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Abstract

A method, based on linewidth measurements, is described which permits the rapid and facile determination of
JHNHα coupling constants from15N labeled proteins. Using appropriately processed HMQC-J data, we have found
that a simple linear relationship exists between the half-height linewidth (1ν1/2) of 15N–1H cross peaks and their
corresponding JHNHα coupling constants. Tests indicate that this technique permits the accurate measurement of
up to 100 JHNHα coupling constants in less than 30 min. Furthermore, the JHNHα measurements can be done
manually – without the need of any computer-based curve-fitting or minimization. Comparisons between JHNHα

values predicted from high resolution X-ray structures and those determined using this technique indicate that the
method is both accurate and precise (correlation coefficient= 0.90, rmsd= 0.75 Hz).

Abbreviations:1ν1/2, linewidth at half-height; DSS, 2,2-dimethyl-2-silapentane-5-sulfonic acid; HMQC, het-
eronuclear multiple quantum correlation spectroscopy; kDa, kilodaltons; MW, molecular weight; NOESY, nuclear
Overhauser effect spectroscopy; rmsd, root-mean-square deviation; TOCSY, total correlation spectroscopy.

Introduction

Since its introduction in 1989 (Kay et al., 1989; Kay
and Bax, 1990) the HMQC-J experiment has emerged
as one of the most popular methods for extracting pre-
cise JHNHα coupling constants from polypeptide spec-
tra. By taking advantage of the longerT2 relaxation
time found for15N nuclei, Kay and co-workers were
able to show that a highly digitized HMQC experi-
ment could provide sufficient resolution to accurately
measure JHNHα coupling constants. This remarkably
simple approach, which exploits two key advantages
of 15N nuclei (wide chemical shift dispersion and
long T2’s), has inspired the development of a host of
other heteronuclear experiments for J-coupling mea-
surement (Billeter et al., 1992; Vuister and Bax, 1993;
Weisemann et al., 1994).

While the HMQC-J experiment is relatively triv-
ial to implement, the extraction of coupling constants
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from HMQC-J data is not quite so simple. The strong
resolution enhancement required to differentiate in-
phase doublets introduces two major problems: (i)
reduced signal intensity and (ii) non-linearity in the
relationship between JHNHα and the peak-to-peak sep-
aration. While little can be done to address the issue of
reduced signal-to-noise, three different computational
methods have been proposed to deal with the prob-
lem of non-linearity (Forman-Kay et al., 1990; Kay
and Bax, 1990; Goodgame and Geer, 1993). Essen-
tially all three approaches require the spectroscopist
to process HMQC-J spectra using a progressive array
of line-narrowing (resolution enhancement) filters. By
measuring how the peak-to-peak separation changes
as a function of the line-narrowing filters and then fit-
ting these results to a simulated curve, it is possible
to determine JHNHα values to relatively good accu-
racy. However, this iterative fitting process can be both
tedious and error-prone. For instance, with the pro-
cedure of Goodgame and Geer, a 150-residue protein
would require measuring and recording the peak-to-
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peak separation of approximately 900 (6× 150) dou-
blets. In our hands, this protocol often requires a very
full day (8–10 h) of intensive data processing and it
often leads to inconsistent results.

In this paper we wish to describe a very simple
technique which permits the accurate measurement of
J-coupling constants from HMQC-J data in a frac-
tion of the time required by other methods. Previously
(Wang et al., 1997), we demonstrated how coupling
constants could be rapidly extracted from half-height
linewidth measurements of unresolved doublets from
either TOCSY or NOESY spectra. We have since
found that this linewidth measurement protocol can
be applied to HMQC-J data (both in the F1 and F2
dimensions) with equal accuracy and precision. In par-
ticular, when compared to JHNHα data predicted from
high resolution X-ray structures, the coupling con-
stants measured with this simple linewidth technique
have a correlation coefficient of 0.90 and an rmsd error
of less than 0.75 Hz.

Methods

A. Experimental
HMQC-J data were obtained for a total of six pro-
teins, all but one of which had a high resolution (<

2.0 Å) X-ray crystal structure. The samples included
15N-labeled (1)Escherichia colithioredoxin, (2) type
III antifreeze protein from Ocean Pout, (3) type II an-
tifreeze protein from Sea Raven, (4)Bacillus circulans
xylanase, (5) turkey apo-troponin C (N domain) and
(6) calcium-saturated troponin C (E41A-N domain)
from turkey. Data were collected at temperatures rang-
ing from 20–35◦C on two different Varian 500 spec-
trometers, each equipped with a 5 mm triple resonance
probe.1H–15N HMQC-J experiments (Kay and Bax,
1990) were typically performed with a15N sweep-
width of 2000 Hz and a1H sweepwidth of 6000 Hz.
A total of 2048 complex points were collected along
the t2 domain (1H) and 360–400 increments along
the t1 domain (15N). The relaxation delays for these
experiments were typically 1.2–2.5 s and the refo-
cusing delay was set at between 4.9–5.3 ms. Data in
both dimensions were zero-filled to create a 4K× 4K
data set which was further processed using a shifted
sine-bell weighting function (see details below). All
1H–15N HMQC-J spectra were referenced to internal
DSS (Wishart et al., 1995).

Each HMQC-J spectrum was assigned on the ba-
sis of previously published chemical shift values (with

suitable corrections for pH and temperature). In partic-
ular, 1H/15N assignments forE. coli thioredoxin were
based on chemical shifts reported by Wishart (1991)
and Chandrasekhar et al. (1991),1H/15N assignments
for the apo and calcium-saturated forms of troponin
C (N-domain) were from Gagne et al. (1994),1H/15N
assignments forB. circulansxylanase were obtained
from those reported by Plesniak et al. (1996),1H/15N
assignments for type III antifreeze protein were from
Sonnichsen et al. (1996, personal communication) and
the 1H/15N assignments for type II antifreeze protein
were supplied by Dr. Wolfram Gronwald (personal
communication).

In calculating the coupling constants for each
polypeptide, we made use of the following Protein
Data Bank entries (see Table 1):E. coli thioredoxin
(2TRX), B. circulansxylanase (1BCX) and chicken
troponin C (1NCZ). The crystal structure coordinates
for type III antifreeze protein were generously pro-
vided by Dr. Zongchao Jia of Queens University (per-
sonal communication). The coordinate set for chicken
troponin C (1NCZ) was chosen over that of turkey tro-
ponin C (5TNC) for two reasons: (1) it was of higher
quality (better resolution, lower R factor) and (2) the
amino acid sequences for the two species are identical,
implying that the 3D structures should also be identi-
cal. We also assumed (based on the recent work of
Gagne et al., 1997) that the apo- and calcium-loaded
forms would have essentially identical structures (save
for a small rotation of one bond and a single residue
substitution of another) and that one crystal structure
would suffice for both the apo and calcium-loaded
forms.

JHNHα coupling constants for each of the above
crystal structures were predicted from the reported
backboneφ angles using the following equation:J =
5.9 cos2 θ − 1.3 cosθ + 2.2, whereθ = |φ − 60◦| (see
Wang et al., 1997 for more details on the derivation
of this equation). Use of other widely used Karplus
parameters (Pardi et al., 1984; Vuister and Bax, 1993;
Wang and Bax, 1996) led to only minor differences
in the overall performance of this method. Note that
because a crystal structure is not yet available for the
type II antifreeze protein, we used the JHNHα coupling
constants measured from a separate HNHA experi-
ment (Vuister and Bax, 1993) as a proxy for the X-ray
crystal values.
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Table 1. Listing of high resolution X-ray structures used in calculating JX-ray values

Protein Accession Resolution (Å) R-factor Reference

Thioredoxin (E. coli) 2TRX 1.68 0.165 Katti et al. (1990)

Troponin C (Apo) 1NCZ 1.80 0.19 Satyshur et al. (1994)

Troponin C (E41A) 1NCZ 1.80 0.19 Satyshur et al. (1994)

Xylanase (B. circulans) 1BCX 1.80 0.163 Wakarchuk et al. (1994)

Antifreeze protein (III) N/A 1.25 0.14 Z. Jia (personal communication)

B. Determination of JHNHα coupling constants from
1ν1/2

The protocol for determining JHNHα coupling con-
stants for HMQC-J data is very similar to the pro-
cedure described earlier for analyzing TOCSY or
NOESY spectra (Wang et al., 1997). As stated pre-
viously, the spectral resolution prior to zero-filling in
both the F2 and F1 dimensions should be better than
6.0 Hz/pt. After base-line correction and zero-filling
to produce a 4K× 4K data set, a sine-bell weighting
function of the form:

sin2[π(t − sbs)/2sb] (1)

should be applied (where sb and sbs are given in
seconds). For Varian spectrometers running VNMR
software (Version 5.1 or higher) sb= sb1= −0.100
and sbs= sbs1= −0.066. Note that the negative signs
preceding sb and sb1 are used by Varian software to
denote a sine-bell ‘squared’ function. For other kinds
of spectral processing software, please refer to the
conversion formulae provided by Wang et al. (1997).

After processing and assigning the spectrum, one
can select traces either from the F1 (15N) or F2 (1H)
dimension and subsequently determine the half-height
linewidth (1ν1/2) for each assigned1H–15N cross
peak. For Varian spectrometers the command ‘dres’
automatically determines1ν1/2 for any given trace.
For Bruker spectrometers,1ν1/2 determination takes
slightly more effort. By substituting the measured
half-width at half-height (1ν1/2) for F1 (15N) traces
into the following equation:

JHNHα = 0.45(1ν1/2) − MW/20 000 (2)

or the measured half-width at half-height (1ν1/2) for
F2 (1H) traces into this equation:

JHNHα = 0.50(1ν1/2) − MW/10 000 (3)

the JHNHα coupling constant can be determined. Note
that 1ν1/2 is the half-height linewidth (measured in

Hz) of a given1H–15N resonance and MW is the
apparent molecular weight of the protein in daltons.
Equations (2) and (3) work well in most situations.
However, care must be taken in using the correct
molecular weight (i.e. is the polypeptide of interest
a monomer or a dimer at NMR concentrations?) and
making sure that the temperature of the sample is be-
tween 20◦C and 35◦C. Under certain circumstances,
the situation can be complicated by the presence of
inherently broad linewidths, poor shimming, para-
magnetic contaminants or the use of unusually high
(>40 ◦C) or low (< 15 ◦C) temperatures.

A second approach, which eliminates the prob-
lems associated with intrinsic linewidth, temperature
or sample differences, can also be used to deter-
mine JHNHα. This method is based on the observation
that the narrowest1H–15N resonance invariably has
a JHNHα coupling constant of close to 4.0 Hz. This
phenomenon was observed for all six protein samples
used in this study and for all 11 polypeptides used in
our earlier report (Wang et al., 1997). Using this obser-
vation, we have found that JHNHα can be determined
using either one of the two following equations:

JHNHα = 0.45(1ν1/2)

−0.45(1ν1/2(min)) + 4.0 (4)

for 15N traces,

JHNHα = 0.50(1ν1/2)

−0.50(1ν1/2(min)) + 4.0 (5)

for 1H traces, where1ν1/2 is the half-height linewidth
(in Hz) of a given1H–15N resonance and1ν1/2(min)
is the half-height linewidth (in Hz) of the narrowest
1H–15N resonance in the spectrum. A small disad-
vantage to this approach is that coupling constants
cannot be determined until after all of the resonance
linewidths have been measured and the narrowest line
identified. Furthermore, this protocol cannot be ap-
plied to the measurement of unstructured peptides or



332

Figure 1. Four examples of traces taken through1H–15N cross peaks from an HMQC-J spectra ofB. circulansxylanase. Illustrated in (a) and
(b) are the traces of Lys154 taken through the1H (F2) dimension and15N (F1) dimension respectively. The measured half-height linewidth in
(a) was 12.1 Hz, while the measured half-height linewidth in (b) was 13.4 Hz. Illustrated in (c) and (d) are the traces of Val98 taken through the
1H (F2) dimension and15N (F1) dimension respectively. The measured half-height linewidth in (c) was 19.7 Hz, while the measured half-height
linewidth in (d) was 18.8 Hz. The JHNHα value (in Hz) as predicted from high resolution X-ray data is indicated in each figure. Note that broad
peaks are associated with large coupling constants while narrow peaks are associated with small coupling constants.

denatured proteins. In these situations the narrow-
est amide cross peak would likely correspond to a
coupling constant of 6 or 7 Hz instead of 4.0 Hz.

Results

Figure 1 illustrates four examples of traces taken
through various1H–15N cross peaks. As can be seen
in these four examples, the1ν1/2 is closely related
to the measured JHNHα coupling value, with large
1ν1/2 values corresponding to large coupling con-
stants and small1ν1/2 values corresponding to small
coupling constants. This relationship holds regardless
of whether one is measuring in the F1 (15N) or the F2
(1H) dimension. It can be further verified if we plot
the relationship between1ν1/2 and the JHNHα cou-
pling constant as derived from X-ray data. In Figure 2
we illustrate the linear relationship that exists between

1ν1/2 (measured along either the1H axis or the15N
axis) and JHNHα for all measurable resonances from
an HMQC-J spectrum of the N domain of turkey apo-
troponin C. An excellent fit is obtained for both sets
of measurements with correlation coefficients (r) of
0.94 for F2 (1H) traces and 0.93 for F1 (15N) traces.
The strong correlation between1ν1/2 and JHNHα and
the linear relationship observed for these and other
examples suggested that a simple equation of the form:

JHNHα = m∗1ν1/2 + B (6)

(wherem is the slope,B is they intercept and1ν1/2
is the half-height linewidth) could be developed to
predict coupling constants from1ν1/2 measurements
of HMQC-J spectra. Simulations, using the weight-
ing functions described here and1H/15N T2’s typical
of many mid-sized proteins, confirm that this linear
approximation is valid (Figure 3).
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Figure 2. Relationship between1ν1/2 and the predicted JHNHα

(from X-ray data) for apo-troponin C as determined from (a)1H
(F2) traces and (b)15N (F1) traces respectively. The equations for
the ‘best-fit’ line derived from the molecular weight based approach
and the correlation coefficients (r) are shown in the top left corner
of each graph. Note that the superimposed curve is a ‘best fit’ line
for all of the data (390 points) and all of the proteins (six) and so,
for any given protein, there may be slight systematic deviations at
certain extrema.

Obviously, for this method to work effectively it
is important to be able to determine they-intercept
(B) independently of the measured linewidths. In Fig-
ure 4 we illustrate how these intercepts can be so
determined. In Figure 4(a) the relationship between
the ‘best-fit’y-intercept and the molecular weight of
each protein is plotted. Note that the calcium-saturated
E41A mutant of troponin C (N-domain) forms a dimer
in the presence of calcium (MWdimer = 19.8 kDa),
and that type II antifreeze protein (MWdimer =
28.1 kDa) also showed strong evidence of dimer for-
mation under the conditions used in this study. The
remaining compounds are known to be monomeric.
Also plotted in Figure 4(b) is the relationship between
the ‘best-fit’y-intercept and the half-height linewidth
of the narrowest line (1ν1/2(min)). With the exception
of B. circulansxylanase, which exhibited an unusual

Figure 3. Computer simulation of the relationship between1ν1/2

and JHNHα coupling constants for (a)1H traces and (b)15N traces
using T2 values typical of mid-sized proteins and the sine-bell
processing parameters suggested in the text. Note that while both
sets of simulated curves are slightly parabolic, a linear approxima-
tion appears to fit the experimental data quite well (see Figure 2).

linewidth distribution, the straight-line fits to these
plots are excellent.

Despite the small problem with xylanase, use of
the equations presented here would still allow one to
accurately predict the coupling constants of this pro-
tein as seen by the data presented in Tables 2 and 3.
These two tables summarize the correlation between
these predicted coupling constants (designated asJlw
– since they were derived from linewidth measure-
ments) and the coupling constants predicted from the
corresponding high resolution X-ray structures (desig-
nated as JX-ray). In assembling these two tables a total of
more than 750 coupling constant measurements (387
from 1H traces; 378 from15N traces) were made. Both
tables clearly show the excellent agreement obtained
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Figure 4. (a) Relationship between the ‘best-fit’y-intercept and
the molecular weight of each of the test proteins derived from
1H linewidth measurements and (b) the relationship between the
‘best-fit’ y-intercept and the linewidth of the narrowest amide
resonance for each test protein derived from15N linewidth mea-
surements. The correlation coefficient (excluding BCX in the lower
figure) is given in the top right corner of each graph.

for both large (28 kDa) and small (7 kDa) proteins
using traces from either the1H or 15N dimension.
Overall, for the six proteins tested,1H linewidth mea-
surements yielded an average correlation coefficient
of 0.89 and an rmsd from JX-ray of 0.77 Hz while15N
linewidth measurements yielded an average correla-
tion coefficient of 0.90 and an rmsd from JX-ray of
0.73 Hz.

Discussion

In assessing the accuracy of the method presented
here, it is important to remember the limitations inher-
ent in comparing X-ray structures with NMR solution
structures. Wang and Bax (1996) and Wang et al.
(1997) discuss, in some detail, what should be ex-
pected in terms of correlation coefficients (r) and rms

deviations between X-ray-derived and experimentally
measured coupling constants. Suffice it to say that
given the limitations of resolution, thermal motion and
signal-to-noise for both techniques, a ‘perfect’ method
could probably expect to do no better thanr = 0.97
and an rmsd= 0.54 Hz between JX-ray and JNMR. Wang
et al. (1997) suggest that a more realistic expectation
of ideality would ber = 0.93 and an rmsd= 1.04 Hz
between JX-ray and JNMR.

As can be seen from Tables 2 and 3, our experi-
mentally measured Jlw values compare very favorably
with the results from our earlier method (Wang et
al., 1997) developed explicitly for TOCSY and/or
NOESY spectra (r = 0.89 and rmsd= 0.85 Hz). They
also compare favorably with the original HMQC-J re-
sults (based on peak-to-peak measurements) reported
by Kay et al. (1989) for staphylococcal nuclease (r =
0.89 and rmsd= 1.01 Hz). The HNHA method of
Vuister and Bax (1993) as applied to staphylococ-
cal nuclease yielded anr value of 0.91 and an rmsd
= 0.76 Hz. Later measurements with an expanded
data set (Garrett et al., 1994) found that the HNHA
experiment produced an agreement between X-ray and
NMR results having an r value of 0.78 and an rmsd of
1.42 Hz. The J-modulated COSY approach developed
by Billeter et al. (1992) as applied to the 434 repressor
protein produced anr = 0.92 and an rmsd= 0.76 Hz.

Overall, there is little to distinguish between these
methods. Nearly all of the approaches (including the
one described here) achieve a level of agreement that
is reasonably close to ‘ideal’ (rmsd= 1.04 Hz, r =
0.93). While some methods perform slightly better
than ours (0.92 vs. 0.90), it is important to note that our
calculations were performed on a substantially larger
sample (5 to 15 times larger) and a significantly more
diverse set of polypeptides (in both size and struc-
ture) than any of the other methods. We expect that
if the other approaches were applied to a comparably
large or diverse data set, their performance would be
similarly compromised (see Garrett et al., 1994).

While the above analysis largely confirms that the
accuracy and precision of this new approach are as
good as any other method currently in use, we believe
that the simplicity and rapidity with which J-coupling
constants can be determined should make this method
particularly appealing to spectroscopists. Specifically,
this technique offers four key advantages: (i) the col-
lection and processing of the HMQC-J spectrum only
needs to be performed once (as opposed to six or
seven times), (ii) the conversion of linewidth mea-
surements to coupling constants can often be done in
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Table 2. Summary of results obtained using linewidth analysis for determination of JHNHα coupling
constants (1H dimension only)

Protein MW (Da) No. of points r (JX-ray vs Jlw) rmsd (JX-ray vs Jlw)

Antifreeze protein (III) 6860 50 0.92 0.71

Troponin C (Apo) 9900 69 0.94 0.59

Thioredoxin (E. coli) 11880 56 0.91 0.82

Troponin C (E41A) 19800 60 0.88 0.73

Xylanase (B. circulans) 20400 108 0.84 0.83

Antifreeze protein (II) 28000 44 0.91 0.95

Table 3. Summary of results obtained using linewidth analysis for determination of JHNHα coupling
constants (15N dimension only)

Protein MW (Da) No. of points r (JX-ray vs Jlw) rmsd (JX-ray vs Jlw)

Antifreeze protein (III) 6860 52 0.93 0.67

Troponin C (Apo) 9900 67 0.93 0.58

Thioredoxin (E. coli) 11880 50 0.93 0.74

Troponin C (E41A) 19800 57 0.83 0.82

Xylanase (B. circulans) 20400 108 0.88 0.71

Antifreeze protein (II) 28000 44 0.91 0.92

one’s head, (iii) the measurement of linewidths can be
accomplished quickly and easily (typically 100 mea-
surements in 30 min); and (iv) the JHNHα coupling
constants can be extracted from both the1H andthe
15N dimension. This latter point illustrates the robust-
ness of this new approach because it allows one to
confirm a coupling constant measurement in two in-
dependent ways – one from a15N trace and the other
from a1H trace – using only a single cross peak. Direct
comparisons between the JHNHα values derived from
the two traces (F1 and F2) show that they are highly
correlated (r = 0.95) and this further suggests that if
a trace in one dimension is obscured or distorted, then
a trace in the other dimension (if it is not distorted or
obscured) could be used to extract a coupling constant
with a high degree of confidence.

While there are many positive aspects to this sim-
ple approach to JHNHα coupling constant determina-
tion, there are at least a few limitations that merit
further discussion. One obvious shortcoming is the
fact that, in order for this method to work, the HMQC-
J spectra must be collected and processed in a very
specific manner. While this can be a hindrance, the
reprocessing of a previously collected HMQC-J spec-
trum (with modern computers) should only take a few
seconds. On the other hand, competing methods based

primarily on computer-aided curve fitting ( Kay et al.,
1989; Billeter et al., 1992; Goodgame and Geer, 1993;
Vuister and Bax, 1993) are much more flexible and
do not typically constrain the user to follow special
collection and processing conditions. Another limi-
tation of this linewidth-based technique arises from
the fact that it can be sensitive to conditions that af-
fect linewidths, but which may not necessarily affect
JHNHα coupling constants. Such variables as temper-
ature, paramagnetic contaminants, solvent viscosity,
non-uniform segmental motion, dimerization events,
intermediate exchange events, spectral overlap and
decoupler distortion can all affect linewidth measure-
ments – yet these phenomena often have little to do
with a protein’s average backbone structure or its
JHNHα coupling constants. Consequently, these com-
mon sources of lineshape perturbation or distortion
can potentially lead to incorrect JHNHα values. A third
limitation lies with the potential difficulties associated
with determining the ‘y-intercept’. As seen with the
B. circulansxylanase example, it is sometimes possi-
ble to introduce a systematic error (up to 0.5 Hz) in
coupling constant measurements through an incorrect
determination of the ‘y-intercept’ or correction factor.
Care, therefore, must be taken to ensure that this cor-
rection factor is consistent with what is known about
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the molecule and that it yields a range of JHNHα val-
ues typical for proteins (between 3 Hz and 10 Hz).
Despite these possible limitations, we have found that
this technique has worked very well for every protein
so far tested.

Conclusions

To summarize, we have described a novel method
that allows JHNHα coupling constants to be rapidly
determined from simple linewidth measurements in
either the1H or 15N dimension of HMQC-J cross
peaks. This new method makes use of the linear re-
lationship between JHNHα and half-height linewidths
(1ν1/2) of appropriately processed NMR spectra. We
believe this approach offers several advantages over
other previously described heteronuclear techniques
for extracting JHNHα coupling constants. In particular,
it is simple, quick, accurate (having an rmsd of less
than 0.8 Hz), easy to learn, applicable to both small
and large proteins, independent of any requirement for
specialized hardware, and independent of the spec-
trometer make, size or type. We believe that if this
simple concept of linewidth measurement is widely
adopted, it could make quantitative coupling constant
measurements far simpler and far easier to use in ana-
lyzing the solution conformation of peptides, proteins,
polynucleotides and other biomolecules via NMR.
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