunit (ribbon structure)]

Figure 1.24a Hemoglobin
Heme molecules are visible in each chain.





 



[image: two light chains and two heavy chains connected by disulfide bridges]

Figure 1.24b Immunoglobulin G1









MNEMONIC


The primary structure of a protein acts like letters. The secondary structure acts like words: only certain orderings of letters make sense (CAT is a word, while CAQ is not). The tertiary structure acts like sentences: words combine to form a functioning whole. The quaternary structure acts like paragraphs: they’re not always present, but subunits can combine to make a cohesive whole.







The formation of quaternary structures can serve several roles. First, they can be more stable, by further reducing the surface area of the protein complex. Second, they can reduce the amount of DNA needed to encode the protein complex. Third, they can bring catalytic sites close together, allowing intermediates from one reaction to be directly shuttled to a second reaction. Finally, and most important, they can induce cooperativity, or allosteric effects. We’ll discuss this much further in the next chapter (especially for hemoglobin), but the basic idea is that one subunit can undergo conformational or structural changes, which either enhance or reduce the activity of the other subunits.






BRIDGE


The reduction of genetic material is crucial for viruses. The genome for most viruses is tiny. Thus, their viral coats typically consist of one small protein repeated dozens or even hundreds of times. Viral structure is discussed in Chapter 1 of MCAT Biology Review.





Conjugated Proteins


Conjugated proteins derive part of their function from covalently attached molecules called prosthetic groups. These prosthetic groups can be organic molecules, such as vitamins, or even metal ions, such as iron. Proteins with lipid, carbohydrate, and nucleic acid prosthetic groups are referred to as lipoproteins, glycoproteins, and nucleoproteins, respectively. These prosthetic groups have major roles in determining the function of their respective proteins. For example, each of hemoglobin’s subunits (as well as myoglobin) contains a prosthetic group called heme. The heme group is composed of four pyrrole rings. Pyrroles are five-membered heterocyclic aromatic compounds, in which the nitrogen of each pyrrole acts to coordinate the central iron ion. The iron atom binds to and carries oxygen; as such, hemoglobin is inactive without the heme group. These groups can also direct the protein to be delivered to a certain location, such as the cell membrane, nucleus, lysosome, or endoplasmic reticulum.






BIOCHEMISTRY GUIDED EXAMPLE WITH EXPERT THINKING
 

[image: image]


Is R48C/T77C/V76I a suitable candidate for further testing? Why or why not?


This question is asking us to interpret the study results, but we'll want to start with the purpose of the study to be able to go through the data efficiently. The goal is to develop a vaccine for ricin poisoning. The second paragraph starts with what has already been done, which is the creation of a possible working vaccine. Since it’s based on the ricin protein, we can use our background knowledge and critical reasoning to assume that the vaccine is similar enough to the ricin protein to elicit a proper immune response, but does not inhibit ribosome function. Notice the keyword “however” in the second paragraph—this indicates that there is still a problem. In this case, the current vaccine is not stable, which would presumably affect its efficacy. Also, the vaccine seems to have a serious side effect (VLS), which is something the researchers want to eliminate. We’re given a hint about a possible solution to the stability issue—creating a disulfide bond. This means that the disulfide is not native to the protein, but created by mutating select amino acids to cysteines.


Following that possible solution in paragraph 2, the researchers generated a series of protein mutations, which are outlined in the first column of Table 1. Notice the notation: letter-number-letter. We know from the passage that these are mutants and, in looking at this code, we can infer that the first letter is the original amino acid, the number is its position in the sequence, and the second letter is the mutated amino acid. This style of notation is common in scientific papers, so we'll likely want to keep this in mind even on Test Day as a possibility when we see similar notation. For instance, R48C is arginine at position 48 mutated to cysteine. Notice that in each mutation, there is a pair of amino acids mutated to cysteine to create the opportunity for a disulfide bond. The second column tells us about the success of creating a  disulfide bond. Since the  wild-type protein has one free cysteine, and the mutants  introduce two more cysteines for the purpose of a creating a disulfide bond, a successful disulfide bond formation will eliminate two sulfhydryls, leaving the original free cysteine. R48C/T77C/V76I has approximately two (1.89 ± 0.03) free cysteines, suggesting an incomplete formation of the disulfide bond. The third column determines the effect of the disulfide bond formation on stability. Melting temperature (Tm) is a great indication for stability—the higher the temperature, the more energy it takes to break all bonds to unfold the protein. Both wild-type and R48C/T77C/V76I have markedly lower Tm compared to the other constructs, which we can conclude means they have reduced stability. Finally, the last column provides information about whether the construct induced VLS. We can see that R48C/T77C/V76I did not induce VLS, making it 'safer' from the perspective of risk for this dangerous syndrome.


Given the data from the passage, while R48C/T77C/V76I does address the issue of not inducing VLS in animal models, the construct is not stable, and therefore would not be suitable for additional testing.









MCAT CONCEPT CHECK 1.5:


Before you move on, assess your understanding of the material with these questions.
 



	What are the definitions of tertiary and quaternary structure, and how do they differ in subtypes and the bonds that stabilize them?



















	Structural Element

	Definition

	Subtypes

	Stabilizing Bonds





	Tertiary structure (3°)

	 

	 

	 






	Quaternary structure (4°)

	 

	 

	 











	What is the primary motivation for hydrophobic residues in a polypeptide to move to the interior of the protein?

________________________________________




	List three different prosthetic groups that can be attached to a protein and name the conjugated protein.

________________________________________





 






1.6 Denaturation






LEARNING OBJECTIVES


After Chapter 1.6, you will be able to:




	Predict the impact of denaturation via heat or solute








In the previous section, we discussed protein folding. The reverse of this process is denaturation, in which a protein loses its three-dimensional structure. Although it is sometimes reversible, denaturation is often irreversible; whether its denaturation is reversible or not, unfolded proteins cannot catalyze reactions. The two main causes of denaturation are heat and solutes.
	



BRIDGE


Heat denatures proteins for the same reason that raising a reaction’s temperature increases its rate: increased average kinetic energy of molecules means increased molecular motion. The relationship between temperature and kinetic energy is discussed in Chapter 7 of MCAT General Chemistry Review.







As with all molecules, when the temperature of a protein increases, its average kinetic energy increases. When the temperature gets high enough, this extra energy can be enough to overcome the hydrophobic interactions that hold a protein together, causing the protein to unfold. This is what happens when egg whites are cooked: in the uncooked egg whites, albumin is folded, which makes it transparent; cooking them causes the albumin molecules to denature and aggregate, forming a solid, rubbery white mass that will not revert to its transparent form.
	



KEY CONCEPT


Denatured proteins lose their three-dimensional structure and are thus inactive.







On the other hand, solutes such as urea denature proteins by directly interfering with the forces that hold the protein together. They can disrupt tertiary and quaternary structures by interrupting non-covalent interactions like hydrogen bonds and other side chain interactions that hold α-helices and β-pleated sheets intact. Similarly, detergents such as SDS (sodium dodecyl sulfate, also called sodium lauryl sulfate) can solubilize proteins, disrupting noncovalent bonds and promoting denaturation. Note that both urea and SDS do not interfere with any covalent bonds, including disulfide and peptide bonds.


The stability of proteins to thermal or chemical denaturation can be assessed using denaturation curves, which plot the fraction of unfolded protein against increasing amounts of a denaturant. The denaturation midpoint describes the point at which there are equal amounts of the folded and unfolded proteins. When assessing the effect of temperature on protein unfolding, the midpoint is called the melting point (Tm), and when using a chemical denaturant to assess protein stability, the midpoint is referred to as a midpoint concentration (Cm). Changes in the midpoint indicate changes in protein folding stability: For example, Figure 1.25 shows the melting curves of two variants of a protein, Variant A and Variant B. Comparing the two thermal denaturation curves shows that Variant B has a higher Tm, suggesting Variant B requires higher temperatures to denature, while Variant A is less thermally stable and will unfold at lower temperatures.




[image: image]

Figure 1.25 Thermal Denaturation Curve
Changes in Tm correlate to protein folding stability.









MCAT CONCEPT CHECK 1.6:


Before you move on, assess your understanding of the material with this question.
 



	Why are proteins denatured by heat and solutes, respectively?



	Heat:________________________________________




	Solutes:________________________________________











 




 

Conclusion


 Nearly every part of a cell involves proteins in some way, from the nucleus to the mitochondria to the cell membrane. The MCAT will test your understanding of key concepts regarding amino acids because the amino acids that compose a protein determine its structure. In the next chapter, we’ll discuss the best-known function of proteins: their role as enzymes.
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