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Abstract

III°¢ is an 18.1-kDa signal-transducing phosphocarrier protein of the phosphoenolpyruvate:glycose phospho-
transferase system from Escherichia coli. The 'H, *N, and '*C histidine ring NMR signals of both the phos-
phorylated and unphosphorylated forms of III! have been assigned using two-dimensional 'H-'*N and 'H-'3C
heteronuclear multiple-quantum coherence (HMQC) experiments and a two-dimensional 3C-'3C-'H correlation
spectroscopy via Joc coupling experiment. The data were acquired on uniformly 'N-labeled and uniformly

15N /13C-labeled protein samples. The experiments rely on one-bond and two-bond J couplings that allowed for
assignment of the signals without the need for the analysis of through-space (nuclear Overhauser effect spectros-
copy) correlations. The N and '>C chemical shifts were used to determine that His-75 exists predominantly in
the N2-H tautomeric state in both the phosphorylated and unphosphorylated forms of I11°*, and that His-90
exists primarily in the N®!-H state in the unphosphorylated protein. Upon phosphorylation of the N2 nitrogen
of His-90, the N®! nitrogen remains protonated, resulting in the formation of a charged phospho-His-90 moiety.
The 'H, °N, and 3C signals of the phosphorylated and unphosphorylated proteins showed only minor shifts in
the pH range from 6.0 to 9.0. These data indicate that the pK, values for both His-75 and His-90 in III°* and
His-75 in phospho-111°K are less than 5.0, and that the pX, value for phospho-His-90 is greater than 10. The re-
sults are presented in relation to previously obtained structural data on III€*, and implications for proposed
mechanisms of phosphoryl transfer are discussed.
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tidine
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The phosphoenolpyruvate:glycose phosphotransferase
system is responsible for the uptake and concomitant
phosphorylation of its sugar substrates in preparation for
their catabolism by the cell. This system also regulates
the uptake of non-PTS sugars in response to changing en-
vironmental conditions leading to the phenomenon of
diauxie. The 18.1-kDa phosphocarrier protein 111",
which is encoded by the crr gene, was found to be essen-
tial for proper PTS function. III%* plays a central role in
both the transport and regulatory functions of the PTS.
In glucose transport a phosphoryl group derived from
PEP is transferred to 1IIC*° via the proteins Enzyme I
and HPr. A complex between phospho-I11€/ (P-I116/)
and the membrane-associated protein EIIBY¥ is then re-
sponsible for glucose phosphorylation and translocation.
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The regulatory role of 1119 is governed by its extent of
phosphorylation; in this capacity the protein is thought
to effect the modulation of the activity of the melibiose,
lactose, and maltose permeases, as well as adenylate cy-
clase, and glycerol kinase. For reviews see Postma and
Lengeler (1985), Saier (1989), Meadow et al. (1990), and
Roseman and Meadow (1990).

Of the PTS proteins, the structure of HPr has been
the most intensively studied and continues to be a subject
of active research (Klevit & Waygood, 1986; El Kabbani
et al., 1987; Hammen et al., 1991; Sharma et al., 1991;
Herzberg et al., 1992; van Nuland et al., 1992; Wittekind
et al., 1992). More recently, NMR and X-ray structural
studies of IIIC* from Escherichia coli (Pelton et al.,
1991a,b, 1992; Worthylake et al., 1991) and the IIA do-
main of the Bacillus subtilis glucose permease (Fair-
brother et al., 1991a,b, 1992; Liao et al., 1991) have been
completed. These proteins have 42% sequence identity
and have similar although not identical structures (Wor-
thylake et al., 1991). In both proteins the heart of the
active site consists of a pair of histidine residues (His-75
and His-90 in E. coli) that are conserved in a large number
of sugar-specific PTS proteins and non-PTS permeases
(Meadow et al., 1990; Liao et al., 1991). Biochemical stud-
ies have shown that the N*2 nitrogen of His-90 is phos-
phorylated (Meadow & Roseman, 1982; Dorschug et al.,
1984). In addition, studies of mutant proteins indicate that
both histidines are required for complete phosphocarrier
and regulatory activity (Presper et al., 1989). Moreover,
mechanisms for phosphoryl transfer have been proposed
on the basis of the activity of the mutant proteins (Presper
et al., 1989), and the X-ray-derived model of the I1A do-
main from B. subtilis (Liao et al., 1991). To date, how-
ever, the protonation states of the histidines in 111" and
the ITIA domain, knowledge of which is central to eluci-
dation of the mechanism of phosphoryl transfer, remain
unknown despite speculation on the basis of hydrogen-
bonding considerations (Liao et al., 1991; Worthylake
et al., 1991).

NMR spectroscopy is ideally suited to the study of the
protonation states of histidine residues in proteins (for a
review see Markley [1975]). In particular, the development
of "N and '3C heteronuclear methods have increased
the molecular weight range accessible to this technique
(Fesik & Zuiderweg, 1990; Wang et al., 1990; Clore &
Gronenborn, 1991; Grzesiek & Bax, 1992) and, more im-
portantly to the present study, can provide information
on the predominant tautomeric state of a histidine resi-
due (Reynolds et al., 1973; Bachovchin & Roberts, 1978).
Recent examples include studies of the tautomeric states
of the active-site histidines of «-lytic protease (Bachov-
chin, 1986), triosephosphate isomerase (Lodi & Knowles,
1991), HPr (van Dijk et al., 1990), E. coli Enzyme-IIA™!!
(van Dijk et al., 1992), and E. coli 3-hydroxydecanoyl thi-
olester dehydrase (Annand et al., 1992). In order to bet-
ter understand the role of the active-site histidines of E.
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coli 111" in phosphoryl transfer, we have assigned the
imidazole 'H, N, and '*C signals of His-75 and His-90
for both II1°' and P-III°* using 2D heteronuclear tech-
niques. From these data we have determined the predom-
inant tautomeric state of each of these histidines in both
forms of the protein.

Results

Identification of histidine imidazole
'H and 3C spin systems

In the aromatic region of the 'H spectrum of III€%, sig-
nals from His-75 and His-90 as well as those from the
eight phenylalanine residues are present. Early results on
amino acids (Reynolds et al., 1973; Howarth & Lilley,
1978) and short peptides (Richarz & Wiithrich, 1978) con-
ducted at various pH values showed that the histidine
signals could be distinguished from those of phenylala-
nine on the basis of *C chemical shifts and both 'Jcy
and !Jcc coupling constants (Bystrov, 1976). Typically,
histidine '3C®! signals (ca. 140 ppm) resonate ca. 10 ppm
downfield of '*C?, 13C¥, and '*C¢ phenylalanine signals
(ca. 130 ppm), whereas histidine '*C?% signals resonate
near to or upfield of these phenylalanine aromatic reso-
nances depending on the protonation state of the ring
(Reynolds et al., 1973). 13C NMR studies also showed
that histidine ring !Jcy coupling constants (e.g., Jceryet,
208-222 Hz) (Bystrov, 1976), although a function of pH,
are substantially larger than for those of the phenylala-
nine ring (ca. 155 Hz). In addition, the histidine C*C?
coupling constant (ca. 70 Hz) is substantially larger than
all of the phenylalanine aromatic !Jcc couplings (ca.
55 Hz) (Tran-Dinh et al., 1975). As expected, in 'H-12C
spectra of both III%* (Fig. 1A) and P-II1¢* (Fig. 1B) ac-
quired without decoupling during the acquisition period,
a pair of doublets with large 'Jcy couplings appear
downfield of the phenylalanine signals and are therefore
assigned as the two histidine '*C®!-H resonances. An-
other pair of signals in the 'H-*C HMQC spectrum of
19 at *C chemical shifts of 119.1 ppm and 128.0 ppm
(Fig. 1A) (118.7 ppm and 123.1 ppm in P-III°*; Fig. 1B)
each exhibit a large !Jy4 coupling in addition to a single
'Jc coupling, and are therefore assigned as the two his-
tidine '*C%-H signals. Note that, in contrast with the
other 13C%2_H signals observed in Figure 1A and B, the
13C%2_H signal of His-90 in HIY* is not a well-resolved
doublet. This is due the small chemical shift difference be-
tween His-90 *C” and *C?? (ca. 0.1 ppm), resulting in
strong coupling between these spins.

Sequential signal assignments for His-75 and His-90

Sequential assignments for the *C%-H signals of His-75
and His-90 were obtained from a 2D *C CCH-COSY
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experiment. Previously, we had assigned nearly all of the
'H and *C side-chain signals of both 119" and P-III1°¢,
including the H” signals of His-75 and His-90, using 3D
HCCH-COSY (Bax et al., 1990a; Kay et al., 1990) and
HCCH-TOCSY (Bax et al., 1990b; Clore et al., 1990)
spectra (Pelton et al., 1991b). In contrast with the 3D ex-
periment, in the 2D *C CCH-COSY experiment magne-
tization originates from the '*C spins and is transferred
from each histidine '*C” carbon to its directly bonded
3CA and '3C% carbons. In a subsequent step, the *C?-
derived magnetization is transferred to the histidine H?
and H® spins. Thus, the experiment correlates the *C”
signal of each histidine residue with its H®2 and H? sig-
nals. Because the H? sequential assignments are known,
the observed correlations can be used to extend the se-
quential assignments to the H?? signals. For example, in
Figure 2A, at the *C chemical shift of 137.4 ppm, cross
peaks are observed to the H? signals of His-75 (1.25 ppm
and 2.70 ppm), and one of the two H® signals (5.63 ppm)
identified in the 'H-'3C HMQC spectrum (Fig. 1A).
From these data the '*C” signal of His-75 can be as-
signed to 137.4 ppm, and the H® proton of His-75 can
be assigned to 5.63 ppm. Similar correlations between
the '3C” signal at 128.1 ppm with both the H? signals
(1.94 ppm, 2.46 ppm) of His-90 and the second H?? sig-
nal (6.64 ppm) identified in the 'H-*C HMQC spectrum
(Fig. 1A) implies that His-90 '*C” resonates at 128.1 ppm
and that His-90 H*? resonates at 6.64 ppm. The '*C
chemical shifts are summarized in Table 1.

The 2D 3C CCH-COSY spectrum provides similar in-
formation for the phenylalanine residues. For example,
correlations appear (Fig. 2) between several of the phe-
nylalanine '3C? signals (near 140 ppm) and their corre-
sponding H® and H? signals (Fig. 2), confirming previous
assignments based on homonuclear TOCSY spectra of
unlabeled I11° (Pelton et al., 1991b). Correlations are
also observed between several of the phenylalanine *C-
ring signals and both their attached protons and their
'H neighbors. However, the limited chemical shift dis-
persion of the phenylalanine ring 1*C and 'H signals lim-
its the utility of this experiment in sequential assignment
of these spin systems.

Tautomeric states of His-75 and His-90

It remains to sequentially assign the ’N°!, SN2, and
13C*1_H signals of His-75 and His-90. >N NMR spectros-
copy has been used extensively to study the imidazole ring
of histidine (Blomberg et al., 1977; Bachovchin & Rob-
erts, 1978; Harbison et al., 1981; Munowitz et al., 1982;
Roberts et al., 1982; Bachovchin, 1986). To simplify the
discussion, the terms type-«, type-a+, and type-3 have
been introduced to describe the protonation state of a
particular nitrogen (Table 2) (Witanowski et al., 1972;
Bachovchin, 1986). In studies of histidine and model com-
pounds it has been shown that type-«, type-o+, and
type-G nitrogens have characteristic chemical shifts (Wit-
anowski et al., 1972; Blomberg et al., 1977; Harbison
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et al., 1981; Munowitz et al., 1982; Roberts et al., 1982)
(Table 2). Using these data the tautomeric states of the
histidines in a number of proteins including «-lytic pro-
tease (Bachovchin & Roberts, 1978), triosephosphate
isomerase (Lodi & Knowles, 1991), HPr (van Dijk et al.,
1990), E. coli Enzyme-IIA™ (van Dijk et al., 1992), and
E. coli 8-hydroxydecanoyl thiolester dehydrase (Annand
etal., 1992) have been determined. Moreover, in a detailed
15N NMR study of histidine it was shown that the imid-

azole ring two-bond 2Jy814¢el, 2Ine24el, and 2JnE2,62
coupling constants are ca. —10, —8, and —5.6 Hz, respec-
tively, under basic conditions, whereas the three-bond
3Jn01y62 coupling is —2 Hz (Blomberg et al., 1977). Be-
cause the N*2-H tautomer is the most stable species of
histidine under these conditions (Reynolds et al., 1973;
Blomberg et al., 1977), the measured coupling constants
primarily reflect those of the imidazole ring in the N¢>-H
state (Blomberg et al., 1977). In spite of the size of I11°*

Table 1. Expected and observed *>C chemical shifts for III°*“ and P-III°*

Observed chemical shift® (ppm)

Expected chemical shift® (ppm): tautomer ¢t P-111Ck
Ring
carbon N&2-H N3LH N&2.H/N®'.H His-75 His-90 His-75 His-90
Cv 136.8 128.8 129.7 137.4 128.1 137.4¢ ND¢
Cc4? 121.9 128.5 120.2 119.1 128.0 118.7 123.1
ce! 140.9 141.3 136.5 138.0 142.1 138.5 140.9

2 Expected '*C chemical shifts for the N®!-H tautomer, the N*!-H tautomer, and the cationic species were derived from so-
lution NMR studies of N®!-methylhistidine, N®2-methylhistidine, and cationic r-histidine (Reynolds et al., 1973) and were re-
calculated from a benzene standard to a 3-[2,2,3,3-2H,]-trimethylsilylpropionate (TSP) standard by adding 128.7 ppm (to

trimethylsilane [TMS])) (Stothers, 1972), and 1.9 ppm (to TSP).

b Chemical shifts for the '3C” signals of His-75 and His-90 (I11°'°) were measured at pH 7.50 in a 2D !3C CCH-COSY spec-
trum, while 13C%2 and 13C®! signals were obtained from '*C HMQC spectra at pH 6.85 (I1I°"°) and pH 6.74 (P-111¢¥),
¢ Determined from a 2D '*C CCH-COSY spectrum of P-1I11% (pH 7.77).

94 ND, not determined.
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Table 2. Nitrogen types and characteristic
I5SN chemical shifts (ppm)*?

Nitrogen Chemical Chemical
Structure type shift® Structure shift®
\N—po',2 202.1
/
\N—H o 167.5
/
\ .
Y N-POZ 209.6
} N-H o+ 176.5
V4
Ny
A 174.4
20,p N/
\
249.5
/ N B

N 244.4

2 15N chemical shifts are referenced to liquid NH; and were recalcu-
lated from 1 M HNOj by subtracting reported values from 377.5 ppm
(Witanowski et al., 1986).

bExpected *N chemical shifts were derived from solution NMR
studies of model compounds (Witanowski et al., 1972; Blomberg et al.,
1977; Bachovchin & Roberts, 1978; Roberts et al., 1982; Bachovchin,
1986) and are consistent with solid-state NMR studies of imidazole and
histidine (Harbison et al., 1981; Munowitz et al., 1982).

¢ Expected N shifts for N-phosphohistidine are based on solution
NMR studies of N-phosphoimidazole and N-phospho-N-methylimid-
azole (van Dijk et al., 1990).

(18.1 kDa), it is expected that the imidazole °N and 'H
T,s are large enough that these couplings will produce
observable correlations in 'H-'*N HMQC spectra, thus
allowing for assignment of the !SN®!, I’N%2_ and *C#-H
signals.

By combining the '*N chemical shift and J-coupling
information, it is possible to construct the cross-peak pat-
terns expected in 'H-'*N HMQC spectra for histidine in
the three different protonation states (Fig. 3). In model-
ing the spectra, it is important to note that the intensity
of a cross peak depends on the coupling constant Jin the
following way, neglecting relaxation effects:

peak intensity o sin?(wJ7), 1)

where 7 is the mixing period during which 'H and *N
signals become antiphase (in our case 22 ms). Thus, for
the N2-H tautomer (Fig. 3B), we expect a single strong
N®'.H®! correlation at a nitrogen chemical shift near
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250 ppm, and we expect slightly weaker N#2-H®! and
Ne2.H®? correlations at a nitrogen chemical shift near
168 ppm. In contrast, for the N®'-H tautomer (Fig. 3A)
the opposite pattern is expected. First, the N®! and N¢2
nitrogen chemical shifts are expected to be inverted (Ta-
ble 2). In addition, although coupling constants for the
N®1_H tautomer have not been measured, in general, it is
expected that a type-8 nitrogen will couple more strongly
to the carbon-bound imidazole protons than a type-« or
type-a+ nitrogen because of contributions due to the
lone-pair electrons (Blomberg et al., 1977). Hence, for the
N°!-H tautomer the correlations between the type-3 N*2
and both H®! and H% should be stronger than the corre-
lation between the type-a N®! and H®! (Fig. 3A). In ad-
dition, based upon measured coupling constants in
ring-protonated histidine (as a model), one expects that
the three-bond 3Jy 81462 coupling for the N°'-H tauto-
mer to increase to ca. —3 Hz (Blomberg et al., 1977). If
this is the case, then a weak N®!-H® correlation will be
observed (Fig. 3A). Finally, the chemical shifts and cou-
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Fig. 3. Schematic diagram showing the nomenclature used to describe
the imidazole atoms, the three possible protonation states of the histi-
dine ring, and the expected 'H-"*N HMQC spectrum of each species.
The spectra were constructed using '>N chemical shifts taken from
Table 2, and both 2Jyy and 3Jyy coupling constants of histidine
(Blomberg et al., 1977). Note that for the charged species, the spectrum
was constructed with the N signal slightly downfield of the N2 sig-
nal. In practice either nitrogen could resonate downfield of the other,
and the assignments must be made through a comparison of cross-peak
intensities.
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pling constants observed for histidine at low pH (Blom-
berg et al., 1977) indicate that the signal pattern shown
in Figure 3C will be observed for protonated, cationic his-
tidine. Because the chemical shifts of N®' and N®? are
nearly the same, the NMR signal pattern easily distin-
guishes this form of histidine from either of the two neu-
tral tautomeric forms. It should be noted that the above
arguments regarding the signal intensities were made ne-
glecting relaxation effects. In general the most intense sig-
nals will be observed for histidine residues having the
largest >N and 'H T, values, such as a residue having a
highly flexible side chain.

Recently van Dijk et al. (1992) have used 'H-°N
HMQC experiments to identify the tautomeric forms of
the histidines in Enzyme-IIA™!. Our analysis of the
HMQC data differs from theirs in one significant respect.
As detailed above, we assert that the weak cross peaks ob-
served in 'H-'>N HMQC spectra at the chemical shifts of
N®!' and H%? result from the relatively small three-bond
3Jysis2 coupling (Blomberg et al., 1977) rather than
from exchange processes as suggested (van Dijk et al.,
1992). In particular, in the previous study a cross peak at
the chemical shifts of N°' and H* is observed for His-B
of Enzyme-IIA™" (van Dijk et al., 1992). This peak can-
not be explained using fast-exchange-based arguments.
That this signal results from a weak *Jysiyo2 coupling is
not surprising when it is noted that the signals for His-B
are characterized by long T,s (intense cross peaks) and
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that in such a case observation of cross peaks due to
weaker couplings is more favorable. Finally, as stated
above, we expect the Jysiys2 coupling to increase when
the ring exists in the N°'-H tautomeric state, making the
appearance of a N®-H%? cross peak more likely (see
below).

'H-*N HMQC spectra of I119" and P-III°* acquired
at pH ca. 8.3 are shown in Figure 4. For unphosphory-
lated I11€* (Fig. 4A) it can be seen that the previously as-
signed H?? signal of His-90 (6.64 ppm; Fig. 1) is strongly
correlated with a type-@ nitrogen at 243.5 ppm, and that
this nitrogen is strongly correlated with one of the two
H®! signals identified in the 'H-!3C HMQC spectrum
(7.78 ppm; Fig. 1). In addition, correlations can be seen
between a type-« nitrogen at 168.8 ppm and both the H*!
signal of His-90 and the aforementioned H®! signal.
Comparison of this cross-peak pattern with the expected
results (Fig. 3A) shows that His-90 exists predominantly
as the N°'-H tautomer. In contrast it can be seen in Fig-
ure 4A that His-75 H* (5.63 ppm, Fig. 1) is correlated to
a type-a nitrogen at 164.5 ppm. Furthermore, the second
H#! signal (7.33 ppm) identified in Figure 1 is strongly
correlated with a type-« nitrogen at 164.5 ppm as well as
with a type-3 nitrogen at 245.0 ppm. Comparison of this
cross-peak pattern with the expected results (Fig. 3B)
shows that His-75 exists predominantly in the N*2-H
state. The 'H and "’N chemical shifts are summarized in
Tables 3 and 4.
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| ? N31.H52
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) |
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|
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: ! . (pH 8.43) (B) ired in D,O. Th
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Table 3. Histidine imidazole 'H chemical
shifts in III°" and P-IIT°" (ppm)?

Hél H&Z Hal HsZ

[1[Cleb His-75 NA 5.63 7.33 ND
His-90 10.74 6.64 7.78 NA

P-111Cce His-75 NA 5.79 7.31 13.65
His-90 11.58 7.29 8.48 NA

2 Abbreviations: NA, not applicable; ND, not determined.

b Chemical shifts measured at pH 6.22, except for His-90 H?!, which
was measured at pH 8.78.

¢ Chemical shifts measured at pH 6.24, except His-90 H! and His-75
H¢2, which were measured at pH 8.60.

5N NMR studies of N-phosphoimidazole and N-
methyl-N-phosphoimidazole indicate that a phosphory-
lated nitrogen should resonate between 202 ppm and
209 ppm, depending on whether the ring is cationic or
neutral (van Dijk et al., 1990). As noted previously, His-90
is phosphorylated at the N2 position (Meadow & Rose-
man, 1982; Dérschug et al., 1984), and therefore His-90
N¢2 is expected to show the chemical shift of a phos-
phorylated *N spin. In the 'H-'>’N HMQC spectrum of
P-I119' (Fig. 4B), a single nitrogen resonates at 211.5 ppm
and can be assigned to N2 of P-His-90. It follows that
the downfield pair of H??> and H#' signals (H*?, 7.29 ppm;
H®!, 8.48 ppm) belong to His-90, and that the cross-peak
pattern associated with the upfield set of proton signals
(H%2, 5.79 ppm, H®!, 7.31 ppm) corresponds to His-75.
The 'H and "N chemical shifts derived from this spec-
trum of P-III°" are summarized in Tables 3 and 4.

It is evident from comparison of predicted and ob-
served N chemical shifts for P-III®* (Table 4) that N¢?
and N® of His-90 resonate close to the chemical shifts
expected for the phosphorylated and nonphosphorylated
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nitrogens, respectively, of a phosphoimidazolium moiety.
In contrast, for His-75, the N®! and N#? chemical shifts
are nearly identical in the phosphorylated and unphos-
phorylated proteins (Fig. 4; Table 4), and it can be con-
cluded that His-75 remains in the N*2-H tautomeric state.

To confirm and extend the experiments just described,
attempts were made to directly observe the imidazole
13N-H signals in '"H-'"°N spectra. In general, imidazole
NH protons exchange rapidly with solvent and are not
observable (Wiithrich, 1986). However, in cases where
the exchange rate is slowed, for instance because of hy-
drogen bonding or inaccessibility to solvent, these sig-
nals may be observed in spectra acquired without solvent
presaturation. 'H-"’N HMQC spectra acquired with a
1:1 echo solvent suppression scheme (Bax et al., 1990c)
are shown in Figure 5. For the unphosphorylated pro-
tein (Fig. SA), comparison of the observed signal with
the '*N assignments (Table 4) shows that the proton at
10.74 ppm is attached to N®' of His-90. In making the
comparison, we note that the >N signals in Figure § are
downfield shifted ca. 0.5 ppm from those of Figure 4 due
to a *H isotope effect (Hansen, 1983). Obseivation of
the N%'-H?! signal confirms the conclusion based on *N
chemical shifts that the N°! nitrogen of His-90 is proton-
ated (Table 4). In contrast, the expected N*2-H® signal
of His-75 was not observed. This suggests that His-75 H#?
exchanges more rapidly with solvent than does His-90
H?',

Before collecting similar spectra of the phosphorylated
protein, a spectrum of II19* dissolved in 0.15 M KCl and
containing all of the components needed for phosphory-
lation except for Enzyme 1 was recorded and observed
to be identical to that of III®* recorded in 0.15 M KCl
alone. After phosphorylation of the protein, through the
addition of Enzyme I (5 units), two signals were observed
(Fig. 5B). Comparison of the data with the previous '*N
assignments (Table 4) shows that the proton at 13.65 ppm

Table 4. Expected and observed imidazole >N chemical shifts for ITI* and P-II[C"?

Observed Expected
Protonation shift shift® Difference

Residue Nitrogen state (ppm) (ppm) (ppm)

1%k His-75 Né! Unprotonated 245.0 249.5 —4.5
Né&2 Protonated 164.5 167.5 -3.0

His-90 Né! Protonated 168.8 167.5 1.3

N&2 Unprotonated 243.5 249.5 —6.0

P-111Cle His-75 N?! Unprotonated 243.9 249.5 —-5.6
Ne2 Protonated 170.8 167.5 3.3

His-90 Né! Protonated 172.9 174.4 —1.5

N&2 Phosphorylated 211.5 209.6 1.9

2 15N chemical shifts are referenced with respect to liquid NH;.

® Expected '*N chemical shifts were derived from solution NMR studies of model compounds (Witanowski et al., 1972; Blom-
berg et al., 1977; Bachovchin & Roberts, 1978; Roberts et al., 1982; van Dijk et al., 1990). Expected chemical shifts were recal-
culated from 1 M HNO; by subtracting reported values from 377.5 ppm (Witanowski et al., 1986).
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1165 Fig. 5. Portions of 'H-'N HMQC spectra of
[1IS°N (308 K, pH 8.78) and P-111°“N (308 K,
pH 8.60) acquired in H,O with a 1-1 echo sup-
H90 F170 pression sequence (Bax et al., 1990c). The imid-

azole 'N-'H signals are denoted by residue
number. Note that the '*N signals in this spec-
175 trum are downfield shifted ca. 0.5 ppm com-
pared to the 'H-'>N HMQC spectra acquired in
D,0 (Fig. 4) because of an 2H isotope effect
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is attached to N® of His-75, and that the proton at
11.58 ppm is attached to N®! of His-90, confirming that
these nitrogens are protonated as predicted (Table 4). In-
terestingly, as can be seen by comparison of Figure 5A
and B, that the N*2-H signal of His-75 is observed in
spectra of P-III°* but not in spectra of III°*, This is
probably due to a reduced rate of exchange of His-75
N¢2.H with solvent in the phosphorylated protein, pos-
sibly due to hydrogen bond formation (see below).
Imidazole ring '*C chemical shifts, particularly those
of 3C”, acquired as a function of pH have also been
used to determine the tautomeric states of histidine resi-
dues (Roberts et al., 1973; Walters & Allerhand, 1980).
In Table 1, the data of Reynolds et al. (1973) are summa-
rized along with the observed '*C chemical shifts for
His-75 and His-90 in ITI€'® and P-11I%*. Comparison of
expected and observed '*C chemical shifts for the un-
phosphorylated protein confirms that His-75 exists pre-
dominantly as the N*2-H tautomer and that His-90 exists
predominantly as the N°'-H tautomer, in agreement with
the results based on >N chemical shifts (Table 4). In par-
ticular, the large difference in '3C” and '3C%? chemical
shifts expected for the N*2-H tautomer (14.9 ppm) is ob-
served for His-75 (18.3 ppm), and the small chemical shift
difference expected in these signals for the N?!-H tauto-
meric state (0.3 ppm) is observed for His-90 (0.1 ppm).
Similarly, *C chemical shifts for His-75 in P-II1* are
consistent with its being predominantly in the N*2-H
state, in agreement with our previous conclusions. At
present, information on *C chemical shifts for phospho-
histidine model compounds is unavailable, and it is there-
fore not possible to determine the protonation state of
His-90 using '*C NMR spectroscopy. We note in pass-
ing, however, that the 3C%? signal of His-90 shifts up-
field by 4.9 ppm upon phosphorylation (Fig. 1; Table 1).

Charge states of the active-site histidines

Imidazole 'H, *C, and '’N chemical shifts for His-75
and His-90 derived from 'H-'*N HMQC and 'H-*C

1.5 11.0

180 (Hansen, 1983).

HMQC spectra of 111" and P-I11°* were measured at
several pH values to determine the pK, for each ring
(Supplementary material, Diskette Appendix). Before
studying the phosphorylated protein, 'H-'’"N HMQC
spectra of II1° dissolved in 0.15 M KCI and all of the
components needed for phosphorylation except Enzyme I
were recorded at various pH values ranging from 6.0 to
9.0. These spectra were identical to those obtained with
I11€% dissolved in 0.15 M KCl, indicating that the cock-
tail used for phosphorylation did not significantly affect
the titration behavior of either histidine residue over the
pH range studied.

The histidine imidazole 'H signals of both His-75 and
His-90 in I116* and P-II19* are invariant with respect to
pH changes of the bulk solution over the range from 6.0
to 9.0. In addition, the imidazole °N signals of His-75
in II19° and both His-75 and His-90 in P-I1I1°* are insen-
sitive to pH changes (pH range 6.0-9.0). Similarly, no
changes in the imidazole '*C signals were observed for
either histidine residue in either form of the protein. Sur-
prisingly, only the >'N®' and 'N®2 signals of His-90 in
the unphosphorylated protein exhibited shifts at low pH
values (pH 6.3), and these shifts were minor. In particu-
lar, His-90 N°! shifted downfield 0.9 ppm when the pH
was lowered from 9.11 to 6.24. Conversely, His-90 N&?
shifted upfield 3.4 ppm when the pH is lowered over the
same range. These small shifts suggest the onset of pro-
tonation of the imidazole ring of His-90 and imply that
the pK, value of His-90 is greater than that of His-75.
The pH study was not extended to either higher or lower
pH values because of protein aggregation below pH 6.0
and inefficient regeneration of the phosphorylated pro-
tein above pH 9.0.

The pH dependence of the histidine imidazole signals
in IIIC" and P-II16" contrast with data obtained for his-
tidine incorporated into short peptides. Typically, in pep-
tides, the 'H®! and 'H® signals shift upfield by 0.8 ppm
and 0.4 ppm, respectively, upon protonation with a pK,
of 7.0 (Bundi & Wiithrich, 1979). Imidazole ’N®!' and
I5N®2 signals have also been shown to undergo large
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chemical shift changes (type-8 to type-a+, 73 ppm upfield
shift; type-a to type-a+, 9 ppm downfield shift) upon
protonation (Witanowski et al., 1972; Blomberg et al.,
1977; Bachovchin & Roberts, 1978) (Table 2), whereas
13C#! signals undergo smaller changes (3 ppm) (Richarz
& Wiithrich, 1978). Thus, the invariance of the imidaz-
ole signals of His-75 and His-90 in both the phosphory-
lated and unphosphorylated forms of III° to changes in
pH indicate that the protonation states of these histidines
remain unchanged in the pH range from 6.0-9.0.

Phosphoryl group-amide proton interactions

It has been postulated that the amide protons of Asp-94,
Thr-95, and Val-96 interact with the phosphoryl oxygen
atoms (Liao et al., 1991; Worthylake et al., 1991). To fur-
ther elucidate this issue, approximate exchange rates for
Asp-94, Thr-95, and Val-96 in both III®* and P-II1¢¢
were obtained. When III1¢* is dissolved in both 0.15 M
KCl and in 0.15 M KCl with all other buffer components
needed for phosphorylation except Enzyme I, no signals
for Asp-94, Thr-95, or Val-96 are observed in "N HSQC
spectra acquired 6.25 min after addition of D,O (Sup-
plementary material) (pH 6.64). This indicates that the
half-life for exchange of these protons is less than ca.
2.5 min. However, in similar experiments conducted at
the same pH (6.64) but with the phosphorylated protein,
the amide signals of Asp-94 and Thr-95 are observable in
spectra acquired 7.5 min after addition of D,O and dis-
appear after 13.5 min, whereas the amide signal of Val-96
is not observed in even the first spectrum (7.5 min) (Sup-
plementary material). These data indicate that the half-
lives of Asp-94 and Thr-95 (>4 min) increase as a result
of phosphorylation.

Discussion

A number of techniques have been used to assign the 'H,
5N, and '3C signals of the imidazole ring of histidine
(Markley, 1975; Wang et al., 1990). A particularly pop-
ular method is to assign the °N signals through compar-
ison of 1D !°N spectra of mutant proteins that contain a
single histidine residue labeled only at N?! or at both N*!
and N®2 (Bachovchin, 1986; van Dijk et al., 1990; Lodi
& Knowles, 1991; Annand et al., 1992). Because of the
low sensitivity of the >N nucleus, collection of '*N spec-
tra is time-consuming, especially if data are needed at
multiple pH values. More recently 2D 'H-"’N HMQC
experiments have been applied to an Enzyme-II1™" prep-
aration (van Dijk et al., 1992) in which the histidine ring
nitrogens were specifically labeled with >N. In our ap-
proach a single set of uniformly "'N- and '>'N/!*C-labeled
samples is used in combination with 2D 'H-13C HMQC,
'H-13C CCH-COSY and 'H-'SN HMQC spectra to se-
quentially assign the histidine ring 'H, '*N, and '3C sig-
nals. In addition, the pH titration behavior of the 'H,
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15N, and '3C signals is recorded efficiently because high
sensitivity spectra are typically recorded in 2 h. Finally,
we note that our approach does not require the prepara-
tion of labeled samples beyond those needed to obtain
complete signal assignments.

Recent X-ray (Worthylake et al., 1991) and NMR (Pel-
ton et al., 1991a,b, 1992) structural studies of ITI¢* from
E. coli and the homologous IIA domain from B. subtilis
(Fairbrother et al., 1991a,b, 1992; Liao et al., 1991) have
provided insight into the structural features of the active
sites of these proteins. The B. subtilis 1A domain has
42% sequence identity with E. coli II1°'°, and the two
proteins have similar although not identical structures
(Worthylake et al., 1991). Common to the active sites of
both proteins is a pair of histidine residues surrounded by
a number of hydrophobic groups. The two histidines,
His-75 and His-90 in the E. coli protein, were found to
be close in space, with the N2 atoms only 3.3 A apart.
Moreover, the spatial orientations of the imidazole rings
in both proteins were fixed owing to apparent hydrogen
bonds between N°®! of His-75 (His-68 in B. subtilis) and
the hydroxyl group of Thr-73 (Thr-66 in B. subtilis) and
between N?! of His-90 (His-83 in B. subtilis) and the car-
bonyl oxygen of Gly-92 (Gly-85 B. subtilis). Thus, for
His-90, it was predicted that N°' is a type-« nitrogen and
acts as a hydrogen-bond donor to the carbonyl oxygen of
Gly-92. However, for His-75, the nature of the hydrogen-
bond was ambiguous (Liao et al., 1991; Worthylake et al.,
1991). A type-a N®! could act as a hydrogen-bond donor
with the hydroxyl oxygen of Thr-73 as the acceptor. Con-
versely, a type-8 His-75 N°! could act as a hydrogen-
bond acceptor with the hydroxyl group as the donor.

Active site of IIT°*

Our results on the tautomeric states of the histidine rings
of 116" and P-III€* from E. coli are summarized in re-
lation to the known structural features of the active site
in Figure 6. It is clear from the >N chemical shift data
for 1119 (Fig. 4) that His-90 exists predominantly as the
N®.H tautomer (Fig. 6A), in contrast to L-histidine,
which exists predominantly in the N*2-H state (Reyn-
olds et al., 1973; Blomberg et al., 1977). It is also clear
that His-75 exists predominantly as the N*2-H tautomer
(Fig. 6). For His-90 the direct observation of the N'-H
signal in the 'H-">N HMQC spectrum of III¢ (Fig. SA)
confirmed that this nitrogen was protonated. In contrast,
the His-75 N%2-H signal was not observed (Fig. SA). As
stated previously, in general, imidazole NH protons ex-
change rapidly with solvent and, as a consequence, these
signals are usually not observed unless the rate is slowed,
for instance through hydrogen bonding or inaccessibility
to solvent (Wiithrich, 1986). Formation of a hydrogen
bond between His-90 N°'-H and Gly-92 CO as suggested
(Liao et al., 1991; Worthylake et al., 1991) and lack of hy-
drogen bonding associated with His-75 N®2-H accounts
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Fig. 6. Schematic diagram showing the tautomeric states of the active-site histidines of I116 (A) and P-I11°" (B). The figure
also depicts important structural features of the active site derived from studies of I11'° from E. coli (Pelton et al., 1991a,b,
1992; Worthylake et al., 1991) and the IIA domain from B. subtilis (Fairbrother et al., 1991a,b, 1992; Liao et al., 1991). The
shaded portion of the figure represents the ring of hydrophobic residues that surround the active-site histidines. The hydrogen
bond between Thr-95 and the phosphoryl group (represented by a thin dashed line)(Fig. 6B) is less certain than that between

Asp-94 and the phosphoryl group (see text).

for this difference in exchange rates (Fig. 6A). The His-90
N?'_H- - -Gly-92 CO hydrogen bond also accounts for
the shift in the tautomeric equilibrium of His-90 to the less
stable N*'-H form. Hydrogen-bonding schemes similar
to that proposed for His-90 have been invoked to account
for the fact that the active-site histidines of a-lytic protease
(Bachovchin & Roberts, 1978) and E. coli 8-hydroxydeca-
noyl thiolester dehydrase (Annand et al., 1992) adopt the
less stable N®'-H tautomeric form. Finally, the fact that
His-75 N®' is unprotonated (type-8) (Table 4) in conjunc-
tion with the X-ray results indicates that this nitrogen
(N°!) must act as a hydrogen-bond acceptor with the hy-
droxyl proton of Thr-73. Moreover, His-75 and His-90,
as well as Thr-73 and Gly-92, are conserved in a number
of PTS proteins and non-PTS permeases (Meadow et al.,
1990; Liao et al., 1991). On this basis we would expect the
histidines in these proteins to exist in the same tautomeric
states and to form similar hydrogen-bonding networks.

The great advantage in using >N chemical shifts to de-
termine the tautomeric states of histidine residues is due
to the large chemical shift difference between a proton-
ated (type-a or type-a+) and an unprotonated (type-3)
nitrogen (Table 2). More recently, the presence of hydro-
gen bonds has been inferred from perturbations of '*N
chemical shifts from their canonical (non-hydrogen-
bonded) values. In a detailed study of >N chemical shifts
of nitrogens in imidazole-based model compounds (Schu-
ster & Roberts, 1979; Roberts et al., 1982), it was shown
that type-o and type-a+ nitrogens acting as hydrogen-
bond donors show systematic downfield shifts (up to

10 ppm) relative to expected values (Table 2), whereas
type-G nitrogens acting as hydrogen-bond acceptors show
systematic upfield shifts (up to 10 ppm). These data have
been used to show that His-57 N%'-H and His-57 N*2 of
a-lytic protease are both involved in hydrogen bonds
(Bachovchin, 1986).

As applied to II19*, the inference of hydrogen bond-
ing based on small differences in '’N chemical shifts
from the canonical values is not completely consistent
with the conclusions presented above. Inspection of Ta-
ble 4 shows that His-75 N°! is an unprotonated (type-3)
nitrogen that resonates 4.5 ppm upfield of its canonical
value. This observation is consistent with formation of a
hydrogen bond between His-75 N®' and the hydroxyl
group of Thr-73 (Fig. 6A). In contrast, His-90 N*! is
type-a with a chemical shift close to its canonical value,
whereas His-90 N*? resonates 6 ppm upfield from the
canonical type-8 value (Table 4). Applying Bachovchin’s
hydrogen-bond analysis to this chemical shift data would
imply that His-90 N°'-H is not a hydrogen-bond donor,
and that His-90 N%2 is a hydrogen-bond acceptor, both
of which are contrary to our conclusions based on the
'H-SN HMQC spectrum of 111 (Fig. 5A) combined
with the X-ray structure of the protein (Liao et al., 1991;
Worthylake et al., 1991). In this regard, it has been ob-
served (Lodi & Knowles, 1991) that the type-8 N°! nitro-
gen of His-95 of triosephosphate isomerase exhibits a
downfield shift of 6.7 ppm from its canonical value (Ta-
ble 2), although any hydrogen bonding should cause an
upfield shift. Similarly, the type-a N2 nitrogen exhibits
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an upfield shift of 3.5 ppm, although any hydrogen bond-
ing should cause a downfield shift of this resonance.

Although the data on model compounds (Schuster &
Roberts, 1979; Roberts et al., 1982) shows that hydrogen
bonding influences '*N chemical shifts, it is clear that
in proteins, other, as yet undetermined, factors affect
the "N shift to a comparable extent. Indeed, the amide
15N resonances of Phe-77 and Phe-91 differ by 12.2 ppm
in 1119 (Pelton et al., 1991a), although both reside in
B-sheet segments (Pelton et al., 1991a; Worthylake et al.,
1991) and show slow rates of exchange indicative of hy-
drogen bonding (J.G.P. & D.A.T, unpubl. data). Thus,
in light of the results obtained for III°" and triosephos-
phate isomerase (Lodi & Knowles, 1991), we believe that
caution should be used in relating relatively small '*N
chemical shift changes to hydrogen bonding of imidazole
rings in proteins.

Active site of P-1I1¢¢

The NMR results (Tables 1, 4; Fig. 6B) indicate that
His-75 and His-90 remain protonated at N2 and N°!, re-
spectively, upon phosphorylation. Recently we showed,
using heteronuclear 3D NMR methods, that very little
structural change occurs in 111" upon phosphorylation
(Pelton et al., 1992). We therefore expect the hydrogen
bonds between His-75 N°' and Thr-73 hydroxyl group,
and between His-90 N®'-H and Gly-92 carbonyl group to
remain intact in the phosphorylated protein (Fig. 6B).
Furthermore, it was predicted on the basis of model build-
ing and the X-ray structure of the IIA domain from B.
subtilis (Liao et al., 1991) that N*2-H of His-75 (E. coli)
or His-68 (B. subtilis) would act as a hydrogen-bond do-
nor to the phosphoryl oxygen atoms in the phosphory-
lated protein. In agreement with this prediction, one of
the most striking experimental differences between II1€k
and P-I11°" was our ability to detect the N¥-H signal
of His-75 in the phosphorylated state but not in the un-
phosphorylated state. This observation implies that the
exchange rate for His-75 H*? is reduced in the phosphor-
ylated protein as compared to the unphosphorylated pro-
tein. The reduced exchange rate is consistent with the
His-75 N*2-H group acting as a hydrogen-bond donor
with the phosphoryl oxygen atoms, as predicted (Fig. 6B)
(Liao et al., 1991). We also note that His-75 N2 shifts
downfield 6.3 ppm upon phosphorylation (Table 4) con-
sistent with hydrogen-bond formation.

For P-111°", His-75 remains neutral upon phosphor-
ylation. In contrast, the direct observation of the P-His-
90 '>N®'_H signal (Fig. 5B) along with the *N chemical
shift data (Table 4) show that His-90 N?! is protonated.
This, and the knowledge that His-90 N¢? is phosphory-
lated (Meadow & Roseman, 1982; Dérschug et al., 1984),
together imply that the imidazole ring of His-90 adopts
a positive charge in the phosphorylated state. Hultquist
et al. (1966) showed that the pK,’s for the phosphoryl
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oxygens of L-N*2-phosphohistidine are each less than 3.0,
and therefore at pH 6.4 both oxygens are negatively
charged. If the same holds for P-I11°" in which the
phosphoryl group is on the surface of the protein exposed
to solvent, then the overall charge on the P-His-90 moi-
ety would be negative 1 (Fig. 6B).

Our model of the active site of P-I111¢! (Fig. 6B) in-
cludes Asp-94, Thr-95, and Val-96, whose amide protons
have been postulated to interact with the phosphoryl ox-
ygens (Liao et al., 1991; Worthylake et al., 1991). In our
previous comparison of I119 and P-I11°* we found that
the amide protons of Asp-94 and Val-96 exhibited the
largest downfield shifts upon phosphorylation, whereas
the amide proton of Thr-95 exhibited only a minor shift
(Asp-94, 0.68 ppm; Thr-95, 0.07 ppm; Val-96, 1.12 ppm)
(Pelton et al., 1992). This is intriguing in light of the con-
clusions of Wagner et al. (1983) who have shown a cor-
relation between downfield-shifted amide proton signals
and strong hydrogen bonding (see also Redfield & Papa-
stavros [1990]). It is also interesting to note that minor
changes in the intensities of the NOE:s associated with the
amide protons of Asp-94 and Val-96, representing dis-
tance changes of less than 1.5 A, were detected in our pre-
vious study of P-III9* (Pelton et al., 1992), whereas no
changes were observed for Thr-95. For example, the NOE
between the amide proton of Asp-94 and H®! of His-90
becomes slightly stronger upon phosphorylation, suggest-
ing that this amide proton also shifts toward the phos-
phoryl oxygen atoms.

To further elucidate this issue, approximate exchange
rates for these amide protons were determined for both
1116 and P-111°. For Asp-94, the reduced rate of ex-
change (half-life <2.5 min III¢°; >4.0 min P-I119%),
along with the large downfield shift of its amide proton,
and the slight structural shift of this group observed in
3D 'H-!'*N NOESY-HMQC spectra (Pelton et al., 1992)
are all consistent with formation of a hydrogen bond be-
tween this group and the phosphoryl oxygen atoms as
predicted (Worthylake et al., 1991). However, for Thr-95
and Val-96 the data are less certain. The reduced rate
of exchange of Thr-95 NH (half-life <2.5 min II19%;
>4.0 min P-111°*) does suggest hydrogen-bond forma-
tion, although a large chemical shift change is not ob-
served. Furthermore, the large downfield shift of Val-96
is consistent with hydrogen-bond formation; but the ex-
change rates for this proton in 1I1I1¢* and P-I11°¥ are too
fast to allow for differentiation in the two forms of the
protein. Therefore, at present, we have included a hydro-
gen bond between Asp-94 NH and the phosphoryl oxy-
gen atoms in our model of the active site and have also
tentatively assigned a hydrogen bond between Thr-95 NH
and the phosphoryl group (Fig. 6B). However, additional
experiments will be needed to confirm whether Thr-95
and Val-96 really participate in such interactions.

It is evident from the invariance of the imidazole 'H,
5N, and '*C chemical shifts with changes in pH that
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the protonation states of His-75 and His-90 in 1119 and
P-11I16 do not change over the pH range from 6.0 to
9.0. Given that His-75 and His-90 in III"* and His-75 in
P-111€" are not cationic (Table 4), it can be concluded
that the pK, for each of these residues is less than 5.0.
The fact that slight shifts are observed for the *N signals
of His-90 in the unphosphorylated protein at low pH fur-
ther suggest that the pK, for His-90 is higher than that
for His-75. Thus, the pK, values for the two histidines
are significantly reduced compared to the value of 7.0
found for histidine in short peptides (Bundi & Wiithrich,
1979) and the value of 6.72 found for His-105, which is
a solvent-exposed residue in ribonuclease (Markley and
Finkenstadt, 1975). Similarly, low pK,’s have been ob-
served for histidine residues in several proteins (Mark-
ley, 1975), including triosephosphate isomerase (Lodi &
Knowles, 1991), E. coli 8-hydroxydecanoyl thiolester de-
hydrase (Annand et al., 1992), and E. coli Enzyme-11™
(van Dijk et al., 1992). Moreover, for P-His-90, which
is protonated at N*' and phosphorylated at N%2, the fact
that the imidazole ring 'H, '*N, and '*C signals are in-
variant up to pH 9.0 indicates that the pK, value for P-
His-90 is greater than 10. This is a significant increase
compared to the pK, of 6.4 determined for the imidaz-
olium form of L-N®2-phosphohistidine (Hultquist et al.,
1966). As stated previously, precise determination of the
pK,’s for these histidines was precluded by aggregation
of 119" and P-III€* at low pH and inefficient regener-
ation of the phosphorylated protein at high pH.

Factors proposed to lower the pK,, values of histidine
residues in proteins include hydrogen bonding, position-
ing of the imidazole ring at the N-terminus of an «o-helix
(Hol, 1985; Perutz et al., 1985; Sali et al., 1988; Lodi &
Knowles, 1991), interaction of the histidine ring with pos-
itively charged residues (Markley, 1975; Tanokura, 1983;
van Dijk et al., 1990), and inclusion of the ring in a hy-
drophobic environment (Ikeda-Saito et al., 1977). For
1119 and P-II1°° a probable factor in influencing the
low pK,’s of these active-site histidines relates to the fact
that both His-75 and His-90 are surrounded by a ring of
hydrophobic residues (Liao et al., 1991; Worthylake et al.,
1991). Thus, for the unphosphorylated protein we would
expect that protonation of either histidine ring would be
energetically unfavorable. In this regard, Dao-pin et al.
(1991) have recently shown that the apparent pK, value
of a lysine residue is lowered significantly when placed in
a hydrophobic environment.

Although the structures of the active sites of III¢* and
P-I1I°* are now well characterized, questions remain
concerning the mechanisms of phosphoryl transfer and
signal transduction and, in particular, the role of His-75
in these processes. That His-75 is important for the full
function of I11¢* was shown through mutagenesis studies
in which His-75 and His-90 were alternately replaced with
glutamine (Presper et al., 1989). In particular, the H75Q
mutant was able to accept a phosphoryl group from HPr
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but then was unable to donate it to the sugar. In light of
this result it was suggested that the pathway for phos-
phoryl transfer included migration of the phosphoryl
moiety from His-90 N%2 to His-75 N®2, We have shown
that a proton is attached to N*2 of His-75 in P-III¢* and
that this N-H group acts as a hydrogen-bond donor with
the phosphoryl oxygen atoms (Fig. 6B; Table 4). Thus,
any mechanism that involves phosphoryl migration be-
tween the N2 atoms of His-75 and His-90 must begin
with deprotonation of His-75.

Liao et al. (1991) have suggested an alternative role for
His-75. In this model His-75 N®' becomes protonated
(positively charged) upon formation of the complex be-
tween 111 and the membrane-associated protein respon-
sible for sugar transport (IIB€°). We have shown that
His-75 in uncomplexed P-II16* is neutral. Furthermore,
the apparent pK, value of His-75 in P-III1°' is abnor-
mally low (<5), indicating that protonation is energeti-
cally unfavorable. In fact, the P-His-90 moiety, which
presumably carries a net charge of —1, does not induce
His-75 to become protonated (positively charged). Thus,
any proposal for phosphoryl transfer between P-III¢!
and EIIBC that assumes protonation of His-75 must ac-
count for this barrier to protonation of the ring, for ex-
ample through a conformational change at the active site
and/or the close proximity of a negative charge upon
complex formation.

Materials and methods

1116k, .. was overexpressed using E. coli strain BL21
(DE3) (Studier & Moffatt, 1986) that had been trans-
formed with an expression plasmid bearing the gene (crr)
encoding for II1%*. The cells were grown as described
(Meadow & Roseman, 1982; Pelton et al., 1991b) using
the minimal medium of Neidhardt et al. (1974) supple-
mented with 0.2% glucose, 2 mg/mL thiamine, and 50
mg/mL ampicillin. Protein uniformly enriched with >N
or both °N and '3C were obtained by growing bacteria
on "NH,CI or both "NH,CI and ['*C]-glucose, respec-
tively. Approximately 40 mg of '"N-enriched protein,
and 50 mg of uniformly *N/'3*C-enriched protein were
obtained. The ’N- and >N/'*C-enriched samples will
hereafter be denoted 1IN and III®NC, respectively.
The purity of each sample was greater than 97% based
on SDS-PAGE followed by quantitative densitometric
scanning of the Coomassie blue-stained gel. Enzyme I and
HPr were obtained from Sa/monella typhimurium as de-
scribed (Beneski et al., 1982; Weigel et al., 1982).
Before NMR data collection on samples in H,O, ap-
proximately 16 mg of 1119 was dissolved in 450 uL of a
90%/10% (v/v) H,O/D,O solution containing 0.15 M
KCl and 10 mM potassium phosphate (pH 6.4). For spec-
tra of samples in D,O, the amide protons were ex-
changed for deuterons by heating the protein sample for
approximately 6 h at 60 °C, after which the sample was
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repeatedly lyophilized from D,O. The sample was then
redissolved in D,0, lyophilized, and finally dissolved in
450 uL of D,0O (99.998%; Cambridge Isotopes, Woburn,
Massachusetts). To study the pH dependence of the NMR
signals, the pH of the sample was adjusted by adding
small aliquots of aqueous potassium hydroxide or HCI.
Meter readings were not corrected for deuterium isotope
effects.

The relatively short half-life (1.5 h) for hydrolysis of
P-111° at pH 6.4 (Meadow & Roseman, 1982) necessi-
tated the use of a regeneration system (Waygood et al.,
1979) that included PEP (50 mM, pH 6.4) (Sigma, St.
Louis, Missouri), MgCl, (1 mM), DTT (1 mM), potas-
sium phosphate (10 mM, pH 6.4), 0.15 M KCl, and cat-
alytic quantities of both HPr (1.6 uM), and Enzyme I
(5 units), as described (Pelton et al. 1992). Throughout the
period of data collection, the extent of phosphorylation
was determined by monitoring the intensity of the H??
proton of His-90 in either 'H-"*C-HMQC or 'H-""N-
HMQC spectra. The H®? signal was assigned previously
to 7.78 ppm (I11°°) and 8.48 ppm (P-I119) on the basis
of TH-1"N NOESY-HMQC spectra of the two forms of
the protein (Pelton et al., 1992) and X-ray data of the un-
phosphorylated protein (Worthylake et al., 1991) (see
below).

NMR spectroscopy

All NMR experiments except the 2D 3C CCH-COSY ex-
periment were acquired on a Bruker AMX-500 spectrom-
eter at 36.5°C unless noted otherwise. The 2D 13C
CCH-COSY experiment was acquired on a modified
Bruker AM-500 spectrometer at 36.5 °C. For the HMQC-
type experiments, 'H decoupling was achieved with a
180° pulse in the middle of the ¢, time period (Bax et al.,
1990c) and either '*N or '*C decoupling was achieved
during acquisition through GARP (Shaka et al., 1985)
modulation of a 2-kHz-rf field (!*N) or a 3.8-kHz-rf
field (13C).

Two-dimensional 'H-*N HMQC spectra (Bax et al.,
1990c) of III9*N and P-III9*N were acquired in D,O at
pH values ranging from 6.03 to 9.11 for III“N and
from 6.26 to 9.05 for P-III®*“N. The delay during which
5N and 'H signals become antiphase was set to 22 ms to
refocus magnetization arising from !Jyy couplings. The
'H transmitter was set to 4.67 ppm, and the !N carrier
was set to 205 ppm. A total of 64 scans were signal aver-
aged for each of 64 or 128 complex ¢, points. Acquisition
times were 85.1 ms (512 complex ¢, points) and either
11.5 ms (64 complex ¢, points) or 23.0 ms (128 complex
t, points). The States-TPPI method (Marion et al., 1989)
was used to achieve quadrature detection in #,. Note that
HMBC spectra (Bax et al., 1988) are also appropriate to
collect these data.

Two-dimensional 'H-!*N HMQC spectra of ITIS*N
and P-ITI9“N were acquired in H,O with a 1-1 echo sup-
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pression sequence (Bax et al., 1990c) at temperatures
ranging from 9 to 36 °C and at pH values ranging from
6.03 to 8.58. The delay during which *N and 'H signals
become antiphase was set to 4.5 ms, slightly less than
(1/2(*Jxn))- The excitation maximum was set to 16 ppm
with the 'H transmitter set to 4.67 ppm and the ’N
transmitter set to 180 ppm. A total of 64 scans (512 com-
plex points) were signal averaged for each of 128 complex
t, points using the States-TPPI method (Marion et al.,
1989) of quadrature detection in ¢,. Acquisition times
were 33.8 and 15.8 ms for the ¢, and the ¢, time periods,
respectively.

Two-dimensional 'H-!13C HMQC spectra (Bax et al.,
1990c) of IIIS*NC and P-III®*NC were acquired at pH
values ranging from 6.22 to 9.11 (III®*NC) and from
6.26 to 9.06 (P-IIIS*NC). The delay during which 13C
and 'H signals become antiphase was set to 7.14 ms in
order to attenuate phenylalanine aromatic signals (! Jcy
~155 Hz) relative to those of histidine (*Jcy 220-180 Hz)
(Bystrov, 1976). The 'H transmitter was set to 4.67 ppm,
and the 13C transmitter was set to 125 ppm. A total of 32
scans were signal averaged for each of 128 or 256 com-
plex ¢; points using the States-TPPI method (Marion
et al., 1989). Acquisition times were 92.1 ms (512 com-
plex ¢, points) and either 10.2 ms (128 complex ¢, points)
or 20.4 ms (256 complex ¢, points). In addition, 'Joy
coupling constants were measured in spectra acquired
with the antiphase delay set to 2.3 ms and without com-
posite pulse decoupling.

A 2D 13C CCH-COSY experiment was recorded on
IIIS*NC at pH 7.50. The pulse sequence is based on the
previously reported 3D HCCH-COSY experiment (Bax
et al., 1990a; Kay et al., 1990). The pulse sequence used
was as follows: (90°, *C),, —1,/2—(180°, 'H)4—¢,/2—
(90°, *C),,—A + 5—(180°, 1*C),—A —(180°, 'H),—6—
(90°, 'H)4; (90°, BC),—7—(180°, 'H), (180°, *C),4—
7—Ac(es), With phase cycling: Y1 = (x,—x); 61 =2(x),
2(»), 2(=x), 2(—y); ¢2 = 2(x), 2(—x); ¢3 = 4(x),
4(—x); ¢4 = 2(x), 2(—x); ¢5 = 2(x,—Xx), 2(—x,Xx).
Quadrature detection was achieved in ¢,, by increment-
ing the phase ¢ 1 by 90° for each ¢, point using TPPI
(Marion & Wiithrich, 1983). The delays A, 8, and 7 were
set to 1.5 ms, 1.0 ms, and 1.5 ms, respectively, and the
recycle delay between experiments was set to 1.0 s. The
180°, 3C pulse between the delays A + 6 and A was im-
plemented as a composite pulse. The 'H carrier was set
to 4.67 ppm, and the *C carrier was set to 85 ppm.
GARP modulation (Shaka et al., 1985) of a 4-kHz-rf field
was used for '*C decoupling during the acquisition pe-
riod. A total of 512 scans were signal averaged for each
of 512 (real) ¢, points. Acquisition times were 12.2 ms
(#,) and 63.5 ms (#,) (512 complex points).

Commercial (NMRIi, Syracuse, New York) and in-house
software (Garrett et al., 1991) were used to process the vari-
ous 2D spectra. The 'H-'*N HMQC and 'H-*C HMQC
data sets were processed with a Lorentzian-to-Gaussian
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filter in 7, and t,, whereas the 2D 'H-'3C CCH-COSY
experiment was processed with a Lorentzian-to-Gaussian
filter in £, and an unshifted sinebell filter in ¢,. Each data
set was zero-filled to 1K points in each dimension prior
to Fourier transformation. The resulting digital resolution
in the various experiments was 5.9 Hz (F,) and 5.4 Hz
(F,) for "H-’N HMQC spectra, 14.8 Hz (F,) and 7.9 Hz
(F,) for 'H-'>’N HMQC 1-1 echo spectra, 5.4 Hz (F,)
and 12.3 Hz (F,) for 'H-'3C HMQC spectra, and 7.9 Hz
(F,) and 20.4 Hz (F,) for 'H-13C CCH-COSY spectra.
For measurement of !Jy coupling constants in 'H-!3C
HMQC spectra, the data were zero-filled to 4K points in
the F> dimension before Fourier transformation. The re-
sulting digital resolution was 1.4 Hz/point. Chemical shifts
are referenced to H,O (4.67 ppm, 36.5 °C), external liquid
ammonia (’N), and sodium 3-[2,2,3,3-*H,]trimethyl-
silylpropionate (**C) (Live et al., 1984). Uncertainties in
chemical shifts are 0.02 and 0.1 ppm for 'H and hetero-
nuclei, respectively. Uncertainties in 'Jy coupling con-
stants are +3 Hz.

Supplementary material available

Results showing 'H, °N, and *C signals measured at
various pH values (three figures) and 'H-""N HMQC
exchange spectra of 111" and P-III°* collected specific
periods after addition of D,O (four figures) may be ob-
tained from the authors.
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