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SUMMARY OF THESIS WORK 

All of the projects presented in this thesis involve the use of N-myristoyl 

transferase (NMT) to achieve selective and site-specific protein labeling in bacteria.  

Both in vitro and in live cells, NMT catalyzes the transfer of myristic acid, a fatty acid, to 

the N-terminus of its substrate proteins.  While NMT plays important roles in eukaryotes, 

such as regulating signal transduction via myristoylation of its substrate proteins and 

enabling the infectivity of HIV and other viruses,1,2 we examined NMT from the 

perspective of protein engineering.  Specifically, we sought to exploit the tolerance of 

NMT toward reactive analogs of myristic acid and the ability of NMT to label engineered 

proteins displaying a recognition sequence derived from a natural substrate.  Additional 

strengths that NMT naturally possesses are its specificity for the protein N-terminus, an 

attractive site for subsequent protein conjugation,3 and its orthogonality toward 

endogenous bacterial proteins.4  We took advantage of all of these features to develop a 

novel site-specific protein labeling system, and we evaluated our NMT-based system for 

different applications. 

First, we constructed a bacterial model system for NMT-mediated protein 

functionalization, which required NMT itself, a test protein, and a reactive fatty acid 

tolerated by NMT.  For these initial studies, summarized in Chapter II, we prepared two 

GFP-based substrate proteins, yARF-GFP and Fyn-GFP, named for the corresponding 

known NMT substrates, yARF and Fyn.  In addition, we elected to incorporate 

12-azidododecanoic acid (12-ADA), which we synthesized and purified, in place of 

myristic acid; we were drawn to the azide moiety because it can participate in three 

different bioorthogonal reactions.5  Each GFP-based substrate protein was co-expressed 
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with NMT in E. coli in the presence of 12-ADA.  Purification of each substrate protein 

and subsequent mass spectrometry experiments confirmed that NMT transfers 12-ADA 

to the protein N-terminus in quantitative yields.  Treatment of lysate samples containing 

either engineered substrate protein with an azide-reactive fluorescent dye showed that 

NMT labeled only the substrate protein within the complex cellular environment of 

bacteria.  The work presented in Chapter II constitutes the first example of NMT-

mediated labeling of an engineered substrate protein with an analog of myristic acid. 

As described in Chapter III, the methods developed for the GFP-based model 

system were applied to two proteins, calcineurin (CaN) and calmodulin (CaM), that are 

involved in learning and memory formation in mammals.  CaN is naturally 

myristoylated; successful expression of CaN in bacteria actually requires co-expression 

with NMT in the presence of myristic acid.6  We found that substitution of 12-ADA for 

myristic acid had no impact on the activity of CaN, as measured in a phosphatase activity 

assay.  CaM is not naturally myristoylated, so we created a family of engineered CaM 

constructs and examined the impact that engineering and labeling had on the activity of 

each new protein.  One construct, hCaNB-CaM, retained wild-type levels of activity and 

was carried forward for surface coupling work.  Experiments similar to those described in 

Chapter II confirmed that NMT-mediated labeling of the CaN and CaM constructs was 

quantitative and selective. 

Chapter IV details our work with protein microarrays.  The yARF-GFP, CaN, and 

hCaNB-CaM proteins were each labeled with 12-ADA by NMT.  Lysate samples 

containing each labeled substrate protein were incubated with cyclooctyne-spotted glass 

slides, and protein deposition was detected with the LFIRE (Label-Free Internal 
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Reflection Ellipsometry) instrument as a change in height at the slide surface.  In this 

context, the orthogonality of NMT toward bacterial proteins is especially useful, as it 

enables surface immobilization of 12-ADA-labeled proteins without prior purification.  

To gain a better understanding of the kinetics of the azide-cyclooctyne reaction versus 

background reactions, we also measured the LFIRE signal over time.  We found that 

significant surface capture of our 12-ADA-labeled proteins occurred within only 15 

minutes, while the background signal remained relatively low.  Furthermore, by 

comparing the percent of lysate protein constituted by CaN or hCaNB-CaM with the 

percent of coupled protein determined to be CaN or hCaNB-CaM, we calculated 

enrichment factors of 26 and ten for CaN and hCaNB-CaM, respectively.  The methods 

we developed for our surface-coupling experiments comprise a strong foundation for 

completing high-throughput biochemical measurements with 12-ADA-labeled proteins 

captured directly out of lysate in a microarray format. 

In the final section, Chapter V, we summarize our progress toward using NMT-

mediated protein labeling to probe bacterial protein organization.  Recent research has 

demonstrated that prokaryotes orchestrate the expression and movement of their proteins 

with greater sophistication than previously thought.7,8  We believe that NMT would be an 

immensely useful tool for studying these phenomena, as NMT can functionalize a single 

predetermined substrate protein in bacteria for subsequent reaction with a dye or a probe.  

To that end, we identified an azide fatty acid, 7-azidoheptanoic acid, that is reactive, 

transferred by NMT to substrate proteins, and readily washed out of cells in its free form; 

in contrast, initial imaging experiments with 12-ADA showed that it is not removed from 

cells by standard wash protocols.  We also prepared constructs encoding the bacterial 
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proteins PyrG and MreB modified with the yARF recognition sequence; both PyrG and 

MreB assemble into complex structures in cells and exhibit interesting localization 

patterns.  Both yARF-PyrG and yARF-MreB expressed well, and the latter was robustly 

labeled with 7-azidoheptanoic acid or 12-ADA within 30 minutes.  The tools and 

materials prepared for these experiments constitute a strong start toward the use of 

NMT-mediated protein labeling for in vivo imaging of bacterial proteins of interest. 

In summary, the chapters comprising this thesis provide versatile methods and a 

strong case for the use of NMT in research projects involving site-specific 

functionalization of proteins.  Potential applications include the conjugation of proteins to 

polymers for therapeutic ends, to surfaces for diagnostic microarrays, or to fluorophores 

for imaging studies.  The N-terminus is well-suited for the covalent attachment of 

proteins to reactive partners because it is often surface-accessible, even in the folded state 

of a protein.  A number of chemoenzymatic protein labeling techniques have been 

developed in the past decade, each with its own benefits and drawbacks.9  The advantages 

of using NMT include the wide range of reactive myristic acid analogs that may serve as 

the fatty acid substrate, the small size of the recognition sequence required to achieve 

labeling of non-natural substrate proteins, and the orthogonality of NMT toward bacterial 

proteins.  We envision many exciting possibilities for future research involving NMT-

mediated protein labeling. 

 

  



VI-6 
 
FURTHER STUDIES 

Activity Measurements of Surface-Immobilized CaN and hCaNB-CaM 

The larger goal of the work described in Chapter IV is the preparation of protein 

microarrays for high-throughput protein characterization studies, with an initial focus on 

measuring the activity of surface-bound CaN and hCaNB-CaM.  Various methods are 

available for measuring CaN and CaM activity levels; as described in Chapter III, we 

employed an assay involving colorimetric detection of free phosphate resulting from 

Ca2+/CaM-dependent dephosphorylation of a phosphopeptide substrate by CaN.  This 

approach could be adapted to measure free phosphate generated by surface-bound 

proteins, rather than proteins in solution, perhaps by making use of suitably derivatized 

96-well plates.  Other colorimetric assays have also been developed, such as 

dephosphorylation by CaN of para-nitrophenyl phosphate (pNPP).10  Alternatively, CaN 

or hCaNB-CaM could be immobilized on Biacor chips, enabling precise measurements of 

binding events.11  These applications and others will be explored in the future by my 

collaborator, Dr. Tamara Kinzer-Ursem, in her lab at Purdue University. 

 

Protein-Specific Imaging Studies in Bacteria 

As described in Chapter V, we have developed nearly all of the necessary 

components for selective in vivo labeling and visualization of yARF-MreB.  Dye-labeling 

experiments with lysates confirmed that bacterial co-expression of NMT and yARF-

MreB in the presence of 7-azidoheptanoic acid results in labeling of only yARF-MreB; 

dye-labeling experiments with intact live cells indicated that the use of 7-azidoheptanoic 

acid yields no fluorescence signal above background.  Thus, the next step is to dye-label 
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intact cells with a membrane-permeable and cytocompatible dye that reacts specifically 

with azides, such as cyclooctyne-coumarin12 or cyclooctyne-BODIPY,13 and conduct 

confocal imaging studies to elucidate where and how yARF-MreB is localized.  

Alternatively, other imaging methods with enhanced spatial resolution, such as electron 

cryotomography (ECT), could be utilized with suitable probes.14,15  Finally, to gain a 

more accurate understanding of how yARF-MreB behaves in the cell, it would be 

advisable to replace the gene encoding MreB in the bacterial genome with the gene 

encoding yARF-MreB.  This step would ensure that yARF-MreB is under the control of 

native promoters, so that its expression is turned “on” and “off” appropriately.  Following 

the cloning methods described in Chapters II, III, and V, more constructs could be readily 

prepared that encode engineered bacterial proteins for labeling by NMT and subsequent 

visualization. 

 

Controlled Conjugation and Release of N-Terminally Labeled Proteins from Hydrogels 

During the course of this thesis, the development of functional biomaterials 

benefitting from NMT-mediated protein labeling had not been explored.  However, work 

is currently underway to build upon the model system described in Chapter II to decorate 

hydrogels with site-specifically labeled proteins.  In this context, the orthogonality of 

NMT toward bacterial systems is again beneficial: hydrogels displaying cyclooctyne or 

alkyne sites can simply be incubated with lysate containing a 12-ADA-labeled protein of 

interest for attachment of the labeled protein to the material.  This project, led by Cole 

DeForest, a post-doctoral fellow in the Tirrell Lab, holds a great deal of potential. 
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Beyond the further studies described here, we are also excited by the idea of 

NMT-mediated protein labeling playing a role in entirely new applications.  Moreover, 

while all of the projects described in this thesis took advantage of azide–alkyne reactions, 

other bioorthogonal chemistries could be explored, given the tolerance shown by NMT 

toward a wide variety of reactive fatty acid analogs.  Similarly, dozens of recognition 

sequences have been identified, each possessing different steric and electrostatic 

characteristics depending on the residues comprising the sequence.  Finally, nearly any 

protein can be engineered to display an NMT recognition sequence, with minimal 

perturbation of protein structure and function.  The inherent characteristics of NMT, and 

its fascinating balance of specificity, selectivity, and promiscuity, render it a very 

powerful tool for protein-labeling studies.  We hope that the reagents, methods, and 

results presented in this thesis for NMT-mediated protein labeling will be of great use in 

future biomedical research. 

 

 

REFERENCES 
 

1. Towler, D., Gordon, J. I., Adams, S. P. & Glaser, L. The biology and enzymology 
of eukaryotic protein acylation. Annu. Rev. Biochem. 57, 69–99 (1988). 

2. Boutin, J. A. Myristoylation. Cell Signal 9, 15–35 (1997). 

3. Jacob, E. & Unger, R. A tale of two tails: why are terminal residues of proteins 
exposed? Bioinformatics 23, e225–30 (2006). 

4. Duronio, R. J. et al. Protein N-myristoylation in Escherichia coli: reconstitution of 
a eukaryotic protein modification in bacteria. Proc. Natl. Acad. Sci. U. S. A. 87, 
1506–10 (1990). 



VI-9 
 
5. Agard, N. J., Baskin, J. M., Prescher, J. A., Lo, A. & Bertozzi, C. R. A 

comparative study of bioorthogonal reactions with azides. ACS Chem. Biol. 1, 
644–8 (2006). 

6. Mondragon, A. et al. Overexpression and purification of human calcineurin alpha 
from Escherichia coli and assessment of catalytic functions of residues 
surrounding the binuclear metal center. Biochemistry 36, 4934–42 (1997). 

7. Shapiro, L., McAdams, H. H. & Losick, R. Why and how bacteria localize 
proteins. Science 326, 1225–8 (2009). 

8. Vendeville, A., Larivière, D. & Fourmentin, E. An inventory of the bacterial 
macromolecular components and their spatial organization. FEMS Microbiol. Rev. 
35, 395–414 (2011). 

9. Rabuka, D. Chemoenzymatic methods for site-specific protein modification. Curr. 
Opin. Chem. Biol. 14, 790–6 (2010). 

10. Mercan, F. & Bennett, A. M. Analysis of protein tyrosine phosphatases and 
substrates. Curr. Protoc. Mol. Biol. 18, 1–17 (2010). 

11. Jason-Moller, L., Murphy, M. & Bruno, J. Overview of Biacore systems and their 
applications. Curr. Protoc. Prot. Sci. 19, 1–14 (2006). 

12. Beatty, K. E. et al. Live-cell imaging of cellular proteins by a strain-promoted 
azide-alkyne cycloaddition. ChemBioChem 11, 2092–5 (2010). 

13. Beatty, K. E., Szychowski, J., Fisk, J. D. & Tirrell, D. A. A BODIPY-cyclooctyne 
for protein imaging in live cells. ChemBioChem 12, 2137–9 (2011). 

14. Jensen, G. J. & Briegel, A. How electron cryotomography is opening a new 
window onto prokaryotic ultrastructure. Curr. Opin. Struct. Biol. 17, 260–7 
(2007). 

15. Gitai, Z. New fluorescence microscopy methods for microbiology: sharper, faster, 
and quantitative. Curr. Opin. Microbiol. 12, 341–6 (2009).  

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 841.680]
>> setpagedevice


