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GG--matrix Fourier Transform (GFT) matrix Fourier Transform (GFT) 

Projection NMR SpectroscopyProjection NMR Spectroscopy

Theory and Application Theory and Application 
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The The ‘‘NMR sampling problemNMR sampling problem’’::
minimal measurement times scale with minimal measurement times scale with 
ΠΠnnjj

1 scan 1 scan perper second second 
16 complex points 16 complex points perper dimension =>dimension =>

1D 1D -->  1 second>  1 second
2D 2D --> ~0.5 minutes> ~0.5 minutes
3D 3D --> ~0.3 hours> ~0.3 hours
4D 4D --> ~9 hours> ~9 hours
5D 5D --> ~12 days> ~12 days
6D 6D --> ~1.1 years> ~1.1 years
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Importance for NMR at Importance for NMR at 
highest magnetic fieldshighest magnetic fields

•• ‘‘Sampling demandSampling demand’’ in each indirect in each indirect 
dimension scales with the magnetic field dimension scales with the magnetic field 
strength  strength  
=> 4D at 900 versus 600 MHz => 4D at 900 versus 600 MHz 11H H 
resonance frequency is resonance frequency is 3.43.4--times largertimes larger

•• Sensitivity increases with magnetic field Sensitivity increases with magnetic field 
strengthstrength
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SizeSize

Measurement timeMeasurement time

Sensitivity limitedSensitivity limitedSampling limitedSampling limited
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Projection NMR: Projection NMR: 

a solution of the a solution of the 

NMR sampling problemNMR sampling problem……

……avoid many dimensionsavoid many dimensions……
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Major developments in the 1970Major developments in the 1970--1980s 1980s 
(Richard Ernst and coworkers)(Richard Ernst and coworkers)

•• ‘‘Skewed projectionsSkewed projections’’ of homoof homo--nuclear nuclear 
2D 2D JJ--spectra were calculated using the spectra were calculated using the 
‘‘projection crossprojection cross--sectionsection’’ theorem to obtain theorem to obtain 
decoupled 1D decoupled 1D 11H NMR spectra; H NMR spectra; 
no joint no joint incrementationincrementation of shift evolution periods or of shift evolution periods or 
phasephase--sensitive signal detectionsensitive signal detection

•• ‘‘Accordion NMRAccordion NMR’’: : joint sampling of chemical joint sampling of chemical 
shift evolution period and shift evolution period and ‘‘mixing timemixing time’’ in EXSY in EXSY 
--> > Reduction in dimensionalityReduction in dimensionality
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Early 1990s: Early 1990s: 

Demand for an approach in which Demand for an approach in which 

chemical shifts are jointly chemical shifts are jointly 

sampled in a phasesampled in a phase--sensitive sensitive 

mannermanner……..



NMRFam Workshop 06/06/06

ReducedReduced--dimensionality (RD) NMR dimensionality (RD) NMR 

and its variants:and its variants:

‘‘ModulesModules’’ for GFT projection NMRfor GFT projection NMR
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Challenge: keep information upon projectionChallenge: keep information upon projection

‘‘projectedprojected’’
chemical shiftchemical shift

ω1

ω2

ω3

ω1

ω2

2ΔΩ3

RD NMR SpectroscopyRD NMR Spectroscopy
((Szyperski,Wider,Bushweller,WuthrichSzyperski,Wider,Bushweller,Wuthrich. JACS 115,1993). JACS 115,1993)
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t2(S)

t1(K)

Transfer amplitude ~ Transfer amplitude ~ eeiiΩΩKKtt cos(cos(ΩΩSStt))
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2D RD HNNCA
Szyperski et al., 
JACS 115, 1993
Suppl. Material
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RD NMR variantsRD NMR variants……
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1. Scaling of shift evolution periods1. Scaling of shift evolution periods
((SzyperskiSzyperski et al., JACS 115,1993)et al., JACS 115,1993)
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t2

t1
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‘‘tilted projected spectrumtilted projected spectrum’’
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t1(13Cαβ)

t2(1Hαβ)
31o

κ = 1.65
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2. Central peak detection2. Central peak detection
((SzyperskiSzyperski et al., JMR B108, 1995; JACS et al., JMR B108, 1995; JACS 

118,1996)118,1996)
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ΩΩKK

ΩΩSS

ΩΩcarriercarrierΔΩΔΩSS
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ΩΩKK

ΩΩSS

ΩΩcarriercarrierΔΩΔΩSS

ΩΩKK

ΩΩKK

central peak detectioncentral peak detection
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tt22

tt11

central peak detection central peak detection 
‘‘orthogonal projectionsorthogonal projections’’
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‘‘spin relaxation spin relaxation 
time labelingtime labeling’’

variation of scaling variation of scaling 
of evolution periodsof evolution periods

central peak detection

Identification of shift Identification of shift multipletsmultiplets
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3. 3. ‘‘PhasePhase--sensitivesensitive’’ RD NMRRD NMR
(Marion and coworkers, JMR B109, 1995)(Marion and coworkers, JMR B109, 1995)
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ΔΩΔΩSS

ΩΩKK

ΔΩΔΩSS

ΩΩKK

ΔΩΔΩSS

ΩΩKK

ΔΩΔΩSS

ΩΩKK

Sum

Difference

Transfer amplitude ~ Transfer amplitude ~ eeiiΩΩKKtt cos(cos(ΩΩSStt))

Transfer amplitude ~ Transfer amplitude ~ eeiiΩΩKKtt sin(sin(ΩΩSStt))
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The alternative:The alternative:
TPPI combined with scaling of TPPI combined with scaling of 

shift evolution periodsshift evolution periods
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4. 4. ‘‘Double RD NMRDouble RD NMR’’
((LohrLohr and coworkers, JBNMR 1995)and coworkers, JBNMR 1995)
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3D {3D {HACA}HACA},{,{CON}CON} HNHN
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2D HN2D HNNN(CO)(CO)CAHACAHA
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Generalization of RD NMR:Generalization of RD NMR:

GG--matrix Fourier Transformmatrix Fourier Transform
NMR SpectroscopyNMR Spectroscopy

(JACS 2003,(JACS 2003, 125125, , 1385)1385)
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Defining features of GFT NMRDefining features of GFT NMR

•• Repeated joint samplingRepeated joint sampling of an arbitrary of an arbitrary 
number of indirect chemical shift evolution number of indirect chemical shift evolution 
periods so that transfer amplitudes are periods so that transfer amplitudes are 
generated which are proportional to generated which are proportional to all all 
possible permutations of cosine and sine possible permutations of cosine and sine 
modulationsmodulations of the individual shiftsof the individual shifts

•• Linear combinationLinear combination of the subof the sub--spectra spectra 
resulting from such sampling which yields resulting from such sampling which yields 
edited subedited sub--spectraspectra containing signals encoding containing signals encoding 
phasephase--sensitively detected linear sensitively detected linear 
combinationscombinations of the jointly sampled shiftsof the jointly sampled shifts
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4D FT NMR spectrum4D FT NMR spectrum

ωω22

ωω33

((ΩΩ11, , ΩΩ22, , ΩΩ33,, ΩΩ44))
ωω11

ωω44
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(4,(4,22)D GFT NMR experiment)D GFT NMR experiment

Ω1 - Ω2 + Ω3 ωω1 1 (GFT)(GFT)Ω1 - Ω2 - Ω3

Ω1+ Ω2+ Ω3 Ω1 + Ω2 - Ω3

ωω22

……measurement of measurement of linear linear 
combinationscombinations of shiftsof shifts

in different subin different sub--spectraspectra
……precisionprecision arises from arises from 
overover--determinationdetermination

Ω1 + Ω2 Ω1 - Ω2

Ω1
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(4,2)D(4,2)D
GFT NMRGFT NMR
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Joint Sampling Joint Sampling 
of of 3D3D Subspace Subspace 
of an of an NDND FT FT 

NMR NMR 
Experiment Experiment 
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cos(Ω0t)
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Complete samplingComplete sampling
of linear combinations of linear combinations 

of chemical shiftsof chemical shifts
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The GThe G--matrix:matrix:

PhasePhase--sensitive detection of sensitive detection of 
linear of combinations of chemical linear of combinations of chemical 
shifts combined with (time shifts combined with (time 
domain) editing into different domain) editing into different 
subsub--spectraspectra
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(4,2)D GFT NMR
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Reduction of minimal measurement timeReduction of minimal measurement time
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(5,2)D (5,2)D HACACONHACACONHNHN
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2D 2D 
InformationInformation
13.8 min13.8 min
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3D 3D 
Information Information 
+25.2 min+25.2 min
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4D 4D 
Information Information 
+52.8 min+52.8 min
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5D 5D 
Information Information 
+108 min+108 min
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Features of GFT NMRFeatures of GFT NMR

•• Generally applicable acquisition schemeGenerally applicable acquisition scheme
•• Accurate adaptation of measurement Accurate adaptation of measurement 

times to sensitivity requirement times to sensitivity requirement withoutwithout
sacrificing digital resolution or high sacrificing digital resolution or high 
dimensional correlationdimensional correlation

•• 5D or 6D feasible5D or 6D feasible
•• No additional hardware requiredNo additional hardware required
•• Data size reductionData size reduction
•• Accelerated processing speedAccelerated processing speed
•• Robustness of data analysisRobustness of data analysis
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Time Time versusversus frequency domain editingfrequency domain editing

•• Linear prediction Linear prediction --> > 
time domain editing preferredtime domain editing preferred

•• Maximum entropy reconstruction, Maximum entropy reconstruction, 
FilterFilter--diagonalizationdiagonalization etc. etc. 
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GFT NMR GFT NMR ––

methodological extensionsmethodological extensions……....
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GG22FT NMRFT NMR
A contribution to establish A contribution to establish 

NMRNMR--based structural genomics of based structural genomics of 
membrane proteinsmembrane proteins
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GG22FT (5,3)D FT (5,3)D HN{HN{NN,,COCO}{}{CCαβαβCCαα}}
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Longitudinal and transverse Longitudinal and transverse 

relaxation optimized relaxation optimized 

GFT NMR:GFT NMR:

LL--GFTGFT--TROSYTROSY
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LL--(4,3)D (4,3)D HNN(CO)HNN(CO)CCαβαβCCαα

Water and aliphatic 11H magnetization along +z

at the start of signal detection
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…….GFT NMR for the.GFT NMR for the
aromatic rings aromatic rings ……
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LL--optimization of aromatic protonsoptimization of aromatic protons

(nearly) complete resonance (nearly) complete resonance 
assignment of aromatic protons is assignment of aromatic protons is 
required for:required for:

--> > highhigh--quality structure determinationquality structure determination
--> using aromatic rings to probe > using aromatic rings to probe 
protein dynamicsprotein dynamics
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Longitudinal (LLongitudinal (L--) Relaxation Optimization ) Relaxation Optimization 
for for Aromatic ProtonsAromatic Protons: : 

Water and aliphatic Water and aliphatic 11H magnetization along H magnetization along +z+z
at the start of signal detectionat the start of signal detection

LL--GFTGFT--TROSY (4,3)DTROSY (4,3)D HCHCCHCH
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HSQCHSQC

TROSYTROSY

Evaluation in 2D NMREvaluation in 2D NMR



NMRFam Workshop 06/06/06

LL--optimization for optimization for 1313CC--11HHaromaticaromatic
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LL--GFTGFT--TROSY (4,3)DTROSY (4,3)D HCHCCHCH

13Cδ

13Cγ 13Cβ

1Hδ
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LL--GFTGFT--TROSY (4,3)DTROSY (4,3)D HCHCCHCH
to avoid sampling limited data acquisition: to avoid sampling limited data acquisition: 

4D HCCH4D HCCH--information in 25 minutesinformation in 25 minutes
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LL--GFTGFT--TROSY (4,3)DTROSY (4,3)D HCHCCH for 21 CH for 21 kDakDa HR41HR41
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Aromatic Aromatic 11H H linewidthslinewidths in HR41in HR41
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Ring flipping and functional dynamics Ring flipping and functional dynamics 
in the 21 kDa protein HR41in the 21 kDa protein HR41
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LL--GFTGFT--TROSY (4,3)D TROSY (4,3)D HCHCCH CH 
for larger proteinsfor larger proteins

•• LL--optimization and PFGoptimization and PFG--PEP increase intrinsic PEP increase intrinsic 
sensitivity ~2sensitivity ~2--fold fold 

•• LL--optimization enables ~3optimization enables ~3--fold faster data fold faster data 
samplingsampling

•• TROSY allows use of TROSY allows use of 1313CCaroaro polarization for polarization for 
central peak detectioncentral peak detection

•• Nearly complete resonance assignments of Nearly complete resonance assignments of 
aromatic resonances based on 4D spectral aromatic resonances based on 4D spectral 
information enable information enable 
–– highhigh--quality structure determinationquality structure determination
–– use aromatic rings to explore larger amplitude motional use aromatic rings to explore larger amplitude motional 

modesmodes
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GFT NMR for GFT NMR for 

highhigh--throughput protein throughput protein 

structure determinationstructure determination
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Approaches for rapid NMR data collectionApproaches for rapid NMR data collection
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(4,3)D HNNCαβCα and
(4,3)D CαβCα(CO)NHN
(4,3)D HNNCαβCα and
(4,3)D CαβCα(CO)NHN

(5,2)D HACACONHN (1Hα) OR
(4,3)D HαβCαβ(CO)NHN (1Hα/1Hβ)

(5,2)D HACACONHN (1Hα) OR
(4,3)D HαβCαβ(CO)NHN (1Hα/1Hβ)

(4,3)D HCCH(4,3)D HCCH

3D 15N/13Caliph/13Carom -
resolved [1H,1H]-NOESY

3D 15N/13Caliph/13Carom -
resolved [1H,1H]-NOESY

CYANA/AUTOSTRUCTURECYANA/AUTOSTRUCTURE

11HHαα // 11HHββ

assignmentassignment

sequence specific sequence specific 1515N, N, 11H, H, 
1313CCαα and and 1313CCββ assignmentassignment

sideside--chain assignment chain assignment 
(aliphatic and aromatic)(aliphatic and aromatic)

NO CNO C--C TOCSYC TOCSY

structure structure 
calculation and calculation and 

refinementrefinement

1~2d
1~2d

1~3d
1~3d

5~10d
5~10d

GFT projection NMR GFT projection NMR 
based structure determination protocolbased structure determination protocol
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Pilot study (3.2004): structure of 14 kDa YqfBPilot study (3.2004): structure of 14 kDa YqfB
16.9 hrs16.9 hrs GFT spectra for GFT spectra for 
resonance assignment and resonance assignment and 

9.1 hrs9.1 hrs for simultaneous 3D NOESYfor simultaneous 3D NOESY
(1 (1 mmolmmol solution at 25 solution at 25 ooC C 

and 600 MHz w/cryogenic probe)and 600 MHz w/cryogenic probe)
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3D [H]3D [H]--NOESYNOESY--[NH/[NH/1313CCalialiH/H/1313CCaroaroHH]]
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LL--(4,3)D (4,3)D HNN(CO)HNN(CO)CCαβαβCCαα

FlipFlip--back of water back of water andand aliphatic proton polarizationaliphatic proton polarization
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4D4D CACB(CO)NHNCACB(CO)NHN

information ininformation in

(4,3)D (4,3)D CCαβαβCCαα(CO)NHN(CO)NHN
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(4,3)D HNN(4,3)D HNNCCαβαβCCαα/ / CCαβαβCCαα(CO)NHN(CO)NHN
‘‘sequential walksequential walk’’
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Better signal Better signal dispersiondispersion

(4,3)D (4,3)D HNNHNNCCαβαβCCαα (B)(B)

when compared withwhen compared with

3D3D HNNCACB HNNCACB (A)(A)

(A) (B)
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(4,3)D (4,3)D [[HNHN//HH1313CCaliali]]--NOESYNOESY--[NH/[NH/1313CCalialiH]:H]:

Rapid acquisition of highly resolved Rapid acquisition of highly resolved 
4D NOESY information4D NOESY information
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(a)(a) (4,3)D (4,3)D [[HNHN//1313CCalialiHH]]--NOESYNOESY--[NH/[NH/1313CCalialiH] H] 
with central peak detection in with central peak detection in 

(b)(b) 3D [H]3D [H]--NOESYNOESY--[NH/[NH/1313CCalialiH/H/1313CCaroaroH]H]
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(4,3)D (4,3)D [[HNHN//HH1313CCalalii]]--NOESYNOESY--[NH/[NH/1313CCalialiH] H] 
with central peak detection in with central peak detection in 

3D [H]3D [H]--NOESYNOESY--[NH/[NH/1313CCalialiH/H/1313CCaroaroH]H]

Information of three 4D and three 3D NOESY spectraInformation of three 4D and three 3D NOESY spectra
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b3b3 : Ω: Ω((11H)H)

b2b2: Ω: Ω((11H)H)--0.5 0.5 ΩΩ((1313C)C)

b1b1: Ω: Ω((11H)+0.5 H)+0.5 ΩΩ((1313C)C)
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Role of (4,3)D GFT NOESYRole of (4,3)D GFT NOESY
•• For medium sized proteins (For medium sized proteins (ττrr~8~8--12 ns), 12 ns), 

sensitivity of shift doublet detection is sensitivity of shift doublet detection is 
~3 times lower than for central peak ~3 times lower than for central peak 
detectiondetection

•• For YqfB, 30 hours measurement time For YqfB, 30 hours measurement time 
resulted in ~70% detection yield for resulted in ~70% detection yield for 
doublets doublets --> direct assignment of ~70% of > direct assignment of ~70% of 
longlong--rangerange NOEsNOEs

=> (4,3)D GFT NOESY is primarily tool => (4,3)D GFT NOESY is primarily tool 
for assigning NOEs in 3D NOESY for assigning NOEs in 3D NOESY 
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Bioinformatics / Bioinformatics / 
Data Management Data Management 

Barry Honig, Barry Honig, Columbia UniversityColumbia University
Mark Gerstein, Mark Gerstein, Yale UniversityYale University
Igor Igor JurisicaJurisica, , Ontario Cancer Inst.Ontario Cancer Inst.
Andrew Andrew LaineLaine, , Columbia UniversityColumbia University
Diana Murray, Diana Murray, Cornell MedicalCornell Medical
BurkhardBurkhard Rost, Rost, Columbia UniversityColumbia University

XX--ray Crystallographyray Crystallography

Wayne Hendrickson, Wayne Hendrickson, Columbia UColumbia U
Peter Allen, Peter Allen, Columbia UniversityColumbia University
George George DeTittaDeTitta, , HauptmanHauptman--WoodwardWoodward
John Hunt, Columbia University John Hunt, Columbia University 
Liang Tong, Columbia UniversityLiang Tong, Columbia University

Protein Production / BiophysicsProtein Production / Biophysics

Gaetano Montelione, Gaetano Montelione, Rutgers UniversityRutgers University
Stephen Anderson, Stephen Anderson, Rutgers UniversityRutgers University
MasayoriMasayori Inouye, Inouye, RWJMS RWJMS -- UMDNJUMDNJ
Cheryl Arrowsmith, Cheryl Arrowsmith, Ontario Cancer I.Ontario Cancer I.

Protein NMRProtein NMR

Thomas Szyperski, State U of New YorkThomas Szyperski, State U of New York
Cheryl Arrowsmith, Ontario Cancer Inst.Cheryl Arrowsmith, Ontario Cancer Inst.
Michael Kennedy, Pacific Northwest Natl LabsMichael Kennedy, Pacific Northwest Natl Labs
Ron Levy, Rutgers UniversityRon Levy, Rutgers University
Jim Jim PrestegardPrestegard, University of Georgia , University of Georgia 
Gaetano Montelione, Rutgers UniversityGaetano Montelione, Rutgers University

Northeast Structural Genomics Consortium:Northeast Structural Genomics Consortium:
A SG Research NetworkA SG Research Network
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SemiSemi--empiric solution ofempiric solution of
‘‘protein folding problemprotein folding problem’’
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36 RD/GFT NMR36 RD/GFT NMR--based Structures:based Structures:
Molecular weight distributionMolecular weight distribution

……..robustness of ..robustness of 
semisemi--automated GFT NMR data analysisautomated GFT NMR data analysis
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SCOP classificationSCOP classification

yqfByqfB and PF0470: and PF0470: 
‘‘PUA domainPUA domain’’

UFC1: UFC1: 
‘‘UbiquitinUbiquitin--conjugating conjugating 

enzymeenzyme’’

BC4709 and BH1534: BC4709 and BH1534: 
‘‘START domainSTART domain’’

yhgGyhgG
’’wingedwinged--helix DNAhelix DNA--

Binding domainBinding domain’’

rps24e: rps24e: 
‘‘YgguYggu--likelike’’

yqbGyqbG: : 
no structural homologue no structural homologue 

foundfound

Wealth of structuralWealth of structural--biological insightbiological insight……..
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http://http://www.nsm.buffalo.eduwww.nsm.buffalo.edu/Research/GFT/Research/GFT
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Relation of Relation of GFTGFT
NMR Spectroscopy andNMR Spectroscopy and

‘‘Projection ReconstructionProjection Reconstruction’’ ((PRPR) NMR) NMR
((KupceKupce & Freeman, JACS 2004,& Freeman, JACS 2004, 126126, , 6429)6429)
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‘‘ProjectionProjection’’ component in component in ‘‘ProjectionProjection--

reconstruction (PR) NMRreconstruction (PR) NMR’’ is is equivalentequivalent

to GFT projection NMRto GFT projection NMR
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(4,2)D GFT NMR
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GG--matrix transformation matrix transformation 
‘‘generalized hypergeneralized hyper--complex FTcomplex FT’’
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Scaling of shift evolution periods Scaling of shift evolution periods 
‘‘tilt angles of plane projectiontilt angles of plane projection’’
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…… an urgent demand for a an urgent demand for a 

unified nomenclatureunified nomenclature to name to name 

projected NMR experiments projected NMR experiments 

arisesarises……
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Classification of Classification of 
‘‘Projected NMR spectraProjected NMR spectra’’

•• Which chemical shifts are jointly sampled?Which chemical shifts are jointly sampled?
•• Which orthogonal projections are acquired?Which orthogonal projections are acquired?
•• What is the What is the ‘‘dimensionalitydimensionality’’ of the spectral of the spectral 

information?information?
•• Are conventional ND spectra reconstructed?Are conventional ND spectra reconstructed?
•• How many How many ‘‘GFT dimensionsGFT dimensions’’??
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