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Abstract
In this study, combinatorial libraries were used in conjunction with ultra-high throughput
sequencing to comprehensively determine the impact of each of the 19 possible amino acid
substitutions at each residue position in the TEM-1β-lactamase enzyme. The libraries were
introduced into E. coli and mutants were selected for ampicillin resistance. The selected colonies
were pooled and subjected to ultra-high throughput sequencing to reveal the sequence preferences
at each position. The depth of sequencing provided a clear, statistically significant picture of what
amino acids are favored for ampicillin hydrolysis for all 263 positions of the enzyme in one
experiment. Although the enzyme is generally tolerant of amino acid substitutions, several surface
positions far from the active site are sensitive to substitutions suggesting a role for these residues
in enzyme stability, solubility or catalysis. In addition, information on the frequency of
substitutions was used to identify mutations that increase enzyme thermodynamic stability.
Finally, a comparison of sequence requirements based on the mutagenesis results versus those
inferred from sequence conservation in an alignment of 156 class A β-lactamases reveals
significant differences in that several residues in TEM-1 do not tolerate substitutions and yet
extensive variation is observed in the alignment, and vice versa. An analysis of the TEM-1 and
other class A structures suggests residues that vary in the alignment may nevertheless make
unique, but important, interactions within individual enzymes.

Introduction
Enzymes have long been the subject of structure-function studies to determine the amino
acid sequence requirements for folding, stability and catalysis. These studies often utilize
site directed mutagenesis to alter amino acid residues that are hypothesized to play a key
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role in an aspect of catalysis or folding followed by biochemical and biophysical
characterization of the altered enzyme to test the hypothesized role1. Another site-directed
mutagenesis approach is a systems level, unbiased strategy to systematically alter each
position in an enzyme and assess the importance of the position for the structure and
function of the enzyme. Those positions that have stringent sequence requirements, that is,
those positions that do not tolerate amino acid substitutions without disruption of stability,
solubility or catalytic activity are inferred to be critical for enzyme function. Subsequent
biochemical studies of non-functional mutants at these critical positions can be performed to
infer a role for the residue in enzyme structure and function.

Several proteins have been the subject of systematic amino acid substitution studies
including HIV protease, CcdB protein2, T4 lysozyme3 and lac repressor4. These studies
have shown that proteins are, in general, accepting of substitutions with approximately 80%
of the positions tolerant of some substitutions while retaining function and buried positions
are less tolerant of substitutions than surface positions. In addition, we have previously
performed systematic mutagenesis studies on the TEM-1 β-lactamase that have yielded
information on which residues are critical for stability, solubility and catalysis as well as
which residues control the substrate specificity of the enzyme with regard to various β-
lactam antibiotics5.

β-lactamases catalyze the hydrolysis of β-lactam antibiotics and thereby provide for
bacterial resistance to these drugs. The TEM-1 β-lactamase efficiently hydrolyzes pencillins
and many cephalosporins and is a common plasmid-encoded β-lactamase in Gram negative
bacteria6.

The approach taken to study the determinants of structure and function for the TEM-1 β-
lactamase was to use site directed mutagenesis to randomize codons within the
blaTEM-1gene to create libraries of all possible amino acid substitutions for the region
randomized 5. The majority of the libraries were created by randomization of three
contiguous codons to contain all 8000 (203) possible amino acid combinations for the
positions randomized. This process was repeated to create 88 random libraries that
encompassed the entire 263 amino acid coding region of the mature portion of TEM-1 β-
lactamase (Fig. 1) 5. Each library was then introduced into E. coli and cells were spread on
agar plates containing ampicillin to select for mutants with wild type levels of β-lactamase
function. An average of 10 functional, ampicillin-resistant clones for each library was
chosen and DNA sequencing was performed to examine the spectrum of allowable
substitutions at each position 5. In this way it was possible to systematically determine the
amino acid sequence requirements for TEM-1 β-lactamase folding, stability and ampicillin
hydrolysis.

A key element of codon randomization and selection studies is obtaining DNA sequence
information on enough functional clones to make robust conclusions about what types of
amino acid replacements are functional (and which are not) for a given antibiotic selection.
As more sequences are accumulated the power of the approach increases. For example, an
average of 10 clones was sequenced for each library, which provides a first approximation
of sequence requirements but does not allow robust statistics or a ranking of residue types.
In this regard, the recent development of ultra-high-throughput sequencing technologies
provides a means of obtaining orders of magnitude increases in the number of sequences for
a fraction of the effort expended using standard sequencing technologies 7.

In this study, ultra-high throughput sequencing was used to sequence en masse functional
clones that were selected from the 88 β-lactamase random libraries. This resulted in
hundreds to thousands of sequences of functional clones from each of the libraries and
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thereby provided comprehensive information on the tolerance of each position in β-
lactamase to substitution as well as a robust ranking of the amino acid sequence preferences
at each position. The results indicate that TEM-1 β-lactamase is generally tolerant of amino
acid substitutions. However, several surface positions far from the active site are sensitive to
substitutions suggesting a role for these residues in enzyme stability, solubility, or catalysis.
The findings also revealed a number of previously unidentified amino acid substitutions that
act to increase the thermodynamic stability of TEM-1. Finally, a comparison of the
mutagenesis results with sequence variability observed in an alignment of β-lactamases
indicates a significant but relatively weak correlation due to many positions that do not
tolerate substitutions in the mutagenesis experiments but vary in the alignment and vice
versa. Taken together, the findings demonstrate that large-scale saturation mutagenesis in
combination with ultra-high throughput sequencing is a powerful approach to study amino
acid structure-activity relationships across the entire sequence of a protein.

Results and Discussion
Selection of functional β-lactamase sequences from random libraries

In order to make use of high throughput sequencing to study β-lactamase, functional
mutants were isolated from each of the 88 β-lactamase random libraries by selecting for
growth of E. coli containing the library clones on LB agar plates containing 1 mg/ml
ampicillin, as was done previously (Fig. 1). This concentration of ampicillin selects for
mutants with, on average, 85% of wild type β-lactamase function 5.

In this study, 454 ultra-high throughput sequencing was used for analysis of functional
clones from the 88 TEM-1 random libraries 8. However, rather than sequencing individual
ampicillin resistant clones from each library, approximately 1000 ampicillin resistant
mutants were pooled for each of the 88 libraries. PCR was used to amplify the pooled clones
in DNA fragments of the appropriate size for 454 sequencing and the PCR fragments for all
of the pools were collected in three sets. DNA sequencing of the pooled sets was performed
to obtain sequencing data from all of the 88 libraries (Materials and Methods)(Table S1).
Approximately 700,000 sequencing reads were obtained and mutant sequences for each
library were extracted from the large collection of pooled sequencing reads using custom
computer programs developed to recognize the sequences from each library (Materials and
Methods). After extraction and analysis, an average of 5,878 ampicillin resistant mutant
sequences were obtained from each library and each library contained an average of 431
unique sequences. The maximum number of unique sequences that could be obtained for
each library is approximately 1,000, i.e., the number of ampicillin resistant clones pooled for
each library. The number of unique sequences for each library will depend on the stringency
of sequence requirements and codon usage for the amino acids that are consistent with
function. The total number of sequences as well as the number of unique sequences for each
library is provided in Table S1. The error rate associated with the 454 sequencing of library
clones was estimated to be 0.0237 (2.37%) as described in Materials and Methods.

The results obtained for the two libraries encompassing residues 158-HVT-160 and 242-
GSR-244 are described as examples of the data that has been obtained from the 88 libraries
(Fig. 2). Residues 158-160 are far from the active site and 158 and 159 are largely surface
exposed. Thus, these positions would be expected to contribute largely to protein stability
and/or solubility rather than catalysis. Residues 242-244 are near the active site and Arg244
plays a role in binding the carboxylate group present on β-lactam substrates9. The selection
and 454 DNA sequencing procedure resulted in data for 8635 ampicillin resistant clone
sequences from the 158-160 library and 5222 from the 242-244 library. The results are
summarized in Fig. 2, where the amino acids found among the functional mutants from 454
sequencing are shown below the wild type sequence. It is apparent that obtaining the
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sequences of thousands of functional clones for each library provides very detailed
information on which residues are preferred at a position. For example, positions His158 and
Val159 can be substituted by other amino acids and the β-lactamase retains high level
function. In contrast, there is a strong preference for the wild type Thr at position 160 with
Thr occurring 7426 times while the next most frequent amino acid, Ser, occurs 780 times
among functional mutants (Fig. 2). The strong preference for Thr at position 160 can be
rationalized based on the fact that Thr160 participates in a buried hydrogen bond network,
the disruption of which is likely to destabilize the protein. Positions 158 and 159 are
substantially surface exposed and previous results suggest surface exposed residues are
relatively tolerant of amino acid substitutions 2. The data in Figure 2 also indicates that the
Arg at position 244 is very strongly preferred, presumably due to its role in substrate
binding. Gly at position 242 is also strongly preferred and, consistent with this finding; this
residue is largely buried and is part of a β-turn structure. The wild type serine at position
243 is also preferred (3929 occurrences) but a number of alanine replacements (1151) are
also found while glycine occurred 110 times. All other residue types were found less than 10
times among the functional clones (Fig. 2). This may be due to the fact that the Ser243 side
chain is completely buried in the structure and its side chain forms an H-bond with that of
Thr266.

The important point from these examples is that the depth of sequencing provides a clear
picture of what amino acids are favored at a position for ampicillin hydrolysis. In addition,
data for all 263 positions was obtained from the sequencing of the pooled clones. The results
of DNA sequencing of functional mutants selected from random libraries such as that
illustrated by the 158-160 and 242-244 libraries provide a qualitative indication of the
tolerance of each position to amino acid substitutions. A quantitative assessment of the
sequencing data can be accomplished by calculating the effective number of amino acid
types that appear at a position (k*)5,10. It is calculated from the information-theoretical
entropy, S, where S is the entropy and pi is the fraction of times the ith type appears at a
position and k is the number of different amino acid residue types that appear at a position10.
The number of times an amino acid type appeared at a position was normalized for the
number of codons encoding that particular amino acid type for the k*calculations (Materials
and Methods). A k* value of one indicates complete conservation at a position, i.e., only one
residue type is functional, while a value of 20 indicates all 20 amino acids occur at equal
frequency. This statistic is useful in that it distinguishes between positions where multiple
amino acid substitution types appear but at different frequencies. Because the sequences of
functional clones from all 88 random libraries were obtained using the pooling and 454
sequencing strategy described above, the effective number of substitutions (k*) has been
determined for all positions randomized in TEM-1 β-lactamase based on the ampicillin
resistance selection (Fig. 3).

The quantitative assessment of the tolerance of the β-lactamase residue positions to
substitutions in the form of the effective number of substitutions allows a comparison of the
properties of a position with the ability to accept amino acid substitutions. Several previous
studies have demonstrated that surface exposed residues in a protein are more tolerant of
substitutions than buried positions2,3,5,11,12. A plot of the effective number of substitutions
versus the solvent accessible surface area for TEM-1 β-lactamase reveals a weak correlation
(r2=0.22, P value <0.0001) between accessible surface area and tolerance to amino acid
substitutions in that surface positions generally have higher k* values, as was observed
previously when only 10 clones per library were examined (Supplementary information, Fig.
S1)5. The low correlation is partially due to residues in and near the active site that are
solvent exposed but do not tolerate substitutions due to their role in substrate binding and
catalysis.
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The effective number of substitutions of each position is shown mapped onto the structure of
TEM-1 β-lactamase in Figure 4. It is apparent that the region in and around the active site
exhibits k* values less than 5 and therefore is not tolerant of many amino acid types. This
result is consistent with the important functional role of active site residues and with the fact
that ampicillin is an excellent substrate and so the active site sequence is optimized for
hydrolysis of this antibiotic.

Surface exposed residues with stringent sequence requirements
Examination of Figure 4 reveals that many surface positions outside the active site can
tolerate multiple amino acid substitutions, which is consistent with previous reports2.
However, it is also observed that several surface positions are not tolerant of multiple
substitutions. Those positions where the effective number of substitutions does not correlate
with solvent accessible surface area includes positions that are solvent accessible (>40%
SAS) and yet tolerate few substitutions (k*<5) as listed in Table 1. None of these residues is
directly involved in catalysis. However, several positions including D101, E104, P174,
N175, E240, T271, M272, and D273 are near the active site and changes at these positions
could influence substrate binding and catalysis. The remaining positions are surface exposed
and are located quite distant from the active site suggesting that substitutions at these
positions would impact stability or solubility, although it is possible substitutions could
communicate a negative effect to the active site and reduce hydrolysis as well. Regardless of
the mechanism, the results indicate that several surface positions far from the active site
have stringent sequence requirements associated with their role in the structure and function
of the enzyme.

Several of the surface positions with low k* values are charged residues. The effect of
substitutions at surface exposed, charged residues that are distant from the active site was
investigated further by introducing single amino acid substitutions at several of these
positions and measuring the effect on the ability of the mutant to confer ampicillin
resistance. For this purpose, the R93E, R94E, and D101R mutants were constructed by site
directed mutagenesis. The R83E and E89R substitutions were also tested, although the
exposed surface area of Arg83 is slightly lower than 40% (k*= 8.2; SAS= 31.6%) and Glu89
is largely buried (k*= 3.5; SAS= 4.4%). Each of the substitutions occurs at a frequency
significantly lower than wild type in the sequencing data and thus these substitutions are
predicted to decrease ampicillin resistance levels of E. coli containing the mutants versus
wild type. The ampicillin resistance level of E. coli containing each mutant was measured
and each of the mutants retains significant ampicillin resistance but, consistent with the
predictions based on substitution frequencies, each exhibits less resistance than wild type
(Fig. 5). Therefore, a number of surface positions in TEM-1 are sensitive to amino acid
substitutions. Previous studies have shown that optimization of charge-charge interactions
on the surface of a protein can act to stabilize the protein 13. By this view, the charged
surface positions that have low k* values would be predicted to participate in optimal
charge-charge interactions. Alternatively or additionally, the charged surface positions could
be important for maintaining the solubility of the enzyme in the periplasm of E. coli.

Estimating the impact of substitutions by frequency of occurrence
Deep sequencing of the ampicillin resistant clones also allows an estimate of the impact on
enzyme function of any type of amino acid substitution at a position by calculating the
number of times that amino acid occurs compared to the number of occurrences of the wild
type amino acid at the position randomized. It has been shown previously with
combinatorial libraries examining the contributions of residue positions in a protein-protein
interaction using phage display technology that the frequency with which a residue appears
among mutant clones after selection relative to the frequency of wild type correlates with the
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change in free energy of binding (ΔΔG) for the mutant versus wild type protein14,15. This
statistical "ΔΔGstat" value is calculated as ΔΔGstat= RT ln (p-wt/p-mut), where p-wt and p-
mut are the frequencies of occurrence of the wild type and mutant amino acid, respectively,
at the position being examined 14. Note that the frequencies of occurrence of wild type and
mutant amino acids were normalized for the number of codons encoding a particular amino
acid type for the ΔΔGstat calculations (Materials and Methods).

The model being used for this analysis is that the probability that a colony forms is related to
the concentration of cells spread on agar plates and the total activity of β-lactamase in the
clone, which is related to the catalytic efficiency of the enzyme for ampicillin turnover as
well as the stability and solubility of the enzyme. Unstable β-lactamase is known to be
rapidly proteolyzed in E. coli, which reduces the amount of active enzyme in the cell16–18.
In addition, mutations that reduce solubility result in protein aggregation, which also reduces
active enzyme in the cell. It has been shown that E. coli containing a β-lactamase mutant has
a certain plating efficiency on agar containing ampicillin based on its total hydrolytic
activity19–21. The number of colony forming units for a mutant decreases with increasing
ampicillin concentration in an agar plate and the rate of decrease is related to the activity of
the mutant. A mutant with low activity may have a probability of near zero of forming
colonies at high ampicillin concentrations, i.e., at concentrations above the minimum
inhibitory concentration (MIC) for the mutant. This is the rationale for the ΔΔGstat

calculation and the idea that the frequency with which an amino acid type is present among
functional mutants is related to the level of total β-lactamase enzyme activity conferred by
that amino acid. The ΔΔGstat value is clearly not a thermodynamic parameter in that it is a
composite of catalytic efficiency, stability and solubility; however, it does provide a
quantitative estimate of the total β-lactamase activity conferred by an amino acid
substitution versus wild type for any position. The deep sequencing data from functional
clones for each residue position allows for the calculation of a ΔΔGstat value for each
possible single amino acid substitution in TEM-1 β-lactamase. The ΔΔGstat values for each
position are provided in Table S2 and a summary of the results is shown in the form of a
heat map for the entire enzyme in Figure 6.

The data in the heat map in Fig. 6 were analyzed for correlations between amino acid types
and their frequency of occurrence among the ampicillin resistance clones. A ΔΔGstat value
is available for each amino acid type for each position in the enzyme. The correlation test
asks if substitutions of certain amino acid types result in similar patterns of ΔΔGstat values
across the enzyme, i.e., does the substitution of chemically similar amino acids result in
similar effects on the enzyme. The similarities in patterns of ΔΔGstat values for each amino
acid are indicated in the tree at the right in Fig. 6. It is apparent that amino acids with similar
chemical properties exhibit similar patterns of ΔΔGstat values. For example, charged
residues are clustered in the tree and within the charged cluster, arginine and lysine are in a
sub-cluster and aspartate and glutamate are in a separate sub-cluster. In addition,
hydrophobic residues are clustered in the tree and within the hydrophobic group the
aromatic residues form a sub-cluster. Therefore, the results in Fig. 6 represent a systematic,
experimental validation of the idea that conservative substitutions have a similar impact on
the structure and function of an enzyme. It is interesting to note that cysteine is peripherally
associated with the hydrophobic cluster while proline does not cluster with any other
residues, as might be expected based on the special properties of these amino acids.

The average impact of each type of amino acid substitution on enzyme structure and
function was also assessed by calculating the ΔΔGstat value for substitution of each amino
acid type averaged from all residue positions in the enzyme (Supplementary information,
Table S3). The results indicate that, on average, tryptophan (avg. ΔΔGstat = 3.31) and
proline (3.04) are the least tolerated amino acid substitutions while threonine (2.10) and
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alanine (2.15) are the most tolerated substitutions. The negative impact of Trp and Pro
substitutions may stem from large size of tryptophan resulting in steric clashes and the effect
of proline on main chain conformation.

An interesting set of substitutions includes those where a non-wild type amino acid residue
predominates compared to wild type among functional mutants in that these substitutions are
predicted to result in increased levels of β-lactamase activity (Table 2). Because the wild
type enzyme exhibits excellent catalytic efficiency for ampicillin hydrolysis, it seems
unlikely that amino acid substitutions could improve hydrolysis rates. Alternatively, the
changes could increase stability or solubility and thereby increase activity in E. coli. A
genetic test was used to evaluate whether the high frequency substitutions listed in Table 2
can act to increase enzyme stability. In previous studies, we showed that an asparagine for
leucine substitution (L76N) in the hydrophobic core of β-lactamase destabilizes and greatly
reduces in vivo expression levels of the enzyme due to rapid proteolysis 16. Using this
mutant it was possible to select a second site substitution (M182T) that stabilized the
enzyme and thereby increased expression levels and ampicillin resistance levels. The
M182T substitution was subsequently shown to increase the thermodynamic stability of the
wild type enzyme 22. Stabilizing substitutions such as M182T in an otherwise wild type
enzyme are difficult to detect genetically because they do not greatly increase the ampicillin
resistance levels of the E. coli strain since the wild type enzyme is already stable and well
expressed21,23. To circumvent this problem, the L76N substitution was used as a tester
mutant for the ability of other substitutions to stabilize the enzyme. Because L76N is poorly
expressed and provides low levels of ampicillin resistance, it is sensitive to small
improvements in stability and expression levels which are reflected by easily measurable
changes in ampicillin resistance levels for the E. coli strain harboring the enzyme16,19.

As seen in Table 2, a non-wild type residue occurred among TEM-1 β-lactamase functional
mutants at significantly higher numbers than wild type at 32 positions. Each of the non-wild
type substitutions from Table 2 was introduced by site-directed mutagenesis into the L76N
enzyme encoded in the same plasmid as that used for the library selections and the
ampicillin MIC of E. coli containing the β-lactamase double mutant was determined
(Materials and Methods). Ten of the double mutants exhibited significantly higher
ampicillin MICs (>24 μg/ml) than the L76N parent mutant (16 μg/ml) and thus are able to
suppress the L76N stability defect, consistent with functioning as a stabilizing substitution.
These substitutions include V31R, D35Q, E48L, F60Y, G78A, S82H, Q90H, G92D,
N100D, and L201P. Interestingly, even though they occur at higher frequency than wild
type, 22 of the substitutions did not substantially increase the ampicillin MIC of the L76N
mutant and several had a negative effect on the mutant (Table 2). This result could indicate
that the 22 substitutions do not act on protein stability and thus do not act to suppress that
L76N stability defect. These substitutions could impact other aspects ofstructure and
function such as enzyme solubility or catalytic efficiency. Alternatively, they may improve
protein stability but do not enhance the stability of the L76N enzyme, i.e., they may act in an
allele-specific manner. It has been previously shown that some stabilizing substitutions in β-
lactamase are allele-specific in that they suppress some but not all destabilized primary
mutants 21.

Among the 10 substitutions that do increase the ampicillin MIC of L76N, the L201P
substitution has been shown to increase β-lactamase stability in several studies21,24,25. In
addition, the G92D substitution was previously identified in a DNA shuffling/directed
evolution experiment selecting for mutants with increased ceftazidime resistance26. Several
of the remaining TEM-1 mutants including V31R, E48L, F60Y, G78A, S82H, as well as
theG92D enzymewere constructed as single substitutions in the wild type enzyme and
expressed from E. coli and purified for further characterization. The thermodynamic stability
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of each of the enzymes was determined by monitoring the folded state with increasing
temperature using circular dichroism spectroscopy (Fig. 7, Table 3)19. It was found that all
of the enzymes displayed increased thermal stability relative to the wild type enzyme, which
is consistent with the substitutions serving as suppressors of the L76N mutant and is also in
line with the hypothesis that the observed increased frequency of these substitutions relative
to wild type is due to increased stability of the enzyme (Table 3).

It is possible that altered catalytic parameters of the substituted enzymes could also
influence the frequency at which mutants occurred relative to wild type. This possibility was
tested by determining the kinetic parameters for hydrolysis of several β-lactam antibiotics
for the V31R, E48L, F60Y, G78A, S82H and G92D enzymes to examine the impact of the
substitutions on catalysis (Table 4). It was found that the kcat, Km and catalytic efficiency
(kcat/Km) values for hydrolysis of ampicillin, nitrocefin and cephalosporin C were very
similar to the wild type values for all enzymes tested. Therefore, consistent with their
location far from the active site, the substitutions do not alter the catalytic activity of the
enzymes. Taken together, the results suggest that the high frequency of the substitutions
relative to wild type after the ampicillin selection is due to increased stability of the
enzymes, which would be predicted to increase the half-life and expression levels of β-
lactamase in the periplasm of E. coli.

The location of the ten substitutions (V31R, D35Q, E48L, F60Y, G78A, S82H, Q90H,
G92D, N100D, and L201P) that were found to increase the ampicillin resistance levels of
the TEM-1 L76N mutant are shown in Supplemental Fig. S2. They are dispersed widely on
the structure of the enzyme and occur at various distances from L76N and also exhibit a
range of values for solvent accessible surface area (Table S4). Thus, there is not an obvious
trend in location or side chain characteristics that distinguishes the stabilizing substitutions.

The V31R and G92D stabilizer mutants are of particular interest with regard to the
discussion above on the optimal distribution of charged surface residues. Both of the
mutants involve the introduction of a new charged residue at the surface of the protein that
results in stabilization of the protein. Molecular modeling of the substitutions suggests both
the V31R and G92D substitutions would introduce favorable new charge-charge interactions
on the surface of the enzyme. In the wild type enzyme Val31 is 80% solvent exposed and
the V31R substitution could introduce a new salt bridge with the side chain of residue
Glu28. In the wild type enzyme the Glu28 side chain does not interact with other TEM-1
residues. Gly92 is 55% solvent exposed and the Asp substitution would be highly solvent
exposed. Depending on the side chain rotamer, the Asp carboxyl could interact with the
guanidinium group of Arg94 or Arg120 and/or hydrogen bond with the side chain of Asn90.
Thus, the V31R and G92D substitutions are predicted to optimize charge-charge and
hydrogen bonding interactions on the surface of the enzyme.

The TEM-1 β-lactamase has been the subject of intense study with regard to protein
structure, function and evolution and a number of substitutions have been identified that
stabilize the enzyme including P62S, V80I, G92D, R120G, E147G, H153R,M182T, L201P,
I208M, A184V, A224V, I247V, T265M, R275L/Q, and N276D19,24,25. With the exception
of G92D and L201P, these mutants were not among the positions in Table 2 that contained
substitutions that appeared at a higher frequency than wild type after the ampicillin
resistance selection. There could be multiple reasons for this but one explanation lies in how
the randomization experiments were performed. The libraries were constructed by
randomizing three and in a few cases more than three, positions while none of the libraries
were randomized at a single position (Fig. 1). Randomizing multiple positions could
influence the frequency at which certain substitutions appear. In fact, randomizing multiple
positions rather than a single position is likely what allowed the detection of any stabilizing
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substitutions. It is known that stabilizing substitutions such as M182T when introduced into
the wild type enzyme do not greatly increase ampicillin resistance because the wild type
enzyme is already very stable16,23. Thus, if a single position were randomized, there would
be no ampicillin resistance advantage for mutants with increased stability and the frequency
of these substitutions would not be greater than wild type. In contrast, when three positions
are simultaneously randomized, a stabilizing substitution at one position can act as a
suppressor of destabilizing substitutions at other positions to increase ampicillin resistance
and therefore will be found at a higher frequency than wild type among the sequenced
clones. Therefore, the observation that a substitution exists at a higher frequency than wild
type is a good indication that it alters the properties of the enzyme such as increasing
stability, but deep sequencing of the libraries will have false negatives, i.e., the failure to
identify a stabilizing substitution such as M182T by the frequency of substitutions could be
due to particular characteristics of the neighboring residues in the library.

It is also worth noting that, by the same argument as that above, the randomization of three
codons could influence the frequency at which certain substitutions appear in this
experiment in that if a substitutions at neighboring position in the same library can increase
enzyme stability it could alter the spectrum of substitutions observed at a position compared
to if that position were randomized alone.

Comparison of information from deep sequencing versus an alignment of
class A β−lactamases

As indicated above, deep sequencing of functional clones from random libraries provides
detailed information on sequence requirements at any given position. An interesting
question is whether the same information is obtained from analysis of sequence conservation
in an alignment of sequences from a protein family. We have previously assembled and
aligned a collection of 156 class A β-lactamases including the TEM-1 enzyme27. This
alignment was used to calculate the effective number of substitutions at each position (k*) as
well as a ΔΔGstat value for each substitution at each position using TEM-1 as the reference
sequence (Table S5). The results of the k* determinations revealed many positions in β-
lactamase that differ substantially for tolerance to amino acid substitutions in the deep
sequencing versus protein alignment based calculations as seen in Figure 8A. Thus, there are
many positions that exhibit stringent sequence requirements (low k*) based on the deep
sequencing and yet are not strongly conserved (high k*) in the alignment and vice versa
(Fig. 8A). As a result, a plot of k* values obtained from deep sequencing versus alignment
reveals a significant, but relatively weak correlation (r2=0.22, P value<0.0001) (Fig. 8B).

An examination of positions where k* differs substantially between deep sequencing and
alignment results reveals possible explanations for the observed differences in the mutants
versus the family. A large percentage of the residues that exhibit more variation among the
mutants than in the alignment are surface exposed positions that exhibit conservation of
charge or hydrophilicity in the alignment. The average solvent accessible surface area of
residues with a difference in k* values from mutagenesis versus the alignment of >7 is
50.6% (Table S5). Some examples that differ in k* by ≥9 are TEM-1 positions Lys55
(k*mut 11.8, k*align 2.0), Glu63 (k*mut 11.5, k*align 4.0), Ser124 (k*mut 15.4, k*align
6.4), and Thr195 (k*mut 15.9, k*align 4.2) (Tables S2, S5). Within the class A β-lactamase
alignment, position 55 is most often deleted and among the remaining enzymes is largely
Arg or Lys, which results in the low k* score for the alignment (Table S5). In the
mutagenesis experiment, position 55 is often substituted by charged residues but also other
hydrophilic residues which leads to a much higher k* score (Table S2). Similarly, Glu63 is
on the surface of TEM-1 and is substituted by a number of residue types in the mutagenesis
experiment (Table S2). In the class A family, however, the position is dominated by Asp,
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Glu, and Asn residues leading to a low k* value (Table S5). Ser124 is partially surface
exposed in TEM-1 and the side chain is oriented so that substitutions will extend into
solvent. The position is substituted most often by Asp or Asn but many other residues are
observed among the mutants (Table S2). In contrast, position 124 is dominated by Ala or
charged residues in the class A β-lactamase alignment which results in a low k* value
(Table S5). Finally, Thr195 is largely surface exposed on TEM-1 and is substituted by a
number of residues in the mutagenesis experiments while position 195 is often occupied by
Leu or Val in the class A alignment resulting in a low k* value. Surface exposed residues
that are far from the active site are often freely substituted in mutagenesis experiments. The
low sequence variability observed for these positions in the class A alignment could reflect
the sequence requirements to maintain solubility of the individual class A enzymes that
differ from the requirements for TEM-1 β-lactamase.

The explanation for the positions where the variability of the sequences observed among the
selected mutants is significantly lower (low k*) that the variability in the class A enzyme
alignment (high k*) appears highly case-specific (Table S5). For example, position 31 is a
surface exposed valine in TEM-1 and exhibits a k* value among mutants of 3.2 versus 10.9
in the class A alignment. The relatively low k* value for the mutants is due to the
dominance of Arg31 mutants among the functional clones (Table 2, Table S2). The
dominance of Arg31 is presumably due to the strong stabilizing effect of the arginine
substitution (Fig. 7). Other substitutions at position 31 may be consistent with wild type
levels of function but they are outcompeted by the Arg mutant.

In other cases, it appears that the residue of interest occupies an environment that is unique
to TEM-1 and makes an important contribution to enzyme structure and function. An
example is the carboxy-terminal Trp290 residue in TEM-1 that fills a large hydrophobic
cavity and is ideally positioned for a cation-pi interaction with Arg259. This position
exhibits a low k* value (1.1) for the mutants but a high value (7.2) based on the class A
alignment (Tables S2, S5). The Arg259 guanidinium group is also positioned to form a salt
bridge with the terminal carboxylate of Trp290 (Fig. 9). Within the class A alignment
position 290 is dominated by hydrophobic residues but many different types are observed
including Leu, Ile, Val, Tyr, Ala and Met which results in a higher k* value. Arg259 also
has a low k* value (1.6) in mutagenesis experiments and a modestly higher value of 4.6 for
the alignment. Interestingly, Arg at 259 is rare in the alignment, which is dominated by Leu,
Ile and other hydrophobics. An example of the structure of the position 259-290
environment in another class A enzyme (CTX-M-16) is shown in Fig. 9 where leucine is
present at both 259 and 290 and the residue interactions are strikingly different than those
observed in TEM-128. Thus, the environment of the Trp290 side chain in TEM-1 is unique
in the class A family and explains the sensitivity of the positions to substitutions in the
mutagenesis experiments but not in the alignment.

Another example of a residue that is not substituted in the mutagenesis experiments but
varies among class A enzymes involves Lys32 in the TEM-1 enzyme (Fig. 9). This position
exhibits a low k* (2.7) in mutagenesis experiments but a higher value (10.0) in the class A
alignment. This appears to be due to interactions that occur between Lys32 and Asp35 and
Gln278 in TEM-1 that do not occur in other class A enzymes such as CTX-M-16 as shown
in Fig. 928. Therefore, a unique environment in TEM-1 whereby residues that are not
conserved in the class A family make important interactions for TEM-1 structure and
function appears several times and may be a common reason for the difference between k*
values in TEM-1 versus the gene family.

Statistical ΔΔG values were also calculated for each possible substitution at each residue
position based on the alignment of 156 class A β-lactamases using the TEM-1 sequence as a
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reference (Table S5). The ΔΔGstat and k* values are related in that positions with low k*
values exhibit high (unfavorable) ΔΔGstat for most substitutions and positions with high k*
display ΔΔGstat values near zero or negative for individual substitutions. A comparison of
ΔΔG values calculated from the mutagenesis versus the class A alignment reveals a
significant but relatively weak correlation (r2=0.25, P value <0.0001) as observed for the
correlation of k* values. The reason for the weak correlation is similar to that for k*, i.e.,
there are multiple residue positions that are more tolerant of substitutions in TEM-1
mutagenesis experiments versus conservation in the alignment and vice versa. The
explanations provided for the k* observations also apply for ΔΔGstat values. For example,
in the TEM-1 mutagenesis experiments, all substitutions are highly deleterious at Trp290 as
indicated by ΔΔGstat values >4.0 and all substitutions except lysine at Arg259 exhibit
ΔΔGstat values ≥3.0 (Table S2). In contrast, there is a wide range ΔΔGstat values for
positions 259 and 290 in the class A alignment with Ile and Leu displaying negative
(favorable) values for both 259 and 290. These observations are consistent with the unique
environment at position 259-290 in the TEM-1 enzyme that, although not conserved in class
A enzymes, is nevertheless important for the structure and function of the enzyme (Fig. 9).
This observation may explain why the number of residues that do not tolerate amino acid
substitutions (k*<2) is higher in the mutagenesis experiments (63) compared to those from
the class A enzyme alignment (49).

Finally, it is worth noting that some differences in the variability of positions in the
alignment versus the mutagenesis experiments could be that the natural sequences are
phylogenetically related and so are not independent of each other while in the mutagenesis
experiments the substitutions are independent of one another and an amino acid type will not
appear frequently simply due to phylogenetic descent.

Conclusion
The use of deep sequencing of combinatorial libraries is a powerful method of exploring the
structure-function and evolution of a protein. Fowler et al described a similar approach to
study the structure and function of a human WW domain by selecting functional clones from
large combinatorial libraries by phage display followed by ultra high throughput
sequencing 29. In addition, the fitness effects of single amino acid substitutions over a nine
residue region of Hsp90 in yeast have been examined using deep sequencing of random
libraries 30. The ΔΔGstat values calculated in this study allow a quantitative comparison of
the impact of each type of amino acid substitution at a given position with respect to
ampicillin resistance, i.e., fitness of E. coli containing the mutant. Because the 454
sequencing experiment encompassed all 88 libraries, ΔΔGstat values are available for each
of the 19 possible amino acid substitutions for each of the 263 positions in the mature
TEM-1 β-lactamase (Fig. 6, Table S2). This provides a great deal of information about the
effect of amino acid substitutions on TEM-1, and, more generally, on protein structure and
function, which can be mined to explore questions of the impact of substitutions on stability,
solubility and organismal fitness. For example, this study has shown that impact of
substitutions on protein structure and function correlated with the chemical properties of the
amino acids. The study has also provided the average impact of a substitution by each type
of amino acid in a protein showing that tryptophan has the most deleterious and threonine
the least deleterious effect when introduced into a protein.

Natural variants of TEM-1 β-lactamase that are capable of hydrolyzing extended spectrum
cephalosporins such as ceftazidime or β-lactamase inhibitors such as clavulanic acid have
emerged in the past twenty years and are a common source of drug resistance in Gram
negative bacteria6. The random libraries and deep sequencing described here can be used to
determine the sequence requirements and evolutionary potential of TEM-1 or other
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β-lactamases for hydrolysis of these drugs by replacing the ampicillin selection with a
selection for ceftazidime or a β-lactam antibiotic-inhibitor combination followed by deep
sequencing of the functional clones.

Materials and Methods
TEM-1 β-lactamase random libraries

The 88 β-lactamase random libraries used for this study were constructed previously5. The
libraries were constructed in the pBG66 plasmid which encodes blaTEM-1 and cat and
therefore provides resistance to ampicillin and chloramphenicol. Eleven of these libraries
were constructed by random replacement mutagenesis and the relevant codons were
replaced with NNN (where N is any of the 4 nucleotides A,C,G,T), while the remaining 77
libraries were constructed using oligonucleotide directed mutagenesis by the method of
Kunkel and the codons were replaced with NNS, where S represents C or G5,31,32. The
libraries constructed by random replacement mutagenesis include 22-27, 37-42, 69-71,
72-74, 103-105, 161-164, 165-167, 168-170, 196-200, 238-241, and 251-254 (Fig. 1) 32.
Because the random replacement method results in the randomization of an even number of
nucleotides, some codons in these libraries are not completely randomized. These include
the codons for residues Pro22, Pro27, Glu37, Ala42, Thr71, Val74, Tyr105, Arg164,
Trp165, Glu168, Gly196, Arg241, and Asp254.

Selection of functional mutants on ampicillin agar plates and pooling
To select for functional random mutants, each of the 88 random plasmid libraries contained
in E. coli XL1-Blue was used to inoculate 5 ml of LB medium with 12.5 μg/ml
chloramphenicol and was grown overnight at 37 °C. Then 1.2 ml of the overnight culture
was diluted into different series: 1:10, 1:20, 1:40, 1:80, etc., and the diluted samples were
spread on LB agar plates containing 1 mg/ml ampicillin incubated overnight at 37°C.
Approximately 1000 clearly isolated single colonies for each library were then pooled
together and plasmid DNA was isolated using ZyppyTM Plasmid Miniprep kit (Zymo
Research) for further amplification and high-throughput sequencing.

The 454 GS FLX Titanium Series Amplicon Sequencing platform was used for high-
throughput sequencing. The blaTEM gene region covered by 88 random libraries includes
800 bps, which were divided into three sections. Section 1 contains libraries 22-27 to
109-111 (269 bps, 29 libraries). Section 2 contains libraries from 112-114 to 196-200 (267
bps, 30 libraries) (Fig. 1). Section 3 contains libraries 201-203 – 288-290 (264 bps, 29
libraries). The plasmid DNA after selection from each library was PCR amplified according
to sections. Libraries in the same section were amplified using the same PCR primers to
amplify top and bottom strands of sequence plus the adapter tags for 454 Titanium
sequencing (Supplementary information, Fig. S3). The primers used are listed in
Supplementary Information, Table S6.

The 454 sequencing platform requires 5 – 10 μg DNA for a single run. To fulfill the
requirement, 50 μL of PCR reaction for each section top and bottom strand were performed.
The section 2 amplified libraries (from 112-114 to 196-200, 30 libraries including top and
bottom strands) were mixed and 454 sequencing was performed at the Human Genome
Sequencing Center (HGSC) at Baylor College of Medicine. The total DNA sample was
approximately 10 μg. After obtaining long, highly accurate sequencing reads for the pooled
section 2 PCR products, the process was repeated with section 1 and section 3 DNA
combined in a single 454 run using the same methods.
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Data processing and analysis of 454 sequencing reads
Because the libraries were pooled for sequencing, it was necessary to extract the mutant
sequences for each library from the large collection of sequence reads. A custom Perl script
was developed to extract the mutant sequences for each library by using matches to the
sequences 5 base pairs (bp) upstream and downstream of the library as the frame. For
example, the 5 upstream bases of the 220-222 library are GACCA, the 5 downstream bases
are TCGGC and the length of the 220-222 library is 9 bps. Any read that contains a 9 bp
sequence with the GACCA and TCGGC flanking the 9 bp is extracted by the script and
translated into amino acid sequence. In the program, only the sequences in accordance with
NNSNNSNNS (where N indicates A, T, C or G, and S indicates C or G) are extracted, i.e.,
the program also requires a C or G at the 3rd position in each codon. The NNS rule is
enforced because NNS codons were designed into the mutagenic oligonucleotides for the
randomization experiments5. Because this is required for the three consecutive codons in the
library, it effectively eliminates the extraction of wild type, non-mutagenized sequences
because the wild type sequences for the positions randomized in the libraries do not have C
or G at the 3rd position for each codon.

Eleven libraries (22-27, 37-42, 69-71, 72-74, 103-105, 161-164, 165-167, 168-170, 196-200,
238-241, and 251-254) were constructed using a different randomization procedure in which
the codons were randomized with NNN rather than NNS32. For these libraries, the program
was adjusted to extract the mutated sequences while filtering the wild type sequences. For
instance, 165-167 was randomized as the following, 5’-GAT CGT TNN NNN NNN GAG
CTG. The program captured any reads that match TCGTT at the 5’ end and GAGCT at the
3’end while excluding wild type sequence GGGAACCG in the randomized region. It is
worth noting that there are only 2400 possible amino acid combinations in 165-167 because
the number of possible amino acids sequences for TNN is 6. In addition, because of the
degeneracy of the genetic code, there are 7 nucleotide sequences consistent with a wild type
amino acid sequence for this example and so the true wild type nucleotide sequence (which
is filtered out by the program) represents only 1/7 of the wild type amino acid sequences
present in the library.

Each round of 454 sequencing returned two files – the FASTA sequence file (.fna) and the
quality score file (.qual). A total of 366,316 reads were obtained from the first round of 454
sequencing (section 2 libraries). The average length of the sequences was 407 bp. A total of
353,920 reads were obtained from the second round of sequencing (section 1 & 3 libraries
combined together). The average length was 357 bp. The number of sequencing reads was
limited by the usage of the 454 picotiter plate. For GS FLX Titanium Series, the
PicoTiterPlate (PTP) Device contains 3.5 million wells (in practice, no more than one-half
of the wells are occupied with beads). In our experiment, 1/8 of the 454 PTP was used in
each round of sequencing.

The .qual file contained Phred equivalent quality scores associated with each base pair in the
sequence file. Since the errors usually occur at the ends of the reads, the distribution of
errors was not random. Most of the quality scores for the library sequencing were over 30
(meaning > 99.9% accuracy) while the scores dropped steadily near the ends of the reads. In
order to compensate for the sequencing errors near the ends and to avoid bias, the
complementary strand was also sequenced from 5’ end to 3’end. In addition, since the
library mutant sequences were only extracted if they contained exact matches to the 5 base
pairs flanking either side of the library, sequences from poor quality reads were largely
eliminated.
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DNA sequencing error rate
The error rate associated with 454 DNA sequencing of the pooled mutant libraries was
estimated by taking advantage of the fact that the each mutant library represents a small
window of sequence (9 bp) in a read that is otherwise wild type sequence. DNA sequencing
errors were detected and the mutation rate was determined by first excluding the randomized
region and the 5 bp upstream and 5 bp downstream to obtain the sequences outside the
randomized window for each read. These sequences were then compared with the wild-type
blaTEM-1 gene sequence template and the number unmatched base pairs and matched base
pairs at each nucleotide position was determined and the frequency of mutations was
calculated from number of unmatched bases divided by the total number of bases sequenced
for each nucleotide position. This number provides an estimate of the probability of errors
occurring at each position in the TEM-1 gene. The total number of unmatched bases divided
by the total number sequenced was calculated to estimate the total error rate. The total error
rate was estimated to be 0.0237 (2.37%). The regions making the largest contributions to
error were homopolymeric tracts of nucleotides as well as the regions near the middle of
each PCR section which contain relatively more ends of reads from the sequencing using
primers from either end of the PCR fragment.

k-star calculations
The effective number of substitutions at each positions (k*) was calculated using the method
of Shenkin using the equation below10:

where S is the entropy, pi stands for the fraction of times the ith type appears at a position
and k is the number of different amino acid residue types that appear at a position. Note that
for the k* calculations, the value for fraction of times an amino acid residue type appears at
a position (pi) was adjusted for the number of codons encoding the amino acid type. For
example, the large majority of the libraries were constructed using NNS codons which
results in a 32 codon genetic code table. The number of occurrences of Arg, Leu, and Ser
sequences was divided by three to account for three different codons for these amino acids.
The number of Ala, Gly, Pro, Thr, and Val sequences was divided by two to account for two
codons for these amino acids. The number of sequences for the remaining amino acids was
not adjusted because there is only one codon for each when using NNS codons. For those
eleven libraries using NNN codons (see above), the number of occurrences of each amino
acid type was adjusted using the appropriate codon numbers.

Heat map construction and correlations of amino acid substitutions
Predicted ΔΔGstat values for each amino acid substitution for every position on TEM-1
were compiled into a two-color heat map using Multiexperiment Viewer33. The pairwise
similarity of all each of the 20 amino acid substitutions was calculated as the Pearson
correlation coefficient of these calculated ΔΔGstat values for all positions on TEM-1.
Amino acid substitutions were grouped by hierarchical clustering using the average linkage
method in Multiexperiment Viewer34.

Protein purification and kinetic analysis
The TEM-1 β-lactamase and its substituted variants were purified to >95% homogeneity and
the kinetic parameters were determined as previously described19. Substrate hydrolysis was
observed for ampicillin, nitrocefin, and cephalosporin C with a DU800 spectrophotometer at
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wavelengths 235nm, 482 nm and 280 nm, respectively. These experiments were performed
in 50 mM sodium phosphate buffer at 30°C. Bovine serum albumin was added to the buffer
at a concentration of 1 mg/mL for the nitrocefin substrate. The initial velocities were
determined and fitted to the Michaelis-Menton equation using GraphPad Prism5. The initial
velocities were measured in at least duplicate trials to determine the kinetic parameters.

Thermal denaturation
The thermostability of the β-lactamases was determined as previously described19. The β-
lactamases were first buffer exchanged into 50 mM potassium phosphate. The far-UV CD
signal at 223 nM was measured with a JASCO-810 CD spectrophotometer as the sample
was increased in temperature from 35°C to 70°C at a rate of 2°C/min increments. The β-
lactamases were shown to refold in that 95% of the signal was recovered when the sample
was cooled back to 35°C at a protein concentration of 1.5μM. These experiments were
performed in at least triplicate. The melting temperatures (Tm) were determined by fitting
the fraction denaturation to a Boltzmann sigmoidal curve. The changes in enthalpy and
entropy were determined by the fitting of the Van't Hoff equation, ln K = − H/RT + S/R,
using GraphPad Prism5. The Becktel and Schellman method, ΔΔGu = ΔTmΔSWT, was used
to calculate the ΔΔGu

35.

Ampicillin resistance determinations
The ampicillin resistance levels of mutants was assessed by minimum inhibitory
concentration determinations or by assaying the highest dilution at which colonies grew on
ampicillin agar plates using a spot test. Ampicillin MIC measurements were performed
using E-test strips or by ampicllin broth dilutions, as described previously. The spot test
experiment was performed by serial dilution of cultures that had been grown overnight in
LB medium at 37oC to saturation phase. The serial dilutions were done in a final volume of
200 μl in a 96-well microtiter plate. A total of 10 μl of each dilution was spotted onto agar
plates containing increasing concentrations of ampicillin. This procedure follows that
described by Foit et al20.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Position of random libraries on TEM-1 β-lactamase sequence. The nucleotides randomized
for each library are boxed. The amino acids randomized for each library are indicated above
each box.
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Figure 2.
Ultra-high throughput sequencing of TEM-1 β-lactamase random libraries. A. 158-HVT-160
random library and list of sequences of ampicillin resistant clones obtained by 454 DNA
sequencing. A total of 8635 sequence reads were obtained. B. Summary of 158-160 library
sequencing results. The wild type sequence is at top and the amino acids found among
ampicillin resistant clones are listed below. The number of times an amino acid type
occurred is indicated by the superscript number. C. 242-GSR-244 library and list of
ampicillin resistant clone sequences. D. Summary of 242-244 library sequencing results. E.
Location of amino acid residues 158-160 and 242-244 on the TEM-1 β-lactamase structure
(PDB code: 1BTL). A ribbon diagram of the TEM-1 structure is shown with the highlighted
boxes containing a side chain view of the regions. The active site residue Ser70 is indicated
in yellow.
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Figure 3.
Graph indicating the effective number of amino acid substitutions (k*) at each residue
position in TEM-1 β-lactamase that are consistent with high levels of ampicillin resistance.
Positions with low k* values do not tolerate substitutions while positions with high k*
values can accept many different substitutions and retain high levels of function.
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Figure 4.
Summary of the effective number of amino acid substitutions (k*) on the structure of
TEM-1 β-lactamase. At left is a view of enzyme with the active site serine 70 indicated with
an arrow. At right is a 180o rotation of the structure. The color of the amino acid residues is
based on the observed k* values. Red, k*<5; yellow, k*<10; green, k*>10.
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Figure 5.
Determination of ampicillin resistance levels of wild type and substitutions of surface
charged residues in TEM-1 β-lactamase. The ampicillin resistance level of E. coli containing
each mutant was measured by spotting serial dilutions of cultures containing each mutant on
agar plates containing increasing concentrations of ampicillin. The maximum dilution for
which growth of colonies occurred is indicated on the y-axis versus the concentration of
ampicillin in the agar plates on the x-axis.
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Figure 6.
Heat map representation of ΔΔGstat values for each randomized position in TEM-1
β-lactamase. The X-axis lists each residue position while the Y-axis indicates each of the
two amino acid types. Each column above the residue position is therefore the set of
ΔΔGstat values for each amino acid substitution. The correspondence between heat map
color and ΔΔGstat is shown at lower right. Positive ΔΔGstat values indicate a residue occurs
at a frequency lower than the frequency of the wild type residue (red) while a negative value
indicates the residue occurs more frequently than the wild type (green) residue among the
sequenced ampicillin resistant clones. The order of the amino acid rows (Y-axis) were
clustered by comparison of the ΔΔGstat patterns for each amino acid type. Residues that are
in the same branches of the tree exhibit similar effects on ΔΔGstat values.Pearson
correlation coefficients are shown adjacent to the hierarchical tree of amino acid
substitutions.
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Figure 7.
Thermal denaturation curves of wild type TEM-1 and selected β-lactamase variants obtained
from circular dichroism measurements at increasing temperatures. Fractional changes in the
CD signal are shown for the wild-type (black), V31R (red), and G78A (green).
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Figure 8.
Comparison of the effective number of substitutions (k*) determined from TEM-1 β-
lactamase mutagenesis experiments versus an alignment of class A β-lactamase sequences.
A. Bar graph indicated the difference in k* between the mutagenesis experiments and the
class A enzyme alignment. The values shown are k* mutagenesis - k* alignment. B. Plot of
k* values determined based on the class A alignment versus the random mutagenesis results.
Analysis reveals a correlation coefficient r2 of 0.22 with a P value <0.0001.
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Figure 9.
Comparison of TEM-1 and CTX-M-16 β-lactamase structures at positions 32 and 290
showing the difference in residue environment in the different class A enzymes. A.
Molecular environment of TEM-1 β-lactamase residues Trp290 and Arg259 (PBP ID
1BTL). B. Molecular environment of residue 290 in CTX-M-16 β-lactamase (PDB ID
1YLW). C. Environment of TEM-1 β-lactamase residue Lys32. D. Environment of CTX-
M-16 β-lactamase residue 32.
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Table 1

List of TEM-1 β-lactamase residue positions that are on the surface of the enzyme (>40% solvent accessible)
and not tolerant of amino acid substitutions (k*<5).

Residue position Effective number of substitutions (k*) Solvent accessible surface

31 3.20 80.3

53 3.97 55.7

87 4.03 79.0

93 1.09 43.4

94 2.5 46.8

96 1.36 71.6

98 3.30 54.6

101 3.72 41.9

104 3.17 73.0

111 4.92 74.0

112 2.51 45.2

121 1.52 49.2

143 2.92 58.3

156 1.97 57.3

174 2.92 63.2

175 2.49 95.8

223 2.48 42.1

226 1.96 41.3

240 1.71 68.9

252 3.60 42.7

271 2.89 75.3

272 3.03 53.4

273 4.07 80.3
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Table 4

Kinetic parameters of TEM-1 wild type and enzymes containing stabilizing substitutions.

Substrates Enzymes k cat (s-1) a km(μM) a kcat /Km (s-1/μM)

Ampicillin

WT 1768 53 34

V31R 1428 43 33

E48L 1436 44 33

F60Y 1845 46 40

G78A 2114 61 34

S82H 1473 37 40

G92D 2519 51 50

Nitrocefin

WT 1493 69 22

V31R 1538 84 18

E48L 1309 87 15

F60Y 1721 91 19

G78A 1928 87 22

S82H 1682 96 17

G92D 2767 87 32

Cephalosporin C

WT 49 499 0.098

V31R 53 518 0.10

E48L 44 418 0.10

F60Y 59 577 0.10

G78A 48 402 0.12

S82H 43 539 0.080

G92D 66 542 0.12

a
The standard errors of the kcat and Km values are ≤25%
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