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Abstract: A specially designed microcoil probe for use in biomolecular NMR spectroscopy is presented.
The microcoil probe shows a mass-based sensitivity increase of a minimal factor of 7.5, allowing for the
first time routine biomolecular NMR spectroscopy with microgram amounts of proteins. In addition, the
exceptional radio frequency capabilities of this probe allowed us to record an aliphatic—aromatic HCCH-
TOCSY spectrum for the first time. Using this spectrum, the side chains of aliphatic and aromatic amino
acids can be completely assigned using only a single experiment. Using the conserved hypothetical protein
TM0979 from Thermotoga maritima, we demonstrate the capabilities of this microcoil NMR probe to
completely pursue the sequence specific backbone assignment with less than 500 ug of 13C,**N labeled
protein.

Introduction noise of the spectrometer and pré$g4) the coil sensitivity,
. . and (5) new pulse sequence methods that increase the sensitivity
NMR spectroscopy is a well-established tool for the structure by using distinctive magnetization transfer pathw&§n the
determination of proteins and nucleic actddsing uniformly past few years, the introduction of cryoprobe technofgip
SN/IC labeled protein, NMR has proven not only to be a \yhere the preamplifier and the Rf-coils are cooled-80 K,
valuable tool for structure determination but also provides a pas peen the most promising technology in reducing the

wealth of information on protein dynamiéss well as informa-  glectronic probe noise, thus increasing the signal sensitivity on
tion about binding partners, that is, small molecule ligdmts  ayerage by a factor of 3. However, even in using cryoprobes,
biomacromolecule$. one still uses standard 5 mm NMR tubes where the sample

It is a well-known fact that NMR spectroscopy suffers from volume needs to be a minimum of 500L to achieve
rather low sensitivity and thus requires considerable amountshomogeneity. This requirement still demands considerable
of protein for these aforementioned experimental measurementsamounts of protein to maintain reasonable sample concentrations
Preparation of these large amounts of protein is expensivefor high-quality measurements. Also, for rather dilute samples,
(**N,13C labeling), and moreover not all proteins can be the water suppression can be difficult when using a cryoprobe.
expressed in large enough yields. To reduce the amounts ofNewly developed 3 mm microcryoprobes with total volumes
protein required for reasonable measurement times, one of theof approximately 11Q:L are available, but, as reported, water
main goals for technical development in NMR spectroscopy has suppression is not easily accomplished with theses probes, a
always been to increase the sensitivity of the NMR instrumenta- major drawback for biomolecular NMR.
tion. In a review of the parameters that affect the sensitivity of ~ Another approach in increasing the probe sensitivity has come
the NMR measurement, the five most important are as fol- from microcoil probe technology~-12The increase in the signal-
lows: (1) the static magnetic field (the signal-to-noise ratio is to-noise of microcoils with a fixed length-to-diameter ratio
proportional toBo™?, highest ﬁeld_ commercially avaik_ible: 21'2_ (5) Styles, P.; Soffe, N. F.; Scott, C. A.; Cragg, D. A.; Row, F.; White, D. J.;
T), (2) the sample concentration (for NMR studies, protein White, P. C. J.J. Magn. Resonl984 60, 397404,

: i~ (6) Styles, P.; Soffe, N. F.; Scott, C. A. Magn. Resonl989 84, 376-378.
concentrations of 0.5 mM or more are needed), (3) the electronic (7) Peck, T. L. Magin, R. L. Lauterbur, P. G. Magn. Reson.. Ser. B95

108 114-124.
. . (8) Withrich, K. Nat. Struct. Biol.1998 NMR Supplemen#92—495.
lThe Scripps Research Institute. (9) Pervushin, K.; Riek, R.; Wider, G.; Wuthrich, Rroc. Natl. Acad. Sci.
MRM Corp. U.S.A.1997 94, 12366-12371,
§ Sequoia Sciences, Inc. (10) Hajduk, P. J.; Gerfin, T.; Boehlen, J.-M.;"b&li, M.; Marek, D.; Fesik,
(1) Withrich, K.NMR of Proteins and Nucleic Acigé/iley: New York, 1986. S. W.J. Med. Chem1999 42, 2315-2317.
(2) Kay, L. E.Nat. Struct. Biol. 1998 NMR supplement13-516. (11) Olson, D. L.; Peck, T. L.; Webb, A.; Magin, R. L.; Sweedler, JS¢ience
(3) Shuker, S. B.; Hajduk, P. J.; Meadows, R. P.; Fesik, SSeiencel996 1995 270, 1967-1970.
274, 1531-1534. (12) Lacey, M. E.; Subramanian, R.; Olson, D. L.; Webb, A. G.; Sweedler, J.
(4) Zuiderweg, E. RBiochemistry2002 41, 1-7. V. Chem. Re. 1999 99, 3133-3152.
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improves as the coil diameter decreas&st314that is, the Methods
sensitivity of the NMR measurement is, to a first approximation, oD h d het | lati 43D het lear tripl
inversely proportional to the coil diametdr1/d). To achieve omo- and heteronuciear correzation an eteronuciear riple

bal betw itivit d le load resonance spectra have been recoftf@dsing a new triple resonance
a balance between mass sensitivity and samplée load, COM-ry, yeon z-gradient CapNMR probe. Several acquisition parameters

mercially available microcoil NMR probes utilize 1 mm inner  paq to be considered when setting up these experiments. Only extremely
diameter COiIS W|th 3 mm |ength The tOta| ﬂOW Ce” V0|ume Of low power is needed to achieve@magnetization rotations<(5 W)
these microcoils is a scanté., having an active NMR volume  This was true for all channels independently using either 108H\r

of 1.5 uL. This volume is approximately 180 times less than 300 W Broadband linear amplifiers. All subsequent pulse calibrations
that for standard 5 mm probes. for the experiments using CapNMR probe were calculated directly
without correction tables due to the high linearity of the respective
amplifiers in this power range. Water suppression was either achieved
using presaturatiof;?> Watergaté® techniques, or coherence order

While microcoil NMR probes have been available com-
mercially for several years for small molecule wdbkheir use
for biomolecular NMR data acquisition has never been exploited sgjective pulse sequencés.
until recently*4 Here, we demonstrate the use of a new microcoil The flow cell volume of the TXI HCN z-gradient microcoil NMR
flow-through NMR probe, the CapNMR probe (MRM Corp., probe is 54L with an active volume of 1.5.L. Gastight syringes
Savoy, USA), for the recording of heteronuclear triple resonance (Hamilton, USA) have been used to inject between 10 angl15f
NMR spectroscopic data similar to those measured using aprotein sample. Using a 10 mM sucrose sample i® 4 scans, no
traditional 5 mm NMR probe. With only microgram amounts water presaturation, 0.7 Hz line broadening), the measured S/N ratio
of protein, we have been able to acquire a full set of data for on the anomeric proton was 31:1 (200 Hz noise window). Radio
the complete sequential assignment of a protein. frequency homogeneity of all nuclei is comparable with regular 5 mm

. . ... probes. A tremendous advantage of the microcoil probe is its ease of
T?k'”g advantgge of the excellent radio frquenc_y Cap_abllltles shimming. Because the microcoils are perpendicular to the apBdied
of this probe, which are a resul.t of the solenoid coil design, we field and are extremely small, their shimming is very different, yet
have demonstrated for the first time the TOCSY transfer yery easily accomplished as compared to regular probes. For shimming,
between the aliphaticaromatic region in a HCCH-TOCSY  one only needs to adjust the low order shims, that,ig, X2 — y2, xy,
spectrumté17This experiment now allows for the complete side- andz
chain assignment of all amino acids in a protein within a single  All heteronuclear triple resonance sequences have been implemented
spectrum. The obstacle for this aliphat@romatic carbon using sensitivity enhancemetttThe HNCA?® and the corresponding
transfer has always been the large carbon chemical shift HNCOCA® spectrum were comprised of 1024 56 x 64 complex
differences between aliphatic and aromatic residues (averagePCints in thetH, N, 13C dimension with corresponding acquisition
~13 200 Hz at 14.1 T), creating a requirement for high Rf- tlmes of 71.3,15.8,7.1 ms. The relaxation delay was sgt to 1.3 s along

. with 16 scans/FID resulting in a total measurement time~@# h.

power demand necessary to establish a full TOCSY transfer .

. . . . . The HNCG® spectrum was recorded using 102456 x 46 complex
across these Ql.lphat-t(aromatlc res!dues. Th's bro"_“?‘ TOCSY points ¢H, N, 13C), 71.3, 15.8, 12.7 ms acquisition times, respectively,
transfer capability could not be achieved using traditional 5mm g scans/FID, and a relaxation delay of 1.3 s. The total measurement
room temperature or cryoprobes. The success of this experimentime was~11 h. 1024x 46 x 64 complex pointsi, 1N, 13C), with

has allowed for the aromatic side-chain assignment, including corresponding 71.3, 13.6, and 3.1 ms acquisition times, have been used
connectivities with the aliphatic side chains, to be possible in a to record a CBCACONH spectrum A 1 s relaxation delay and 16
single NMR experiment. This greatly accelerates the aromatic scans/FID gave rise to a total measurement time- 06 h.

side-chain assignment. Aliphatic—aromatic HCCH TOCSY spectra were recorded using a
uniformly labeled®3C/*N sample in HO. A z-filter version of the
Materials HCCH-TOCSY’ sequence was implemented as a 2D spectrum. T1

13C carbon evolution was completed before the TOCSY mixing step,

Most of the experiments presented in this paper were performed and in the t2 time, proton evolution was developed. It is known that
using proteins from th&hermotoga maritimgroteome, in particular, the FLOPSY-18 mixing sequence has a very broad square-shaped
the conserved hypothetical protein, TMO%7@DB id: 1RHX, BMRB mixing profile, and therefore it was implemented in the HCCH TOCSY
id: 6010, 87 residues, 9.7 kDa). For initial sensitivity tests, com- experiment. FLOPSY-16 was experimentally compared to DIPSI-2 to
mercially available BPTI (bovine pancreatic trypsin inhibitor, Bayer validate this fact!3C spin lock fields of up to 22 kHz were used to
AG, Germany) was used (0.245.38 mM samples, 20 mM Na  achieve the aliphatic aromatic transfer. FLOPSY-16 mixing times
phosphate buffer pH 6.0, 10%,0). Between 2 and 10 mM samples  between 11.77 and 25.8 ms were used. 204828 complex points
of either>N or 15N,13C labeled TM0979 (20 mM Na phosphate buffer ~ for H and**C, respectively, were used (142.6, 3.1 ms). The relaxation
pH 6.0, 50 mM NaCl, 10% BD, 0.3% NaN) were used to record delay was setto 1.5 s, and between 128 and 512 scans/FID have been
various heteronuclear triple resonance spectra.*Théabeled sample used, leading to total measurement times betwe8rand 30 h. The

consisted of 29.6g of protein in the active volume, while 1480y design of the microcoil probe limits thermal heating for spin locking
of protein for the!>N/*3C labeled sample was used. The measurements
were performed between 293 and 313 K. (19) Sattler, J.; Schleucher, J.; Griesinger, Rrog. Nucl. Magn. Reson.

Spectrosc1999 34, 93—158.
(20) Bax, A.; Grzesiek, SAcc. Chem. Re€.993 26, 131-138.

(13) Webb, A. G.; Grant, S. Cl. Magn. Reson., Ser. B996 113 83—87. (21) Wider, G.; Macura, S.; Kumar, A.; Ernst, R. R.;"Wrich, K. J. Magn.

(14) Li, Y.; Logan, T. M.; Edison, A. S.; Webb, Al. Magn. Resor2003 164, Reson.l1984 56, 207—234.

128-135. (22) Wider, G.; Hosur, R. V.; Wthrich, K. J. Magn. Reson1983 52.

(15) Eldridge, G. R.; Vervoort, H. C.; Lee, C. M.; Cremin, P. A;; Williams, C.  (23) Piotto, M.; Saudek, V.; Sklenar, \J. Biomol. NMR1992, 2, 661—665.
T.; Hart, S. M.; Goering, M. G.; O'Neil-Johnson, M.; Zeng,Anal. Chem. (24) Schleucher, J.; Sattler, M.; Griesinger,Ahigew. Chem1993 105, 1518.
2002 74, 3963-3971. (25) Kay, L. E.; lkura, M.; Tschudin, R.; Bax, Al. Magn. Reson199Q 89.

(16) Kay, L. E.; Xu, G.-Y.; Singer, A. U.; Muhandiram, D. R.; Forman-Kay, J.  (26) Bax, A.; Ikura, M.J. Biomol. NMR1991], 1, 99-104.

D. J. Magn. Reson., Ser. B993 101, 333-337. (27) Grzesiek, S.; Bax, Al. Am. Chem. S0d.992 114, 6291-6293.
(17) Peti, W.; Griesinger, C.; Bermel, W. Biomol. NMR200Q 18, 199-205. (28) Kadkhodaie, M.; Rivas, M.; Tan, M.; Mohebbi, A.; Shaka, AJ.JMagn.
(18) Peti, W.; Herrmann, T.; Whrich, K., in preparation. Reson199], 91, 437-443.
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Figure 1. Comparison of the 2D'H,1*N] HSQC spectrum of TM0979. (A) Fully annotated 2BH[*N] HSQC spectrum recorded Wita 5 mm TXI HCN

z-gradient probe (Bruker, Billerica, USA) ugira 2 mMsample of TM0979: 8 scans, Tk 128 complex points, experiment time, 30 min. (B) TXI HCN
z-gradient CapNMR (MRM Corp., Savoy, USA) microcoil probe usingl5of the 2 mM sample used in (A): 16 scans, ¥ 128 complex points,
experiment time, 60 min; measurement temperature for both spectra was 313 K. Traces taken out of this spectra are shown in the Supporting Information.

and other extended pulse trains. All spectra were recorded on a BrukerCapNMR probe used for these experiments utilizes a quadruple
DRX600 (Bruker, Billerica, USA) spectrometer. tuned circuit. The coil is tuned tdH, 2H, 13C, and N
frequencies.

] ) ) ] ) In contrast to currently used 5 mm probes for biomolecular
A high-resolution single radio frequency proton-only micro-  NVR that use a vertically oriented saddle coil, the CapNMR
coil probe has been previously describédicrocoil NMR  prope is based on a flow-through design which is needed in the
probes use solenoid coils, which have shown to have a highercontext of the horizontal solenoid coil design. The protein is
|ntr|nS|c_senS|t|V|t93 than commonly used saddle CQI|S (Helm- injected into the probe by means of a gastight syringe or a small

holtz coils) by a factor of 23 due to stronger coupling to the automatically driven syringe pump.

sample. The sensitivity of solenoid coils is given by ef 1. The protein BPTI was used to perform feasibility studies of
acquiring protein NMR data with the CapNMR probe. It was
possible to measure a 1Bl NMR spectrum with only 2.34g

of protein in the active volume (recording time20 min),
corresponding to a 0.24 mM sample (Figure S2).

A well-documented set of heteronuclear triple resonance
experiments provide the data for the sequential backbone
unit, uo is the permeability in a vacuunm is the number of resonance assignment for protethg This complete resonance
turns,d is the diameter of the coil, anldis the length of the assignment is an essential prerequisite for accurate structure
coil. Therefore, as displayed in eq 1, by decreasing the diameterdetermination using NMR spectroscopy. Most of these tech-
of the coil, an additional increase in sensitivity can be expetted. niques are based on the 2BH['*>N] heteronuclear single
However, while NMR probes with saddle coils are known for quantum correlation spectrum (HSQ®)This spectrum serves
high Bo homogeneity, which is a necessary requirement for high- as a “fingerprint” of the protein. The well-resolved 2EH['°N]
resolution NMR spectroscopy, solenoid coils are not. To achieve HSQC spectrum of the conserved hypothetical protein TM0979
this high homogeneity also for solenoid coil-based NMR probes, is shown in Figure 1.
the solenoid coil needs to be embedded in a perfluorinated From a comparison of the 2D',!®N] HSQC spectra
magnetic susceptibility matching fluid. Consequently, the mi- obtained usig a 2 mMsample in both a CapNMR probe and
crocoil probes using this embedded solenoidal coil design with a 5 mm triple resonance probe, it was found that the CapNMR
its characteristic small size show a tremendous proton sensitivity probe had an approximately 7.5 times greater mass sensitivity
and inherent short pulses, which opens up a new avenue for(traces of these spectra can be found in the Supporting
designing pulse sequences for the assignment of proteins.Information, Figure S3). The basis for this finding was that,
Solenoidal coils can achieve much shorter pulse lengths relativewhile for the measurements in the 5 mm probe 110 times more
to standard 5 mm Rf-coils currently used, which is of special sample was used (10 86@ (550uL): 98.7 ug (5 uL); 5430
importance for measurements at high field NMR spectrometersug (270uL): 29.6 ug (1.5uL)), the S/N ratio in the acquired
widely used for biomolecular NMR. For biomolecular protein spectra is only favoring the 5 mm probe by about 15. These
NMR, the most widely used probe design is a triple resonance results indicate that for a fixed mass in the sample volume the
inverse probe with actively shielded single- or triple-axis CapNMR probe would have &7.5 times greater sensitivity,
gradients. The inner coil is tuned tbl and?H frequency with while for a fixed mass in the active volume the CapNMR
the outer coil tuned to thé3C and !N frequencies. The  sensitivity is 12.2 times greater. These mass-based sensitivities

Results and Discussion

B, Hon
R )

whereB; is the applied radio frequency field,is the current

(29) Hoult, D. I.; Richards, R. EJ. Magn. Reson1976 24, 71—85. (30) Bodenhausen, G.; Ruben, D.Chem. Phys. Lettl98Q 69, 185-189.
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AIBIAIBIAIBIAIBIAIBIAIBIAIB protein. Therefore, data for the subsequent protein dynamics
_ : : analysis and binding studies can be easily acquired with this

probe, using only a fraction of protein than was previously
required. The sequential assignment of the protein backbone is
the starting point for a complete structure determination of a
protein by NMR spectroscopy. The only prerequisite to perform
50 the measurement is that the protein sample is stable at
_ §130) concgntratic_)ns of 2 mM or more and does not aggregate._
fes _ [ppm] This basic set of well-established gnd documented trlplg
Y L _ resonance NMR spectra for the assignment of the protein
55 backbone is complemented by experiments used for the assign-

ment of aliphatic side chains in proteins. In contrast to these
rather quick and highly reliable procedures, the assignment of
side chains of aromatic residues is time-consuming and circui-
o tous. However, aromatic residues are one of the key factors for
the stability of proteins, forming the hydrophobic core of the
protein.

The most important step in the assignment process of the
) aromatic residues is to connect thg/8p5 chemical shifts of
GHoTE 65 tyrosine, phenylalanine, histidine, and tryptophan with thie H
protons in the aromatic ringDifferent heteronuclear through-

|
]
b

GI[T10[T 10D 1D 11]H1P13VI4VI4EIS|E1K14K16L17 )
bond correlation spectra have been descri§e¥, although
7.267.26 8.558.558.23 &231*5“"‘3 8.438258.257.197.197.197.19 most of them lack sensitivity and ease of handling. Unlabeled
S (1H) [ppm] protein samples, where the amide protons are completely

Figure 2. Fully annotated strips from amino aciq g!yci_ne 9to Ieuqine 17: exchanged with BD which reduces the chemical shift overlap
fﬁéﬂlﬂ\'pfgjc@ é?g"':g'cl?' The sequential walk is indicated and is only i, the aromatic chemical shift region, can be used to achieve
the assignment of the aromatic side chains. The assignment
are much greater than the factor of 3 obtained through the useof the proton aromatic resonances still relies on high-quality
of cryotechnology. These findings are in excellent agreement 2D [*H,*H] NOESY (connection between/Hand H protons),
with the previous described mass sensitivity increase based or2D [*H,*H] COSY, and 2D {H,*H] TOCSY spectra of these
the solenoid coil design and the decreased coil diameter. Shigemicompletely H/D exchanged protein samples. These spectra are
microcell NMR tubes, which are widely used in biomolecular easy to set up, but time-consuming and, due to the rather
NMR spectroscopy, have the possibility to reduce the necessarypoor dispersion, especially for phenylalanine side chains,
sample volume of 55@iL to roughly 256-300 uL sample susceptible to ambiguous chemical shift assignment. Addition-
volume for 5 mm probes. This will reduce the amount of needed ally, the H/D exchange can take weeks to be completed, and
material by a factor of 2 (a table with further comparisons can the proteins under investigation need to be stable for a certain
be found in the Supporting Information). period of time.

The sequential backbone assignment of proteins is routinely In this paper, a method for the assignment of proton and
done using either a combination of the HNCA/HNCOCA (for carbon chemical shifts of aliphatic and simultaneously of
5—150 kDa proteins) or HNCACB/CBCACONH (for-525 aromatic side chains using a HCCH-TOCSY correlation spec-
kDa proteins) spectré:32 The assignment is based on the fact troscopy is presented. The correlation between the aliphatic and
that different types of amino acids show distinctive &d Q3 aromatic carbons has been hindered until now due to the large
chemical shift values that can be used to identify these amino carbon chemical shift ranges (aliphatic carbons78 ppm;
acids in the spectra. HNCA/HNCOCA spectra have been usedaromatic carbons, 115140 ppm). This corresponds to a total
to test the ability to perform the sequential backbone assignmentchemical shift range o~20000 Hz at a 14.1 TB, field
of TM0979. The measurement time of these spectra was lessspectrometer£135 ppm). Traditional 5 mm NMR probe coils
than 24 h. The fully annotated strips from amino acid glycine are not rated for the high power levels required to produce
9 to leucine 17 are shown in Figure 2. In the HNCA spectrum, Hartmar-Hahn mixing sequences needed to cover this broad
all inter- and intraresidue peaks are detectable. In addition, nearlychemical shift region.
all Ca and @3 peaks can be observed in the CBCACONH An HCCH-TOCSY spectrum with a z-filter FLOPSY-16
spectrum. This ensures that the combination of both spectra formixing sequence using a 20 kHz spin lock field has been the
the sequential backbone assignments can be pursued using theasis for our measurements. The TOCSY field strength was
CapNMR probe. All CO correlation peaks could be identified varied between 10 and 22 kHz. This spectrum could be used
from the HNCO spectrum. The complete backbone assignmentfor the assignment of the connection between the aliphatic C
of TM0979 has been accomplished. and @ atoms with the rest of the aromatic side chain and within

The sequential assignment of the protein backbone is the
essential requirement for any further interpretations of the (33

Prompers, J. J.; Groenewegen, A.; Hilbers, C. W.; Pepermans, H. A. M.
Magn. Reson1998 130, 68—75.

)
(34) Grzesiek, S.; Bax, Al. Am. Chem. Sod.995 117, 6527-6531.
(31) Cavanagh, J.; Fairbrother, W. J.; Palmer, A. G., Ill; Skelton, Rrdtein (35) Yamazaki, T.; Forman-Kay, J. D.; Kay, L. H. Am. Chem. Sod993
NMR SpectroscopyAcademic Press: San Diego, CA, 1996. 115 11054-11055.
(32) Salzmann, M.; Pervushin, K.; Wider, G.; Senn, H.; WuthrichJKAm. (36) Carlomagno, T.; Maurer, M.; Sattler, M.; Schwendinger, M. G.; Glaser, S.
Chem. Soc200Q 122, 7543-7548. J.; Griesinger, CJ. Biomol. NMR1996 8, 161-170.
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Figure 3. 2D [*H3C] aliphatic-aromatic HCCH-TOCSY FLOSPY-16

spectrum recorded with a mixing time tf = 11.77 ms. The assignment
of tyrosine 72 based on theo@hemical shift is indicated in the spectrum
(10 mM 13C/A5N TM0979, 313 K, measurement time 30 h).

alanine, only one transfer tofGould be detected for F85. Of
particular interest is that, for the tyrosine moiety, a rather

the aromatic ring for the first time within one measurement.
Interestingly, as experimentally noticed, the transfer amplitude
of the TOCSY transfer favors theo=-Co transfer. Therefore,  strong@—Co(H5)/Ce(He) cross-peak could be detected. The
the strongest cross-peaks can be seen betweencth&tdins comparative intensities between different mixing times do not
and the @(HJ) atoms. It can be expected that the magnetization change to a great extent. For some residues, the@(Ho)/

transfer during the TOCSY sequence is mostly sequential alongCe(He) gets weaker at longer mixing times, presumably due to

the carbon side chain by the means *6caiiphaic ~35 Hz,
Lccaromatic™~60 Hz coupling constants, for the mixing times used
for the experiments described in this paper. $kgcs coupling

ongoingT, relaxation.
For histidine, a strong €-Cd2(Ho2) cross-peak could be
detected at a mixing time of 11.77 ms. Th8-6C62(Hd2) could

can be expected to be between 1 and 5 Hz. The correspondingnly be detected at a longer mixing time of 29.42 ms.
mixing time was chosen between 11.77 and 29.42 ms. A detailedNevertheless, this £-Cd2(Hd2) cross-peak has a high sensi-
description of the transfer is difficult and not the aim of this tivity at this long mixing time. This behavior was only seen for
work. It was seen in a previous study that for an aliphatic-only the histidine spin system. Here, the magnetization cannot flow
HCCH-TOCSY spectrum the best mixing time was approxi- to the B2 carbon and back, because the nitrogen atods N
mately 12-14 ms with regards to sensitivity due to relax- and Ne2 will block the transfer. For the tryptophan residue,
ation. Carlomagno et &f. showed that an average transfer stronger transfer could only be detected for tle-<C51(H51)
time of 34 ms would be optimal for thed=-Caromatic transfer.  and @8—CZ2(HE2) cross-peaks. All other cross-peaks were very
We observed, as expected, a loss of sensitivity in our spectraweak. All of the aromatic side-chain protons could be assigned
when going to longer mixing times presumably due to relax- on the basis of their different chemical shifts. In most cases,
ation. Interestingly, cross-peaks between the aliphatic carbonfor the differentiation of cross and diagonal peaks in the carbon
and aromatic protons showed a much higher sensitivity versusaromatic region, an additional constant time 2Bi,}*Caron]
the cross-peaks between the aromatic carbons and aliphatid1SQC spectrum was used.
protons. The most obvious explanation for this is that almost In general, the presented spectrum allows for all aromatic
all of the aromatic protons are degenerate, giving twice the side chains to be easily assigned. This will allow for the
intensity relative to the aliphatic protons. Furthermore, the complete chemical shifts of the aromatic carbon and hydrogen
aliphatic protons have an additional coupling partner, decreasingnuclei to be assigned simultaneously. Moreover, the connection
further their intensity. In addition, the aromatic carbon atoms between the @ atom and the aromatic ring of the amino acids
have faster transverse relaxation than their aliphatic counterpartsand the assignment can be done at once. If an overlap of peaks
Figure 3 shows a 2D aliphati@romatic HCCH-TOCSY makes the assignment difficult, a 3D version using a second
spectrum. proton evolution time could be easily implemented. This
Not surprisingly, the transfer patterns of phenylalanine and increased dimensionality was not necessary for the assignment
tyrosine are very similar (Figure 4). The transfer between ©f the TM0979 protein.
Co—C0O(H0)/Ce(He) is strong, and the peaks can be easily Conclusions
detected and assigned. The differentiation between HELC
could be done on the basis of the aromatic chemical shifts, which  The TXI HCN z-gradient CapNMR probe presented in this
is especially easy in the case of tyrosine moiety. For phenyl- paper opens two important possibilities for high-resolution NMR
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spectroscopy. First, the probe allows one to acquire NMR data small amounts of unlabeled and labeled proteins that was, until

on microgram amounts of protein, which has not been previously now, impossible.

possible without using NMR tube inserts or plugs. Second, a
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