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Supplementary materials (Wright et al. 2014) 

Supplementary figure legends 

 
Suppl. figure 1. Incorporation of 13CO2 label into mevalonate, a principal intermediate of 

the cytosolic isoprenoid biosynthetic pathway, as measured by LC-MS/MS analysis 

operating in negative ionization mode. A, The [1,2]13C-mevalonic acid standard (m2) peak 

eluting at 6.1 min; B, Multiple reaction monitoring of the m2 labeled (red; m/z 149→60.8) 

and m0 unlabeled (black; m/z 147→58.8) mevalonic acid isotopologues in Arabidopsis 

extracts following 45 min of in vivo labeling with 13CO2 at 380 ppm. No m2 or higher order 

isotopologue was detected.  

 

Suppl figure 2. DXS enzyme assay optimization. (A) Effect of pH on DXS activity. The 

reactions were done in triplicate using the described DXS assay conditions, with the 

exception that the buffer consisted of 100 mM MES, 100 mM HEPES, 100 mM TRIS, 100 

mM CAPSO and 100 mM CAPS. The buffer was adjusted to the correct pH with either 

HCl or NaOH. Shown are the relative amounts of DXP produced after 2 hours reaction time 

at 25 °C, expressed as a percentage relative to assays at pH 8.0. (B) Effect of temperature 

on DXS activity. The reactions were incubated at different temperatures in triplicate using 

the described DXS assay conditions. Shown are the amounts of DXP produced after 2 

hours reaction time at different temperatures, expressed as a percentage relative to assays at 

35 °C. (C) Linearity of DXS activity over time. The reactions were performed in triplicate 

using the described DXS assay conditions. Shown are the amounts of DXP produced after 

different reaction times at 25 °C, expressed as a percentage relative to the maximum 

amount of DXP produced after 4 hours. (D) Linearity between plant material and DXS 

activity. Enzymes were extracted from 2, 3, 4 and 5 mg of lyophilized plant material and 

used to initiate DXS enzyme reactions in triplicate. Shown are the amounts of DXP 

produced after 2 hours of incubation at 25 °C as a percentage of the DXP produced using 

enzymes extracted from 5 mg DW plant material.  

Suppl figure 3. DXS activity in total protein extracts of wild type, transgenic 35S:DXS, and 

dxs-3 mutant lines. DXS activity was determined by direct detection of DXP produced from 
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pyruvate and glyceraldehyde 3-phosphate in in vitro assays by LC-MS/MS operating in 

negative mode using MRM (m/z 212.9→138.9). Assays were performed according to the 

conditions described in Suppl. figure 2. Absolute quantification of products was determined 

by a [3,4,5-13C]DXP internal standard. Means of n > 10 ± SE are shown. 

 

Suppl figure 4. Elasticity of 1-deoxy-D-xylulose-5-phosphate synthase (DXS) for 

dimethylallyl diphosphate (DMADP). Total protein extracts of wild type Arabidopsis were 

assayed in the presence of variable concentrations of DMADP spanning a physiological 

range to test its potential for negative feedback inhibition of DXS. The elasticity () of 

DMADP for DXS is obtained from the slope of relative DXS activity as a function of 

DMADP concentration. Assays were conducted at physiologically relevant concentrations 

of the substrates pyruvate (30 M) and glyceraldehyde 3-phosphate (70 M). Shown are 

means of three assays (n=3) and SEM. 
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Suppl. figure 1. Incorporation of 13CO2 label into mevalonate, a principal intermediate of 

the cytosolic isoprenoid biosynthetic pathway, as measured by LC-MS/MS analysis 

operating in negative ionization mode. A, The [1,2]13C-mevalonic acid standard (m2) peak 

eluting at 6.1 min; B, Multiple reaction monitoring of the m2 labeled (red; m/z 149→60.8) 

and m0 unlabeled (black; m/z 147→58.8) mevalonic acid isotopologues in Arabidopsis 

extracts following 45 min of in vivo labeling with 13CO2 at 380 ppm. No m2 or higher order 

isotopologue was detected.  
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Suppl figure 2. DXS enzyme assay optimization. (A) Effect of pH on DXS activity. The 
reactions were done in triplicate using the described DXS assay conditions, with the 
exception that the buffer consisted of 100 mM MES, 100 mM HEPES, 100 mM TRIS, 100 
mM CAPSO and 100 mM CAPS. The buffer was adjusted to the correct pH with either 
HCl or NaOH. Shown are the relative amounts of DXP produced after 2 hours reaction time 
at 25 °C, expressed as a percentage relative to assays at pH 8.0. (B) Effect of temperature 
on DXS activity. The reactions were incubated at different temperatures in triplicate using 
the described DXS assay conditions. Shown are the amounts of DXP produced after 2 
hours reaction time at different temperatures, expressed as a percentage relative to assays at 
35 °C. (C) Linearity of DXS activity over time. The reactions were performed in triplicate 
using the described DXS assay conditions. Shown are the amounts of DXP produced after 
different reaction times at 25 °C, expressed as a percentage relative to the maximum 
amount of DXP produced after 4 hours. (D) Linearity between plant material and DXS 
activity. Enzymes were extracted from 2, 3, 4 and 5 mg of lyophilized plant material and 
used to initiate DXS enzyme reactions in triplicate. Shown are the amounts of DXP 
produced after 2 hours of incubation at 25 °C as a percentage of the DXP produced using 
enzymes extracted from 5 mg DW plant material.  

Plant material (% of maximum)

40 60 80 100

D
X

P
 (

%
 o

f m
a

xi
m

um
)

40

60

80

100

R2 = 0.998
Slope = 0.956

D

pH

5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0

D
X

P
 (

%
 o

f m
a

xi
m

um
)

0

20

40

60

80

100 A

Temperature (ºC)

15 20 25 30 35 40 45 50

D
X

P
 (

%
 o

f m
a

xi
m

um
)

0

20

40

60

80

100
B

Reaction time (hours)

1 2 3 4

D
X

P
 (

%
 o

f m
a

xi
m

um
)

20

40

60

80

100

R2 = 0.997

C



5 
 

 

 

Suppl figure 3. DXS activity in total protein extracts of wild type, transgenic 35S:DXS, and 

dxs-3 mutant lines. DXS activity was determined by direct detection of DXP produced from 

pyruvate and glyceraldehyde 3-phosphate in in vitro assays by LC-MS/MS operating in 

negative mode using MRM (m/z 212.9→138.9). Assays were performed according to the 

conditions described in Suppl. figure 2. Absolute quantification of products was determined 

by a [3,4,5-13C]DXP internal standard. Means of n > 10 ± SE are shown.  

  

Plant line

CHS5
W

T

DXS12

DXS16

DXS24

DXS45

pm
o

l D
X

P
 ·

 m
g 

D
W

-1
 ·

 h
-1

 

0

2000

4000

6000

dx
s-
3

W
ild

 ty
p

e

D
X

S
 1

2

D
X

S
 1

6

D
X

S
 2

4

D
X

S
 4

5



6 
 

 

Suppl figure 4. Elasticity of 1-deoxy-D-xylulose-5-phosphate synthase (DXS) for 

dimethylallyl diphosphate (DMADP). Total protein extracts of wild type Arabidopsis were 

assayed in the presence of variable concentrations of DMADP spanning a physiological 

range to test its potential for negative feedback inhibition of DXS. The elasticity () of 

DMADP for DXS is obtained from the slope of relative DXS activity as a function of 

DMADP concentration. Assays were conducted at physiologically relevant concentrations 

of the substrates pyruvate (30 M) and glyceraldehyde 3-phosphate (70 M). Shown are 

means of three assays (n=3) and SEM. 

 
  

y = ‐0.0107x + 0.954
R² = 0.166

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 5 10 15

R
el

at
iv

e 
D

X
S

 a
ct

iv
ity

DMAPP (M)



7 
 

Suppl. table I. Calculation of deviation indices in DXS-altered lines relative to a wild type 
reference state  

Line DXS activitya Fluxb Slope Deviation indexc 

dxs-3 1624 2.72 0.00071 0.42 

Wild type 2648 3.44  Reference state 

35S:DXS16 4510 6.20 0.00148 1.08 

35S:DXS45 5159 6.36 0.00116 0.94 

35S:DXS24 5623 6.68 0.00109 0.92 

a pmol DXP·mg-1 DW·h-1 
b pmol DXP·mg-1 DW·min-1 
c As described in Small and Kacser (1993) 
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Suppl. table II. Quantitative PCR primer sequences used in this study 

Designation Sequence        

RP2lsF  GAAGGCAAAGGAAGGCAGAATCAG  

RP2lsR GCAATACTCCACGGAACACCAAG  

APT1F  GTTGCAGGTGTTGAAGCTAGAGGT 

APT1R TGGCACCAATAGCCAACGCAATAG 

DXSF  TCGCAAAGGGTATGACAAAG 

DXSR  CAGTCCCGCTTATCATTCC 

DXRF  AGTAGCGGATGCGTTGAAGC 

DXRR  GCGGATGAATGACAATCTCTATATCG 

CMSF  TTCTGATTCGCTTGTGGTG 

CMSR  AACTGGATGCTTGAGGTATTC 

CMKF  TCGGTGGTGGAAGTAGTAATG 

CMKR  AGGAAGGTCTTGGACAATCTC 

MDSF  CATCGTTTAGAGCCAGGGTATCC 

MDSR  TGAAGTAACACATCGCCATCGG 

HDSF  CAGAATGCGTAACACTAAGAC 

HDSR  GAGAACCACCTACATATCCG 

HDRF  TCGTGCGGGAGAATCATC 

HDRR  TCTTACGGAACACCTTGGC 
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Supplementary methods 

Calculation of exact label incorporation into DMADP 

While positive chemical ionization gas chromatography mass spectrometry (PCI-

GC-MS) reduces fragmentation of the isoprene molecular ion and allows accurate 

measurement of 13C incorporation, a significant amount of fragmentation still occurs due to 

hydride abstraction and charge exchange, leading to [M – H]+ and [M]+ ions, respectively, 

in addition to the predominantly formed [M+H]+ ion. The isoprene peak formed from the 

acid hydrolysis of a DMADP standard will thus consists of 4 ions, namely: (i) m/z 67 due to 

the hydride abstraction [M-H]+ ion of 13C0 isoprene (13C0[M-H]+), (ii) m/z 68 consisting of 

the [M]+ ion of 13C0 isoprene (13C0[M]+) and the [M-H]+ ion of 13C1 isoprene (13C1[M-H]+), 

(iii) m/z 69 consisting predominantly of the [M+H]+ of 13C0 isoprene ion (13C0[M+H]+) but 

also containing a small amount of the M+ ion of 13C1 isoprene (13C1[M]+) due to natural 13C 

abundance, and (iv) m/z 70 consisting of the [M+H]+ ion of 13C1 isoprene (13C1[M+H]+). 

The sensitivity of the method did not allow any detection of natural 13C2 isoprene ions. To 

deconvolute the different molecular ions of isoprene and determine the exact isotopologue 

distribution in a given labeled sample, the following constants were calculated from 

unlabeled spectra: 

 

k1 = 13C0[M]+ / 13C0[M+H]+        (1) 

k2 = 13C0[M-H]+ / 13C0[M+H]+       (2) 

 

These fractions were calculated from the experimental data obtained from the acid 

hydrolysis of 200 ng DMADP standard. These data will also contain the natural abundant 

isotope 13C, so that the total ions of the isoprene standard measured will consist of both 13C0 

isoprene (13C0M) and13C1 isoprene (13C1M). Knowing the natural abundance of 13C, the 

following equations can be deduced: 

 
13C0M  = 0.945MTotal         (3) 
13C1M  = 0.055MTotal         (4) 

MTotal = 13C0M + 13C1M = m/z 67 + m/z 68 + m/z 69 + m/z 70   (5) 
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In equation (5) m/z 67, m/z 68, m/z 69 and m/z 70 represent the integrated peak areas of the 

respective ion masses. The following equations can be deduced based on the assumption 

that the fragmentation of 13C0M and 13C1M is similar: 

 
13C0[M-H]+ / 13C0M  = 13C1[M-H]+ / 13C1M      (6) 
13C0[M]+ / 13C0M  = 13C1[M]+ / 13C1M      (7) 

 

Using these equations, k1 and k2 can now be calculated as follows: 

 
13C0[M]+ = m/z 68 - 13C1[M-H]+       (8) 
13C1[M-H]+ = (13C0[M-H]+)(13C1M) / 13C0M     (9) 
13C0[M-H]+ = m/z 67        (10) 
13C1[M]+ = (13C0[M]+)(13C1M) / 13C0M      (11) 
13C0[M+H]+ = m/z 69 - 13C1[M]+       (12) 

 

Using equations (1) and (2), as well as the fact that each isoprene mass consists of three 

fragment ions, namely [M-H]+, [M]+ and [M+H]+, the absolute amounts of the different 

isoprene masses can be calculated as follows: 

 
13C5isoprene = (m/z 74)(1 + k1 + k2)       (13) 
13C4 isoprene = A(1 + k1 + k2)       

 (14) 
13C3isoprene = B(1 + k1 + k2)        (15) 
13C2isoprene = C(1 + k1 + k2)        (16) 
13C1isoprene = D(1 + k1 + k2)       

 (17) 
13C0isoprene = E(1 + k1 + k2)        (18) 

where 

A = (m/z 73) – k1(m/z 74)        (19) 

B = (m/z 72) – k1A – k2(m/z 74)       (20) 

C = (m/z 71) – k1B – k2A        (21) 
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D = (m/z 70) – k1C – k2B        (22) 

E = (m/z 69) – k1D – k2C        (23) 

 

To determine the absolute quantity of DMADP, each plant sample was analyzed a second 

time by adding 100 ng DMADP standard to the lyophilized plant material directly after the 

phosphoric acid was added during the acid hydrolysis procedure. Labeled samples 

consisted of ions with m/z values ranging from m/z 67 up to m/z 74. The DMADP standard, 

containing only natural 13C isotopic label, consists of ions from m/z 67 to 70. The amounts 

of the higher mass peaks (m/z 72 to m/z 74) of the sample with added standard can be used 

to determine the amounts of m/z 67 to m/z 70 originating from the plant material, when 

compared to the values obtained for the sample not containing any added standard. In this 

way, the signal originating from the added standard and that from the plant material can be 

determined, thereby using the added DMADP standard as internal standard to quantify the 

absolute quantities of DMADP. Any matrix effect on the acid hydrolysis of DMADP to 

isoprene, as well as any ion suppression effects in the mass spectrometer, could be 

accounted for in this manner. 

 



<<
  /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 true
  /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 true
  /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 true
  /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 true
  /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 ()
  /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 [612.000 792.000]
>> setpagedevice


