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Enzyme function is central to student understanding of multiple topics within the biochemistry curricu-
lum. In particular, students must understand how enzymes and substrates interact with one another.
This manuscript describes the development of a 15-item Enzyme–Substrate Interactions Concept Inven-
tory (ESICI) that measures student understanding of enzyme–substrate interactions. The validity and reli-
ability of ESICI data were established through multiple methods. Results from the administration of the
ESICI to biochemistry students across the United States (N ¼ 707) are discussed in terms of instrument
quality. The manuscript concludes with suggestions for how to use the ESICI for both teaching and bio-
chemistry education research.
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Multiple studies have investigated the misconceptions
of students in introductory courses such as general
chemistry and biology [1–4], but little research has inves-
tigated students’ understandings in upper-level courses
such as biochemistry and molecular biology (BMB) [5–8].
BMB educators need an instrument that is both precise
and accurate in order to measure students’ understand-
ings in a timely manner. Although concept inventories
have been developed in BMB [9, 10], the Enzyme–Sub-
strate Interactions Concept Inventory (ESICI) is the first
concept inventory to move beyond prerequisite knowl-
edge for biochemistry and measures a fundamental con-
cept to be learned in BMB courses, namely enzyme–sub-
strate interactions. The ESICI is a 15-item paper–pencil
multiple-choice test that can be used pre- and post-
instruction to measure the effect of instruction on stu-
dents’ conceptual understanding.

BACKGROUND

Students first learn about enzyme–substrate interac-
tions in high school biology [11] and then again through-
out college biology and chemistry courses [12]. Students,
therefore, bring multiple ideas regarding enzyme–sub-
strate interactions to college biochemistry courses. Con-
structivist learning theory describes how students use
prior knowledge as a lens to learn new information, add-
ing to, reconstructing, or adapting their prior knowledge

to build understanding [13]. Because students’ prior
knowledge of enzymes can influence their understanding
of core biochemistry concepts such as enzyme kinetics,
regulation of metabolic pathways, and transcription and
translation [12], it is important to have an instrument that
will enable instructors to assess their students’ under-
standings of fundamental concepts related to enzyme–
substrate interactions.

Multiple choice assessments known as concept inven-
tories, with distractors based on students’ incorrect
ideas, offer an efficient measure of student understand-
ing [14]. The majority of concept inventories use instruc-
tor experience and literature reviews to design questions
[15, 16] despite the National Research Council’s call [15]
for the use of interviews to determine students’ concep-
tual understanding when designing educational assess-
ments. Questions designed via the ‘‘top-down’’ proce-
dure result in questions and distractors worded in the
language of the instructor, creating a potential threat to
validity by possible omission of students’ misconceptions
and fragmented ideas. By contrast, the ESICI has been
designed through a bottom-up methodology in which
students’ language and misconceptions were used to
construct both questions and item distractors.

METHODOLOGY

Our goal in developing the ESICI was to design a concept in-
ventory grounded in student understanding that would be able
to measure the thinking of a large, diverse sample of biochem-
istry students. The instrument needed to produce both valid
and reliable data, and in doing so, be able to distinguish among
students with different levels of biochemistry knowledge.

With these goals in mind, the ESICI was developed based on
the misconceptions detected during interviews with both under-
graduate and graduate students (N ¼ 25) from biochemistry
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courses at a large predominately undergraduate institution in
the midwestern United States. Students were asked to interpret
a pair of representations depicting enzyme–substrate interac-
tions. Two pairs of representations were used: (1) iconic images
of the ‘‘lock-and-key’’ and the ‘‘induced-fit’’ models and (2) mo-
lecular representations of trypsin and a substrate binding. Anal-
ysis of the interviews revealed common misconceptions regard-
ing enzyme–substrate interactions across five categories:
enzyme and substrate characteristics, the role of shape and
charge in selectivity, how the enzyme interacts with the sub-
strate, competitive vs. noncompetitive inhibition, and conforma-
tional change. (Detailed discussions of these misconceptions
will be described in future manuscripts.) Analysis of students’
understandings of the representations revealed significant con-
tradictions and confusion regarding the nature of enzyme–sub-
strate interactions [17].

Based on these categories of misconceptions, a pilot version
of the ESICI was developed in order to quantify the prevalence
of these misconceptions with a larger sample. Questions and
distractors stemmed directly from student interviews. The ques-
tions were reviewed by an expert panel of ten research-active
biochemistry professors to determine the content and face va-
lidity of the questions [18]. The pilot version of the ESICI was
administered to students (N ¼ 108) in two biochemistry
courses, two weeks after their course exam on enzyme–sub-
strate interactions and enzyme kinetics. Students (N ¼ 10) from
both courses were interviewed within a week and asked to
‘‘think aloud’’ as to why they chose a specific answer and ruled
out other possible answers for each question [19]. This process
provided an additional check of validity by investigating whether
the students chose correct answers for correct reasons. Based
on responses from the expert review, student interviews and
item analysis, questions were revised.

The final version of the ESICI consists of 15 items (many of
which use molecular and abstract representations) across the
five categories of misconceptions discussed above. The ESICI
also includes one item from the Biology Concept Inventory [4]
that measures enzyme–substrate interactions as an additional
form of validity. The final 15-item ESICI was administered to a
larger population of biochemistry students (N ¼ 788) in 17
courses from 16 institutions across the United States in order to
further test the reliability and validity of the instrument. The
results of 707 students who answered all 15 items are reported.
The ESICI was administered to students enrolled in one of four
courses: a one semester survey course composed predomi-
nately of students majoring in dietetics, exercise science, and

pre-professional students with intentions of going to medical
school; a one semester survey course for students chemistry
majors; the second semester of a year-long course sequence for
biochemistry majors; and finally a biochemistry seminar required
of all biochemistry majors (who had previously taken a biochem-
istry course). These courses were selected because students
were taught about enzyme–substrate interactions in each of
these courses for approximately 2 wks. Students required
�20 min to complete the ESICI. The ESICI was administered by
each course instructor at least 2 wks after his/her course exam
on enzyme–substrate interactions and enzyme kinetics.

Participants

Of the 707 students responding, 57.3% were females and
78% were Caucasian. The academic majors of the students
included 32% biology, 20% pre-health, 20% BMB, 14% nutri-
tion, 14% exercise science, 8% chemistry, and 6% other.

Data Analysis

Student responses were coded 0 for an incorrect response
and 1 for a correct response. Descriptive statistics and reliability
coefficients were calculated using SPSS1 statistical software
version 16.0. Item and test psychometrics (i.e. item difficulty,
item discrimination, and Ferguson’s d) were determined. These
psychometrics provided evidence regarding the quality of mea-
surement both at the level of an individual question, and for the
inventory as a whole.

RESULTS

Individual student scores ranged from 1 to 15, with a
mean of 8.32 6 2.50. Ferguson’s d (a measure of how
broadly the total scores are distributed over the possible
range of scores) for this sample was d ¼ 0.949, meaning
that this sample was distributed over 94.9% of the possi-
ble range of total scores. An acceptable value is d ‡ 0.90
[20]. The results were significantly different from a normal
distribution [Kolmogorov–Smirnov statistic, D (707) ¼
0.087 p < 0.001], so nonparametric techniques were
used for data analysis. Classical test theory showed that
the majority of the 15 ESICI items functioned in the ac-
ceptable range of difficulty, discrimination, and item reli-
ability (see Table I).

TABLE I
Psychometrics for the 15 ESICI items

Item
Item difficulty

(q)
Item

discrimination (D)
Item

reliability (rpbi)

1 0.873a 0.178 0.204
2 0.476 0.361 0.288
3 0.419 0.204 0.166
4 0.276 0.366 0.335
5 0.751 0.508 0.470
6 0.788 0.445 0.440
7 0.432 0.319 0.269
8 0.368 0.408 0.346
9 0.653 0.424 0.367
10 0.449 0.461 0.369
11 0.235b 0.251 0.212
12 0.695 0.634 0.553
13 0.524 0.586 0.485
14 0.741 0.440 0.423
15 0.741 0.550 0.423

a Easy items (q ‡ 0.80).
b Difficult items (q � 0.25).
Note: Items in italics fall within the ideal range of discrimination (D

‡ 0.3) and point biserial (rpbi ‡ 0.2).

FIG. 1. Students’ total score on the ESICI by academic major.
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In order to establish concurrent validity, the data were
analyzed by student major to determine whether stu-
dents with more instruction regarding the concepts of
enzyme–substrate interactions would score higher on the
ESICI than students at lower levels of biochemistry. BMB
and chemistry majors recorded the highest median score
(Md ¼ 10.00) and nutrition and exercise science (NXS)
majors recorded the lowest median score (Md ¼ 6.00)
(see Fig. 1). A Kruskwal–Wallis test revealed a statistically
significant difference in total score on the ESICI across
the six categories of major (see Table II). In order to
determine the significant difference between the individ-
ual majors, a series of pairwise comparisons using the
Mann–Whitney U test were conducted. Based on the 15
pairwise comparisons made, the Bonferroni corrected
alpha value for the comparison of majors was a ¼ 0.003.
The Mann–Whitney U tests (see Table II) revealed NXS
majors scored significantly lower than the additional
majors with effect sizes ranging from small to large. Both
pre-health and biology majors scored significantly lower
than chemistry majors and BMB majors. Therefore, as
students learn more about enzyme–substrate interactions
(e.g. BMB majors), it appears that they performed better
on the ESICI, a finding that further validates the ESICI as
a good measure of student understanding of enzyme–
substrate interactions. Also worth noting is that the ESICI
did not result in a ‘‘ceiling effect,’’ i.e. chemistry and
BMB majors did not automatically earn the highest score
possible and their differences in knowledge were
detected by the ESICI.

The internal consistency of the ESICI was a ¼ 0.53,
as measured by the Cronbach a which indicate how

closely the questions measured the same construct
[21]. Adams and Wieman [16] have argued that the in-
ternal consistency coefficient, although typically
reported in assessment literature with a minimum
accepted value of 0.7, may not be appropriate for a
concept inventory and additional means of reliability
need to be determined. Our data support this argument
that Cronbach a values less than 0.7 may result when
measuring students’ misconceptions, e.g. when using a
concept inventory. Per Ausubel and Novak’s theory of
meaningful learning [22], a learner’s knowledge often
contains disconnected ideas, incorrectly linked con-
cepts, and/or key information may be altogether miss-
ing. Therefore, as an assessment that targets miscon-
ceptions and was developed based on detailed inter-
views with students, the ESICI would not likely measure
a highly connected knowledge structure which is neces-
sary in order to achieve a Cronbach a value greater
than 0.7. Rather, the ESICI explicitly measures the gaps
and incorrect links in student knowledge about enzyme–
substrate interactions. Consequently, a Cronbach a
value of 0.53 seems appropriate as an indicator of inter-
nal consistency.

As an alternative to the Cronbach a, Adams and Wie-
man [16] suggested the reliability of a concept inventory
be determined by testing similar populations and calcu-
lating a stability coefficient. To do this, the ESICI was
administered twice, one month apart, to a one-semester
biochemistry survey course for dietetics, exercise sci-
ence, and pre-professional students (N ¼ 54) at a large,
predominately undergraduate institution in the midwest-
ern United States. The student sample for the second

TABLE II
Students’ performance on the ESICI by academic major

Omnibus test Df N v2 p-Value

Effect size (r)

Kruskal–Wallis 5 707 97.687 0.000

Pairwise comparisons N Mann–Whitney U Z Statistic p-value

PreHealth—NXS 242 4,725 4.472 0.000* 0.287
Biology—NXS 324 6,929 5.524 0.000* 0.307
Other—NXS 141 1,153 4.109 0.000* 0.346
Chemistry—NXS 161 1,103 6.846 0.000* 0.540
BMB—NXS 239 2,476 8.539 0.000* 0.552
Biology—PreHealth 366 14,458 1.478 0.140 –
Other—PreHealth 183 2,469 1.494 0.135 –
Other—Biology 265 4,311 0.628 0.530 –
Chemistry—PreHealth 203 2,716 4.246 0.000* 0.298
BMB—PreHealth 281 5,972 5.766 0.000* 0.344
Chemistry—Biology 285 4,997 3.240 0.001* 0.192
BMB—Biology 363 10,924 4.812 0.000* 0.253
Chemistry—Other 102 997 1.749 0.080 –
BMB—Other 180 2,175 2.321 0.020 –
BMB—Chemistry 200 4,062 0.475 0.635 –

Note: NXS ¼ nutrition/exercise science; BMB ¼ biochemistry/molecular biology
* p < 0.003

TABLE III

Comparison of the descriptive statistics for the ESICI between the full sample (N 5 707) and retest samples (N 5 54)

Sample N Mean Median Standard Deviation Min. Max. Skewness Kurtosis

Full 707 8.32 8.00 2.501 1 15 20.019 20.455
Retest Admin 1 54 7.52 8.00 2.612 3 14 20.019 20.455
Retest Admin 2 54 7.81 8.00 2.628 3 13 0.241 20.589
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administration of the ESICI performed similarly to the
original total sample in terms of descriptive statistics (see
Table III). A Wilcoxon signed ranks test indicated no sig-
nificant difference between the students’ performance on
the two administrations (z ¼ 20.636, p ¼ 0.525). The
correlation between student scores across the two
administrations was strong and positive (q ¼ 0.559, n ¼
54, p < 0.001). The high correlation of item difficulty val-
ues between the test and retest administrations (q ¼ 0.
907, n ¼ 15, p < 0.001) also suggested that the items
performed consistently (i.e. difficult items remained diffi-
cult, easy items remained easy).

In summary, the whole of these item and test psycho-
metrics have established that the ESICI can be used to
collect valid and reliable data when assessing student
misconceptions related to enzyme–substrate interactions.
As described above, ESICI items measure the categories
of misconceptions detected during the student interviews.
Table IV summarizes these five categories and the specific
misconceptions measured by the ESICI. Future manu-
scripts elaborating upon student thinking with regard to
each misconception are planned. Further analysis indi-
cated that 85% of students held at least one misconcep-
tion in three or more of the five categories of misconcep-
tions. Only 3 of 707 students correctly answered all 15
items on the ESICI, indicating they did not hold any of the
misconceptions measured by the ESICI.

IMPLICATIONS FOR TEACHING AND FUTURE RESEARCH

As a diagnostic instrument, the ESICI has multiple
potential uses within the classroom. Instructors could
use the questions to formatively assess student under-
standing of enzyme–substrate interactions by presenting
items either prior to instruction as a means of ‘‘just-in-
time’’ teaching [23]. Items on the ESICI could be given
during lecture using a classroom response system [24] to
gauge student understanding and to surface student
misconceptions that could be directly addressed during
lecture. Researchers and instructors could use the ESICI
to measure the effectiveness of curricular developments
involving enzyme–substrate interactions by administration
of pre- and post-instruction to determine how the
instruction specifically influenced student understanding
on the specific topic. In addition, researchers could use
the instrument as a base to delve deeper into student
understanding of enzymes. Those interested in gaining
access to the ESICI can contact the corresponding
author for a copy of the instrument.
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