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ABSTRACT. The C—-N coupling constants centered at thé &nd @2 carbons in histidine residues depend

on the protonation state and tautomeric form of the imidazole ring, making them excellent indicators of
pH or K, and the ratio of the tautomeric states. In this paper, we demonstrate that the intensity ratios for
the C1-H and C@2H cross-peaks measured with a constant time HSQC experiment without and with
Jc—n amplitude modulation are determined by the ratios of the protonated and deprotonated forms and
tautomeric states. This allows one to investigate the tautomeric state of histidines as well aKtfreir p
situations where changing the pH value by titration is difficult, for example, for in-cell NMR experiments.
We apply this technique to the investigation of the bacterial protein NmerA and determine that the
intracellular pH in theEscherichia colicytoplasm is 7.4 0.1.

Histidine is frequently involved in the function of proteins, seven histidine residues in a Fab fragment of the catalytic
mainly because of the chemical versatility of its imidazole antibody 6D9 (MW~50 000) (L1). However, so far the €N
ring, which includes protonated and deprotonated forms ascoupling constants of the histidine residues have only been
well as the tautomeric states<3). A recent analysis of the  used for a qualitative analysis to identify the state with the
enzyme structural database (www.biochem.ucl.ac.uk/bsm/highest population. In this paper, we show that these coupling
enzymes) revealed that approximately 50% of all enzymes constants can also be used to provide quantitative analysis
use histidine in their active sites. To determine the protonatedof the different histidine states. In addition, we show that
and deprotonated forms and the tautomeric states of histidineby measuring the ratio of each state, we can also determine
residues in solution, NMR spectroscopy has been extensivelythe pH in living cells by in-cell NMR experimentd.3—17)
used with good success. Traditionally, th€,of histidines since the typical i, values of histidine residues range from
has been determined by measuring chemical shift changes.0 to 8.0, which corresponds to the range of pH values so
during pH titration experiments. However, this method far shown to exist in cells.
cannot be applied to proteins that are unstable over a wide
pH range, and it does not provide information about the EXPERIMENTAL PROCEDURES
tautomeric states. To circumvent this problem, several NMR Materials. Uniformly 13C/5N labeled histidine and®C/

techniques have been developed, based on HM@€S), 15N labeled media were purchased from Cambridge Isotope

HMBC? (7, 8), and HSMQC (9, 10) experiments, which | 51yoratories, Inc. Uniformiy3C/5N labeled histidine was
discriminate each state from the ratio of two- and three-bond dissolved in 50 mM sodium formate at pH 3.3, 3.7, and 4.2:

remote couplings, such &@e-noz and ooz In the 54 1\ sodium acetate at pH 5.2; 50 mM MES at pH 5.7

imidazole ring. Unfortunately, the small value of these and 6.2; 50 mM sodium phosphate at pH 6.7, 7.2, and 7.7:
couplings necessitates long coherence transfer times, making,,q 50 mM BICINE at pH 8.2 and 8.7 res.péct-iv’ely. The |

this method not applicable to large proteins. The method can, i) concentration of each uniform#§C/AN labeled histidine
however, be extended to proteins of higher molecular weight , - adjusted to 3 mM. Each sample solution was prepared

if larger one-bond couplings centered at thé @nd C* in 95% HO/D,0 to avoid the loss of the<€proton intensity
carbons in the imidazole ring are usdd,(12). ltwas shown  -5,,5eq by HD exchange. The histidine sample at pH 8.2
previously that these large goupllng constants can be useqNas also used to measure thé-€N°! and C1—N< coupling
to characterize the protonation and tautomeric state of all constants in the deprotonated form by £20-spectroscopy,
and the coupling constants were in excellent agreement with
T This work was supported by a grant from NIH GM-56531, GM-  published values. Thé&C, *N labeled N-terminal metal-
66039, the Sandler Family Supporting Foundation (CC and V.D.), b|nd|ng domain of MerA (NmerA) was expressed as
?nncc.i NSF MLB9982576 (S.M.). N.S. was supported by Ajinomoto Co., described previouslyld), except that the cells were grown
*To whom correspondence should be addressed. Telephone: (415)from the beginning int*C/**N labeled media to maximize

502-7050. Fax: (415) 476-0688. E-mail: volker@picasso.ucsf.edu. the level of!N incorporation.

1 Abbreviations: HMQC, heteronuclear multiple quantum coherence; i
HMBC, heteronuclear multiple bond coherence; HSMQC, heteronuclear NMR SpectroscopMR eXpem.nentS were me.asured (_)ﬂ
single and multiple quantum coherence; NmerA, the 69 a.a. N-terminal & Bruker 500 MHz Avance NMR instrument equipped with

domain of the transposon 501 (Tn501) mercuric ion reductase. a triple resonance cryoprobe. The 2-Dgjgs(CyCo)Ho
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| . | | 3 population of the KP-H tautomer in the fraction of the
O e O he —— . depro_tonated form, an(d‘i_is the fraction of the deprotonated

>__<+7° 7__<*7° >__<*7° form in the total protein sample¥2Jci nea, N2Jcea-not,

-11.6 134 +0.9 NOL1j~ . No1j. . Py~ and”Je.q_ are the &N

— o — Cel—Ne2s Cel—NoO1y Cel—Ne2s Cel—No1
i N5A $ N i /Nsl‘A;/ N coupling constants in the ‘NH tautomer, the R:-H tau-
H H N2 HOH Mq tomer, and the protonated form, respectively.
Het et ) The K, of the histidines can be calculated from
\
N tautomer N tautomer
K,=pH — log{ /(1 — 2
Protonated form Deprotonated form p a p g{ﬁ( ﬁ)} ( )

Ficure 1: Protonated and deprotonated forms and tautomeric states
of histidine residues in solution aidd_y, Jc—c coupling constants
in the imidazole ring of the histidine residue.

Combining egs 1 and 2 yields eq 3

N1 o(C*-H) = cog 27 Tof 1/(10PK=PHI 4
(18) and 2-D HCN (2) experiments were acquired as 512 Ne2 0K pH]
x 20 and 512x 128 complex matrixes, respectively. For DY Jea-ne T (1 — o) 1/(1d T
the 2-D (H3)CB(CyCd)H0 spectrum, spectral widths of 7003 Ny e + {20PK PR gPRamPHT
and 5031 Hz in théH and**C dimensions were employed. pr DK pH]
The spectral widths in thiH and®>N dimensions were 7003 D} Jea-nel} cog2aT[o{ 1/ (1d +
and 10 139 Hz for the 2-D HCN spectrum. N2y ney T (1 — a){1/(adPKaPH 4

The constant time HSQC (CT-HSQC) aftll edited CT- N6 pKa—pH] pKa—pH]

HQSC spectra were recorded with spectral widths of 7003 DF Jeanor + {ld ! (10[ +
Hz for *H and 4000 Hz fof*N. For the measurement of the P noddt ()
C—N coupling constants of the free histidine at €5, the
N edited CT-HSQC sequence was applied to suppress thenote that, ifp x 100% is the level ofSN incorporation in
signal frontN-bound carbon coherences. CT-HSQC experi- g histidine residueg(is the fraction ofN), then the intensity

ments to determine the €N coupling constants of the  ratio in the CT-HSQC experiments is given by
histidine residues in NmerA were measured at’@7with

the CT-HSQC sequence shown in Figure 2a. The CT-HSQC 1y — 2 2
spectra of NmerA in living cells were acquired by interleav- o(C™-H) = (o) cos{p) cosp) + (p = p°) cos@) +

ing the C-N modulated and unmodulated experiments to (o — p2) cosp) + (1 — p)2 3
average potential changes of the cellular environment during

the NMR measurements. The NMR data were processed withwhere cos@) and cos ) are the cosine functions in eq 3.

the XWINNMR software (Bruker). The incorporation of°N is assumed to be equally distributed
at the N* and N? positions of the histidine residues. In
RESULTS practice, this will become only a problem for incorporation

levels of less than 95%. At this level, the maximum error of
the function of I/b is 0.02, which is of the same order as the
error of measuring the intensities in the experiments with
the free histidine. For lower incorporation levels, however,
the labeling ratio can become the dominant measurement
error depending on the accuracy of the intensity measure-
ment. The error in this intensity measurement in turn depends

Theoretical BasisOne-, two-, and three-bond coupling
constants in the imidazole ring for the various states have
been extensively studied using free histidine and 1-meth-
ylimidazole by 1-D spectroscopyl, 20) as well as fitting
curves taJ-modulated experiment& ?). As shown in Figure
1, the values of the €N coupling constants centered at the

el 2 i
e o o e teaay O he indidua sample e 1 is 2 fclon of e

. X . ' sensitivity of the NMR instrument as well as the nature and
these coupling constant values can be determined from theconcentration of the sample
ratio of the CG-H and C@2-H cross-peaks in constant time ] ) ) ' )
HSQC experiments measured with and without amplitude ~The intensity ratio of the &-H cross-peaks, with and
modulation by the &N coupling. Here, we extend the Without the amplitude modulation, is given by
original theory to allow for a quantitative analysis of the ‘
population of the individual states. For thé-El cross-peaks, I/l 0(C‘52-H) = cos[2rT{ NI sp neo T

this analysis yields eq 1
S analysis yields ed (2= @B sz + (1= B oy t] X
IN1o(C-H) = cos[2eT{ 0Ny _neo + cos[2eT{ 4" Aesp o1 + (L — B esp or
1 = 00" ez + (1= AP neat] ¥ (1= B Jes-nort] 4)

Ne2 No1
cos[2rT{af ™ Jeanp + (1 = 0™ Joa—nor whereN2Jcso-nez, NAesz-not, N Mesz-Nezr N csz-not PIcsz-Nezs
(1= B Ienst] () andPJcs—ns1 are again the €N coupling constants in the
N<-H tautomer, the R-H tautomer, and the protonated form,
where | and ¢ are the cross-peak intensities in the spectrum respectively.
with and without thelc—y amplitude modulation respectively, In the case off = 1, sinceNJcs—ne2 (0.9 Hz) and
T is the duration of the constant time delay, is the Ne2Jes2-no1 (<0.5 Hz) are negligible (Figure 1), eq 4 can be
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Ficure 2: (a) Pulse sequence for CT-HSQC experiments without andJuitlh amplitude modulation. Narrow and wide bars indicate 90
and 180 pulses, respectively. For measuring a spectrum without the modulatioFNHEC pulse is applied at position a, whereas for
measuring the spectrum with modulation, #is 180 pulse is instead applied at position b. Phase cychng= y; ¢» = X; ¢3 = X, —X;
and¢, = X, —x. The phases for other pulses are fixek.athe quadrature iff; was achieved via States-TPPI@f Delay durationr =
1.2 ms; gradients (sine bell shapeg):= (800us, 10 G/cm)g2 = (600us, 10 G/cm), an@3 = (600us, 30 G/cm). The WATERGATE
water suppression scheme with a 3-9-19 refocusing pulse was incorporated into the reverse INERZ).sfigpRulse sequence féiN
edited CT-HSQC experiments, without and wikhy amplitude modulation. Many of the details of this sequence are similar to those of
the CT-HSQC. For thé®N edited CT-HSQC experiments without the modulation,*iNe18C° pulse was not applied at position ¢, whereas
the 15N 180° pulse was applied for that with the modulation. Phase cyclings X, —X; ¢2 =Y, —V; ¢3 = —X; ¢4 = X; ¢5 = 4(X), 4(y),
4(—x), 4(—Y); ¢e = 2(X), 2(—X); and¢7 = 2(x), 4(—X), 2(x). The quadrature ifr; was achieved via States-TPPI @f Delay duration
= 1.2 ms;y = 2.4 ms;0 = 6.0 ms; and gradients (sine bell shapagl)= (600us, 5 G/cm),g2 = (800us, 18 G/cm)g3 = (1000us, 43
Gl/cm), g4 = (800 us, —18 G/cm),g5 = (1200us, 28 G/cm), and)6 = (500 us, 30 G/cm).

simplified to from the additional INEPT steps frofC to °N and back,
s is required. Consequently, this pulse sequence should be
I14C 2-H) =coy2rTa NGZJ@Z_NGZ} X applied to proteins with a low molecular weight (MW

_ \NoL 10 006-20 000). For larger molecular weight proteins, or
cog 27T(L = &) eso-nsrt (5) proteins with a short relaxation period, the original CT-HSQC
sequence is more appropriate; however, great care must be
taken to maximize the incorporation &N. Alternatively,
if the percentage ofN incorporation is known and if it is

Pulse Sequence¥he method described here to measure
the C-N coupling constants is a 2-D difference experiment,
Zrng ér_:_erSu(Igsce: ;&;)(lurirécaesir;vmhg:rg;;(res;snkce;cizzdd;rlaﬁ;gg;e 2randomly distributed over both the™Nand the N* positions,
the pulse sequence shown in Figure 2a have been discusse@d 3 ¢an be used to analyze the resulting cross-peak
previously, we will here mainly focus on the improved pulse Ntensities.
sequence shown in Figure 2b. The measured cross-peak Adjusting the Constant Time PeriodBhe C'—N< and
intensities can be affected by systematic errors, such as theC<!—N°! coupling constants at theposition for the N?-H
level of 15N enrichment 21). This systematic error can be tautomer are-12.2 and—1.9 Hz, and those for the ®H
suppressed by the new pulse sequence shown in Figure 2btautomer are—1.9 and—12.2 Hz, showing that thé*C
In Figure 2b, thé>N 180 pulse in the middle of the constant magnetization in the CT-HSQC spectra for both tautomeric
time period creates an antiphase coherence, which isstates of the deprotonated form is modulated by the same
eliminated by the subsequent gradient pgéeWithout the coupling constants. In contrast, the modulation for the
15N 180 pulse, the magnetization is refocused at the end of protonated form is generated by the relatively large coupling
the constant time period. After the constant period that either constants 0f'Jc.1-—ne2 (—16.0 Hz) and"Jeeqns1 (—16.1 Hz).
generates, or does not generate, the amplitude modulationTo calculate the difference of i3 — pH] from the C-N
the magnetization is transferred frol¥C to °N, thereby coupling constants, the modulation at the position &fi€
eliminating coherences &1C spins with'“N neighbors. This unguestionably the appropriate probe because of the large
step ensures that only magnetization'# spins that can  difference in coupling constants between the protonated and
be modulated by the €N coupling contributes to the the deprotonated forms and the fact that both tautomeric
observed cross-peaks. After this filtering element, the fol- states of the deprotonated form are virtually indistinguishable.
lowing INEPT step refocuses tR& coherences with respect  On the other hand, the modulation at th& @osition is the
to the'®N spins, and the coherences are finally transferred probe of choice to determine the ratio of th&-N and N*-H
into in-phase proton magnetization for detection. However, tautomers since thE€C magnetization at the’€position in
a longer duration time for coherence transfers, which resultsthe deprotonated form is effectively dominated by the
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FiIGURE 3: (@) Theoretical curves shown in eq 5 for the intensity ratio for tffeHCcross-peaks vs the fraction of the2NH tautomer, using

the constant times2= 14.3, 28.6, 42.9, and 57.2 ms. (b) Theoretical curves shown in eq 3 for the intensity ratio fot-the@ss-peaks

vs [pKa — pH], using the ratios of the ®H and N1-H tautomers 1:0 (A), 0.75:0.25 (B), 0.5:0.5 (C), 0.25:0.75 (B), and 0:1 (A). Note that

the same curves are obtained with the inverse ratios such as 0.75:0.25 and 0.25:0.75. The constanvéisnee® to 28.6 ms. (c) The
theoretical curve with 2= 28.6 ms is shown with the dashed line. The intensity ratio for ttfeHCcross-peaks in the histidine at pH 8.0

was 0.66, indicating that the fraction of the?NH tautomer is 0.77. (d) The theoretical curve with 0.77 of the fraction of tAe-Nautomer

is shown by the dashed line. The observed intensity ratios at several pH values are plotted with the solid circles, using the free histidine.
Note that the K, value of the histidine was 6.3, estimated from the pH dependency of<hid Ehemical shifts.

Ne2Jeso-ne2 cOupling (13.4 Hz) for the NP-H tautomer and  both states. Therefore, the value of @as set to 28.6 ms
by NoLJcsp-ns1 coupling (4.8 Hz) for the N-H tautomer. throughout the experiments.

Figure 3a shows theoretical curves calculated with q 5 verification of the Theory with Free Histidingo verify
for several different constant time periods. Zhe constant e theory, this method was applied to histidine uniformly
time periods are set to multiples ofJ&f.—c,, to eliminate labeled with3C and 5N. Unintentionally, ~10% of the
131 i 3
the 1C—15C coupling between the’€and the € carbons.  y5acles were not completely labeled with thel, as

%As tli:ust&at(ted Ln Flg_uret3ta, tge d|ffere|nce n tf][ﬁo Ilat'los estimated by NMR. To suppress coherences of carbon nuclei
or the two tautomeric states becomes larger with an increase; o cted to 2N nucleus, the!N edited CT-HSQC

in the duration 01_‘ the constant time delay'.2However, _sequences shown in Figure 2b were used.
longer constant time delays also cause signal attenuation ) ) ] ; )
because oFC T, relaxation. For most applications to proteins 1€ intensity ratio of the €-H cross-peaks in the
a delay of 28.6 ms seems, therefore, to be the bestdominantly deprotonated form measured at pH 8.0 was 0.66,
compromise between maximizing the difference of the ratios and the corresponding ratio of the’M tautomer was 0.77
and minimizing the signal loss due to relaxation. (Figure 3c). This is in very good agreement with a previous
Theoretical curves for the dependence of thel€cross- ~ report, in which the ratio of the two tautomers was
peak intensities on the difference between tKg and the determined from peak intensities at a very low temperature
pH calculated with eq 3, in which the value of & setto ~ Where the fast chemical exchange between the two states in
28.6 ms, are shown in Figure 3b. Depending on the ratio suppressed2@). That investigation had shown that under
between the M-H and the N!-H tautomers, the theoretical these conditions~80% of the histidine side chains are in
curves differ slightly. However, the combined intensity ratio the N>-H tautomer. This result is in agreement with other
of the deprotonated states is quite different from that of the studies that were carried out at temperatures between 25 and
protonated state, allowing for the estimation of the ratio of 30 °C (12, 20, 23).
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Ficure 4: (a) pH dependencies of the’Hthemical shifts for His3 and His17 in NmerA. The best-fit curves shown by the dashed lines
were generated, indicating that th&pvalues of His3 and His17 were 6.2B 0.05 and 6.90+ 0.05, respectively. (b) The observed
intensity ratios for the @-H cross-peaks of His17 in NmerA at several pH values are plotted with the solid circles. The best-fit curve
shown by the dashed line was generated from the ratio of th¢iNautomer as an unknown parameter, showing that the fraction of the
N¢2-H tautomer is 0.76t 0.06 or 0.24+ 0.06.

Figure 3d shows the intensity ratios of the€'-€l cross- elsewhere. The assignments for the histidine side chin
peaks at various pH values. Note that tlig palue for free and 3C signals were collected from the 2-D gMCS-
histidine is 6.3, which was verified by a pH titration (CyCd)HS and 2-D HCN spectra. Thigd and*3C chemical
experiment, and K, — pH] on theX axis is the difference  shifts (ppm) at pH 6.8 for &-H and C2-H in His3 are 7.8,
between this K, of the histidine and the pH of the solution. 136.1 and 7.1, 117.8, respectively, and those in His17 are
The theoretical curve is also shown in Figure 3d, with the 8.3, 135.1 and 7.3, 117.7, respectively.

ratio of the N*-H tautomer ¢ in e, 3) set to 0.77, as The K, value for His17 is 6.9@ 0.05 as determined by
determined from the ratio _of the°GH crossjpeaks. This _ the pH dependence of the*proton chemical shift (Figure
result shows that the experimental data confirm the theoret|-4a)_ This histidine is an appropriate probe to measure the
cal equations and demonstrate that a quantitative analysigy since the internal pH in living cells has been reported to
of the intensity ratios of the @H and C*-H cross-peaks range from pH 6.0 to 8.025, 26), which is within the+1

can yield thg ratio of the tautomeric forms as well as the pH unit interval from the . value as discussed above. In
[pKa — pH] difference. In other words, thepor pH value  ¢onirast, His3, located in the N-terminus, has<a yalue of

can be estimated, if one of them is already known or g >q .1 005 (Figure 4a) and is, therefore, less well-suited
determined by another procedure. It is, however, important ¢ measuring the pH inside living cells.

to notice that the application of this method is limited to pH
values in the vicinity of the I§, of the histidine. In Figure
3d, the intensity ratio follows a sigmoidal curve as a function
of the difference between pH andKp At approximately 1

pH Dependence of the Coupling Constants for Nmeis.
a first step to investigate the intracellular pHEgcherichia
coli, the pH dependence of the intensity ratios in the CT-
pH unit above and below thexg this curve becomes flat HSQC spectra was obtained to verify the theoretical curve.

' o 5 ;

and the intensity ratio does not depend on the exact pH valyelt would be difficult tolapp_ly thé N edlted_ HSQ,C sequence
anymore. That means that this method can only measure pH© @ System of proteins in living cells, in which the large
values that differ by less than one unit from thé,alue inhomogeneity leads to fast transverse relaxation. Instead,
of the histidine. The same limitation of course also holds the basic CT"’iSQC Sequence as shown in Figure 2a was
for measurements of thekg value. Most accurate results 2Pplied to the'*C and *N labeled NmerA, which was

are obtained in the immediate vicinity of th&pwhere the ~ carefully prepared to maximize the incorporationdd by
function shows the steepest curvature. growing cells in3C/**N labeled media from the beginning.

Assignment and pKof Histidine Residues in NmerAs Figure 4b shows the ratio of the’éHd cross-peaks of
reported previously, in-cell NMR experiments can provide His1l7 measured at different pH values together with the
information about the conformation and dynamics of proteins theoretical curve calculated with eq 3. Th&€i cross-peaks
inside living cells {3—17). To investigate the suitability of ~ for His17 were too weak to measure the coupling constants
the coupling constant method to determine the intracellular precisely because of line broadening in the HSQC spectra.
pH of bacteria, we used the N-terminal domain of the However, the fraction of the ®*H tautomer for His17 was
bacterial mercury-detoxification protein MerA (NmerA) as roughly estimated as 0.7®.80, based on the intensity ratio
a test case. NmerA binds Pgvia its two cysteines located of the weak C>-H cross-peaks at pH 8, at which the
in a metal binding loop and the adjacent helix. Two histidine deprotonated form is expected to be dominant. The fraction
residues are present in NmerA, and one of them (His17) is of the N/>-H tautomer, calculated from the best-fit curve for
located in this helix and close to these cysteine residues. the experimental data, was 0.#60.06 or 0.244+ 0.06, one

The assignments of the main chdi™, 15N, 13Ca, and of which (0.76% 0.06) is consistent with the value estimated
13CA NMR signals from NmerA were derived from the 3-D  from the @2-H intensity ratio (Figure 4b). It should be noted
HNCA, 3-D CBCACONH, and 3-D HCCCONH-TOCSY that this best-fit curve was generated with the fraction of
spectra. Details of the assignments will be published the N>-H tautomer as an unknown parameter.
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Ficure 5: CT-HSQC spectra of uniforml{#C and>N labeled NmerA in living cells. €-H regions measured without (a) and with (b)
Jc—n amplitude modulation. (¢ and d) The 1-D cross-sections on top of each section were taken afagdingension at the positions
indicated by the dashed lines.

pH Determination in Liing Cells.To measure the pH in  must be carefully prepared to maximize #id incorporation
the E. coli cytoplasm, CT-HSQC spectra 6tC and >N or eg 3 has to be used to account for tH& fraction.
labeled NmerA in cells were measured without and \léthy Depending on the ratio of thesNH and N'1-H tautomers,
amplitude modulation (Figure 5). The chemical shifts of the the theoretical curves of K(CL-H) versus [K, — pH] differ
two histidine residues did not change significantly, and the slightly. In principle, however, the ratio of theNH and
intensity ratio for His17, estimated from both spectra, was N%1-H tautomers can be obtained from the intensity ratio of
0.37+ 0.04. Figure 5¢,d shows the 1-D cross-sections, which the @%-H cross-peaks in the same experiment. Alternatively,
were taken along thEC dimension at the position indicated the tautomeric ratio can also be obtained from the pH
by the dashed lines, demonstrating that the signal-to-noisedependence of the intensity ratio for thé-E cross-peaks
ratio is reliable enough to measure the intensity ratio, even alone if, for example, the &H cross-peaks cannot be

though the total measurement time for both spectra was onlydetected. In these cases, measuring a calibration curve for
30 min. On the basis of the calibration curve shown in Figure the intensity ratio 14 (C<X-H) versus [K. — pH] is a good

4b, the value of [, — pH] was calculated to be-0.2 + alternative since the GH cross-peaks are usually detected
0.1. Combined with thef, of His17, the pH in theéE. coli with an excellent signal-to-noise ratio because of the lack
cytoplasm could thus be calculated to be 10.1 under  of dipolar interactions with the other protons. Using this
our experimental conditions. second method that only depends on the intensity ratio of

the C!-H cross-peaks, we determined the intracellular pH
DISCUSSION of E. colito be 7.1+ 0.1. One prerequisite for applying this
The present results demonstrate that the intensity ratiomethod to measure the intracellular pH, however, is that the
determined from the CT-HSQC experiments without and PKaVvalue of the histidine does not differ between the in vivo
with Jc_n amplitude modulation can be used to measure the and the in vitro condition. A change irkpvalues, however,
difference of [)K. — pH] and the ratio of K-H and N'2-H requires a change in the conformation of the protein, for
tautomers. The!®N edited CT-HSQC can in principle example, by forming new hydrogen bonds, which would
decrease the systematic error, which is caused by theresult in differences in the chemical shifts of the histidine
incomplete incorporation dfN within the histidine residues. ~ residues. In the case of NmerA such changes do not occur,
However, in practice, the CT-HSQC sequences are preferablestrongly suggesting that thé&pof His 17 is the same in the
to measure the pH in cells and in applications with large in vitro and the in vivo conditions.
molecular weight proteins because a longer duration time The pH value of 7.1 0.1 is 0.5 units lower than values
for coherence transfers, resulting from the additional INEPT published before, which determined the cytoplasmic pH in
step from*3C to N, is required for thé*N edited HSQC E. colito be 7.6, based on tHéC-labeled 5,5-dimethyl-2,4-
experiments. Especially, for in-cell NMR applications, the oxazolidinedione distributior2b, 26). In addition, pH values
signal-to-noise ratio would be worse in tHl edited HSQC ranging from 7.3 to 7.5 have been reported, depending on
experiments, making it difficult to measure, for example, the the growth phase, in &P NMR study 27). However, the
pH precisely. To avoid systematic errors, either the sample conditions in all these studies are different from the condi-
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tions used in the current investigation. In our experiments, In addition to determining the intracellular pH value, the
the bacteria were induced to express a protein that changesnethod described here is very useful to determine the p
the metabolic state of the cells. In all other studies, cells in values of histidine residues without pH titration in vitro.
different growth phases and without protein expression were Traditionally, pH titration experiments have been used to
used that can easily explain the differences in the measuredbtain these values; however, this method cannot be applied
values. The pH value of 7.1 was also confirmed by an to proteins, which are not stable over a wide pH range.

independent measurement. In NmerA, tH8l and Hy Moreover, surrounding residues, whose protonation states
chemical shifts of Cys11 are very sensitive to pH changes. depend on the pH, for example, another histidine, lysine,
Comparing the chemical shifts of the protein in t&ecoli aspartic acid and so on, sometimes influence the chemical

cytoplasm with a calibration curve obtained from a pH shift of the histidine residue, making it difficult to calculate

titration experiment with purified NmerA confirmed the its pK, The coupling constant method offers an attractive

measurement based on the histidine coupling constants. alternative. Moreover, a quantitative analysis of tHel@sed
Several other methods to measure the pH value of cellscoupling constants also allows for the determination of the

are currently available. They include NMR methods, the use tautomeric ratio of histidine side chains.

of H*-selective microelectrodegq), radiolabeled membrane-

permeable compound&§, 26), and methods that are based ACKNOWLEDGMENT
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