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Abstract

Arylamine N-acetyltransferases (NATS) play an important role in the metabolism of arylamine and
hydrazine drugs and many arylamine pro-carcinogens. The two human N-acetyltransferases, NAT1
and NATZ2, are widely distributed in human tissues and highly polymorphic. While many xenobiotic
procarcinogens and drugs are known mammalian NAT substrates, it is unclear what physiological
roles these enzymes might play, what endogenous substrates they primarily act upon, or the
mechanisms underlying the functional effects of specific NAT gene coding region SNPs. Analyses
of mammalian NAT protein structures can greatly help to answer these questions. Homology
modeling techniques can be used to approximate mammalian NAT structures using known bacterial
NAT crystal structures as templates. In comparison to the bacterial template NATs used for homology
modeling, mammalian NATS have a 17 residue insert of unknown structure and function. Homology
modeling analyses yielded two different alignments (Modeller 8v1 or 3DCoffee algorithms) that
placed this insert in two likely alternative locations. Secondary structure prediction techniques and
experimental analyses of a series of human NAT2 mutants with artificial deletions/replacements of
the insert region distinguished one of these alternatives as the most likely insert location and provided
a better understanding of its structure and function. This study demonstrates both the utility and
limitations of computational structural modeling with proteins that differ as much as the mammalian
and bacterial NATSs.

INTRODUCTION

Arylamine N-acetyltransferases (NATS; EC 2.3.1.5) catalyze the N-acetylation of arylamines
and hydrazines and O-acetylation of N-hydroxy-arylamines and heterocyclic amines. These
reactions are important for the activation and deactivation of exocyclic amine-containing pro-
carcinogens, and for the metabolism of some pharmaceutical drugs (Weber and Hein, 1985).
In a ping-pong bi-bi reaction mechanism, the enzyme first acetylates the active site cysteine
using acetyl-coenzyme A, and then transfers the acetyl group to the substrate’s exocyclic
nitrogen (N-acetylation) or the oxygen of its oxidized exocyclic nitrogen (O-acetylation) (Hein,
1988). While N-acetylation is typically considered a deactivation step, O-acetylation is an
activation step, resulting in the formation of reactive arylnitrenium species that can react with
DNA to form adducts (Hanna, 1996). Since human NAT genes are highly polymorphic, it is
important to understand how different NAT genotypes alter N-acetylation phenotypes, thereby
influencing cancer susceptibilities and pharmaceutical drug toxicities (Hein et al., 2000).

Expression of human NAT1 and NAT2 is widely distributed throughout body tissues (Barker
etal., 2006; Husain et al., 2007). While many xenobiotic NAT substrates have been discovered,
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only one potential endogenous substrate, p-aminobenzoylglutamate, has been discovered
(Minchin, 1995). Therefore, it is highly probable that other yet unknown endogenous NAT
substrates and physiological roles exist. Discovery of potential substrates and useful inhibitors
is limited by our knowledge of mammalian NAT enzyme structure.

To-date no publication has described the crystal structure of mammalian NATSs. For this reason,
investigators have utilized homology modeling techniques to gain clues about the key structural
characteristics of mammalian NATS, including the location and potential mechanism(s) of
SNPs, and the shape of the active site for computational docking of NAT substrates (Rodrigues-
Lima et al., 2001; Rodrigues-Lima and Dupret, 2002; Kawamura et al., 2005; Lau et al.,
2006). Quality mammalian NAT structures could be used to rationalize experimental data and
screen for potential substrates and inhibitors, potentially pointing to an endogenous
physiological role. There are limitations to homology modeling techniques, however, since
they sometimes rely on incomplete structural template information.

Bacterial NAT crystal structures were used as templates to create the aforementioned
mammalian NAT homology models. Bacterial NAT crystal structures have been solved for
Salmonella typhimurium, Pseudomonas aeruginosa, Mycobacterium smegmatis, and
Mesorhizobium loti, and can be found with Protein Data Bank accession numbers 1E2T, 1IWA4T,
1GX3, and 2BSZ, respectively (Sinclair et al., 2000; Sandy et al., 2002; Westwood et al.,
2005; Holton et al., 2005). Alignment scores between bacterial and mammalian NAT protein
sequences, and among the bacterial NAT sequences, are relatively low (~ 30%). Aligning
mammalian and bacterial NAT protein sequences reveals important differences between the
bacterial and mammalian NAT protein structures that could limit the utility of the mammalian
NAT homology models.

Several studies describe what appears to be an inserted sequence in the second domain of
mammalian NATs when aligned with bacterial NATs (Payton et al., 2001; Kawamura et al.,
2005; Lau et al., 2006). Although this insert is sometimes referred to as a loop or coil because
of its unstructured appearance in homology models, the lack of a template structure for this
region is immediately responsible for these designations. Homology modeling can only
generate structure for a target protein sequence if a corresponding template structure sequence
is provided. Previously reported studies modeled mammalian NATs with this insert adjacent
to the active site pocket (Kawamura et al., 2005; Savulescu et al., 2005; Lau et al., 2006), while
other studies place it in a different location (Payton et al., 2001) or do not recognize its existence
(Rodrigues-Lima et al., 2001).

It is unknown whether this insert has defined secondary structure and is integrated into the
second domain beta barrel, or if it takes the form of an unstructured loop or coil. In the latter
case, a loop adjacent to the active site pocket could affect the size, shape, and/or accessibility
of the active site pocket. In addition, since the location of the loop in a homology model is
determined by the placement of the insert in the alignment, as is demonstrated by the differences
in previously reported alignments (Payton et al., 2001; Rodrigues-Lima et al., 2001; Savulescu
et al., 2005; Lau et al., 2006), it is possible that a slightly different or more optimal alignment
could place the insert in a different location.

Our homology modeling analyses yielded two different, and apparently equally valid,
alignments that placed this insert in two different locations. We used secondary structure
prediction programs and designed a series of human NAT2 deletion mutants to positively
define the insert location and better understand its structure and function.
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METHODS

Homology Modeling

Human NAT2 and bacterial NAT sequences from Salmonella typhimurium, Pseudomonas
aeruginosa, and Mesorhizobium loti were aligned using the Modeller 8v1 auto align function
and the 3DCoffee alignment algorithm (Sali and Blundell, 1993; O’Sullivan et al., 2004). The
known crystal structures for Salmonella typhimurium, Pseudomonas aeruginosa, and
Mesorhizobium loti NATs (PDB accession numbers 1E2T, 1WA4T, 2BSZ) were used as
template structures for creating homology models of human NAT2. The Modeller and
3DCoffee alignments, with bacterial NAT template structural information, were used to
generate homology models by satisfaction of spatial restraints using the program Modeller 8v1
(Sali and Blundell, 1993).

Secondary Structure Prediction

N-acetyltransferase protein sequences from Salmonella typhimurium, Pseudomonas
aeruginosa, Mesorhizobium loti, and human NAT2 were evaluated using twelve secondary
structure prediction programs: APSSP2, PROF king, PROF sec, PORTER, JPRED, JUFO,
SCRATCH, SABLE1, SABLE2, SAM-T99, PSlpred, and YASPIN (McClelland and
Rumelhart, 1988; Kneller et al., 1990; Rost, 1996; Karplus et al., 1998; Cuff and Barton,
2000; McGuffin et al., 2000; Ouali and King, 2000; Meiler et al., 2001; Raghava, 2002;
Adamczak et al., 2004; Adamczak et al., 2005; Cheng et al., 2005; Lin et al., 2005; Pollastri
and McLysaght, 2005). Secondary structure predictions were then aligned based on Modeller
or 3DCoffee protein sequence alignments.

Human NAT2 Mutation

A 17 residue segment was deleted from human NAT2, at 157-173 or 167-183 based on
Modeller and 3DCoffee alignment results, respectively. Residues immediately surrounding the
deletion site were replaced by beta turn-facilitating residues in order to prevent disruption of
the beta barrel secondary structure. Eight different deletion mutants were created. For the
Modeller-based deletion, turns QEGST, PHAG, ANDH, and SDGSD were inserted on either
side of the deletion in four different deletion mutants. For the 3DCoffee-based deletion, turns
HHEH, GRSG, GG, and GGSG were inserted on either side of the deletion in four different
deletion mutants. In both sets of mutants, the first three turns match turn residues found in the
same location in structures 1E2T, 1WA4T, 2BSZ, respectively (Figure 1), and the fourth turn
was made entirely of “turn promoting” residues (Paul and Rosenbusch, 1985). Codons chosen
for the turn residues were based on the codon usage table for Homo sapiens (www.kazusa.or.jp/
codon).

The human NAT2 nucleotide sequence was mutated by overlap extension (Horton et al.,
1989). Human NAT2 coding region sequences on either side of the targeted deletion were
amplified independently by polymerase chain reaction (PCR) from a prokaryotic expression
vector pKK223-3 containing human NAT2 (Ferguson et al., 1994), using plasmid-specific and
human NAT2-specific primers (Table 1). Each set of NAT2-specific primers contained
complementary nucleotide sequences coding for the replacement turn residues. For each
mutant, the two separate PCR products were combined, denatured at 98°C, and the
complementary sequences allowed to anneal at 30°C, followed by overlap extension using
nested forward and reverse human NAT2-specific PCR primers. The forward and reverse nested
primers introduced restriction sites EcoR1 and Hindlll, respectively. Independent duplicates
of each mutant were cloned and expressed in parallel as cloning and expression controls.

A restriction fragment length analysis using restriction enzymes Kpnl and Apol was used to
verify the successful removal of the 17 residue segment in the Modeller-based and 3DCoffee-
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based deletion mutants, respectively, prior to cloning. Successful deletion of the Modeller-
based insert changed the Kpnl digestion pattern from one to zero cuts. Successful deletion of
the 3DCoffee-based insert changed the Apol digestion pattern from two to one cut. Digestion
products were resolved on a 1% agarose gel.

Cloning, Sequencing, and Expression

Independent duplicates of the reference human NAT2 coding region were cloned and expressed
in parallel with the independent duplicates of each mutant. All were directionally cloned into
pKK223-3 bacterial expression vector (Pharmacia-LKB Biotechnology, Piscataway, NJ) using
EcoRI and Hindlll restriction sites as described previously (Doll and Hein, 1995).

The expected nucleotide sequence was confirmed by automated sequencing of sense and
antisense strands as previously described (Walraven et al., 2006) using human NAT2 specific
sequencing primers (Table 1), prior to transformation and expression in JM105 strain
Escherichia coli as previously described (Chung and Miller, 1988; Chung et al., 1989; Doll
and Hein, 1995). Bacteria were lysed by sonication in homogenization buffer as previously
described (Doll and Hein 1995), and total bacterial lysate protein concentration was determined
for each expression (Bradford, 1976).

Enzyme Activity and Stability

RESULTS

As a measure of NAT2 enzyme activity, sulfamethazine (SMZ) N-acetylation assays were
performed by incubating bacterial lysate, 1 mM acetyl-coenzyme A, and 300 uM SMZ at 37°
C for 10 minutes under linear rate conditions, and the reaction was stopped by adding 1/10
volume of 1 M acetic acid. Control reactions substituted water for acetyl-coenzyme A.
Acetylated SMZ product was separated and measured using a Beckman System Gold high-
performance liquid chromatography system as described previously (Leff et al, 1999).
Sulfamethazine is a NAT2-selective substrate (Grant et al., 1991).

Thermostability was measured by incubating the bacterial lysate (1 mg/ml) at 30°-50°C for
10 minutes, immediately followed by assays for SMZ N-acetylation as described above.
Results were normalized to activity of untreated lysate to give the percentage of activity
remaining.

Homology Modeling

Alignments between bacterial template NATs and human NAT2 revealed a 17 residue segment,
or insert, in human NAT2 that has no corresponding bacterial template sequence. Modeller
and 3DCoffee alignment algorithms placed this 17 residue insert in different locations, 157—
173 (GIWYLDQIRREQYITNK) and 167-183 (EQYITNKEFLNSHLLPK), respectively.

The NAT2 homology models were superimposible with the bacterial template structures, with
the Cys68-His107-Aspl122 catalytic triad positioned as expected in the active site pocket. Due
to a lack of structural template information, the 17 residue insert appeared as loops in the second
domain of human NAT2. In the models, the Modeller alignment-based loop was located one
beta strand away from the 3DCoffee-based loop and away from the active site, whereas the
3DCoffee alignment-based loop was adjacent to the active site pocket (Figure 2).

Since these homology models were not used for detailed evaluation of specific residues or for
substrate docking, an analysis of the structural quality was not necessary. Such detailed
evaluations would require molecular dynamics simulations for structural optimization. The
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Modeller program generates models of sufficient quality for the immediate purposes of this
study.

Secondary Structure Prediction

Bacterial NAT secondary structure predictions were very similar to their actual secondary
structures as defined on the RCSB Protein Data Bank website (www.rcsb.org), thus providing
confidence that the human NAT?2 predictions also were accurate. The predicted bacterial NAT
and human NAT secondary structures were strikingly similar, with nearly all major secondary
structures shared (Figure 3). The individual prediction programs gave slightly different
variations for each sequence, but the prediction programs were overall very consistent.

When the bacterial NAT and human NAT?2 predictions were aligned based on the Modeller
alignment, the 17 residue human NAT?2 insert was located in the same place as a predicted beta
strand. In addition, a bacterial NAT beta strand on the c-terminal side of the insert did not
match up with a human NAT2 beta strand. This apparent mismatch was corrected when the
prediction results were aligned based on the 3DCoffee alignment. In this case, the 17 residue
insert did not have any predicted secondary structure and the surrounding predicted secondary
structures matched with the bacterial NAT secondary structures.

Another important observation was made regarding the C-terminal tail. The bacterial NAT C-
terminal helix found in all four known bacterial NAT crystal structures was not predicted for
the human NAT?2 sequence by any of the prediction programs.

Human NAT2 Deletion Mutants

Based on restriction fragment length analyses and complete sequencing results, the eight
different human NAT2 deletion mutants were successfully constructed and cloned into
bacterial expression vector pKK223-3. Duplicate clones of the reference and deletion mutant
human NAT2 provided highly reproducible results. This validates the cloning process and
expression system used in this study as highly consistent, as demonstrated previously
(Walraven et al., 2006).

Enzyme activity results (Figure 4) clearly demonstrated that deletion of the Modeller alignment
insert resulted in complete loss of enzyme activity, regardless of the turn used to replace the
residues surrounding the deletion. On the other hand, all of the 3DCoffee deletion mutants had
measurable N-acetylation activity. The activities for these mutants were highly variable, with
one turn variant exhibiting SMZ NAT activity nearly equivalent to the reference activity.

Thermostability measurements for the reference human NAT2 and the highest NAT2-activity
3DCoffee deletion mutant revealed that the deletion mutant was much less stable than reference
human NAT?2 (Figure 5). The reference NAT2 enzyme had only slightly reduced activity at
the higher temperatures, whereas the deletion mutant began losing activity at lower
temperatures and completely lost activity at the higher temperatures. One of the deletion
mutants with lower activity was also tested for thermostability, but no SMZ NAT?2 activity
was detectable after incubation at 32°C (data not shown).

Deleting the 17 residue insert resulted in decreased activity due at least in part to reduced
stability. The choice of turn residues was apparently also critical to the mutant enzyme’s
stability. The mutant with the highest activity was also the mutant with the shortest turn
substituted in for the segment, which was composed entirely of glycines (GG).
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DISCUSSION

Previous studies have used bacterial template structures to create mammalian NAT homology
models (Rodrigues-Lima et al., 2001; Rodrigues-Lima and Dupret, 2002; Kawamura et al.,
2005; Lau et al., 2006). However, since the generation of a homology model is not the primary
focus of this study, many of the structural details discussed in those studies will not be revisited
here. This study focused on the undefined and not well understood mammalian NAT insert.
Since homology models will conform to the template structure(s) provided, the regions that
lack a template require more attention. This is especially true when the regions in question
could influence the active site pocket’s shape and substrate accessibility.

Previous studies have generated alignments that placed the insert in different locations. Lau et
al. (2006) placed the insert residues at either 172-188 or 170-186 (in the alignment, QP is
repeated on both sides of the insert) which is modeled as a loop in the second domain, adjacent
to the active site pocket. The alignment published by Savulescu et al. (2005) places the insert
in the same location, and Kawamura et al. (2005) reported models with a loop also in the second
domain, adjacent to the active site. These three studies placed the loop close to the 3DCoffee-
based insert (167-183) described in our study. Payton et al. (2001) published an alignment
with the insert located at 156-172, which is nearly identical to the Modeller-based insert (157-
173) described in our study.

The results of the present study clearly identify the correct insert location and confirm that the
insert is a loop. The loop is not integrated into the secondary structure of the protein and has
no defined secondary structure. Since bacterial NATSs function well without an insert, it is
conceivable that deleting the loop in a way that facilitated the folding of the beta barrel at the
deletion site could result in active protein, probably with slightly altered characteristics. On
the other hand, it is much less likely that deleting the wrong insert location would yield an
active protein, since it would remove a significant portion of the surrounding beta barrel
secondary structure in the second domain. If the insert were not a loop, but were integrated
into the secondary structure of the protein, both deletions would significantly alter the fold of
the protein or prevent it from folding altogether.

When the 3DCoffee-assigned insert (167-183) was deleted, the enzyme remained active,

though with altered characteristics. On the other hand, deletion of the Modeller-assigned insert
(157-173) resulted in undetectable activity. These results support the conclusion that residues
167-183 are not only the correct insert location, but they form a loop that does not play a critical
role in the integrity of the beta barrel secondary structure. Deleting residues 157-173 probably
removed a portion of the second domain beta barrel and altered the folding and/or function of
the protein. For the purposes of this study, it is not necessary to know whether the loss of

activity was due to misfolding of the protein, altered protein function, or a combination of both.

Secondary structure predictions supported and confirmed these conclusions. According to the
alignments in Figure 3, deletion of the Modeller-assigned insert resulted also in the deletion
of a beta strand in the second domain beta barrel. This is consistent with the loss of activity
seen for the Modeller alignment-based mutants. In addition, no secondary structure was
predicted for the 3DCoffee-assigned insert, which is consistent with the conclusion that the
insert must be a loop or coil with no defined secondary structure, and not integrated into the
surrounding beta barrel. These results are also consistent with our hypothesis that the
mammalian NAT proteins can function without the loop.

The secondary structure prediction that the bacterial NAT C-terminal helix is not shared by
human NAT?2 suggests that the C-terminal tail is free to interact with the active site. The C-
terminal helix is likewise not predicted for human NAT1 or any of the rat Nats (unpublished
data). This would be consistent with previous reports that the 10 C-terminal residues are critical
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for control of acetyl-coenzyme A hydrolysis (Mushtaq et al., 2002). Since acetyl-coenzyme A
hydrolysis takes place in the active site, it is reasonable to assume that the C-terminal tail must
interact with the active site pocket.

Although the loop is not required for NAT catalytic activity, the reduced stability of loop-less
human NAT2 suggests that this loop may serve a role in stabilizing the protein’s structure.
How the loop might accomplish this task is beyond the scope of homology modeling. Our
models suggest that the loop could also play a role in active site access since it is adjacent to
the active site and flexible enough to extend over the bacterial NAT-like active site cavity.
Combined with the possibility that the C-terminal tail interacts with the active site, the active
site pocket could look much different than its representation in current homology models.

After our experiments were completed, the crystal structure for a mutant human NAT1 protein
was deposited into the RCSB Protein Data Bank under the code 21JA. Although the publication
describing this structure has not yet been released, it substantiates the findings of our human
NAT?2 study. The overall structure of our NAT2 model compares favorably to 21JA, with a
root mean square deviation of 1.4 A between the two structures. In addition, the NAT2 loop
location as determined by our study (167-183) is nearly identical to the 21JA loop residues
(165-185). Two structural differences between 21JA and our model are the association of the
loop with a beta strand in domain three, and the insertion of the C-terminal tail adjacent to the
active site pocket. These interesting structural features have a dramatic impact on the size and
shape of the active site pocket and rationalize the influence of the C-terminal tail on acetyl-
coenzyme A hydrolysis. These two major differences also support our study’s finding that the
loop may have a stabilizing effect on the protein’s structure, and make sense of the predicted
lack of secondary structure in the C-terminal NAT2 sequence. More information is needed
about the flexibility of these important structural features in solution.

This study demonstrates the strength of combining computational and experimental approaches
for determining protein structure and function. Based on the initial success of mammalian
crystallization attempts (21JA), it might be expected that the results of this study will be
confirmed by the eventual crystallization of human NAT2. This study identified the location
and potential function of the mammalian NAT loop and contributes to our understanding of
arylamine N-acetyltransferase structure and function.
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Arylamine N-acetyltransferase
SNP

single nucleotide polymorphism
sMz

sulfamethazine
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Salmonella
typhimurium HGEYRLMQEGSTWILQFRHHEHWQSMYCFDLGVQ
Pseudomonas O >— [ »>—[
aeruginosa EADAGQVHCVRLVDPHAGLYESAVRGRSGWLPLY
Mesorhizobium | lip— ) —— ) — )
loti EQKTPHEPFRIVEADDHFRLQAAIGGDWRSLYRF

Figure 1.

Bacterial template structure beta-barrel turn residues. Residues 146-179 are shown for all three
bacterial NATS, with beta sheet residues indicated by arrows and coil/turn residues by straight
lines. The first underlined segment on each line corresponds to the turn used for a Modeller-
based mutant, and the second for a 3DCoffee-based mutant. This figure was adapted from
information on the Protein Data Bank website (www.rcsb.org; accession numbers 1E2T,
1WA4T, and 2BSZ).
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167-183

Human NAT2 L RN Human NAT2
3DCoffee Alignment Mexorkizoblume lott NAT] Modeller Alignment
Figure 2.

Homology models of human NAT2, and the Mesorhizobium loti NAT1 bacterial template
structure (shown for reference). The Modeller alignment produces a second domain loop away
from the active site, whereas the 3DCoffee alignment produces a second domain loop adjacent
to the active site pocket. Asterisks identify the active site loop, and the residue numbers of each
insert are shown.
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Figure 3.

Secondary structure prediction results were aligned based on Modeller and 3DCoffee
alignments. This figure is designed to give an overall summary view of how prediction
programs assigned secondary structure and how the bacterial NAT and human NAT2
secondary structures align when the Modeller and 3DCoffee alignments are applied. Results
from twelve secondary structure prediction programs are listed under each NAT sequence.
Actual secondary structure is shown immediately beneath each bacterial NAT sequence. Blue
“E” characters represent beta sheets, and red “H” characters represent helices. A green bar
spans the insert residues according to each alignment. This figure is also provided as
supplementary data in a more legible format.
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Figure 4.

SMZ N-acetyltransferase activities of reference and mutant human NAT2. Mutants are labeled
according to the turn sequence used. Duplicate clones are indicated with “1” and “2” above
the sequence for each turn. Activity is nanomoles of product per minute reaction time per
milligram of total protein. Activity was not detected for substrates marked ND (limit of
detection = 0.06 nmoles/min/mg). Error bars indicate standard error (n = 3).
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Figure 5.

Thermostability of reference and mutant human NAT2. Percentage of SMZ activity remaining
plotted on the ordinate versus 10 minute incubation temperature on the abscissa. Error bars
indicate standard error (n = 3).
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Table 1

Primers Used For Mutant Construction and Cloning
Name Sequence Features
m-h2-1e2tF 5.CAGGAGGGCAGCACCCTTAATTCTCATCTCCTGCC-3P QEGST peptide
m-h2-1e2tR 5-GGTGCTGCCCTCCTGTGTCAAGCAGAAAATGCA 3P QEGST rc peptide
m-h2-1w4tF 5-AGACCCCACGCCGGCTTTCTTAATTCTCATCTCCTG-3P PHAG peptide
m-h2-1w4tR 5-AAAGCCGGCGTGGGGTCTCTCTTCTGTCAAGCAGA-3P PHAG rc peptide
m-h2-2bszF 5-GACAGAAGCCAACGACCACCTTAATTCTCATCTCCTGCC-3P ANDH peptide
m-h2-2bszR 5-AAGGTGGTCGTTGGCTTCTGTCAAGCAGAAAATGC-3P ANDH rc peptide
m-h2-CustF 5 ACAAGCGACGCCAGCGACCTTAATTCTCATCTCCTGCC-3P SDGSD peptide
m-h2-CustR 5-GTCGCTGGCGTCGCTTGTCAAGCAGAAAATGCA-3P SDGSD rc peptide
3d-h2-1e2tF 5-ATCCACCACGAGCACCACCAAAAAATATACTTATTTACGC-3P HHEH peptide
3d-h2-1e2tR 5-GTGGTGCTCGTGGTGGATTTGGTCCAGGTACCAG-3' HHEH rc peptide
3d-h2-1w4tF 5-ATCGGCAGAAGCGGCCACCAAAAAATATACTTATTTACGC-3P GRSG peptide
3d-h2-1w4tR 5-GTGGCCGCTTCTGCCGATTTGGTCCAGGTACCAG-3P GRSG rc peptide
3d-h2-2bszF 5-ATCAGGGGCGGCAAACACCAAAAAATATACTTATTTACG-3P GG peptide
3d-h2-2bszR 5.GTGTTTGCCGCCCCTGATTTGGTCCAGGTAC-3P GG rc peptide
3d-h2-CustF 5-ATCGGCGGCAGCGGCCACCAAAAAATATACTTATTTACGC-3P GGSG peptide
3d-h2-CustR 5'-GCCGCTGCCGCCGATTTGGTCCAGGTACCA-3' GGSG rc peptide
hNat2EcoRI-F 5-ATGCGAGAATTCATGGACATTGAAGCATATTTTGAAAGAATT-32 PCR, EcoR1
hNat2Hindl11-R 5-ATGCGAAAGCTTAAGGGTTTATTTTGTTCCTTATTCTAAAT-32 PCR, Hindlll
pKK-F 5-TTATCAGACCGCTTCTGCGT-3' PCR, Fwd-Seq
h2-Seq1F 5-CCGGGGTGGGTGGTGTCT-3' Fwd-Seq
h2-Seq2F 5-CACCTTCTCCTGCAGGTGACCAT-3' Fwd-Seq
h2-Seq3F 5-TTTGGTGGGCTTCATCCTCA-3 Fwd-Seq
pKK-R 5-GCTGTTGACAATTAATCATCGG-3' PCR, Rev-Seq
h2-Seq1R 5-CAACCTCTTCCTCAGTGAGAG-3' Rev-Seq
h2-Seq2R 5-ACATCTGGGAGGAGCTTCCA-3' Rev-Seq
h2-Seq3R 5-TGACCTGGAGACACCACCCA-3' Rev-Seq

a N L
Underline indicates restriction site

b Lo .
Underline indicates turn residue codons (rc = reverse complement)
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