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A simple method is presented to accurately determine 15N–{1H}
NOEs in biomolecules in the presence of H(N)-water proton chem-
ical exchange. Three measurements are required: one with nonse-
lective proton saturation and two with different water saturation
conditions to determine the equilibrium value of the 15N signal.
This approach is exemplified with data on two peptides, one helix-
forming 17-mer and one compactly folded 56-mer. Results indicate
that 15N–{1H}NOEs determined using the standard approach with
short recycle times (3 to 4 s) can be significantly in error when H(N)-
water proton chemical exchange is relatively rapid, water proton re-
laxation is relatively slow, and 15N–{1H} NOEs are away from the
value of −1. This new method avoids such inaccuracies resulting
from the use of short recycle times. C© 2001 Academic Press
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INTRODUCTION AND THEORY

Measurement of protein backbone15N–{1H} NOEs provides
portant information on the15N–1H dipolar cross-relaxation
rm,σ , that is crucial to estimating internal motional correlation
es because it is most sensitive to high-frequency spectral de

tiesJ(ωN−ωH) andJ(ωN+ωH). However, the precise mea-
rement of15N–{1H}NOEs is not trivial due to the influence of
emical exchange between protein backbone amide and wa
otons (1–3). For any given spin, the NOE enhancement is d
ed by (Isat− I∞)/I∞, whereI∞ is the equilibrium15N signal
plitude andIsat is the15N signal amplitude in the presence of

oton saturation. To obtain the correct value forI∞, very long
laxation delays (recycle times) are usually required to allow
r complete relaxation of dynamic processes from both mag
tic relaxation and exchange between amide and water proto

sing flip-back pulse sequences (1) reduces water saturation,
t does not remove this effect completely because of RF fie

homogeneity and radiation damping effects. In protein/wate
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stems, relaxation delays,t , must be greater than 5 times the
laxation time of water protons which could be more than

s. Because such delays would make measuring NOEs t
e consuming, a standard delay of 3 s isusually used and this
en introduces large errors in determining the equilibrium15N
nal amplitude.

The dynamics of15N and1H magnetization for amide groups
the presence of water can be described by a set of couple
ferential equations (2–4),

N/dt = −R1N(N − N∞)− σNH(H − H∞) [1a]

H/dt = −R1H(H − H∞)− σNH(N − N∞)− k1H + k2W

− σHH(W −W∞) [1b]

W/dt = −R1W(W −W∞)− σHH(H − H∞)

+ k1H − k2W, [1c]

ereN, H , andW are the longitudinal magnetizations for the
ide nitrogen, amide proton, and water proton as a function o
recycle time.N∞, H∞, andW∞ are the corresponding equi-

rium magnetizations, andR1N, R1H, andR1W are the amide
rogen, amide proton, and water spin–lattice relaxation rate
H is the cross-relaxation rate between amide nitrogen and pr
, σHH is the cross-relaxation rate between amide and wate

otons, andk1 andk2 are rate constants for amide–water proton
emical exchange.k1 andk2 are related byxk1 = (1− x)k2,
erex is the mole fraction of amide protons. The three equi-

rium magnetization terms can be expressed (2) as

N∞ ∝ xγN

H∞ ∝ xγH [2]

W∞ ∝ (1− x)γH,

ereγH and γN are the gyromagnetic ratios of1H and 15N
clei, respectively.
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Although the general solution to Eqs. [1] is rather co
cated, calculations can be simplified, as is usually the
by assumming thatR1W¿ R1N, R1H. When the recycle time
greater than 5/R1N and assumming thatd N/dt = d H/dt = 0
Eqs. [1] can be approximated by

N(t) = N∞ − σNH(k2− σHH)(W(t)−W∞)

R1N
(
R1H+ k1− σ 2

NH

/
R1N

) , [3

wheret is the recycle time. Due to the relatively high con
tration of solvent, water proton dynamics can be dealt w
dependently from peptide NH protons. This allows the ter
water magnetization,W(t), to be expressed as (4)

W(t) = W∞(1− f ) [4

with

f = f (t, b) = (1− b) exp(−Rt)

1− bexp(−Rt)
. [5

R= R1W+ k2, andb is the single-scan saturation factor for
ter which can be determined experimentally as will be des
later. Finally, one has

N(t) = N∞(1+ a f ) [6

with

a = W∞σNH(k2− σHH)

N∞
(
R1N+ k1− σ 2

NH

/
R1N

) . [7

From Eq. [6] it is apparent that the magnetization of15N nucle
reaches its equilibrium value only after complete relaxat
water magnetization. The constantα describes the influence
proton exchange.

Now let us estimate the systematic error which can b
pected if the exchange process is fast, i.e.,kÀ R1N, σHH. Usin
expressions [2], Eq. [7] forα becomes

a = γHσNH

γN R1N
= NOE, [8

where NOE is the NOE enhancement observed in the a
of exchange. The measured NOE enhancement in the p
of proton exchange (NOEe) then can be expressed as

NOEe = (1− f )NOE

1+ f NOE
. [9

Figure 1 plots the theoretical curve for NOEe (solid line) calc
lated using Eq. [9] witht = 3 s, the water spin–lattice relaxa

−1
rateR1W = 0.27 s , and the single-scan saturation factorb fo
water set at 0.5. From Fig. 1, it is apparent that using shor
cle times like those commonly employed (3 or 4 s) can le
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FIG. 1. Theoretical values for the NOE enhancement in the prese
exchange. The theoretical NOEe curve was calculated using Eq. [9]. Thi
shown as a solid line. The dashed line is drawn only as a visual aid and rep
the situation in the absence of exchange. The NOEe curve was calculated us
R1W = 0.27 s−1, t = 3 s, andb= 0.5.

overestimated or underestimated NOE values depending
whether the NOE is greater than or less than−1, respectivel
In particular, large errors can be anticipated for NOE va
<−1. Such NOE values are typical for peptides and for pr
termini or highly internally mobile segments. Errors can als
significant even when the NOE value is about−0.5. In fact, onl
when the NOE is close to−1 will errors be minimal.

According to this analysis, experimental results are gr
influenced by the saturation factorb. Later, it will be shown th
using the standard water flip-back HSQCSE sequence (5), b will
be about 0.5 or less. In this case, there are two ways to han
situation: (1) use a recycle time greater than 5/R1W, i.e., abou
18.5 s in the case above, or (2) use some method to es
and to compensate for this systematic error. Here, it is pro
that N∞ be determined by measuringN(t) at two different va
ues of f as defined by Eq. [5]. Using Eq. [6], it can be sh
that

N∞ = N1 f2− N2 f1

f2− f1
, [10

whereNi and fi values are measured by using different va
of b and/ort [becausefi = f (ti , bi )] in the HSQCSE pulse s
quence. Here, modifications to the HSQCSE pulse sequen
described to achieve this, and this new approach is exem
with NOE measurements on two peptides.

METHODS AND MATERIALS

r
t recy-
ad to

The hydrophobic stapleα-helix-forming peptide, GFSKA-
ELAKARAAKRGGY ( 6), was synthesized using Fmoc
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olid-phase methodology and HPLC purified as described b
iyatullin et al.(7). The peptide was isotopically enriched with
N-amino acids (CIL, Cambridge) at residues F2, A5, L7, A8,
nd A10. The 56-residue B1 domain from protein G (8) was
xpressed inEscherichia coligrown in M9 minimal medium
ith an 15N–ammonia nitrogen source. The expression vecto
as generously supplied by Luis Serrano, EMBL, Heidelberg
ermany. Expressed peptide was purified essentially a
escribed by Barchiet al. (8) with the addition of a final purifi-
ation step by HPLC using a linear acetonitrile/water gradien
urity was checked by analytical HPLC and mass spectrom
try. Peptide concentration was determined from the dr
eight of freeze-dried samples.
For NMR measurements, freeze-dried peptide was dissolve
H2O/D2O (90/10). Relaxation experiments were performed

n a Varian Inova-500 NMR spectrometer equipped with a triple
sonance probe. For the measurement of15N–{1H} NOEs, the

ulse sequence based on the water flip-back scheme of Farr
t al.(5) was used as illustrated in Fig. 2A. This pulse sequenc
as taken from the “ProteinPack” library of pulse sequence
rovided by Varian Instruments, Inc., and will be referred to as
ulse sequence A. The water saturation factor,b, can be varied
y changing values of the gradientg1. Wheng1= 0 in this flip-
ack pulse sequence, water saturation will be minimal andb,
eoretically, will approach unity. On the other hand, wheng1

not zero, water will be saturated to some extent (equivalent t
resaturation of water proton magnetization) and, consequent
will tend toward zero. Using pulse sequence A to determin
∞ as precisely as possible requires, however, thatb be varied
ubstantially (5), and this cannot always be achieved experimen
lly.
Here, a novel way to substantially varyb is proposed by ap-

lying a 180◦ pulse at the beginning of the RT period in pulse
equence A. Doing this effectively changes the sign ofb to
b. Inversion of proton magnetization is achieved by apply-
g a composite 180◦ pulse (90x–180y–90x) (9) as illustrated
Fig. 2B (scheme Ba). To suppress radiation damping, a s

es ofn very weak and uniformly spaced rectangular gradien
ulses (10), g9, is employed, and to avoid shifts in the lock that
sult from use of this long series of gradient pulses, the sig

f gradients is changed every 100 ms. For the NOE experimen
onselective proton irradiation is achieved by applyingθ = 120◦

ulses spaced atτs = 5-ms intervals during RT (11) (Fig. 2B,
cheme Bb).
The pulse sequence shown in Fig. 2C (pulse sequence C)

sed to measure theT1 of water. Using strong gradient pulses,
e amplitude of the Hahn echo is reduced due to diffusion ef
cts, thereby minimizing radiation damping during the detec

on period. This saturation-recovery method is relatively fas
ecause the recycle time can be set to 0. Values forR1W were
btained by fitting the relaxation curve asA(t) = A(0)(1− exp

p
o
T
s
q
o
s
o
b
o
th
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a
s
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s
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h
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a

RR1W)).
To estimate the saturation factorb for water, the boxed-in part

f pulse sequence C (scheme Ca) replaces the detection perio
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IG. 2. Modifications to the water flip-back HSQCSE pulse sequence. The
lse sequence commonly used for measuring15N–{1H} NOEs, which is based
the water flip-back pulse sequence of Farrowet al. (5), is shown in (A).

is pulse sequence is referred to as pulse sequence A in the text. The pu
quences shown in schemes Ba and Bb are used in combination with pulse
ence A (RT period) to invert proton magnetization, thereby changing the sig
he saturation factorb (Ba), and to saturate proton resonances (Bb). The pulse
quence shown in scheme C (pulse sequence C) is used to measureT1 values
water. The boxed-in part of this pulse sequence (scheme Ca) is used in com
ation with pulse sequence A (detection period) to measure theZ-component
magnetization. Ninety and 180◦ pulses are represented proportionally by the
ckness of the bars. Unless otherwise indicated, all pulses are applied along t
xis. Inversion of proton magnetization (scheme Ba) was achieved by usin
omposite 180◦ pulse (90x–180y–90x) (9). To suppress radiation damping, a
ries ofn very weak and uniformly spaced rectangular gradient pulses (10),
is employed, and to avoid shifts in the lock that result from use of this long

ries of gradient pulses, the sign of gradients is changed every 100 ms. F
NOE experiment, nonselective proton irradiation (scheme Bb) is achieve

applyingθ = 120◦ pulses spaced atτs= 5-ms intervals during RT (11). For
lix-forming peptide and B1 peptide experiments, RT was 4 and 3 s, respe
ly, and was the same for NOE and no-NOE measurements with differen
ter saturation factors.τR is the recovery time. Delays were set as follows:δ

0.48 ms,τ = 2.22 ms,τ1 = 2.57 ms,ε = 1.2 ms, and1 = 20 ms. Gradient
ues were:g1 = 4.28 G cm−1 for 1 ms (in the water flip-back scheme,g1 =
0 G cm−1); g2 = 3 G cm−1 for 1 ms;g3 = 42.9 G cm−1 for 3.73 ms;g4 =
5 G cm−1 for 0.2 ms;g5 = 2.78 G cm−1 for 0.2 ms;g6 = 41.17 G cm−1

0.373 ms;g7 = 9 G cm−1 for 2.4 ms, andg8 = 53.26 G cm−1 for 3 ms.
ase cycling for pulse sequence A wasφ1 = y, −y; φ2 = x, x, y, y, −x, −x,
, −y, andφr = x, −x, −x, x. Phase cycling for the pulse sequence shown
scheme C wasφ3 = −x, x; x, −x; φ4 = y, y, −y, −y, andφr = x, −x,
, x. CW (continuous wave) decoupling was used with a 1-kHz field for 2 s,
= 0. For15N decoupling, WALTZ-16 was achieved by using a 1.8-kHz RF

ld.

lso boxed-in) in pulse sequence A. In order to measure th
turation factorb for water with pulse sequence A (Fig. 2), the
plitude of equilibrium magnetization and theZ-component
the beginning of the detection period had to be measure
d

ures 3a and 3b exemplify this by showing spectra for the
peptide obtained using (a) only the pulse sequence shown in

heme Ca and (b) pulse sequence A without proton saturation
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FIG. 3. 1H NMR spectra of the B1 peptide. Two1H NMR spectra of
peptide are shown. These spectra were obtained by using the pulse seq
(Fig. 2) without (a) and following (b) the flip-back scheme of pulse sequ
(Fig. 2A). In both cases, proton saturation was not used during the RT
which was equal to 20 s.

during RT but with incorporation of scheme Ca as desc
above. In both cases, RT was 20 s. Because the diffus
efficient of water is much larger than that of the peptide
water signal at 4.75 ppm was dramatically reduced, bec
comparable to resonances arising from the B1 peptide. F
tide proton resonances, the saturation factor is about 0.8
can be explained by the presence of RF field inhomog
In spectrum 3b, amide proton resonance amplitudes are
ated. This is due to the fact that at the beginning of the de
period in pulse sequence A, amide proton magnetization
the XY plane and is not detectable using scheme Ca, w
designed to detect magnetization oriented along theZ-axis. Fo
water, the saturation factor is about 0.5, which is quite dif
from saturation factors of proton resonances from the pe
This difference arises from radiation damping that occurs

pulse sequence A, and this prevents effecient successive
flip-backs.
NICATIONS 14
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RESULTS AND DISCUSSION

To exemplify this approach, results are presented o
15N-enriched peptides: anα-helix-forming 17-mer GFSKA
EL7AKARAAKRGGY (6) and the compactly folded 5
residue B1 domain from protein G (8). To illustrate ho
partially saturated water affects15N equilibrium magnetizati
during an NOE experiment, Fig. 4 plots the backbone15N signa
amplitude of residues A5 and L7 from theα-helix-formin
peptide as a function of the pulse sequence repetition tim
short recycle times, intensities are negative due to the ne
value of the15N–{1H} NOE and the effect of H(15N)-wate
proton exchange. Signal amplitudes then grow monoton
and plateau off at their equilibrium value by about 20 s
after complete relaxation of the water proton signal. Ther
in order to get accurate15N–{1H} NOEs using the norma
employed approach, a recycle time of at least 20 s s
actually be used. The recycle time, of course, depen
sample conditions, e.g., temperature and viscosity, and
particular NH, i.e., the lifetime of the proton in the biomole
and the exchange rate of that proton with protons from w

FIG. 4. Dependence of15NH magnetization on the recycle time.15NH
signal intensity is plotted vs the recycle time in an15N−{1H} NOE experime
using pulse sequence A (Fig. 2A) without proton saturation. Data acqu
water
30◦C are shown for two residues, A5 (open circles) and L7 (filled squares), from
the helix-forming peptide as discussed in the text. Lines connecting data points
are drawn as visual aids.
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The use of one, relatively short recycle time (3 or 4 s com-
only employed) is usually not sufficient to accurately measur
ll 15N–{1H} NOEs in a given biomolecule. To demonstrate

his point, Fig. 4 compares15N–{1H} NOEs measured with
heα-helix-forming peptide using the standard NOE approac
open symbols) and this new approach (filled symbols). Bot
ets of experiments were performed using a recycle time of 4
nd data are shown for two temperatures, 5 (squares) and 30◦C
circles).15N–{1H} NOEs are plotted vs the sequence position
f the five residues in the peptide that were15N-enriched: F2,
5, L7, A8, and A10. The latter four residues are located within

heα-helix-forming part of the peptide, whereas F2 is part of the
ydrophobic staple region of the peptide. At 5◦C, the peptide is
ighly structured (6) and the molecule tumbles more slowly in
olution giving rise to more positive15N–{1H} NOEs, whereas
t 30◦C, the peptide is mostly unstructured and the molecul

umbles more rapidly in solution giving rise to more negative
5N–{1H} NOEs. This temperature-dependent effect on15N–
1H} NOEs was expected. However, notice that in either cas
easured values for NOEs are different from one experiment
pproach to the other. Differences are greater for NOE valu

urther away from−1. At NOE values more positive than
1, the standard approach systematically yields more positi
OEs, whereas at NOE values more negative than−1, the stan-
ard approach systematically yields more negative NOEs. Th

s consistent with the behavior of the calculated curve shown
ig. 1. The difference in calculated NOE values using these a
roaches is strikingly evident for residue F2 at 30◦C. It should be
mphasized that, in all cases,15N–{1H}NOEs determined using
he new approach are the same as15N–{1H} NOEs determined
sing the standard approach with a longer recycle time of 20

n normal instances, such recycle times would not be used d
o excessive spectrometer time required for these experimen

The dramatic difference in15N–{1H}NOE values determined
sing these two approaches is not due to poor signal-to-noise
ny one of the component NOE spectra. As shown in the ins

o Fig. 5, signal-to-noise for F2, A5, L7, and A8 is very good in
ll three component spectra: (a) without saturation, (b) withou
aturation, but with changing the sign of the saturation facto
, and (c) with proton saturation. Spectra a and c are used
alculate the value of the NOE using the standard approach, a
pectrum b is the additional experiment required to calcula
OEs using this new approach. The equilibrium signal for F2 i

he smallest of all residues because H(N)-water proton exchan
ate, which is faster for F2 than for the other residues, signi
cantly reduces the15NH signal amplitude during polarization
ransfer in the INEPT pulse sequence. However, this does n
ffect the actual value of the calculated NOE because signal

enuation occurs equally in all component spectra and the NO
s due, in any event, to1H–15N dipole–dipole interactions. Three
easons account for differences in NOE values calculated usi
hese two approaches: (1) relatively rapid H(15N)-water proton

c
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a
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a
N
a
s
f

t
o
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f
o
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e
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xchange which significantly affects the value ofN∞, (2) the re-
axation time of water protons, and (3) the relative magnitude o
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FIG. 5. 15N–{1H} NOEs from the helix-forming peptide.15N–{1H} NOEs,
alculated using the new approach (filled symbols) and the standard approa
pen symbols) as discussed in the text, are plotted vs the residue number for

mino acid sequence of the helix-forming peptide.15N–{1H} NOEs are shown
r data acquired at two temperatures, 5 (squares) and 30◦C (circles). The insert

t the lower right shows component15NH spectra used to calculate15N–{1H}
OEs for residues F2, A5, L7, and A8 of the peptide. These data were acquire
t 30◦C. For each residue shown, the component NOE spectra are (a) witho
aturation, (b) without saturation, but with a change in the sign of the saturatio
ctor,b, and (c) with proton saturation.

e actual NOE. This last point is exemplified by data acquire
n the helix-forming peptide at 5◦C where all five NOEs are
omparatively nearly the same, being different only by about
w percent, because their values are close to−1. The accuracy
f 15N–{1H} NOEs determined using the standard approach i
ery much dependent on these three factors.
With a compactly folded peptide like the B1 domain from

rotein G, the situation is not much better. As with the helix-
rming peptide,15N–{1H} NOEs were determined using both
pproaches, but with a recycle time of 3 s. In this example, more
ver,15N–{1H} NOE data were measured on a uniformly15N-
nriched peptide using the 2D NMR version of pulse sequenc
f
de presented above and shown in Fig. 5 were acquired using
e one-dimensional version of this modified pulse sequence.
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FIG. 6. 15N–{1H}NOEs from peptide B1 from protein G.15N–{1H}NOE
calculated using the new approach (filled squares) and the standard a
(open circles), as discussed in the text, are plotted vs the residue numbe
amino acid sequence of peptide B1 from protein G.15N–{1H} NOEs are sho
for data acquired at 30◦C.

Figure 6 plots15N–{1H} NOEs from the 56-residue B1 pep
as a function of its sequence. Open circles give values for
calculated using the standard approach, and filled squar
NOEs calculated using the new approach. As noted abov
the helix-forming peptide, NOEs having values more po
than−1 are systematically calculated to be more positive
the standard approach and those NOEs having values mo
ative than−1 are systematically calculated to be more neg
This is exemplified by the highly mobile N-terminal res
which exhibits an NOE of about−1.4. Other NOEs through
sequence are more positive than−1. In any event, it is app
ent that measuring15N–{1H} NOEs without taking into acco
H(15N)-water proton exchange can introduce substantial
Notice that some NOEs for the B1 peptide are shifted by
than 0.1. Such inaccuracies in NOE values will lead to in
racies in motional parameters derived using a motional m
Any significant increase in the value of the NOE will resu
larger motional order parameters using, for example, the L
Szabo model free analysis (12, 13), and NH vectors in the pept
would be interpreted as being more motionally restricted
they actually are.

In conclusion, this new experimental approach yields
15 1
accurate values forN–{ H}NOEs measured in cases where

H(15N)-water proton exchange rate is sufficiently rapid to a
amplitudes of signals in equilibrium15NH spectra acquired
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relatively short recycle times. This is of particular concern
15N–{1H} NOEs that are away from a value of−1.
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