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Abstract

The serine-phosphorylated form of histidine-containing protein (HPr), a component of the phosphoenol-
pyruvate:sugar phosphotransferase system from Bacillus subtilis, has been characterized by NMR spectroscopy
and solvent denaturation studies. The results indicate that phosphorylation of Ser 46, the N-cap of «-helix-B, does
not cause a conformational change but rather stabilizes the helix. Amide proton exchange rates in helix-B are
decreased and phosphorylation stabilizes the protein to solvent and thermal denaturation, with a AAG of 0.7-0.8
kcal mol™'. A mutant in which Ser 46 is replaced by aspartic acid shows a similar stabilization, indicating that
an electrostatic interaction between the negatively charged groups and the helix macrodipole contributes signifi-
cantly to the stabilization.
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denaturation

Control of cellular processes via reversible protein phosphory-
lation is ubiquitous in biology. First observed in glycogen phos-
phorylase (Krebs & Fischer, 1956), hundreds of other examples
have since been described in both eukaryotes and prokaryotes.
Structural information on how the addition of a phosphate
group can dramatically affect protein function is still surpris-
ingly limited —crystal structures have been reported for three
proteins that are phosphorylated at a regulatory site: glycogen
phosphorylase (Barford & Johnson, 1989), isocitrate dehydrog-
enase (Hurley et al., 1990), and cAMP-dependent protein kinase
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(Zheng et al., 1993). In the two cases where crystal structures
are also available for unphosphorylated forms of the protein,
the effect of phosphorylation is quite different. The polypep-
tide chain near Ser 14 in native GP is disordered in the crystal,
and phosphorylation promotes the formation of ordered struc-
ture near the serine as well as long-range tertiary and quaternary
conformational changes that affect the function of the enzyme.
Ser 113 in IDH is in the N-cap position of an «-helix and phos-
phorylation yields only small local changes in structure. Thus,
the two available examples illustrate two different mechanisms
by which phosphorylation modulates function. Although the
structure of unphosphorylated cAPK has not been solved, struc-
tures of related protein kinases in their unphosphorylated forms
suggest that phosphorylation of Ser 338 will result in a large
movement of a flexible loop near the active site (Cox et al.,
1994).

The bacterial phosphoenolpyruvate:sugar phosphotransfer-
ase system mediates concomitant transport and phosphorylation
of exogenous sugars. The PTS also controls the phenomena of
inducer exclusion, inducer expulsion, and catabolite repression
in bacteria (Postma et al., 1993; Deutscher et al., 1994; Yeet al.,
1994). In Gram-positive bacteria, the central regulatory protein
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is histidine-containing protein, a small phosphoryl transfer pro-
tein that can be phosphorylated either on a catalytic histidine
(His 15) by a PEP-dependent protein kinase, or on a regulatory
serine (Ser 46) by an ATP-dependent protein kinase (Reizer
et al., 1984, 1992).

HPr(Ser-P) interacts with a remarkably wide variety of pro-
teins to control their activities, whereas neither the unphosphor-
ylated form of HPr nor HPr(His-P) bind to these target proteins
(Deutscher et al., 1995; Ye & Saier, 1995). The precise molecu-
lar basis for this selective binding is unknown, but it undoubt-
edly reflects electrostatic and/or conformational changes that
accompany phosphorylation of HPr at Ser 46. Thus, definition
of the structural features that accompany HPr(Ser) phosphor-
ylation represents a key step toward understanding the regula-
tory mechanisms involving this pivotal protein.

Here we report a detailed characterization of the effects of
serine phosphorylation on the structure and stability of HPr by
NMR and solvent denaturation studies. Structural information
is available both from crystallographic (Herzberg et al., 1992)
and NMR studies (Wittekind et al., 1992) of the native protein,
making HPr an excellent system in which to study the effects
of serine phosphorylation on the solution structure and prop-
erties of a protein regulated by this type of modification. The
solution and crystal structures of HPr both clearly define an
antiparallel four-stranded (3-sheet flanked on one side by two
long a-helices (helices A and C, Fig. 1). Similar to the phosphor-
ylatable serine in IDH, Ser 46 is the N-cap for a third short he-
lix comprising residues 47-53 (helix B, Fig. 1). This helix was
ill-defined in the original solution structure; however, recent so-
lution structure calculations based on a significantly larger num-
ber of constraints obtained from 3D NOESY spectra confirm
the presence of helix-B in solution, although very rapid exchange

Helix B

Fig. 1. Ribbon representation of the structure of HPr(Ser-P), highlight-
ing the elements of regular secondary structure (3-strands are blue and
«-helices are pink). The phosphoserine residue at position 46 is shown
in green ball-and-stick representation.
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rates for helix-B amide protons indicate that the short helix is
dynamic (B.E. Jones, P. Rajagopal, & R.E. Klevit, unpubl.
results).

Results

NMR studies

Table 1 presents a summary of the NMR measurements collected
on samples of Bacillus subtilis HPr and HPr(Ser-P) under iden-
tical conditions. For the majority of resonances, the measured
values of chemical shifts, J-coupling constants, NOEs, and am-
ide exchange rates are indistinguishable within experimental un-
certainties for the two forms of the protein. Thus, the first major
conclusion that can be drawn from the NMR measurements is
that, unlike GP but similar to IDH, phosphorylation of Ser 46
does not result in a global conformational change. Changes in
backbone conformation would be detected as changes in the
3 Inne coupling constant, which is correlated to the dihedral an-
gle, ¢ (Wiithrich, 1986). No difference in coupling constants
greater than two standard deviations from the average differ-
ence was detected, even at the site of phosphorylation. Changes
in side-chain conformation would be reflected in the coupling
patterns of *J 5 and 3JN,j , which are sensitive to rotations about
the C,-C; bond (i.e., x;). Ser 46 is the only residue with a dif-
ference greater than two standard deviations from the average
difference of 0.7 Hz (SD 0.5 Hz): *J ;4 for (HB2, HB3) are
(4.0,9.3 Hz) and (5.9, 9.9 Hz) in HPr and HPr(Ser-P), respec-
tively. However, both sets of coupling constants are consistent
with a x, near the frans conformation, and the observed differ-
ence in scalar coupling may be due to the covalent modification
of the side chain itself. Finally, an exhaustive peak-by-peak
comparison of 2D NOESY spectra did not reveal any new or
missing cross peaks in the two forms of HPr. A more limited
quantitative comparison of 2D NOESY intensities identified
only two NOE cross peaks (see below) with significantly differ-
ent intensities in the two forms of the protein. Thus, NMR pa-
rameters that are sensitive to secondary and tertiary structure
indicate that HPr does not undergo a conformational change
upon its regulatory phosphorylation.

In contrast to the above parameters that report on the dispo-
sition of nuclei relative to each other, chemical shifts are sensi-
tive to changes in the chemical and/or electronic environment
of a nucleus. As a nucleus becomes more deshielded from the
external magnetic field, its resonance will shift downfield. Pre-
liminary '"H NMR measurements on HPr(Ser-P) revealed that
chemical shift perturbations were restricted to a region near
Ser 46 in the three-dimensional structure (Wittekind et al., 1989).
('H, “N)-HMQC spectra of HPr and HPr(Ser-P) confirm and
extend these observations (Fig. 2). Consistent with the absence
of conformational change, most of the resonances in the two
spectra superimpose. In contrast, resonances in helix-B from res-
idue 47 to 52 experience large 'H and '°N chemical shift per-
turbations: 0.20-0.44 ppm in 'H shifts and 0.5-2.2 ppm in '°N
shifts (no other backbone amide resonances change by more
than 0.12 ppm for 'H or 0.5 ppm for '*N). Of these, the reso-
nances of 48, 49, 51, and 52 shift downfield. Five C*H reso-
nances also shift, four of which are in helix-B, with the largest
shift being that of Gly 49 (0.15 ppm downfield). These obser-
vations indicate that, although there is no conformational
change, the presence of the negatively charged phosphate group
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Table 1. Summary of NMR measurements on HPr and HPr(Ser-P)*

Chemical shift (ppm) Coupling constants Log (protection factor)
Residue BN NH CaH 3 INH A Vs HPr HPr (Ser-P) Sec. Str.b
Ala 2 *
Gln 3 * * * * * 1.6 1.5 B-A
Lys 4 * * * * * * 3.7 3.8 B-A
Thr § * * * * =2.9 =29 B-A
Phe 6 * * * * * * ,B_A
Lys 7 * * * * /3'A
Val 8 * * * >3.6 >3.6 B8-A
Thr 9 * * * *
Ala 10 * * * * <3.1 =3.1
ASD 11 * * * *
Ser 12 * * *
Gly 13 * * # =3.5 <35
Ile 14 * * * * <23 <23
Ala 16 * * * * a-A
Arg 17 0.2 * * «-A
Pro 18 * * «-A
Ala 19 —-0.2 * * 3.0 3.1 a-A
Thr 20 * * * * 3.9 4.0 a-A
Val 21 * * * * 2.4 2.9 a-A
Leu 22 * * * * * * >3.5 >3.5 w-A
Val 23 * * -0.06 >33 >33 w-A
Gln 24 0.3 * * * * * >4.1 >4.1 a-A
Thr 25 * * * * 4.0 4.0 «-A
Ala 26 * * * * >4.4 >4.4 «-A
Ser 27 * * * i
Lys 28 * * * * * * 3.1 3.1
Tyr 29 * * * * * * >4.0 >4.0
Asp 30 * * * *
Ala 31 * —0.06 * *
Asp 32 * * * * * * 5-B
Val 33 0.4 —0.08 * 3-B
Asn 34 * * * * * * >4.5 >4.5 $-B
Leu 35 * * * * * 8-B
Glu 36 * * * * * * >3.5 >3.5 3-B
Tyr 37 * * * * * * >3.8 >3.8 B-B
Asn 38 * * * * *
Gly 39 * * *
lys 40 -0.2 * * B-C
Thr 41 * <29 <29 B#-C
Val 42 * * * * >3.7 >3.7 B-C
Asn 43 0.2 —0.06 * * B-C
Leu 44 -0.3 * * * * 3.7 >3.9
Lys 45 0.2 0.12 * <2.6 3.3
Ser 46 —-0.3 * —-0.12 * X *
lle 47 1.1 0.20 * * 1.6 2.0-3.0 «-B
Met 48 —1.2 —0.44 —0.08 * «-B
Gly 49 2.2 —0.32 0.04-0.15 1.6 3.3-43 «a-B
Val 50 0.7 0.24 * * =2.4 3.4 a-B
Val 51 -0.8 —0.06 0.05 2.0 2.7 «a-B
Ser 52 * —0.27 * * * «-B
Leu 33 * * * * * <2.6 3.4 «-B
Gly 54 * * * =29 =2.9
Ile 55 * * * * <23 =2.3
Ala 56 * * * * 2.9 3.2
Lys 57 * *
Gly S8 * * * =33 =33
Ala 59 * * * * >4.4 >4.4
Glu 60 * * * 2.8 2.8 3-D

(continued)
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Chemical shift (ppm)

Coupling constants

Log (protection factor)

Sec. Str.p

Residue N NH CaH LA s Ing HPr HPr (Ser-P)

lle 61 * * * * >3.3 >3.3 3-D
Thr 62 * * * * >3.9 >3.9 8-D
lle 63 * * * * >3.7 >3.7 8-D
Ser 64 # * * * * * >3.7 >3.7 8-D
Ala 65 * * * * >4.5 >4.5 8-D
Ser 66 * * * * * * 4.4 4.3 8-D
Gly 67 * * *

Glu 68 * * *

Asp 69 * * * * * * 2.4 <24

Glu 70 * * * * <22 <2.2 a-C
Asn 71 * * a-C
Asp 72 * * * * * <2.9 <2.9 a-C
Ala 73 * * * * >4.0 >4.0 a-C
Leu 74 * * * * * >3.6 >3.6 a-C
Asn 75 * * * >4.5 >4.5 a-C
Ala 76 * * * * a-C
Leu 77 * * * * >3.6 >3.6 a-C
Glu 78 # * * * * >3.5 >3.5 a-C
Glu 79 * * * * a-C
Thr 80 * * >4.0 >4.0 a-C
Met 81 * * * >4.4 >4.4 a-C
Lys 82 * * * * >4.3 >4.3 a-C
Ser 83 * * * * * <3.4 <3.4 a-C
Glu 84 * * * * 2.8 2.8 a-C
Gly 85 * * <3.0 <3.0

Leu 86 * * * 3.5 3.5

Gly 87 * * <29 <29

Glu 88 * * * * 3.5 3.3

* Chemical shift and coupling constant measurements. All chemical shifts and coupling constants were measured at 30 °C and at either pH 6.5
or 6.9. Chemical shift differences are calculated as (§(wt) — 6(HPr(Ser-P)). Therefore, negative values signify a downfield shift upon phosphory-
lation; *, no significant difference between HPr and HPr(Ser-P); X, significant difference; no entry indicates that a measurement could not be
made for one or both forms of the protein. Significance criteria: (1) chemical shifts, difference is greater than the average line width (20 Hz for
"H; 5 Hz for '*N); (2) coupling constants, difference is greater than two standard deviations from the average residue-by-residue difference (Jyp, <
5 Hz in both molecules was classified as similar (*); (3) Ji;;, different pattern of relative intensities of the two NH to CPH cross peaks in HNHB
spectra. Due to possible effects of solvent saturation, residues for which no HNHB cross peak was observed are only included if they have a slow
amide exchange rate (¢;,> > 100 min). Protection factors at 15 °C, pH 6.5, were calculated as described by Bai et al. (1993). The factor for residue
47 in HPr(Ser-P) was calculated using the intrinsic rate for aspartate at position 46, in order to take the inductive effect of the phosphate group
into account.

" Regular secondary structure elements as observed in PDB #2HPR. Four S-strands are named 3-A, 3-B, 8-C, 3-D; three a-helices are named

w-A, «-B, «-C.

is detected throughout helix-B. The chemical shift perturbations
may be a consequence of a charge-helix macrodipole interaction
affecting the electronic environment throughout the helix, or al-
ternatively could be due to a change in the relative populations
of helical and nonhelical conformations in this region.

The other NMR parameter that shows significant change in
HPr(Ser-P) is the amide exchange rate. The rate at which an am-
ide backbone proton exchanges with solvent depends on its en-
vironment: protons that serve as hydrogen bond donors and/or
are buried exchange slowly with solvent, whereas protons on the
surface of a protein or in regions undergoing dynamical pro-
cesses such as helix fraying exchange more rapidly. Exchange
rates of the amides of residues Leu 44-Leu 53 are all decreased
10-500-fold in HPr(Ser-P), with the largest decreases for the am-
ides of Gly 49 and Val 50. Although the negatively charged phos-
phate may be expected to cause a decrease in amide exchange

rates, this inductive effect should be localized to the amides of
residues 46 and 47 (Bai et al., 1993).

Protection factors, which take sequence effects on the intrin-
sic exchange rates of amides into account (P = k;,,/k ) pro-
vide a means of assessing the effects of structure on amide
exchange rates (Bai et al., 1993). As shown in Table 1, the two
long a-helices in HPr (helix-A, residues 16-27 and helix-C, res-
idues 70-84) have the highest protection factors in the protein,
with log P =3 to >4, whereas amide protons in helix-B are only
protected in the range of log P =2. Because helix-B is barely two
turns long, end-fraying effects are likely to dominate its amide
exchange rates (Wand et al., 1986). In contrast, the protection
factors for helix-B in HPr(Ser-P) are in a range similar to the
longer helices, with log P = 3. Because other NMR parameters
indicate that there is no detectable change in the structure of the
protein upon phosphorylation, even in the region near Ser 46,
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Fig. 2. Overlay of 2D ('H,"’N)-HMQC spectra of HPr (blue) and
HPr(Ser-P) (red). Amide resonances of residues in the region Leu 44-
Ser 52 are indicated; side-chain amide proton resonances (from Asn and
Gln residues) are connected by dotted lines.

the increased protection is likely due to stabilization of the he-
lical structure, whereby the amides spend less time in a state
from which exchange with solvent is rapid. Thus, helix-B is sta-
bilized by the phosphate group at its N-terminal end.

NMR spectra of HPr(Ser-P) contain additional evidence of
decreased conformational flexibility near Ser 46. Resonances of
prochiral methylene protons from three residues that are degen-
erate in HPr are resolved in HPr(Ser-P): the C*H resonances
of Gly 49 and the C’H resonances of Asn 43 and Met 43.
Chemical shift degeneracy of prochiral protons is often associ-
ated with conformational averaging, whereas resolved reso-
nances indicate a more fixed conformation (Wiithrich, 1986).
Consistent with this, the (*J 32, *J33) for Asn 43 and Met 48
are (4.6, 10.4 Hz) and (5.6, 9.0 Hz), indicating that these side
chains exist within a limited range of conformations in the phos-
phorylated protein. Also, two NOESY cross peaks have signif-
icantly stronger intensity in HPr(Ser-P): Thr 41 C®H-Lys 42
NH (increased 3.3-fold) and Val 50 C*H-Leu 53 NH (increased
5.6-fold).” An increase in NOE intensity could be due to a de-
creased distance between the two protons involved, or to de-
creased conformational flexibility, causing the protons to spend
less time in conformations that do not allow the NOE to occur.
Because the NOE involving Val 50 and Leu 53 is consistent with

3 Due to the difficulty in measuring NOESY cross peak intensity ac-
curately, only completely resolved cross peaks were quantified (see the
Materials and methods). However, at least one such peak was measured
for every residue in the protein and only the two named above, both
of which are near the site of phosphorylation, showed a significant
difference.

K. Pullen et al.

Fraction Native

[Urea] (M)

Fig. 3. Comparisons of the unfolding curves for HPr (closed circles),
HPr(Ser-P) (open circles), and S46D (closed squares) by urea denatur-
ation. Transitions were monitored by CD spectroscopy and the data nor-
malized as described in the Materials and methods. The best-fit
parameters used to construct the curves through the data are shown in
Table 2.

a helical conformation in both HPr and HPr(Ser-P), we favor
the second explanation for its increased intensity. Altogether,
these observations indicate that the region near Ser 46, from
Thr 41 through Leu 53, undergoes less frequent conformational
fluctuations in HPr(Ser-P) than in HPr.

The change in local conformational free energy associated
with the stabilization of helix-B can be estimated from the am-
ide exchange protection factors, according to the relationship
AAG = —RT In[Pyp,/Pyp;ser-py]. Exact values cannot be cal-
culated because the three amide protons in helix-B for which ex-
change rates could be measured in both forms have exchange
half-lives in HPr in the range of 1-10 min, yielding only an up-
per limit for their protection factors (exchange rates in this range
cannot be measured accurately by the exchange measurements
performed). Nevertheless, the factors measured for the amides
of residues 50, 51, and 53 provide a lower limit estimate of
0.9-1.3 kcal mol~! for the change in conformational free en-
ergy for helix-B.

Protein stability studies

The NMR results suggest that phosphorylation of Ser 46 stabi-
lizes helix-B. This conclusion was tested by measuring the con-
formational stability of HPr and HPr(Ser-P) by analysis of urea
denaturation curves and thermal unfolding curves. As a control
to establish the electrostatic effect of a negative charge approx-
imately at the position of the phosphate group, a mutant in
which aspartic acid replaces Ser 46 (S46D) was also analyzed.
The transition, monitored spectroscopically by CD at 222 nm,
was fully reversible for all three forms of HPr and can be rep-
resented by a simple two-state folding reaction. Figure 3 shows
the urea denaturation curves, and Table 2 shows results of the
thermodynamic analysis of these data and the thermal unfold-
ing data. Both HPr(Ser-P) and S46D are 0.7-0.8 kcal mol ™!
more stable than the native form of the protein.® Although this
AAG is a global value, whereas the estimate based on helix-B

% Because the NMR line widths of native HPr and HPr(Ser-P) are
indistinguishable, the observed stabilization is not due to a phosphory-
lation-induced oligomerization.
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Table 2. Analysis of thermodynamic protein stability measurements®

Urea denaturation

Thermal denaturation

Cii AAG L AHg AAG
Protein (M urea) (kcal mol™") ((4€) (kcal mol™") (kcal mol ")
HPr 3.93 + 0.05 — 73.6 + 0.2 59 +4 —
HPr(Ser-P) 4.68 + 0.05 0.79 + 0.15 77.7 + 0.3 64 + 7 0.7 £ 0.2
S46D 4.63 + 0.05 0.74 + 0.15 T7.5 & 0.3 63 +6 0702

4 Changes in AG for each variant, compared to the wild-type protein (AAG) for the urea denaturation curves were calculated

by: AAG = {(m)-AC,,, where {(m) = 1,050 + 50 cal mol “I' M ™!, the average m-value for B. subtilis HPr (Scholtz, 1995) and
AC,, is the difference in midpoint of the transition relative to wild-type protein. The changes in AG from the analysis of the
thermal unfolding data were determined by the relationship: AAG = AT,,,-AH,,(wt)/T,,(wt), with T expressed in Kelvin (Becktel

& Schellman, 1987).

protection factors of ~1 kcal mol ™' is a local value, the agree-
ment between the two different measurements suggests that each
are reporting the same event, namely, stabilization of helical
structure by phosphorylation of Ser 46.

Structure of HPr(Ser-P)

Because the NMR results show the structure of HPr(Ser-P) to
be virtually identical to HPr, the structure of HPr(Ser-P) was
modeled from the crystal structure of HPr, which is a good
model for the B-helix-containing conformation. Helix-B in HPr,
HPr(Ser-P), and S46D (Liao & Herzberg, 1994) is shown in Fig-
ure 4. An earlier modeling study based on the crystal structure
of HPr revealed that addition of a phosphate to Ser 46 could
be accomplished without major structural perturbations, al-
though it was suggested that a 60° rotation in x, would be re-
quired to avoid steric clashes (Herzberg et al., 1992). The NMR
results indicate that the x,; of Ser 46 remains in the frans con-
formation and therefore clashes must be avoided through ad-
justments to x,. As shown in Figure 4, the negatively charged
phosphate group sits near the N-terminus of helix-B, in a posi-
tion to allow for a favorable electrostatic interaction. The trans
rotamer maintains the uncharged O of the Ser-P in H-bond ge-
ometry to the amide of Gly 49, similar to the position of the Oy
in the unphosphorylated form and to one of the aspartate car-
boxylate oxygens in S46D. Within the constraints of a trans x,
rotamer, the only potential H-bond involving a phosphate ox-
ygen and a main-chain amide identified through modeling is to
the amide of Ile 47. However, given the upfield shift of the
Ile 47 NH resonance and the minimal increase in protection fac-
tor observed for this residue, the NMR data do not support this
proposed interaction. Thus, although Ser 46-P is in the N-cap
position of helix-B, addition of the phosphoryl group does not
result in new H-bonds at the N-terminal end of the helix, but
rather its interaction with the helix must be mainly via a charge-
helix macrodipole, with a net result that the protein is stabilized
by ~0.8 kcal mol '.

Discussion

Comparison with other phosphorylated proteins

How do the results for HPr compare to the other examples of
phosphoserine-containing protein structures? Similar to HPr,

IDH and cAPK have Ser-P residues at the —1 position of an
«-helix and the Ser-P residue in GP is at the N-terminus of a 3,,
helix (Fig. 5). Similar to HPr(Ser-P), none of the phosphate
groups are directly involved in hydrogen bonds with main-chain
atoms in the helices. It appears that the Ser-P side chain may
be too bulky to act as an effective N-capping residue and instead
exerts its effects through a charge-helix macrodipole interaction.

We have recently reported the effects of phosphorylation of
His 15 on structural features of HPr (Rajagopal et al., 1994).
His 15 is also at the —1 position of a helix and the phosphohis-
tidine residue serves as an N-cap for helix-A, making hydrogen
bonds to main-chain amides of residues 16 and 17. We also
noted that the phosphohistidine residue in enzyme I1A®'" from
Escherichia coli appears to interact with the N-terminal end of
a short helix, although in this case the phosphorylated residue

HPr(Ser-P)

Fig. 4. Position of the side chain of residue 46, relative to helix-B in HPr
(Herzberg et al., 1992; PDB 2HPR), HPr(Ser-P) (see the Materials and
methods), and the mutant S46D (Liao & Herzberg, 1994; PDB 1SPH).
Nitrogens are blue, carbons are green, oxygens are red, and phospho-
rus is yellow. Each structure predicts a hydrogen bond involving the
backbone amide group of Gly 49 and an oxygen from residue 46 (see
text).
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Fig. 5. Examples of serine-phosphate residues at the N-termini of he-
lices. Dotted spheres represent the van der Waals surface of the phos-
phate group. The four structures were superimposed using backbone
atoms only for the Ser-P residue plus the next three residues in the struc-
ture. Two views are shown. On the left is a view down the helical axis
and on the right, the previous view has been rotated 90°. HPr(Ser-P),
residues 46-53, as modeled in this study. IDH(Ser-P), residues 113-123
(PDB 4ICD). The phosphate group is situated in a similar conforma-
tion relative to the helix as in the HPr(Ser-P) model. There are no hy-
drogen bond contacts between the phosphoryl oxygens and main-chain
atoms. GPa(Ser-P), residues 14-19 (PDB 1GPA). cAPK(Ser-P), resi-
dues 10-20 (PDB 1APM). The phosphate group points away from the
helix axis, making no hydrogen bond contacts with main-chain atoms.
The extended conformation of this Ser-P residue is likely due to the prox-
imity of two other negatively charged side chains in the first turn of the
helix, Glu 11 and Glu 13.

is not in a canonical N-cap position. The phosphohistidine res-
idue in succinyl-CoA synthetase from E. col/i interacts with the
N-termini of two «-helices in the crystal structure (Wolodko
et al., 1994). Taken together, these observations strongly sug-
gest that a major motif for phosphorylated proteins is one in
which the phosphate group sits at the N-terminal end of a he-
lix. A similar motif is observed in many noncovalent protein-
phosphate interactions (Hol et al., 1978; Hol, 1985).

Implications for HPr function

Our goal is to understand how the physical effects of phosphor-
ylation lead to unique functional consequences. Phosphoryla-
tion of Ser 46 prevents the interaction of HPr with enzyme I,
sugar-specific I[IA proteins, and possibly with other protein do-
mains (Reizer et al., 1984, 1992; Deutscher et al., 1995; Ye &
Saier, 1995). Although the enzyme I-binding site on B. subtilis
HPr has not yet been determined, it has recently been shown to
be indistinguishable from the enzyme IIA%-binding site on
HPr in the analogous E. coli proteins (van Nuland et al., 1995).
The enzyme 1A% recognition site on HPr has been mapped by
chemical shift perturbations (Chen et al., 1993) and amide ex-
change rate perturbations (P. Rajagopal & R.E. Klevit, unpubl.
results) to a region that includes helix-B. These studies place
Ser 46 at the edge of the protein-protein interaction surface,
which consists mainly of hydrophobic and positively charged
residues. Given the results reported here that phosphorylation
of Ser 46 is not accompanied by a global conformational change,
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the phosphate group must exert its effect through a change in
surface electrostatics at the site of target protein binding, or a
direct steric hindrance, or a combination of both effects.

Implications for mechanism of action
of protein phosphorylation

In summary, proteins that undergo regulatory serine phosphor-
ylation may be classified into two types: those that undergo a
global conformational change upon phosphorylation and those
that do not. Like IDH, HPr is the second example of a protein
in which a regulatory serine phosphorylation is not accompa-
nied by a change in conformation. Our solution measurements
detect a stabilizing effect of phosphorylation in the absence of
conformational change. An emerging picture is one in which co-
valent phosphate groups in proteins interact with the N-terminal
ends of «a-helices. We hypothesize that, if a serine is near the
N-terminal end of a helix, its phosphorylation will likely not be
accompanied by a conformational change, but may instead re-
sult in a modest stabilization of the protein that may be reflected
as a change in dynamical properties near the end of the helix.
Dynamical fluctuations of the polypeptide may be critical for
binding in the active site of a kinase, especially in cases where
the phosphorylation site is helical. The structure of an inhibi-
tory peptide bound to the active site of cAPK is that of an ex-
tended chain (Zheng et al., 1993), implying that a helical site
must undergo a conformational change in the active site, even
though the starting and ending structures are similar. Intrigu-
ingly, disorder or flexibility is a property of nonhelical phos-
phorylation sites as well: phosphorylation of GP is accompanied
by a disorder-to-order transition of the polypeptide near Ser 14;
the region N-terminal to and including Ser 10 in cAPK is dis-
ordered in several crystal structures; and the nonregulatory
phosphorylation site (Ser 80) in cystatin has high flexibility
(Dieckmann et al., 1993). In conclusion, we have characterized
the effects of phosphorylation on protein structure and stabil-
ity in solution, adding important new insight to the structural
database of proteins containing regulatory Ser-P residues and
showing that properties other than conformational rearrange-
ments can be affected by this ubiquitous regulatory mechanism.

Materials and methods

Protein preparation

B. subtilis HPr and HPr(Ser-P) were prepared as previously de-
scribed (Wittekind et al., 1989, 1992; Reizer et al., 1992) and
complete phosphorylation was confirmed by electrospray mass
spectrometry. NMR samples were prepared as described (Witte-
kind et al., 1992). Final concentrations were 1.5-2.0 mM pro-
tein, 50 mM potassium phosphate, 0.2 mM EDTA, and 2 mM
sodium azide.

NMR spectroscopy

NMR experiments were performed on a Bruker AMS500 or
DM X500 spectrometer using standard pulse sequences, at 30 °C
unless otherwise noted. Resonances of HPr(Ser-P) were assigned
by comparison to analogous spectra of HPr and confirmed by
TOCSY (75 ms mixing time) and sequential NOESY (75 ms and
100 ms mixing times) connectivities.
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NOESY volumes were measured in spectra corrected for the
shape of the excitation profile of the spin-echo pulse sequence
used for water suppression. Volume ratios for 108 well-resolved
cross peaks involving amide protons were measured and cor-
rected for differences in protein concentration, yielding an av-
erage ratio for HPr(Ser-P)/HPr of 1.0 (SD = 0.6). A cross peak
was deemed to be significantly different in the two forms if the
ratio was more than 2 SD from 1.0.

Exchange rates of slowly exchanging amide protons were de-
termined from a series of six magnitude '"H COSY spectra col-
lected at 15 °C, pH* 6.9 (uncorrected meter reading) on samples
that had been dissolved in D,O immediately before data collec-
tion. The first spectrum was collected at 24.5 min and the last
spectrum at 208.5 min following dissolution. NH-C“H cross
peak volumes were measured and plots of volumes as a func-
tion of time were fit to single exponentials to determine exchange
half-lives.

Exchange rates of fast-exchanging amides were determined
using volumes from magnitude COSY spectra collected with and
without solvent presaturation at 3 pH values (pH 6.5, 6.9, and
7.3). A 1-1 spin-echo pulse sequence was used to suppress H,O
in spectra collected without presaturation (Spera et al., 1991).

Protein denaturation studies

Urea denaturation experiments on HPr were performed as de-
scribed (Scholtz, 1995). CD at 222 nm was used to monitor the
equilibrium unfolding data using an Aviv 62DS spectropolar-
imeter equipped with a temperature control and stirring unit.
The urea denaturation curves at 30 °C were obtained with urea
solutions prepared fresh daily in buffered solutions containing
50 mM potassium phosphate at pH 7.0. The concentration of
the urea stock solution was determined by refractive index mea-
surements (Pace, 1986). In order to compare directly the results
for the different proteins, urea denaturation curves were per-
formed for all proteins using the same urea solutions on the same
day. These were repeated on four separate days to afford a mea-
sure of the uncertainty in each calculated parameter.

A complete description of the data analysis performed on the
urea and thermal denaturation experiments has been described
(Scholtz, 1995). The changes in AG for each variant, compared
to the wild-type protein (AAG) for the urea denaturation curves
were calculated by: AAG = {(m)-AC,,, where (m) = 1,050 =
50 cal mol~! M~', the average m-value for B. subtilis HPr
(Scholtz, 1995) and AC,, is the difference in midpoint of the
transition relative to wild-type protein. The changes in AG from
the analysis of the thermal unfolding data were determined by
the relationship described by Becktel and Schellman (1987):
AAG = AT,,-AH,,(wt)/T,,(wt), with T expressed in Kelvin.
Each of these methods assumes a two-state unfolding reaction.
The analysis of the urea denaturation curves also assumes a lin-
ear relationship between the free energy of folding and the mo-
lar urea concentration (linear extrapolation method), whereas
the analysis of the thermal unfolding curves assumes a constant
AC, for the proteins.

Structural modeling

HPr(Ser-P) was modeled using INSIGHT (Biosym, Inc.) from
the crystal coordinates (PDB 2HPR) by substituting phospho-
serine at position 46 and adjusting the side chain to alleviate ste-
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ric clashes. Molecular graphics images in Figures 1, 4, and 5 were
produced using the MidasPlus program (Bash et al., 1983; Ferrin
et al. 1988; Huang et al., 1991) from the Computer Graphics
Laboratory, University of California, San Francisco (supported
by NIH RR-01081)
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