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|. Editing chemical shift multiplets in the frequencydomain and relation to time domain

editing

Whendesigninga GFT NMR experiment(Figurel), onefirst identifiesa ‘target’ dimensionality
N;, at which the majority of the peaksare resoled. The dimensionalityN of a given FT NMR

spectrumis then adaptedto N; by jointly samplingK + 1 chemicalshifts (K = N - Ny) in a
hypercomple& mannerwhile N, - 1 dimensionsiresampledn acorventionalfashion As outlined,
this yields 2X N;D spectraAs an example,we describeherethe caseof K = 3 in the frequengy

domain(Figures2,5,6). Theindirectevolution time shallbet, andQ, shallbe the chemicalshift

detectedn quadraturan eachof the N\D spectraQq, Q, and Q3 arethe threejointly sampled
shifts. Thephase®f the 90° pulsesyeneratingrans\ersemagnetizatiorior frequeny labelingare
chosenso that the transferamplitudesof the real partsof the 2K = 8 spectragr (j = 1...8) are

proportional to:

Sir O cos@pt) cos@Qyt) cosQ,t) cosQat)
S O cosQpt) sin@;t) cos@,t) cosQst)
Sr O cos@pt) cos@Qyt)sin@pt) cosQat)
Sr O cos@pt) sin@;t) sin@pt) cosQst)
Sr 0 cosQpt) cosQt) cos@,t) sin@st)
Sr O cos@pt) sin@;t) cosQ,t) sin@Qzt)
Sr O cos@pt) cos@Qyt) sin@yt) Sin@Qst)

Sr O cosQgt) sin(@Qqt) sin(Q,t) sin(Qjt).

FT and,dependingon the numbern of chemicalshift sinemodulationghe applicationof a zero-
orderphasecorrectionof n oo yieldsthefrequeny domainspectraAl.. A8. Thesespectraencode
Q,;, Q, and Q4 in signal splittings of ‘chemical shift multiplets’ each comprising 2€ = 8

components.Cosine and sine modulationsgive ris€? to in-phaseand anti-phasesplittings,



S3
respectrely andlinearcombination®f spectraAl...A8 provide spectraBl.. B8 with peaksonly at
thefrequencie®f theindividual multipletcomponentsSpectrunB1: Qg+ Q4 + Q, + Q3, B2: Qg
-0+ Qy+Q3,B3:Qp+ Qg - Qp + Qg,B4: Q- Q1 - O, + Qg, B5: Qg+ Qg + Q, - Qg, B6: Q -
Q1+ Qy-Q3 B7: Qg+ Q4 - Qy-Qg,andB8: Qy - Q4 - Q, - Q3 (Figure2). SpectreB1 to B8 are
the'basicspectra’ andthe selectionof chemicalshift multiplet componentsepresentshe phase-
sensitve ‘editing of chemical shift multiplets’.

As describedn the manuscriptacquisitionof peaksdefiningthe centersof the chemicalshift
splittings(“centralpeaks”)is requiredfor unambiguousissignmenif two chemicalshift quartets,
(Qq, Q1, Qy, Qz) and(Q'y, Q'1, Q'5, Q'3), arecorrelatedvith degeneratehemicalkhiftsin theother
N; -1 dimensionsFurthermoredegenerag may occurbetweentwo or moreshifts of the quartet
itself, e.g., one may have that Q; = Q';. The information of the ND experimentresolving
degenerag in upto N - 1 dimensionsis madeavailableif centralpeaksaredetectedFirst, spectra
with transferamplitudesof thereal partsof Kl=y spectra3r (j =9...12),encodeQ; andQ,,

but no Q4 signal splittings,

SOr O cosQQpt) cosQ;t) cosQ,t)
S1or cosQgt) sin(@Qqt) cosQ,t)
Slir0d cosQQgt) cosQ;t) sin(Q;t)

Sizr [ cosQgt) sin@Qqt) sin(Q;t)

andprovide the centersof the Q3-splittings. 0... S12 yield, asdescribedspectraB9... B12 with
peaksat: B9: Qg + Qq + Q,, B10: Qg - Q1 + Qy, B11: Qg + Q4 - Q,, B12: Qq - Q4 - Q,. Second,
spectrawith transferamplitudesfor the real parts 252 = 2 spectragr (j = 13.,14), encodeonly
Q,-signal splittings,

S13r O cos@Qqt)cos@ t)

Sl4r O cosQqt)sin(@Qq t)
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andprovide the centersof the Q,-splittings.S13 andS14 yield B13 andB14 comprisingpeaksat:
B13: Qg + Qy, B14: Qg - Q;. Third, 23 = 1 spectrumS15 with a transferamplitudefor thereal
part encoding no signal splittings,
S15r O cosQgt)

provides the centers of th;-splittings.

As describedn “Theory”, GFT NMR dataacquisition(Figure 1) requiresrecordingof atotal

of p= % 2 = 2¢*1_1 N,D spectra(e.g.,Sl... S15 for K = 3) with 2K basicspectraanda total of
k=0

2X-1 centralpeakspectraThis setof p datasetsis designate@n'( N,N;)D GFTNMR experiment’,

andcentralpeaksdueto omissionof m chemicalshiftsaredenotedo be of m-th order(e.qg.,B9...

B12,B13 andB14, andB15 represent first, second and third order central peaks, respgcti

For frequeny domainediting, the datasetsSl...S15 are Fourier transformedo yield spectra
Al..Al5 (Figure2), and,dependingon the numbern of chemicalshift sinemodulationsa zero-
orderphasecorrectionof nmce is applied.Subsequeritnearcombinatioryieldsthe editedspectra
B1..B15 (Figures 5,6) according to

B(K) = F(K) DA(K) (S1),

wheref (k) can be readily obtained froAik —1) by tensor product formation:

E(K) = E(K—-1)0E(1) with E() = E 1] (S2).

One thus obtains fdf = 2

B9 1111 A9
B10| _ (1-1 1 -1f {A10 (83),
B11 11-1-1 (ALl
B12 1-1-11| |Al12

and fork = 3
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B1 1111111 1] Al
B2 1-11-11-11-1 [A2
B3 11-1-111-1-1] [A3
B4 _ [1-1-11 1-1-11|A4 (S4).
B5| |1 1 1 1-1-1-1-1 |A5
B6 1-11-1-11-11]| [A6
B7 11-1-1-1-11 1| |A7
B8 |1-1-11-11 1-1 |Ag

For the sak of completeness, the equationskor 1

B13 _ [1 1| {A13 (S5)
B14 [1-1] |A14 ,
andforK =0
B15 = A15 (S6),

are likewise gven here.

In this paragraphwe provide therelationof thematricesé(k) andf (k) for time andfrequeng
domainediting of chemicalshift multiplets. The matricesG(k) and £(k) for time andfrequeny
domainediting of chemicalshift multiplets (Figures1,2) arerelatedto eachotheraccordingto
G(K) = A(K) P(K) with A(K) = F(K)O [é ﬂ. AK) appliesthe additionschemeof F(k) (eq S2)to
both real and imaginary parts. To derive P(k), we first define (1) = Eg} with E = Bﬂ and
P = [‘1’ —01] . Thematrix P mapstherealontotheimaginary andtheimaginaryontothenegativereal
part. This correspondso azero-orde®0® phasecorrectionin thefrequeny domain.Accordingly,

applicationof P" correspondso applyingthe nmo° zero-ordephasecorrectionalludedto above.

P'(K +1) can be constructed from tleek) according to

P(K+1) = P(K)DO lﬁ 0} Expansionof the productsof € and P resultingafter (multiple) tensor
0P

product formation yield®(), a matrix with & x2 block diagonal form.

ForK = 3, 2, and 1, we thus obtain férk) andp(K)
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Il. Options to implement central peak acquisition in GFT NMR

Thesuccessie identificationof peakpairsbelongingto centralpeaksof decreasing orderensures
the unambiguousssignmenbf chemicalshift multiplet componentgFigures2,3). Suchcentral

peak acquisition can be achéel in three dferent ways.

Option1: Thep spectraconstitutingthe (N,N;)D GFT NMR experimentareacquiredoy successie
omissionof shift evolution periodsfrom the ND FT NMR radiofrequeng pulseschemeaffording

the basic spectra.
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Option2: Centralpeakscanbeobtainedrom incompletepolarizatiortransfelﬁeTheechusive use

of this approach corresponds to their simultaneous acquisition 25 thesic spectra.

Option 3: Heteronucleasteadystatemagnetizatiorcanbe recruited®®! For eachorderof central
peaksobtainedn suchaway arecordingof two subspectras requiredsothatthe numberof data
setsincreaseswofold. Theexclusie useof this approactwould requirerecordingof 4K different

N;D data sets. These yield after data processing the desirefi"*-1 spectra.

Dependingon the particular magnetizatiortransfer pathway and practical constraintsone can
combinethe threeoptionsfor centralpeakdetection.The secondandthird option offer that (i)
magnetizatioryielding unwanted“axial peaks”in the conventionalexperimentis used®® andthat
(i) centralpeaksareregisteredevenif the resonances the higherorderspectraarebroadened.
Overall, 2€ < p < 4K datasetsthus needto be recordedto obtain the (N;N)D GFT NMR
experiment: the resulting ‘'sampling demand’ is equvalent to recordingan ND FT NMR
experimentwith only one (2K data sets) to two (4K data sets) complex points in eachof the K

dimensions.

[ll. Reductions in minimal measurement times for different options for central peak

detection

Option 1: If the p datasetsdefiningthe (N,N;)D experimentareseparatelyecordedtheratiog, is

as defined in eq 2:

COTWFT) ok ogoX o
= e - @ /(2 1)) El]l_l n, gazon%, (3), (S7)

Option 2: If the basicspectraarerecordedwith simultaneouscquisitionof centralpeaksfrom

incomplete INEPT one obtaigs:

_ T(FT) _Ok+1 K g DK DDK ad
I (Sl Dﬂ,”i > mznlu ALNER2ME (S8).

i.e., the ratio becomes simply the product of the number of poiatstee corresponding sum.
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Option3: If heteronucleamagnetizations exclusively usedfor centralpeakdetectioroneobtains

&3

e = m(FT) _ 125 D%H n;

oo

(S9).

ooo

3=
T,(GFT) R 5

DK
B

For representate calculations seeable S1.

For thepresentmplementatiorof (5,2)DHACACONHN, 13ca steadystatemagnetizationvas
usedo detecithefirstordercentralpeaksdefiningthte(lHo‘) splittings(see€NMR spectroscoy
and‘data processing’) which yields a secondsetof 8 datasets.Secondandthird ordercentral
peaksdefining, respectiely, the Q,(*3C%) and Q,(*3C’) splittings were obtainedfrom separate
recordingof somavhat higher resoled Reduced-dimensionality 2D HNNCO, an experiment
derivedfrom the HNNCO schem@ (two datasets) and2D [1°N,H]-HSQC? respectiely (Figure
5). Theuseof 13ca steady-statenagnetizatiorior first ordercentralpeakdetectionyieldse = 250

(see tet) being intermediate between (eq 3) and; (eq S9).
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I\VV. Data processing of (5,2)IHACACONHN

Firstordercentralpeaksverederivedfrom 13C steadystatemag netizatiorf9" This requiresa“pre-
processing’prior to G-matrix transformationThe datasetsR1... R16 arecombinedto yield the

basicdatasets,Sl... 8, andfirst ordercentralpeakdatasets,S9... S12, respectrely, accordingto:

si] [10000000-10 000000
2 010000000-10 0000 O (S10)
001000000 0-10 00 0 O '
_ /000100000 0 0-10 0 0 O T
000010000 0 0 0-10 0 O E[Rl"' R8RI .. Rleﬂ
000001000 0 0 0 0-100
S7 000000100 0 00 0 0-10
S8 000000010 0 000 0 0-1
and
(S12).

SO 0010001000100010
S10| _ OOOlOOOlOOOlOOOlE[Rl..
S11 1000100010001000
S12 0100010001000100

.
.R8RY ... R16|

This correspondgo the differenceand sum formation for central peak acquisitionusing *3c®
steadystatemagnetizatior?9' Trans\erse3C magnetizatiororiginating from 13C longitudinal
steadystatemagnetizatioris 90° out of phaserelative to trans\erse3C magnetizatiororiginating
from 1H magnetizatio??' Hence sin[Q(*3C™)t] andcos(*3C%)t] modulationare‘swapped:for
centralpeakacquisitionandrows 1 and2, and3 and4 in eq S11areexchangeccomparedo eq
S10. With S13 and S14 from 2D HNNCO, and S15 from 2D [YN,'H]-HSQC, the
p = 2°*1_1 = 15 datasetsconstitutingthe (5,2)D HACACONHN experimentbecomeavailable.
Therequiredphasesensitve editing of the chemicalshift multiplet componentsanbe achieved
either in the frequernyc(see Supporting Information) or the time domain (eq 1).

G(K), as defined by eq 1, can be decomposedinto real and imaginary part,
Ge(K) = R(K) +i 0(K). With R;(k) andijk) denotingthe corresponding-th row vectorsonethen

. . ~ T . ~
obtainsthereal 2“**x 2 ** squarec-matrix, 3(K) = [rql T Ry T Ry izK] , Which transformss(x)
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into T(k) = [Tlr T Tor Tri . T25¢ TzKi]T according tor (k) = G(K) §(K) . For time domainediting
of the (5,2)DHACACONHN experimentonethusobtainsthefollowing real G-matricesfor K =3

(basic spectra):

1-10-10 0 1] [sir

Tir 100-10-1-10 0

T1i 0110100-1100-10-1-10]| [Sli
Tor 10010-1100-110-10 0-1 |Sr
T2i 01-10100110010-110| |S2i
T3r 100-101100-1-101 0 0-1 |S3r
T3i 0110-1001100-1011 0| |S3i
Tar 100101-100-110100 1| |4
T4i| _ |0 1-10-100-1100 10 1-10S4i (S12),
TS5t 100-10-1-100110 10 0-1 [S5r
T5i 0110100-1-1001011 0| |S5i
Tér 10010-11001-1010 0 1| [S6r
T6i 01-101001-100-101-10| |S6i
T7r 100-101100110-100 1| |S7r
T7i 0110-1001-10010-1-10]| |S7i
T8r 100101-1001-10-10 0-1 [S8r
T8 |0 1-10-100-1-10 0-10-11 0] [S8i

for K = 2 (first order central peaks):

TOr 1 00-10-1-10 SOr
TOi 0110100-1 SOi
T10r 1 0010-110 S10r
T0if (0 1-10 100 1 |:|810i (313),
T1lr 1 00-10110 S11r
T11i 01 10-1001 S11i
T12r 1 00101-10 S12r
T12i] |0 1-10-10 0 -1 [Sl12]

for K = 1 (second order central peaks):

T13r 10 0 -1 |S13r
T13i| _ |01 1 O S13i (314)
T14r 100 1 S14r
T14i 01-10 S14i

and for K = 0 (third order central peaks):

ke ik b (S15)
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Sincerealandimaginarypartsarerecordedor all four chemicalshifts Qg, Q4, Q,, andQsin the
basic spectra(eq S12), the particular choice of Qg is, in principle, arbitrary A suitable
rearrangemerdf the FIDs would allows oneto exchangeQ, with ary of the otherthreechemical
shiftsafterdataacquisition.However, the orderchoserfor centralpeakdetectiondefinesQ. For
thepresen{5,2)DHACACONHN experiment 2D [1°N,H]-HSQCis themostsensitivechoicefor

third order central peak detection so tigg = Q(°N).

Editing of timeinsteadof frequeny domaindatais advantageoud)ecauséheextensionof the
time domaindataby linearpredictiorf (from 53to 106 complex pointsfor datasetsT1 to T12 and
from 128to 192for datasetsT13andT14) profitsfrom bothmaximizingthesignal-to-noisef the
time domaindataandreducingthe numberof chemicalshifts (“oscillators”) to be predicted After
linear prediction, the datasetsT1..T15 were multiplied by a sine function shifted by 70° and
Fouriertransformedo yield spectraB1.. B15 (Figuress,6). Thedigital resolutionafterzero-filling

was 7.8 Hz/point along, and 6.9 Hz/point along,,
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V. Table with reductions in minimal measuement times in GFT NMR

Table S1.Thereductionof minimalmeasuremertimes,e, for K = 1, 2, 3anddifferentapproaches
for centralpeakdetectionassuminghateachof the projectedK+1 dimensionsaresampledwith

16 (32) complex points.

2 basic data sets 2%*1.1 data sefs 4K data sefs

eq S8 eq3 eq S9
i eese  acss@en  eed@
K=2 e, = 85 (341) £, = 48.6 (195) £,= 21 (85)
K=3 e,= 1024 (8192) £, = 546 (4369) £, = 128 (1024)

2Central peaks obtained exclusively from incomplete polarization trdfifsfer.
b Centralpeaksobtainedby successiv@missionof chemicalshift evolutionperiodsin the parent
experiment.

¢ Central peaks exclusively obtained from heteronuclear steady-state magnet&ation.
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VI. Table with chemical shifts

Table S2. Chemicalshift? of ubiquitin measuredn (5,2)D HACACONHN. The following
standardeviationswvereobtained(Figuress,6,7,8):0(*2N) = + 0.043ppm (2.4 Hz), s(*HV)P = +
0.006ppm (3.3Hz), 6(*3C’) = + 0.017ppm (2.6 Hz), o(*3C%) = + 0.019ppm (2.9 HZ), o(*HY) =
+ 0.006 ppm (3.7 Hz).

Residue 6(15N) 5(1HN)a 6(13Ca) 5(13C0() 6(1H0()
M1 170.500 54.505 4.220
Q2 122.911 8.965 176.021 55.178 5.289
13 115.095 8.328 172.351 59.678 4.161
F4 118.498 8.624 175.151 55.162 5.642
V5 121.256 9.317 174.775 60.430 4.815
K6 127.847 8.954 177.095 54.682 5.293
T7 115.413 8.762 176.890 60.564 4.932
L8 121.248 9.129 178.821 57.561 4.302
T9 105.850 7.656 175.494 61.463 4.423
G10 109.192 7.845 173.952 45.428 3.612/4.344
K11 121.890 7.286 175.722 56.318 4.359
T12 120.604 8.657 174.334 62.380 5.051
113 127.688 9.562 175.149 60.029 4.522
T14 121.650 8.757 173.731 62.043 4.977
L15 125.150 8.751 174.525 52.827 4.754
E16 122.459 8.139 175.802 54.968 4.889
V17 117.511 8.956 174.039 58.479 4.694
E18 119.306 8.679

P19 175.261 65.330 4.124

S20 103.394 7.048 174.592 57.431 4.360



D21
T22
123

E24
N25
V26
K27
A28
K29
130
Q31
D32
K33
E34
G35
136
P38
D39
Q40
Q41
R42
L43
144
F45
A46
G47
K48
Q49
L50
E51
D52

G5%

123.869
108.971
121.290

121.406
122.156
118.967
123.484
120.211
121.352
123.551
119.733
115.432
114.269
108.796
120.298

113.588
116.885
118.029
123.033
124.390
122.295
125.055
132.938
102.422
121.961
123.000
125.679
123.110
120.354

8.070
7.895
8.538

7.942
8.118
8.580
7.994
7.875
8.301
8.568
8.036
7.446
8.742
8.518
6.174

8.546
7.834
7.498
8.524
8.843
9.119
8.866
8.993
8.138
7.999
8.664
8.579
8.407
8.179
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176.285
176.760

178.964

178.288
177.918
180.483
180.214
180.257
178.151
178.820
177.278
177.777
177.909
173.915

178.246
177.032
175.381
176.133
173.854
175.257
175.795
174.578
177.317
173.732
174.627
175.566
176.611
175.475

174.754

55.924
59.658

60.734

56.068
67.684
59.222
55.419
59.793
66.124
60.067
57.454
58.193
55.395
46.100

66.138
55.819
55.647
56.684
55.186
53.051
58.972
56.597
52.598
45.412
54.640
55.922
54.287
55.979

45.245

4.687
4.905

3.890

4.558
3.398
4.592
4.161
4.202
3.487
3.822
4.333
4.310
4.570
3.929/4.135

4.116
4.411
4.463
4.223
4.483
5.367
4.943
5.161
3.697
3.450/4.100
4.598
4.540
4.090
4.511

4.062
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R54 119.329 7.482 175.316 54.338 4.725
T55 108.815 8.847 176.490 59.700 5.237
L56 118.016 8.168 180.752 58.673 4.053
S57 113.484 8.499 178.282 61.149 4.242
D58 124.505 7.954 177.401 57.440 4.291
Y59 115.770 7.276 174.663 58.295 4.651
N60 115.940 8.174 174.256 54.179 4.351
161 118.831 7.264 174.514 62.470 3.371
Q62 124.948 7.642 175.751 53.653 4.477
K63 120.514 8.505 175.694 57.905 3.979
E64 114.574 9.335 175.205 58.419 3.330
S65 114.914 7.683 172.008 60.931 4.632
T66 117.439 8.742 173.741 62.506 5.291
L67 127.691 9.432 175.314 53.866 5.085
H68 119.271 9.255 173.703 56.002 5.141
L69 123.921 8.311 175.356 53.848 5.184
V70 126.737 9.202 174.033 60.654 4.378
L71 123.087 8.125 177.806 54.030 5.021
R72 123.792 8.620 175.284 55.713 4.262
L73 124.533 8.372 177.388 54.846 4.396
R74 121.936 8.453 176.837 56.613 4.303
G75 111.089 8.505 173.633 45.331 3.966
G76 115.040 7.959

aChemical shifts are in ppm and relative to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS).
b Directly measured chemical shift.

¢ Glu 24 and Gly 53 shobroadened®N-HN resonances.
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VII. Figure S1 and additional statistical calculations basedon the Gaussianlaw of error

propagation

Figure S1 showsthe results of Monte-Carlo simulations for the casethat only four out of
eight basic spectra of (5,2)D HACACONHN (Figure 6a) are selectedto calculate the

chemical shifts. The standarddeviationsfor the chemicalshift measurementare plotted versus
the numberassignedo a particularcombination.(a) o(**N), (b) o(*3C"), (c) o(*3c?) and (d)
o(*H%) representhe standarddeviationsfor the measuremenof the chemicalshifts Q0(15N),

Q,(33C"), Q,(*3C?) and Q3(*H®), respectiely. (e) Assignmentof numbersto the selectionsof

four out of the 64 possible combinations{ gig—a = (87 B[5)/(4BRO)-6 = 64}. The six

combinationswhich are subtractedrom the binomial coefficient gg correspondo the cases

whereoneof thethreechemicalshiftsQq, Q, or Qg is addedo or subtractedrom Qg in all of the

four selectedspectra(i.e., no splitting is presentamongthe four selectedspectrawvhich encodes
the respectre chemicalshift). The spectraselectedfor a particular combinationnumberare
indicatedas dots. The statisticalmodel usedfor the Monte Carlo simulationsis the sameas

described in the legend of Figure 8.
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Three different classes of combinations are identified.

(1) 2 combinationsgrovidehigh precision[a(X) = 1 - o(basic);X = *H*, 3, L3¢, 13N] for all

four chemical shifts:

Bl [QO+Q]_+QZ+Q3]; B4[QO_Q]__QZ+Q3]’

B6 [Qo- Ql +QZ - Qa] andB7 [QO + Ql_ Qz- Qs], or

B2 [Qq - Q1 + Qp + Q3]s B3 [Qp + Q1 - Qp +Qg];

B5 [Qg + Q; +Q, - Qql; andB8 [Qg - Q1 - Q5 - Q4.

com |nat|onspr0\/| e interme IaIQC)YECISIOHO' = — "g(pbasliC);A = , , s
() 26 binati idei di ision[o(X) }2 (basic);X = 1H?, 13¢ca 3¢

5\] for all four chemical shifts.

1

(1) 37 combinationgprovide intermediateprecision[c = ¥ - o(basic)]for threeof the shifts

and low precisiond = a(basic)] for one of the four shifts.

The standarddeviation dependon the numberof equationghat needto be linearly combinedto

calculatethe shifts. This shallbediscussedor threeexamplespnerepresentingachof the cases.

() B2[Qg- Q1+ Qs+ Qg]; B3[Qg+ Q1 -Q5+ Qg]; B5[Qp+Qq+Q5-Q3]; andB8[Qq- Q; -
Q, - Q3] shall be selected. #\then obtain the inddual chemical shifts from:

40Q,(*N)=B2 + B3+ B5 + B8
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40,(*c)=-B2+B3 +B5-B8
4 Q,(*3c%) = B2 -B3 +B5 - B8
4 Q4(*H%) = B2 + B3 - B5 - B8

with ‘BX” representinghe shifts extractedfrom the spectrumBX (X = 2,3,5,8).Eachshift from

BX is associatedwith a standarddeviation of o(basic). Hence,the Gaussianlaw of error

propagtior? yields:

of4 Q,(**N)] = 4 0[Q,(**N)] = /2 o(basic) =2 * o(basic)

of4 Q,(*3C)] = 4 o[Qy(*3C")] = v2 o(basic) =2 * o(basic)

o[4 Q,(*3C%)] = 4 6[Q,(*°C™)] = v2 o(basic) =2 * o(basic)

o[4 Q,(*HY] = 4 6[Q,(*HY)] = /2 o(basic) =2 ' a(basic),

or equvalently,

o[Qy(X)] = fz o(basic) =3 - o(basic) for X ='H, 13ca 13c: 15y,

Thus.theresultingprecisionis equivalentto the oneobtainedfrom four statisticallyindependent

measurements.

(1) B1 [Qq + Qg +Q, +Qgl; B5 [Qp + Qg +Q, - Qgl;

B7 [Qp + Qp - Q5 - Qg]; andB8 [Qg - Qq - Q5 - Q4] shall be selected We then obtain the
individual chemical shifts from:

2 Q,(°N) =B1 + B8

20,*c)=B7-B8

2 Q,(*3c" = B5 - B7
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2 Q5(*H%) = B1 - B5
with ‘BX” representinghe shifts extractedfrom the spectrumBX (X = 1,5,7,8).Eachshift from

BX is associatedwith a standarddeviation of o(basic). Hence, the Gaussianlaw of error

propagtion yields:

o2 Qy(**N)] = 26[Q,(*°N)] = 2 o(basic)

o2 Q,(*3C)] = 2 0[Qy(*3C)] = 2 o(basic)

o[2 Q,(*3C%)] = 2 6[Q,(13C™)] = 2 o(basic)

o2 Q,(*HY] = 2 6[Q,(*HY)] = /2 o(basic),

or equvalently

o[Q(X)] = % o(basic) for X =tH®, 13¢ca 13c' 15\,

Thus.the resultingprecisionis equivalentto the one obtainedfrom two statisticallyindependent

measurements.

(1) BL[Qg+ Q1+ Qp+Qgl; BA[Qg- Q- Qy+ Qg B5[Qg+ Qp + Qy- Qgl; andB6[Qg - Q;
+ Q, - Q3] shall be selected. ®then obtain the inddual chemical shifts from:

2Q,(**N) = B4 +B5

20,(3c)=B5-B6

20Q,13C") =B1-B4-B5+B6

2 Q5(*H%) = B1 - B5



S21
with ‘BX” representinghe shifts extractedfrom the spectrumBX (X = 1,4,5,6).Eachshift from
BX is associatedwith a standarddeviation of o(basic). Hence, the Gaussianlaw of error

propagtion yields:

o[2 Q,(**N)] = 26[Q,(*°N)] = .2 o(basic)

o2 Q,(*3C)] = 2 0[Qy(*3C)] = 2 o(basic)

o[2 Q,(*3C%)] = 2 6{Q,(*3C™)] = va o(basic) = 2 - o(basic)
0[2 Q(*HN] = 2 0[Qy(*H)] = .2 o(basic),

or equialently

o[Qy(X)] = fz o(basic) for X =tH% 3c’, 15N and

o[ Qy(+3C™)] = o(basic)

Thus.the resultingprecisionis equivalentto the one obtainedfrom two statisticallyindependent

measurement®r threeof the chemicalshifts, while it is equivalentto a singlemeasuremerfor

one of the shifts.
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In caseall 15 spectra constituting the constant time (5,2)D GFT NMR experiment are

selected, similar consideration showv that the resulting standard deviations can be

calculatec® according to bllowing equations.

(a) Suney of constant time spectra, standargidggons and chemical shift measurements

Data Number of Spectra standard Chemical shift measurements
deviation

Basic 8 ofbasic)  Qq(**N) £ Qy(1%C) £ Q(FC%) £ Q3(HY)

1st 4 o(Lst) Q,(15N) £ Q;(3C) + Q,(3cY)

2nd 2 o(2nd) Q,(1°N) + 0, (F3C)

3rd 1 o(3rd) Qo(*°N)
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(b) Calculation of error propatjon

ChemicalShifts Standard Deations

/8 [b2(basic) + 4 [B2(1st) + 2 [b2(2nd) + 62(3rd)

Q(™N)  o(*™N) = T

/8 [2(basic) + 4 [b2(1st) + 2 [b2(2nd)
14

() o(tC) =

[b2(basic) + 4 [o2(1st)
12

Q4(tHY) o(tHT) = A8 [b2(basic)

8

Qz(l3ca) 0(13(:(}) — ’\/8

The validity of these equations is neatly confirmed by the Monte Carlo simulation

performed with input fr om all 15 spectra:

o 60 (simulated) 60 (calculated)
o(*N) 14.50 14.46
o(*3C) 15.35 15.37
o(3c9) 17.41 17.36

o(*H%) 21.24 21.26



