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Biocatalytic Conversion of Biomass to Fuels 
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Economic Impact of Reducing Enzyme Loading 

Humbird et al. 2011 
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Gilbert and Fontes, Ann. Rev. Biochem. 2010  

Lynd et al. MMR 2002 

“free” cellulases 

“Free” vs. Complexed Enzymes 
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Avicel conversion at 5 mg/g DA-SG conversion at 20 mg/g 

Resch, M.G. et al. (2013) Energy and Environmental Science 
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Different physical mechanisms of denconstruction 

Cellulosomes “Free” Cellulases 

Resch, M.G. et al. (2013) Energy and Environmental Science 
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Do Free and complexed enzymes degrade cellulose synergistically? 

Avicel conversion at 10 mg/g 

Resch, M.G. et al. (2013) Energy and Environmental Science 
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Enzyme Accessibility is Different 

“Free” Enzymes Cellulosomes 

• Cellulases are evenly 
distributed 

• Cellulosomes are near 
the cell walls 
 

Possible factors limiting cellulosome 
activity on DA  pretreated biomass  
• Accessibility 
• Low koff compared to free cellulases 
• Binding to lignin 

 

Resch, M.G. et al. (2013) Energy and Environmental Science 



Clean Fractionation Pretreatment 
(Organosolve) 
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CEF 

Solvent Temp (°C) Acid 
(mol/L) Lignin (%) Glucan (%) Xylan (%) 

MIBK/Acetone/H2O 140 0.025 10.63 63.31 17.47 
MIBK/Acetone/H2O 140 0.05 3.67 82.28 6.56 
MIBK/Acetone/H2O 140 0.1 3.33 87.19 3.08 

CEF Chemical Composition 
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How does Clean Fractionation affect biomass morphology? 

140°C 0.1M 

Katahira, R. et al (2014) ACS 
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How does Clean Fractionation affect enzyme saccharification? 

Resch, M. et al (2014) ACS 
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Synergistic Combination of CTec2 and Cellulosomes 

10 mg/g enzyme loading 
CT/Cel = 5 mg/g CTec2 + 5 mg/g Cellulosomes Resch, M. et al (2014) ACS 
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SEM of Digested Cellulose Enriched Fraction  

Resch, M. et al (2014) ACS 
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TEM of Digested Cellulose Enriched Fraction 

Resch, M. et al (2014) ACS 
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Model of Enzymatic Deconstruction Mechanisms 

Resch, M. et al (2014) ACS 
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Affect of PT Severity on Enzymatic Saccharification   

10 mg/g enzyme loading, 
72 hours 

Resch, M. et al (in review) 
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Conclusions 

• “Free” enzymes and cellulosomes have distinct mechanisms in cellulose 
and biomass deconstruction 

• “Free” enzymes and cellulosomes are synergistic  
• Biomass composition and enzyme accessibility to cellulose ends affect 

cellulosomes more than “free” enzymes 
• Combining properties of “free” and multi-domain enzymes in 

commercial enzyme cocktails could lead to enzyme cost reductions 
 

 
 

 



Acknowledgements 

Task Leaders 
Gregg Beckham 
Michael Himmel 
Steve Decker 
 
TEM and SEM Imaging 
Bryon Donohoe 
Peter Ciesielski 
 
Intern 
Jennifer Nill 
 
 
 

Clean Fractionation 
Rui Katahira 
Kellene McKinney 
 
Cellulose Allomorphs and XRD 
Ashutosh Mittal 
 
BAT Team 
 
Techno Economic Analysis 
Mary Biddy 
 
 
 

Funding 

Biomass Technologies Office (BETO) 
Office of Science 


	Revealing the Differences Between Free and Complexed Enzyme Mechanisms and Factors Contributing to Cell Wall Recalcitrance
	Biocatalytic Conversion of Biomass to Fuels
	Economic Impact of Reducing Enzyme Loading
	“Free” vs. Complexed Enzymes
	Different physical mechanisms of denconstruction
	Do Free and complexed enzymes degrade cellulose synergistically?
	Enzyme Accessibility is Different
	Clean Fractionation Pretreatment

(Organosolve)
	How does Clean Fractionation affect biomass morphology?
	How does Clean Fractionation affect enzyme saccharification?
	Synergistic Combination of CTec2 and Cellulosomes
	SEM of Digested Cellulose Enriched Fraction 
	TEM of Digested Cellulose Enriched Fraction
	Model of Enzymatic Deconstruction Mechanisms
	Affect of PT Severity on Enzymatic Saccharification  
	Conclusions
	Acknowledgements


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /PageByPage

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.7

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.1000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails true

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo false

  /PreserveFlatness false

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages false

  /ColorImageMinResolution 150

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 200

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.40

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasGrayImages false

  /CropGrayImages false

  /GrayImageMinResolution 150

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 150

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /GrayImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasMonoImages false

  /CropMonoImages false

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects true

  /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 (U.S. Web Coated \050SWOP\051 v2)

  /PDFXOutputConditionIdentifier (CGATS TR 001)

  /PDFXOutputCondition ()

  /PDFXRegistryName (http://www.color.org)

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<

    /ENU ([Based on '[StdWeb150]'] Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  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

    >>

    <<

      /AllowImageBreaks true

      /AllowTableBreaks true

      /ExpandPage false

      /HonorBaseURL true

      /HonorRolloverEffect false

      /IgnoreHTMLPageBreaks false

      /IncludeHeaderFooter false

      /MarginOffset [

        0

        0

        0

        0

      ]

      /MetadataAuthor ()

      /MetadataKeywords ()

      /MetadataSubject ()

      /MetadataTitle ()

      /MetricPageSize [

        0

        0

      ]

      /MetricUnit /inch

      /MobileCompatible 0

      /Namespace [

        (Adobe)

        (GoLive)

        (8.0)

      ]

      /OpenZoomToHTMLFontSize false

      /PageOrientation /Portrait

      /RemoveBackground false

      /ShrinkContent true

      /TreatColorsAs /MainMonitorColors

      /UseEmbeddedProfiles false

      /UseHTMLTitleAsMetadata true

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /BleedOffset [

        0

        0

        0

        0

      ]

      /ConvertColors /NoConversion

      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)

      /DestinationProfileSelector /UseName

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements true

      /GenerateStructure true

      /IncludeBookmarks true

      /IncludeHyperlinks true

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MarksOffset 6

      /MarksWeight 0.250000

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /UseName

      /PageMarksFile /RomanDefault

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /LeaveUntagged

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [612.000 792.000]

>> setpagedevice





