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A simple method is presented to accurately determine S'N-{'H}  systems, relaxation delays,must be greater than 5 times the
NOEs in biomolecules in the presence of H(N)-water proton chem-  relaxation time of water protons which could be more than
ical exchange. Three measurements are required: one with nonse- 20 s. Because such delays would make measuring NOES t
lective proton saturation and two with different water saturation  time consuming, a standard deldys isusually used and this
conditions to determine the equilibrium value of the '*N signal. often introduces large errors in determining the equilibri‘tﬁhh
This approach is exemplified with data on two peptides, one helix- signal amplitude.
forming 17-mer and one compactly folded 56-mer. Results indicate The dynamics oSN and!H magnetization for amide groups

that ®N-{*H} NOEs determined using the standard approach with . h f wat be d ibed b ¢ of |
short recycle times (3 to 4 s) can be significantly in error when H(N)- |r! e pr_esence 9 water can be described Dy a Set of couple
differential equations (2—4),

water proton chemical exchange is relatively rapid, water proton re-
laxation is relatively slow, and *N-{*H} NOEs are away from the

value of —1. This new method avoids such inaccuracies resulting ~ dN/dt = —Rin(N — Noo) — onn(H — Hyo) [1a]
from the use of short recycle times. © 2001 Academic Press .
Key Words: ®N; NOE; NMR; relaxation; chemical exchange. dH/dt = —Run(H — Ho) — onn(N — Noo) — ki H + koW
— opn(W — Wao) [1b]
INTRODUCTION AND THEORY dW/dt = —Raw(W — Woo) — orr(H — Hec)
+kiH — koW, [lC]

Measurement of protein backbor—{*H} NOEs provides

important information on thé’N—"H dipolar cross-relaxation whereN, H, andw are the longitudinal magnetizations for the
term,o, thatis crucial to estimating internal motional correlatiog mide nitrogen, amide proton, and water proton as a function ¢
times because itis most sensitive to high-frequency spectral dgqs recycle timeN., Ha, andWs, are the corresponding equi-
sities J(on — wn) and J(wn + w). However, the precise mea-jiprium magnetizations, an&y, Ryn, and Ry are the amide
surement of°N—{*H} NOEs is not trivial due to the influence of hitrogen, amide proton, and water spin—lattice relaxation rate:
chemical exchange between protein backbone amide and wa{gr is the cross-relaxation rate between amide nitrogen and pre
protons (1-3). For any given spin, the NOE enhancement is §6n, o, is the cross-relaxation rate between amide and wate
fined by (sat— 1)/ 100, Wherel is the equilibrium'®N signal rotons, andk; andk; are rate constants for amide—water proton
amplitude and sy is the'>N signal amplitude in the presence o hemical exchange, andk, are related byk; = (1 — X)ko,
proton saturation. To obtain the correct valuelfQr, very long \herex is the mole fraction of amide protons. The three equi-

relaxation delays (recycle times) are usually required to alloyrium magnetization terms can be express®hé
for complete relaxation of dynamic processes from both mag-

netic relaxation and exchange between amide and water protons.

Noo o X
Using flip-back pulse sequencel feduces water saturation, W
but does not remove this effect completely because of RF field Hoo o Xym (2]
inhomogeneity and radiation damping effects. In protein/water _

. . 15
1 To whom correspondence should be addressed. Fax: 612-624-5121. E-rr\{&h‘.ere_ vn and yn are the gyromagnetic ratios 6H and *°N
mayox001@tc.umn.edu. nuclei, respectively.
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Although the general solution to Eqgs. [1] is rather compli /
cated, calculations can be simplified, as is usually the cas -0

by assumming thalR;w <« Rin, Rin. When the recycle time is
greater than pR;\ and assumming thatN/dt = dH/dt = 0,
Egs. [1] can be approximated by

onH (K2 — opr)(W(L) — W)

i
2 . BB
Rin(Rin + k1 — oy / Rin)

N(t) = Noo —

-1.0

wheret is the recycle time. Due to the relatively high concen
tration of solvent, water proton dynamics can be dealt with ir
dependently from peptide NH protons. This allows the term fc 05

water magnetization)(t), to be expressed ad)( /
W(t) = WOO(]- - f) [4] 05 10 15 2.0
. NOE
with
FIG. 1. Theoretical values for the NOE enhancement in the presence o
f— f(t.b) = (1 — b) exp(—Rt) 5 exchange. The theoretical N@Eurve was calculated using Eq. [9]. This is
= f(t.b) = 1—b exp(— Rt) : (5] shown as a solid line. The dashed line is drawn only as a visual aid and represer

the situation in the absence of exchange. The NQEve was calculated using

. . . Riw=0.27s1,t=3s,andb=0.5.
R = Ryw + ko, andb is the single-scan saturation factor for wa-

ter which can be determined experimentally as will be described

later. Finally, one has overestimated or underestimated NOE values depending upc

N(t) = Noo(1 + af) 6] whethe_r the NOE is greater than or Ie_s_s thah respectively.
In particular, large errors can be anticipated for NOE values
with <—1. Such NOE values are typical for peptides and for proteir
termini or highly internally mobile segments. Errors can also be
a— — Weconn(ke — o) [7] Significanteven when the NOE value is abet@5. In fact, only
Noo (Rin + K1 — 08/ Rin) when the NOE is close te-1 will errors be minimal.

According to this analysis, experimental results are greatly
From Eq. [6] it is apparent that the magnetizatiot® nuclei influenced by the saturation factorLater, it will be shown that
reaches its equilibrium value only after complete relaxation gging the standard water flip-back HSQCSE seques)ch ill
water magnetization. The constantlescribes the influence of be about 0.5 or less. In this case, there are two ways to handle i
proton exchange. situation: (1) use a recycle time greater thamby, i.e., about
Now let us estimate the systematic error which can be k8.5 s in the case above, or (2) use some method to estima
pected if the exchange process is fast, ke Rin, onn. Using  and to compensate for this systematic error. Here, it is propose

expressions [2], Eq. [7] fax becomes that N, be determined by measurimdyt) at two different val-
ues of f as defined by Eq. [5]. Using Eq. [6], it can be shown
a— VHONH _ NOE, (8] that
ynRain
No — Nifo— Nofy [10]
where NOE is the NOE enhancement observed in the absence R S
of exchange. The measured NOE enhancement in the presence
of proton exchange (NQltthen can be expressed as whereN; and f; values are measured by using different values
of b and/ort [becausef; = f(t;, b)] in the HSQCSE pulse se-
NOE, — (1— f)NOE [o] duence. Here, modifications to the HSQCSE pulse sequence a
1+ f NOE® described to achieve this, and this new approach is exemplifie

with NOE measurements on two peptides.
Figure 1 plots the theoretical curve for NQEolid line) calcu-
lated using Eq. [9] withh = 3 s, the water spin—lattice relaxation METHODS AND MATERIALS
rateRyw = 0.27 s71, and the single-scan saturation fadbdor
water set at 0.5. From Fig. 1, itis apparent that using short recy-The hydrophobic staple-helix-forming peptide, GFSKA-
cle times like those commonly employed (3 or 4 s) can lead L AKARAAKRGGY (6), was synthesized using Fmoc
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solid-phase methodology and HPLC purified as described t
Idiyatullin et al. (7). The peptide was isotopically enriched with
15N-amino acids (CIL, Cambridge) at residues F2, A5, L7, A8 'H | ®T ”
and A10. The 56-residue B1 domain from protein & as 0,
expressed irEscherichia coligrown in M9 minimal medium . |t,2
with an ®N—ammonia nitrogen source. The expression vectc
was generously supplied by Luis Serrano, EMBL, Heidelberc
H e . G glgz
Germany. Expressed peptide was purified essentially @ ~z 1
described by Barcteét al. (8) with the addition of a final purifi- (B) .
cation step by HPLC using a linear acetonitrile/water gradien ’ Ba)
Purity was checked by analytical HPLC and mass spectron Y e
etry. Peptide concentration was determined from the dr'g lII ( | A \
weight of freeze-dried samples. \ !
For NMR measurements, freeze-dried peptide was dissolve N
in H,O/D,0 (90/10). Relaxation experiments were performec
. . L . G g T
on aVarian Inova-500 NMR spectrometer equipped with atriple ™~z - — I
resonance probe. For the measurementf{*H} NOEs, the
pulse sequence based on the water flip-back scheme of FarromG. 2. Modifications to the water flip-back HSQCSE pulse sequence. The
etal.(5) was used as illustrated in Fig. 2A. This pulse sequengeise sequence commonly used for measufig-{"H} NOEs, which is based
was taken from the “ProteinPack” library of pulse sequenc&® the water flip-back pulse sequence of Fareval. (5), is shown in (A).
. . . This pulse sequence is referred to as pulse sequence A in the text. The pul
provided by Varian Instruments, Inc., and will be referred to as . . A
. . Sequences shown in schemes Ba and Bb are used in combination with pulse :
pulse sequence A. The water s_aturatlon fadlpc,a.n be_ Va.”ed guence A (RT period) to invert proton magnetization, thereby changing the sig
by changing values of the gradiegit Wheng; =0 in this flip-  of the saturation factds (Ba), and to saturate proton resonances (Bb). The pulse
back pulse sequence, water saturation will be minimal landsequence shown in scheme C (pulse sequence C) is used to measahees
theoretically, will approach unity. On the other hand, wiggn of water. The boxed-in part of this pulse sequence (scheme Ca) is used in cor

. . . ination with pulse sequence A (detection period) to measurg-tteenponent
is not zero, water will be saturated to some extent (Equwalentztomagnetization. Ninety and 18@ulses are represented proportionally by the

pre?’atu ration of water prOtO_n magnetization) and, Conseque_nﬁ%kness of the bars. Unless otherwise indicated, all pulses are applied along t
b will tend toward zero. Using pulse sequence A to determimneixis. Inversion of proton magnetization (scheme Ba) was achieved by usin

N, as precisely as possible requires, however, iz varied a composite 180pulse (9&-180/-9) (9). To suppress radiation damping, a

substantially$), and this cannot always be achieved experimeﬁ@”es ofn very weak and uniformly spaced rectangular gradient puls@s (
tally Jo, is employed, and to avoid shifts in the lock that result from use of this long

. . series of gradient pulses, the sign of gradients is changed every 100 ms. F
Here, a novel way to substantially velyis proposed by ap- the NOE experiment, nonselective proton irradiation (scheme Bb) is achieve
plying a 180 pulse at the beginning of the RT period in puls@y applyingd = 120° pulses spaced at = 5-ms intervals during RTi(L). For
sequence A. Doing this effectively changes the sigrbdb helix-forming peptide and B1 peptide experiments, RT was 4 and 3 s, respe
—b. Inversion of proton magnetization is achieved by appbpiyely, and was the same for NOE and no-NOE measurements with differen

. . - water saturation factorsg is the recovery time. Delays were set as folloss:
ing a composite 180pulse (9&-180/~-9) (9) as illustrated _" " o M1 — 2.22 Msy — 2.57 s — 1.2 ms, ands — 20 ms. Gradient

in Fig. 2B (scheme Ba). To suppress radiation damping, & $§mes wereg; = 4.28 G cnr for 1 ms (in the water flip-back schemg, =

ries of n very weak and uniformly spaced rectangular gradienfo G cnt?); g, = 3 G cnt? for 1 ms;gs = 42.9 G cnv! for 3.73 ms;gs =

pulses 10), go, is employed, and to avoid shifts in the lock that.85 G cnt* for 0.2 ms;gs = 2.78 G cn1* for 0.2 ms;gs = 41.17 G cnt

result from use of this long series of gradient pulses, the si ;’5-27(:3&‘:9;; gug‘ecgeflufgr:i‘; ms, Sincgs =_53-2_6)?X°”T1 for X3 m;-

of gradients is changed every 100 ms. For the NOE experimeg'}?/’, = e d¢?r ° f’ N 7)2 N Phase"gcnr?’é 0 ;ulée's)légﬁenée o own

nonselective protonirradiation is achieved by applying 120° iy’ scheme C wags = —x, X X, =X, ¢a = Y, V, -, —y, and¢r = X, —x,

pulses spaced at = 5-ms intervals during RT1() (Fig. 2B, —x, x. CW (continuous wave) decoupling was used with a 1-kHz field for 2 s,

scheme Bb). RT = 0. For®N decoupling, WALTZ-16 was achieved by using a 1.8-kHz RF
The pulse sequence shown in Fig. 2C (pulse sequence C/j&é-

used to measure thg of water. Using strong gradient pulses,

the amplitude of the Hahn echo is reduced due to diffusion ef-

fects, thereby minimizing radiation damping during the dete¢also boxed-in) in pulse sequence A. In order to measure th

tion period. This saturation-recovery method is relatively fasaturation factob for water with pulse sequence A (Fig. 2), the

because the recycle time can be set to 0. ValueRfgrwere amplitude of equilibrium magnetization and tdecomponent

obtained by fitting the relaxation curve A&) = A(0)(1 — exp at the beginning of the detection period had to be measure

(trRw))- Figures 3a and 3b exemplify this by showing spectra for the
To estimate the saturation factofor water, the boxed-in part B1 peptide obtained using (a) only the pulse sequence shown

of pulse sequence C (scheme Ca) replaces the detection pesiiieme Ca and (b) pulse sequence A without proton saturatic

A
o™




COMMUNICATIONS 141

RESULTS AND DISCUSSION

To exemplify this approach, results are presented on tw
15N-enriched peptides: aa-helix-forming 17-mer GFSKA
EL;AKARAAKRGGY (6) and the compactly folded 56-
residue Bl domain from protein G8) To illustrate how
partially saturated water affect®N equilibrium magnetization
during an NOE experiment, Fig. 4 plots the backbbihesignal
amplitude of residues A5 and L7 from thehelix-forming
peptide as a function of the pulse sequence repetition time. A
short recycle times, intensities are negative due to the negativ
value of the!®N—{*H} NOE and the effect of HPN)-water
proton exchange. Signal amplitudes then grow monotonically
and plateau off at their equilibrium value by about 20 s, i.e.,
after complete relaxation of the water proton signal. Therefore
in order to get accuratt’N—{*H} NOEs using the normally
employed approach, a recycle time of at least 20 s shouls
actually be used. The recycle time, of course, depends o
sample conditions, e.g., temperature and viscosity, and on th
particular NH, i.e., the lifetime of the proton in the biomolecule
and the exchange rate of that proton with protons from water.

100

WWMMM‘/\ML‘ AS O’/O/O_—O
o
80 .- S S
; A L
ppm 7
) e N —
FIG. 3. H NMR spectra of the B1 peptide. Twidd NMR spectra of B1
peptide are shown. These spectra were obtained by using the pulse sequenc@‘ J
(Fig. 2) without (a) and following (b) the flip-back scheme of pulse sequence / § n
(Fig. 2A). In both cases, proton saturation was not used during the RT pericé 40 /
which was equal to 20 s. =
during RT but with incorporation of scheme Ca as describe 20 o)
above. In both cases, RT was 20 s. Because the diffusion ¢ | .
efficient of water is much larger than that of the peptide, the /
water signal at 4.75 ppm was dramatically reduced, becomir 0
comparable to resonances arising from the B1 peptide. For pe
tide proton resonances, the saturation factor is about 0.8, whi
can be explained by the presence of RF field inhomogeneit | @
In spectrum 3b, amide proton resonance amplitudes are atter
ated. This is due to the fact that at the beginning of the detectic : . — ————rr
1 10 100

period in pulse sequence A, amide proton magnetization lies
the XY plane and is not detectable using scheme Ca, which
designed to detect magnetization oriented alondZttais. For

Recycle Time, s

water, the saturation factor is about 0.5, which is quite differentF1G. 4. Dependence of°NH magnetization on the recycle tim&NH
from saturation factors of proton resonances from the pepticigna! intensity is plotted vs the recycle time in'@i—{*H} NOE experiment

This difference arises from radiation damping that occurs usi

.using pulse sequence A (Fig. 2A) without proton saturation. Data acquired a
99@ are shown for two residues, A5 (open circles) and L7 (filled squares), from

pulse sequence A, and this prevents effecient successive Wai€helix-forming peptide as discussed in the text. Lines connecting data point

flip-backs. are drawn as visual aids.
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The use of one, relatively short recycle time (34os com-
monly employed) is usually not sufficient to accurately measui 07 ]
all >'N—{*H} NOEs in a given biomolecule. To demonstrate o g
this point, Fig. 4 compare$N—{*H} NOEs measured with 08 W
the a-helix-forming peptide using the standard NOE approac
(open symbols) and this new approach (filled symbols). Bot g9
sets of experiments were performed using a recycle time of 4 1 v
and data are shown for two temperatures, 5 (squares) af 3( e 0 ?{
(circles).'>SN—{*H} NOEs are plotted vs the sequence positiol | v e
of the five residues in the peptide that wéral-enriched: F2,
A5, L7, A8, and A10. The latter four residues are located withil 2 : o)
thea-helix-forming part of the peptide, whereas F2 is part of th% '
hydrophobic staple region of the peptide. AC; the peptide is 7 . R
highly structured §) and the molecule tumbles more slowly in 30°C
solution giving rise to more positiv®N—{*H} NOEs, whereas 3 LA F. | A
at 30C, the peptide is mostly unstructured and the molecul
tumbles more rapidly in solution giving rise to more negative
I5N—{1H} NOEs. This temperature-dependent effect'eN—
{*H} NOEs was expected. However, notice that in either cas
measured values for NOEs are different from one experimeni

a
LS
approach to the other. Differences are greater for NOE valu ] CW

4 e

further away from—1. At NOE values more positive than 5
—1, the standard approach systematically yields more positi
NOESs, whereas at NOE values more negative thanthe stan- . o8 T R
dard approach systematically yields more negative NOEs. Tt

is consistent with the behavior of the calculated curve shown -6
Fig. 1. The difference in calculated NOE values using these a
proaches is strikingly evident for residue F2 at@0it should be Residue Number

emphasized that, in all casésN—{'H) NlOES determined UsiNg gy 5, I5N—{1H} NOESs from the helix-forming peptidé>N—{*H} NOEs,

the new approach are the samelﬁst—{ H} NOEs determined calculated using the new approach (filled symbols) and the standard approa
using the standard approach with a longer recycle time of 20&en symbols) as discussed in the text, are plotted vs the residue number for t
In normal instances, such recycle times would not be used dugno acid sequence of the helix-forming peptitiN—{*H} NOEs are shown

to excessive spectrometer time required for these experimerigs data acquired at two temperatures, 5 (squares) ard @lrcles). The insert

i asn (1 ; at the lower right shows componetiNH spectra used to calculateN—{*H}
The dramatic difference N {*H} NOE values determined NOEs for residues F2, A5, L7, and A8 of the peptide. These data were acquire

using these two approaches is not due to poor Signal'to'nOiS%t'QO’C. For each residue shown, the component NOE spectra are (a) withot
any one of the component NOE spectra. As shown in the insgfuration, (b) without saturation, but with a change in the sign of the saturatio
to Fig. 5, signal-to-noise for F2, A5, L7, and A8 is very good iffector,b, and (c) with proton saturation.

all three component spectra: (a) without saturation, (b) without

saturation, but with changing the sign of the saturation factor,

b, and (c) with proton saturation. Spectra a and c are usedthe actual NOE. This last point is exemplified by data acquirec
calculate the value of the NOE using the standard approach, amdthe helix-forming peptide at’& where all five NOEs are
spectrum b is the additional experiment required to calculatemparatively nearly the same, being different only by about :
NOEs using this new approach. The equilibrium signal for F2 few percent, because their values are closetoThe accuracy
the smallest of all residues because H(N)-water proton exchamdé°N—{*H} NOEs determined using the standard approach i
rate, which is faster for F2 than for the other residues, signifery much dependent on these three factors.

icantly reduces thé®NH signal amplitude during polarization ~With a compactly folded peptide like the B1 domain from
transfer in the INEPT pulse sequence. However, this does pobtein G, the situation is not much better. As with the helix-
affect the actual value of the calculated NOE because signalfarming peptide '>N—{*H} NOEs were determined using both
tenuation occurs equally in all component spectra and the N@pproaches, but with a recycle time of 3 s. In this example, more
is due, in any event, ttH-*°N dipole—dipole interactions. Threeover, >’N—{*H} NOE data were measured on a uniforri-
reasons account for differences in NOE values calculated usenyiched peptide using the 2D NMR version of pulse sequenc
these two approaches: (1) relatively rapid #{)-water proton A with our modifications. NOE data on the helix-forming pep-
exchange which significantly affects the valué\lf, (2) the re- tide presented above and shown in Fig. 5 were acquired usir
laxation time of water protons, and (3) the relative magnitude tife one-dimensional version of this modified pulse sequenct

T

4 6 8 10

N -
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02 relatively short recycle times. This is of particular concern for
oo 8 I5N—{1H} NOEs that are away from a value ofl.
Q Q0o OO/ \Og\ Aoo\o/\ Q
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