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Sequence specific resonance assignment is the first step in determining the three-dimensional (3D) structure of proteins.
Several double and triple-resonance NMR experiments were proposed in this direction for achieving unambiguous
assignments. Howevdhese methodologies are non-trivial for proteins with molecular weight beyond 15 kDa. Common
problems in this process are spectral overlaps and rapid relaxation rates of the nuclei that result in broad cross peaks.
Further Pro residues, which ladkiN, complicate the scenaridhis led to identify maximum possible starting points

along the polypeptide chain of a given protein to aid in the sequence-specific resonance assignment procedure. In this
paper we propose a fast NMR methodology namely Tlier, andVal (ITV) specific (3, 2) DEB(CACO)NNH, which

shows the spectral signatures of the C-terminal sequential neighbors HirllandVal residues in highly resolved
mannerThis aids in the generation of additional starting points along a given polypeptide chain, apart from the known
canonicalAla, Gly, Ser andrhr residues, and thus accelerate resonance assignment process significantly
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Intr oduction spectral signatures. Furth@ro residues, which lack
IHN, complicate the situation. Hence maximum
possible number of starting points is required along
the polypeptide chain of a given protein to facilitate
the sequence-specific resonance assignment
procedure.

Advent of labeling schemes to produé€- or/and
15N-enriched proteins paved the way to determine
their 3D structures of medium size proteins (upto a
"= 50 kDa) by 3D triple resonance NMR. In this
endeavor H, 13C and >N sequence-specific
resonance assignments remain the first it plate, It is a well-known fact that, spectral signatures
several double- and triple-resonance experimentsof Ala, Gly, Ser andThr residues are easily
were proposed to carry out these assignments iridentifiable residues because of their characteristic
isotope-labeled proteins. Howeverthese  13C® and13CP chemical shiftsThe 13C® chemical
methodologies are non-trivial for proteins with shifts of Gly resonate around 45.4+1.8 ppm, which
molecular weights even beyond 15 kDa. Common is well separated from tHéC* chemical shifts of the
problems in this process are spectral overlaps andest of the residues. On the other handiG@spins
rapid relaxation rates of the nuclei that result in broadof Ala, Ser and’hr resonate with their characteristic
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chemical shifts around 19.1+2.7, 63.7+£2.4 and Ser) (Dotsch &\Vagner 1996) and residues which
69.6+4.7 ppm [see BioMagResBankww.bmrb. have only onéHP attached t33CP (lle, Thr andval)
wisc.edu)], respectively thus leading to their (Dotschet al., 1996b). Howeversuch simplified
unambiguous identification (Atreyat al., 2000; spectra could not be used for the identification of
Atreya et al, 2002).Thus, in principle, four triple-  peaks as belonging to a specific residue type within
resonance experiments HNCACB, CBCA(CO)NH, the selected set of residués. an extension of this
HNCO and HN(CA)CO, should siite for the methodology we proposed aAla, Asp, Asn, Cys,
resonance assignmentbiN, 15N, 13C%, 13CP andl3C’ Gly, and Ser specific (3, 2)BB(CACO)NNH pulse
spins (Atreyaet al., 2000;Atreya et al., 2002). sequence (Barnwadt al., 2008), where in the
However in practice, the success rate in any chemical shifts of the underlined nuclei were jointly
automated resonance assignment procedure turns ogampled, to identify the peaks as arising from six
to be low primarily because of incomplete spectral amino-acid residues that la¢kC¥ (Ala, Asp, Asn,
signatures or/and spectral overlap. Hence, the questys, Gly and Ser).

has been to identify spectral signatures arising from

residues other thaila, Ser Thr and Gly Based on In furthering the quest to identify spectral
the analysis of BMRB data of 9000 odd proteins, the signatures arising from residues other than those
amino acid residues (Ala, Glger andrhr), which ~ mentioned above, we propose here Tle; andVal

can be easily identified from their respectivpee  (ITV) specific (3, 2)-DCB(CACO)NNH pulse
and $3CP chemical shifts constitute around 30% Sequence, arapid NMR methodolothat shows the
percent of the total residues and thus can act as variougPectral signatures of the C-terminal sequential
starting points in any manual/automated resonance?€ighbors of amino acid residues of ey andval,
assignment proceduréith further identification of ~ Which have singléH? attached toCP in a given

lle andVal residues, the percentage of starting pointsProtein. This experiment is a variation of tffevI-

can be pushed upto 37%dditionaly, new di- and CBCACONH pulse sequencg proposed earlier by
tri-peptide segments are generated, that can beV@gner and co-workers to edit the flér andval
uniquely mapped onto the protein primary sequence SPin systems and it is based on the methodology of
The uniqueness of such mapping increases from 684> Matrix  Fourier transform (GFT) NMR
to 98% in opting for the identification of tripeptide SPECtroscopy as described below

segments (Supplementargble S1) (Supplementary

Table S2)With this in the backdrop, residue specific Results and Discussion

labeling (Shi et a, 2_004?\/0|k etal., 2008,yeetal., Fig. 1 shows the proposed radio-frequency (RF) pulse
2005) or unlabeling (Atreya & Char001;  gcheme, which we have called it as, ITV specific (3,

Krishqarjgna etal 'ZO]L) progedures yvere used for 2)D-CB(CACO)NNH experimentAs described by
selective identification of various residue typEse Wagner and coworkers, the experiment starts with

disadvantage of these methodologies has been thgn |NEPT transfer of magnetization frdf to their
requirement of more than one sample and thegjrectly bonded3C spins, resulting i#C coherence,
associated problem of amino-acid cross-metabolism.yhich is anti-phase with respect to its directly
To overcome this, residue type selective triple gttached!H. During the following delays, this
resonance experiments (Dotsehal., 1996a;  coherence is refocused with respect to proton
Schubert etal, 2001a, 2001b, 2001c; Schuketal.,  coupling(s) (23in the pulse scheme presented here).
1999) were proposed, requiring only oF€/"°N  After this delay 3'3C magnetization evolves into in-
doubly labeled sample. For example, selective phase magnetization with respect to the directly
CBCA(CO)NH pulse sequences were designed toattached protons. Ignoring all other couplings, five
select the C-terminal sequential neighbours of terms are generated with the following modulation
residues without3CY (Ala, Asp,Asn, Cys, Gly and  coeficients:
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Fig. 1: Pulse sequence folTV-specific (3, 2)DCB(CACO)NNH. Thin and thick vertical bars indicate rectangular 90° and 180 pulses,

respectively and phases ag indicated above the pulse&Vhere no tf. phase is marked, the pulse is applied along x axis. High-power

9(° pulse lengths forubiquitin ar e: 19.01 ps for'H, 45 us for'>N and 15 ps for'®C. The scaling factork was either 0.5 orl.0. DIPSI
was employed to decoupléH during the hetero-nuclear magnetization transfers.The H r.f. carrier is placed at the position of the
solvent line (4.69 ppm)The 15N carrier position is set at 18 ppm.The 13C carrier is kept at 43 ppm thioughout the experiment. For
Hahellin, high-power 9¢° pulse length was 8.84 us fofH and the 'H r.f. carrier was placed at the position of the solvent line at 4.77
ppm. GARP was employed to decoupl&N during acquisition. All pulsed z-field gradients (PFGs) ae sine.1000 shaped with gradient
recovery delay of 100 usThe duration and strengths of the PFGs ag: G1 (1 ms, 30 G/cm); G2 (1 ms, 80G/cm); G3 (1 ms, 8.1G/cm).

The delays ae: 1, =2.75 msx, = 1.9 mst,=4.5 ms1,=7.2 msx; = 44 ms¥y=12.4 msx,=55msI;=2.3 ms and d = 1s. Phase

cycling: @, = X,-X; @, = X; 5= X, -X; ¢, = (8, -8x);9 = X; g = (4X, -4%);¢,=(2x, -2x); §5=(-2y, 2y) and¢ .= 8( X, -x). Quadrature

detection along>N is accomplished using the sensitivity-enhanced scheme. GFT NMR phase-cydle= x, y yields, in conjunction

with quadratur e detection in1°N, two data sets, which ag linearly combined employing a G-matrix transformation with the G-
matrix. The number of complex points, {... and the digital resolution along the indiect dimension were 240, 7.4 ms, 67.5 Hz/pt for

the experiment with the scaling factor) = 0.5; and 360, 6.2 ms, 81.1 Hz/pt fahe experiment withk = 1. The same parameters wex

2048; 127 ms; 3.91 Hz/pt fothe @, dimension in both the experiments with the total measwment time of 1 hr34 mins

13CPsin(1J,,,0) +sin(1d.,0)cosfu., ) +
sin(rJ,,,6)cos(1d, d)]
+13CY[sin(1,,,0) +sin(,,,5)cos ., d)]

The first three terms arise frofiCP spins
attached to a lontHP (as in lle,Thr andVal), two
1HP protons and threéHP protons (as imla),
respectivelyThe last two terms arise frotfC® spins
attached to a lon&H® and two!H® protons (as in
Gly), respectivelyThus, setting & 1/2J(13CP-1HP)
and manipulating specific delays, @nd t) in the
pulse sequencselection of the magnetization arising
from the first term alone is possible as the
corresponding magnetization is sine modulaldte
signals arising from¥*C-'H pairs of methylene and

methyl groups are suppressed by selectiras &/
21J(*3CB-1HP) and also by employing proton DIPSI
decoupling.The variation in the proposed pulse
sequence, ITV specific (3, 2)DB(CACO)NNH
from the earlier on&@VI-CBCACONH, arises from
the joint sampling of chemical shifts of the underlined
nuclei ¢3CP andN) and hence the 3D spectral
information is encoded in the form of a 2D spectrum
rapidly. The phase-sensitive joint-sampling 18€C?
and >N chemical shifts is achieved by co-
incrementing their respective chemical-shift
evolution periods, with ti&CP chemical shifts scaled
by a tunable factor Kkchosen as 0.5 in the present
experiment) relative td°N. Two 2D data sets are
acquired by altering the phase of the ff€°/P pulse
(¢,) by 9C. Thus, among the two acquired datasets,
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one corresponds to the cosine modulation, from lle, Thr andval and hence in assigning t8l/
represented by as@cgt,) [which is equal to H chemical shifts of their C-terminal neighbors.

K*{exp(iQ cat)) + exp(—Lcaty)} where Q4 is the We demonstrate the utility of the proposed4TV
chemical shift of3CP of it" residue], while the other ~ specific (3, 2)D-CB(CACQYH, by recording the
spectra on uniformly3C/**N doubly labeled (4C/
"I5N-labeled) Ubiquitin sample (1 mM in
represented by i(siffgt;) [which is equal to  concentration) and G&bound form of Hagllin (0.8
K*{exp(iQ CBtl)-exp(-iQCBtl)}], as the phase of the mM), which is a putative member @ crystallin
second data set is shifted 8. Thus, the G-matrix  @mily, from a marine bacteriutdahella chejuens's

Fourier transformation of such data set results in two (S. Patel, 2014; Srivastava & Cha2@11; Srivastava

sub-spectra each comprising of peaks along the shareat al., 2008, 2010), an intrinsically unstructured

dimension (f) at a given linear combination of protein in the absence of €and undegoes a drastic

hemical shift | — [O(15N N conformational change upon €abinding and
chemical shifts namelyo, = {Q(™N;,) * acquires a typicaBy-crystallin fold(Srivastava &

K*Q(*CP)}. An additional 2D [°N-'H] HSQC  Chary 2011; Srivastavat al., 2008, 2010). NMR
recorded with the same sample provides central pealexperiments with both the proteins were performed
information w, = Q(**N,,,), which is needed to  at 25C on a Bruker 800 MHz NMR spectrometer
analyze the data. Each cross-peak seen in the spectrusuipped with a cryogenically cooled triple-
thus essentially arises from tH€P spins of lleThr  resonance probe-head and pulse-field gradights.
andVal (i residue) and correlates to 8l/*H pair  total measurement times were 1 hr 34 min for
of their C-terminal neighbour (i#1residue)Thus,  Ubiquitin and 2 hr 05 min for Hahellin that included
each correlation peak seen in the spectrum provideshe recording of both the cosine and sine modulated
the chemical shift information dfCP, (of Ile, Thr data (Bble S3).The data were processed using

andVal) and °N/*H),,,. Further the fact that the  TOPSPIN (\érsion 2.1) and addition and subtraction
13CB of lle, Thr andVal have distinct chemical shifts  were done in the frequency domain.

(38.4+£2.0, 69.5+2.4 and 32.4+1.8 ppm, respectively) _ -
as shown in the supplementary Fig. S1, it is straight Peak patterns in ITV specific (3, 2)D-
forward to distinguish and assign each peak as arisind"B(CACO)NNH: We have simulated the two sub-

dataset corresponds to the sine modulation

(A) B)

Fig. 2: Simulation of the additive (A) and subtractive (B) sub-spectra of ITWpecific (3, 2)DCBCA(CO)NH spectrum, comprising of peaks at
(@, @) = [Q(3CPEN,,), Q(*HN,))]
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spectra of (3, 2)D CB(CACO)NNH (Figs. 2A and with those arising from lleThr andVal, because of
2B), based on the statistical analysis of known the cosine-square dependence of fBa@arbon (CH
chemical shift data of 365 proteins available in the group) magnetizatiorThese spectral signatures do
BioMagResBankvwww.bmrb.wisc.edu). As evident not cause any problem in spectral analysis, as they
from the simulations presented here (Figs. 2A andcan be readily distinguished from their unidée®?
2B), phase-sensitive modulation (joint-sampling) of chemical shifts and their appearance in a non-
13CB and 15N chemical shifts achieved by co- overlapping region of the (3, 2)D-CB(CACKEINH
incrementing their respective chemical-shift spectrum as shown in Fig. 3. During the pulse
evolution periods, with thé3CP shifts scaled by a  sequence, the magnetization arising fiS8f spins
tunable factork (chosen as 0.5 in the present are also selected as they are sine modulated with
experiment) relative t&N, results in a significant ~ respect téJ(**C°-'H) and later using a delayhich
resolution in the spectral signatures arising from lle 'ti almct).st .qual t:) 1;']:2(13;0_"135') (215). Hfowe(\j"atr ]

e optimized value for this delay was found to be
(PCREPN,, 3, Y, ), Thr (SN, 'HTY, ) and 8.8 ms, which is much less than1}23C®-13C") and
Val (SCP£PN,,,, tHN,,,) correlations (Figs. 28nd  this explains as the reason as to why the breakthrough
2B).As evident from Fig. 2And 2B, both the additive  peaks arise fro*C* nuclei. Howeverthese spectral
signatures can be easily distinguished from those
arising fromAla, lle, Thr andVal residues based on
their chemical shift values.

i+1’ i+1

and subtractive sub-spectra comprising of peaks a
(W, wy) = [QACR£1N,,,), Q(HN,, )], completely
resolved theThr [Q(*3CP+1N,, ), Q(*HN, )]

correlations, though the spectral signatures arising 't IS worth mentioning here that, in principle,

one can record a cosine modulated dpécific (3,
13CB +15N 14N
from lle [Q(TCREN; ), QCHT,,)] and Val 2)D-CB(CACONNH spectrum alone and a 2BN-

[Q(*3CPN,, ), Q(*HN,, )] mamginally overlap.  1H]-HSQC, to derive the information about the
However as mentioned above once t#8° chemical ~ chemical shifts of3CP andHN/SN of all the lle,
shift values are determined, it is easy to distinguishThr andval residues and their C-terminal neighbors,
and assign these resonances unambiguously as arisingspectivelypresent in a given protein. Fig. 3C shows
from lle, Thr orVal residues as their respecti®@® the cosine modulated ITgpecific (3, 2)D-
chemical shifts are unique (Fig. S1). CB(CACONNH sub-spectrum of Ubiquitin. For

o L 15
The panel#\ and B in Figs. 3 and 4 show the each individual amide-pairG("H,,, /AN, 1)}

additive and subtractive (3, 2)D-CB(CAQOYH observed along the,@imension, two peaks are seen
spectra for Ubiquitin and HahelligSrivastava & @t {Q(°Nj,;) = K*(Yo/v)* Q(BCP-13C )} Thus,
Chary, 2011; Srivastavaet al., 2008, 2010) with the implicit knowledge of thégcoﬁset, one can
respectively of cosine- and sine-modulated sub- derive the information of the @N.,,)/Q(*H,,,)for
spectral data. Each peak in the spectrum iSeach observed amide-pair and thatf-3CP)
characterized by the chemical shift information of belonging toAla, lle, Thr andVal residuesThe
1308, 1HN. . and!SN,,,. From the information about infqrmation o.leNiJrl and15.Ni+lchgmica-lllshifts thus
the3CP, thus derived, it is easy to mark each peak asderl\{ed help In an unambiguous |denF|f|cat|on the C-
terminal neighbours of these four residues and hence

arising specifically fronval, lle orThr as mentioned  can be mapped on to the 28N-'H]-HSQC as shown

earlier Itis worth mentioning here that the additional in the supplementary Figs. S2A (for Ubiquitin) and
peaks that are observed in the spectrum are thosg2B (for Hahellin), respectively

arising fromAla residues, though the delays tuned

to (1/2Y3(*3CP-1HP) for the selection of the Additionally, the ITV-specific (3, 2)D-
magnetization arising from ll&hr andval residues. ~ CB(CACONNH experiment described here has
The break-through peaks arising fréfa are in phase  added advantage of substantially reduced acquisition
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(A) ©
(B)
Fig. 3: (A) Subtracted ITV-specific (3, 2)DEBCA(CO)NNH spectrum of ubiquitin. The assignments a& labeled on the spectra. (BAdded
ITV -specific (3, 2) DEBCA(CO)NNH spectrum of Ubiquitin with the assignments labeled. (C) Cosine modulated IF8pecific (3, 2)D-

CBCA(CO)NNH spectrum @, = x, -x) of Ubiquitin. Along the *N-dimension for each amide-pair(Q *H,,,, Q **N,,,), two peaks show-

i+1'

up at (Q Ny, ,) + 0.5%Y /Y *(Q 1%C; - Q 1%C ;.)- The peak pairs corresponding to twoThr are highlighted. The centre of the each peak

pair derives the chemical shift 0#5Ni+1, which in turn help in determining the correspondinngi+1 chemical shift. The knowledge of

15N,,, and *H,,, chemical shifts can then be easily mapped on to the cesponding 2D *N, H] HSQC of the protein

time and flexible scaling factor to resolve overlap Barnwalet al., 2008; Barnwal et a] 2008; Barnwal
problems (if any) by increasing the dispersion of et al., 2007; Kim & Szyperski, 2003; Roat al.,
peaks and thus facilitating a fairly high spectral 2010) or RD-NMR(Atreya & Szyperski, 2005;
resolution, which is depicted in the supplementary Chandratal., 2012). For example, for Ubiquitin both
Fig. S3. Furtherthe proposed IT\$pecific (3, 2)D-  cosine- and sine-modulated [W®yecific (3, 2)D-
CB(CACO)NNH experiment has several other CB(CACO)NNH experiments were recorded with a
advantages, which is characteristic of G¥VIR resolution of 67.5 Hz/pt along the sharéeN(*3C)
(Atreyaetal., 2007 Atreya & Szyperski, 2004, 2005; dimension, which is spread over 200 ppith the
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A) (B)

Fig. 4: (A) Subtracted ITV-specific (3, 2 DEBCA(CO)NNH spectrum of Hahellin. The assignments a labeled on the spectrum. (BAdded
ITV -specific (3, 2) DEBCA(CO)NNH spectrum of Hahellin with the assignments labeledlong the >N-dimension for each amide-
pair (Q H,,,, Q °N,,,), two peaks show-up at@ ™N,,,) + 0.5%y./y, *(Q °C,- Q 1°C ;..)

i+1’

number of scans set to 12 for each experiment, thealong!°N-dimension (acquisition time 12.3 ms) and
total experimental time was 1 hr 34 min. For Hahellin, 7.3 Hz/pt resolution alond3C-dimension

both cosine- and sine-modulated t$pecific (3, 2)D-  (acquisition time 7.4 ms) one needs a minimum of
CB(CACO)NNH experiments were recorded with a 14 hr of experimental time even for a two scan
number of scans set to 16 and the total experimentakxperiment.The fact that the overall experimental
time was 2 hr 5 min. In comparison, to record a normaltime is substantially reduced in a GFT experiment,
3D-CB(CACO)NNH with 40.5 Hz/pt resolution  we chose the number of scans as 12/16 to compensate
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the sensitivity issue, which resulted in an excellent Thus, we could demonstrate the utility of the
average S/N ratio of 21 for Ubiquitin and 19 for proposed experiment on'#c/°N-labeled Ubiquitin
Hahellin. Supplementary Figs. S4A and 4B show the and Hahellin samples and identify the chemical shifts
histogram of the observed S/N ratio as a function of of all the 13CP spins belonging tdla, lle, Thr and
percentage of residues of Ubiquitin and Hahellin, Val and correlate them with thelPN/IH pair
respectivelyThus, the present dataset can be recordedbelonging to their C-terminal neighborghis

with even less number of scans to further reduce theexperiment can aid in and accelerate resonance
experimental time, and still get all the expected assignment process and increase the precision of
spectral informationThis method can be combined assignment in automated assignment strategies like
with TROSYapproach (Salzmann etall998, 1999; TATAPRO (Atreya et al, 2002 Atreyaet al., 2000),
Yang & Kay 1999) for application to lge systems  as it will help in the generation of additional reference
(> 30 kDa) to overcome the line-broadening points apart from the known conventional ones,
problems.Adoption of methods like longitudinal namelyAla, Gly, Ser andrhr residues.

relaxation optimized technique and non-uniform
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Hyberts et al, 2012; Kazimierczuk et 8l 2012) can e facilities provided by the National Facility for
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magnitude. Since the data is acquired in the form OfDepartment of Biotechnologew Delhi, Council

a 2D spectrum, high spectral/digital resolution can ot seientific and Industrial Research, New Delhi, and
still be achieved easily without spending much T4¢4 |nstitute of Fundamental Research, are gratefully
instrument time. Most importantlyhere is no need acknowledgedThe help provided bibhinav Dubey

to collectTVI-selective 3D-CBCA(CO)NH t0 i preparing the supplementary tables is gratefully
retrieve the information about the corresponding C- acknowledged. KVRC thanks DST for JC Bose
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Supplement

Fig. S1Histogram of 13CP chemical shifts of lle, Thr and Val residues of 365 pteins available in the BioMagResBank (BMRB; http://
www.bmrb.wisc.edu)

) (B)

Fig. S2:2D [**N-1H]-HSQC of Ubiquitin (A). The C-terminal neighbors ofVal, lle and Thr residues forwhich HN and 15N chemical shifts
could be obtained fom the cosine modulated ITVspecific (3, 2)DCBCA(CO)NNH sub-spectrum are shown with their sequence
number in black. 2D [*>N-'H]-HSQC of Hahellin (B). The C-terminal neighbours ofVal, lle and Thr residues forwhich 'HN and 5N
chemical shift could be obtained fom the cosine modulated ITVspecific (3, 2)DCBCA(CO)NNH sub-spectrum are shown with their
sequence numbein red
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Fig. S3:The cosine modulated ITVspecific (3, 2) DCBCA(CO)NNH
sub-spectrum of Ubiquitin recorded with two scaling factors,
0.5 (shown in blue) and 1 @d). Increase in the chemical
shift difference along the shaed dimension between the two
peaks corresponding toT7, T12 and T66, fom 1.13 to 2.09
ppm, with the increased scaling factor(0.5 to 1) is
highlighted. Such scaling esolves patially overlapping
peaks

GV

(B)

Fig. S4Histogram displaying the signal to noise ratio versus the
percentages of esidues forUbiquitin (A). Histogram
displaying the signal to noise ratio versus the peentages
of residues forHahellin (B)
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Table S1This table depicts 12 possible tri-peptide segments among which omsidue is eitheial/lle/Thr. For each case, individual
dipeptide stretch was seathed for each of the 9128 prtein sequences and a total numbesf occurrences and perent of the
occurrences averaged oveall the proteins are reported. The uniqueness is calculated &ém the histogram and epresents the
percentage of single occuence overall the sequences

VIT VTI IVT IT™vV TIV TVI Tri-peptide
0.016 0.017 0.016 0.022 0.01 0.023 Average % of occurrence
98.36 98.15 98.53 97.52 98.66 98.17 % of Uniqueness

153 177 135 229 122 170 Total number of occurrence
IAG IGA TAS TSA TAG TGA Tri-peptide
0.035 0.035 0.022 0.027 0.018 0.019 Average % of occurrence
97.50 97.84 97.43 97.49 98.08 97.89 % of Uniqueness

241 200 239 232 182 200 Total number of occurrence

Table S2A: Table S2Aand S2B lists out 30 dierent dipeptides.Table S2Adepicts the scenario wheri residue is eitheival/lle/
Thr and i+1" residue is any of the six amino acidasidues (ASGVIT).Table S2B depicts the scenario when i#lresidue is either
Val/lle/Thr and i residue is any of the six amino acidesidues (ASGVIT).The segments, which a common inTable S2Aare

omitted
A S G \Y | T Amino acid
\% VA VS VG \AY \| VT Dipeptide
0.423 0.349 0.414 0.404 0.297 0.345 Average % of occurrence
68.73 72.46 71.39 89.76 7.85 71.14 % of Uniqueness
4189 3515 3575 4100 2845 3614 Total number of occurrence
[ 1A IS IG v I I Dipeptide
0.337 0.292 0.322 0.283 0.289 0.275 Average % of occurrence
74.22 75.56 95.05 77.13 75.25 89.52 % of Uniqueness
3108 2819 2632 2684 2441 2805 Total number of occurrence
T TA TS TG TV TI TT Dipeptide
0.339 0.293 0.417 0.386 0.248 0.302 Average % of occurrence
73.41 76.82 71.28 69.62 78.42 78.62 % of Uniqueness
3186 2656 3555 3814 2452 2643 Total number of occurrence
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Table S2B:
\Y \Y \Y \Y, \Y, Amino acid
A AV SV GV v TV Dipeptide
S 0.435 0.31 0.446 0.283 0.386 Average % of occurrence
G 69.15 73.86 68.87 77.14 69.62 % of Uniqueness
| 4069 3091 4005 2684 3814 Total number of occurrence
T
I I I | Amino acid
A Al Sl Gl TI Dipeptide
S 0.383 0.269 0.388 0.248 Average % of occurrence
G 74.38 78.86 72.06 78.42 % of Uniqueness
T 3109 2429 3299 2452 Total number of occurrence
T T T Amino acid
A AT ST GT Dipeptide
0.352 0.314 0.396 Average % of occurrence
G 72.32 75.16 70.59 % of Uniqueness
3388 2858 3593 Total number of occurrence

Table S3:Acquisition parameters of triple-resonance NMR experiments

Protein Experiment Indir ect dimension: Complex points; t .. (ms); Measurement
(Scaling factor 0.5) Digital Resolution (Hz/Pt) Time
Ubiquitin (3, 2)D-ITV-specificCB(CACO)NNH w,(*5N/AC): 240; 7.4; 67.5 1 hr 34 min
w,(*H): 2048; 127; 3.91 (800 MHz)
(3, 2)D-ITV-specificCB(CACONNH w, (*5N/AC): 360; 6.2; 81.1 1 hr 34 min
w,(*H): 2048; 127; 3.91 (800 MHz)
Hahellin (3, 2)D-ITV-specificCB(CACO)NNH w,(*5N/AC): 240; 7.4; 67.5 2 hr 5 min

w,(*H): 2048; 127; 3.91 (800 MHz)







