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ABSTRACT. To explore electrostatic interactions in ubiquitinsjvalues have been determined by NMR
for all 12 carboxyl groups in wild-type ubiquitin and in variants where single lysines have been replaced
by neutral residues. Aspartat&pvalues in ubiquitin range from 3.1 to 3.8 and are generally less than

model compound values. Most aspartate, palues

are within 0.2 pH unit of those predicted with a

simple Tanford-Kirkwood model. Glutamateky, values range from 3.8 to 4.5, close to model compound
values and differing by 0:20.8 pH unit from calculated values. To determine the role of positive charges
in modulating carboxyl K. values, we mutated lysines at positions 11, 29, and 33 to glutamine and

threonine. NMR studies with these six single-site

mutants reveal significant interactions of Lys 11 and

Lys 29 with Glu 34 and Asp 21, respectivelyKpvalues for Glu 34 and Asp 21 increase by approximately

0.5-0.8 pH unit, similar to predicted values, when the lysines are replaced by neutral residues. In contrast,
the predicted interaction between Lys 33 and Glu 34 is not observed experimentally. In some instances,
substitution of lysine by glutamine and threonine did not lead to the same changes in cakpxaiyes.

These may reflect new short-range interactions between the mutated residues and the carboxyl groups.

Carboxyl [K, shifts > 0.5 pH unit result from mutations at groups that a8 A from the carboxyl

group. No interactions are observed>at0 A.

Electrostatic interactions in proteins have long been a molecular detail with which the protein and solvent are
subject of considerable interest because of the long distances$reated 26—33). Relatively simple treatments based on the

over which they exert their influencé&,(2) and their role in
stability (3, 4), solubility (5), catalysis 6—11), ligand binding
(12, 13), and redox potential$(14—16). Numerous efforts

Tanford—Kirkwood model B4) can yield good agreement
between most calculated and observidyalues in proteins
(35—37). However, most ionizable groups are exposed to

have been directed toward a more precise and completesolvent and most observedpvalues are within 1 unit of
understanding of the molecular basis for these interactionsmodel compound value®9, 33, 38, 39). For these groups,

in proteins. Experimental determination of ionization equi-
libria is one approach to gather information about charge
charge interactions. In this regard, multipl& pvalues for
many proteins have been determined by 2D NMR (&0

25). This approach is particularly fruitful because thegg p
values are the only opportunity to observe experimentally

the small X, perturbations are probably dominated by
charge-charge interactions through solvent. Consequently,
knowledge of distances between charges and use of a
relatively high dielectric constant are sufficient to capture
the relevant molecular detail. Some investigators argue that
most K, values are not discriminative benchmarks for

the energetics of electrostatic interactions at multiple residuescomparison with theory and that the focus, at least as far as

simultaneously.

Major advances toward understanding electrostatic interac-

benchmarks are concerned, should be on the small subset of
pKa values that differ by more than 2 units from model

tions in proteins are being made in the area of theory. The compound values3@). Such K, values are found primarily

various electrostatic models differ primarily at the level of
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on buried and partially buried groups. For reasonable
agreement between calculated and experimetaivplues

at these groups to be achieved, protein and solvent must be
treated in more molecular detaB3, 40).

The level of agreement between experimental and theo-
retical K, values is most often expressed as root-mean-
square error, RMS, and efforts to refine electrostatic models
generally aim to minimize the overall RM89, 36). Because
they are usually averages over many ionizable groups, RMS
values tend to obscure the small but significant number of
outlying groups, present in most proteins, where the level
of agreement between experiment and theory is poor even
for solvent-exposed residues. In these cases, intercharge
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distances determined in X-ray or NMR structures and the Proteins were expressedincoliBL21 (DE3) cells. Cells
use of a high dielectric constant are not sufficient for accurate were grown at 37°C to an ORg of 1.0 in Luria Broth
prediction of K, values. The discrepancies may arise from supplemented with 10Q:g/mL ampicillin, and protein
uncertainties in the molecular models or from errors in the expression was then induced with 0.5 mM IPTG. After 3 h,
theory, but unfortunately, most studies lack the information cells were pelleted by centrifugation and stored overnight at
needed to discriminate between these possibilities. —20 °C. Frozen pellets were thawed, dissolved in 0.05 M
More precise experimental data regarding the molecular Tris-HCl containing 0.5 mM EDTA and 1mM DTT, and then
basis for K, values in proteins can be obtained whdfyp  lysed by sonication. After centrifugation at 9000 g for 20
determinations are combined with site-directed mutagenesismin, most of the proteins in ice-cold supernatant were
(24, 41, 42, and references therin). The role of specific precipitated by dropwise addition of perchloric acid to a final
residues in perturbing Ky values can be identified by Vvolume of 5% (v/v). After centrifugation at 9000 g for 20
substitution of wild-type charged residues with neutral min, the supernatant was dialyzed against 0.05 M ammonium
residues or residues of opposite charge and subseqkignt p acetate buffer, pH 4.5. Pure ubiquitin was obtained by cation-
determinations by NMR. Moreover, concomitant analysis of exchange chromatography on a CM-52 columrx (10 cm)
these results and those predicted by theory should be arequilibrated with 0.05 M ammonium acetate buffer, pH 4.5.
excellent way to evaluate and refine the models more Unbound protein was removed by washing the column with
precisely. the same buffer, and ubiquitin was eluted with 0.1 M
The present study focuses on the molecular basis for the2Mmonium acetate, pH 5.5. The purity of the fractions was
ionization behavior of the 12 carboxyl groups in ubiquitin. assessed by SDSAGE. Pooled fractions containing ubi-
Ubiquitin is particularly well suited for investigation of quitin were dialyzed at #C against three changes of
ionization equilibria and electrostatic interactions because deionized distilled water, lyophilized, and stored-&0°C.
of its small size, known structurd3), stability to extremes ~ Typical yields of pure protein were 73.00 mg per liter of
of pH and temperaturetd, 45), and complete proton NMR cell culture. Mutations in the proteins were confirmed by
assignments4@, 47). The present work is partly inspired @mino acid analysis and MALDI-TOF performed at the
by and complements previous studies investigating the role Molecular Analysis Facility, The University of lowa College
of ionizable residues in the stability and solubility of ubiquitin  0f Medicine, and by 2D NMR as described below.
(48—50). The K, values for the carboxyl groups in wild- NMR Sample PreparatioA 2 mM solution of ubiquitin
type ubiquitin are reported and compared 6, palues in was prepared by dissolving lyophilized protein in 0.1 M KClI
single-site variants in which lysines have been replaced by containing 0.5 mM TSP and 10%,D (v/v). TSP was used
neutral residues. These results are compared with thoseas an internal standard for chemical shift. The pH of the
predicted using a modified Tanfor&irkwood model that  solution was adjusted with concentrated HCl and KOH at
has been successful in predicting the effects of mutations at25 °C and measured with a Model 611 Orion Research pH
charged residues on the stability of ubiquit®). This model meter equipped wita 3 mmglass electrode (Mettler Toledo,
incorporates solvent-accessibility factors for ionizable groups Columbus, OH). The pH of the sample was measured before
and is based on the model originally proposed by Gurd and and after the acquisition of NMR spectrum at each titration

co-workers §1, 52). point. In all the cases, variation in the pH measured before
and after the acquisition was less than 0.05 pH unit, and an
MATERIALS AND METHODS average of the two values was used for data analysis. The

Materials.Wild-type bovine ubiquitin was purchased from reported pH values were not corrected for the deuterium
Sigma Chemical Co. (St. Louis, MO) and dialyzed three isotope effect on the glass electrode.
times against deionized distilled water before use. Oligo- NMR SpectroscopfflOCSY data $4) were acquired on
nucleotide primers were purchased from |ntegrated DNA a Varian INOVA 500 spectrometer located in the University
Technologies (Coralville, 1A). Competefischerichia coli ~ ©of lowa College of Medicine NMR Facility. Sample volumes
BL21 (DE3) cells were purchased from Novagen Inc. were 650uL. The carrier frequency was set on the water
(Madison, WI). Deuterium oxide (99.9 atom % D), and Signal, and solvent suppression was achieved by continuous-
sodium 3-(trimethylsilyl)-propionate-2, 2,3,398 atom % wave irradiation of the solvent resonance during the 1.5 s
D) were obtained from Cambridge Isotope Laboratories relaxation delay. TOCSY experiments consisted of 256
(Cambridge, MA). Potassium chloride, IPTG and standard increments, each of which consisted of four transients and
buffers at pH 2, 4, and 7 were from Fisher Scientific 2048 time-domain points. The spectral width in both dimen-
(Chicago, IL). NMR tubes (535-PP) were obtained from Sions was 6000 Hz and the mixing time was 100 ms.
Wilmad (Buena, NJ). All other chemicals were the best Temperature in the probe was calibrated using methanol as
available reagant grade. the standard%y).

Mutagenesis and Protein Purificatiob/biquitin mutants Processing of the NMR data was carried out using the
were constructed using the plasmid pRSUB3)( and Varian software. The time domain data were weighted using
QuikChange site-directed mutagenesis kit from Stratagenean unshifted Gaussian filter in tHe dimension and a sine
(La Jolla, CA). Mutant codons were located in the middle bell in thef; dimension prior to Fourier transformation; the
of mutagenic primers which consisted of no more than 45 time constants were 0.132 and 0.075 s, respectively, in the
nucleotides. The mutations were confirmed by DNA se- two dimensions. The final digital resolution was 2.92 Hz/
quencing of the coding regions in the resulting plasmids; point in both dimensions, and the estimated uncertainties in
sequencing was performed by the University of lowa DNA chemical shifts were 0.006 and 0.05 ppmdn and w;
Facility. dimensions, respectively.
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pK. Determinations.Apparent X, values for carboxyl 31 F pres 24
groups were obtained by fitting proton chemical shifts versus 3
pH to the following modified Hill equation23, 24):

23

ppm

Ogps= Oal1 + 10°PKPH 1t

OualL = (L+ 20 ()

obs™—

wheredqns is the observed chemical shift at a given pi,

and dya are the chemical shifts of fully deprotonated and &

protonated species, respectively, arid the Hill coefficient,

a measure of cooperativity. Nonlinear least-squares analysis

was done using KaleidaGraph version 3.08 (Synergy L3 S T T R S R

Software, Reading, PA). 3 Asp52
Chemical shifts were referenced with respect to TS5 (

57), and chemical shift data were corrected for the pH g 25

dependence of TSP using the equation e

26 F

écorrz (6obs_ 0'019) (1+ 10(5—pH))—1 (2)

41

The proton chemical shifts at 30C and pH 5.5 were 4

identified on the basis of resonance assignments made undeg
similar conditions 46, 47). =
pKa Calculations.The K, values were calculated using ! [
the Tanford-Kirkwood model 34) with Bashford-Karplus BT ST e am ST o 21
reduced-set-of-sites approximatid2i7) as described previ- N
ously @8). This simple approach, referred to here as the-TK  Figure 1: pH dependences of the chemical shifts for resonances
BK model, treats the native protein as a low-dielectric- in the carboxyl-containing residues of wild-type ubiquitin at*80
constant sphere surrounded by a high-dielectric-constantSamples consisted of 2 mM protein in 0.1M KCl, 10%@ and
solution and places the charges on the surface of the spher@-5 MM TSP. The fits to eq 1 are shown in solid lines.

according to the pair wise distances taken from the crystal ;,aining residues in wild-type ubiquitin in 0.1 M KCI were
structure 43) (PDB file 1ubg). Charges were placed on the . hitored in a series of TOCSY spectra recorded at 0.5 unit

following atoms: G of aspartate; € of glutamate; € of intervals from pH 1.0 to 7.0. Th&H resonance assignments
histidine; N of lysine; & of arginine; and thew-carboxyl —se4 in this study are consistent with both of the published
c_arbon gndx-amlno nitrogen of Gly 76 and Met 1, respec- studies, except in the cases of Asp 21 and Asp 52 where the
tively. Hill coefﬂmen_ts_,n, derived from the TK-BK model_ published assignments are in disagreemdst 47). The
were calculated by f'tF'“g the pH depenqence of the predicted iyration studies confirm the A assignments for Asp 21
fraction carboxylate ion¥, to the following equation: made by Weber and co-worker7j and for Asp 52 made
oy by Di Stefano and Wand4g). The spin system assigned to
X=(1+ 10 pH)) ' ®3) Asp 52 by Weber and co-workers is probably Asn 60 and
vice versa.
RESULTS The principal resonances for mo¥jdeterminations were
Accurate K, determinations in native ubiquitin are for protons nearest the ionizing carboxyl groups;HGn
predicated on its remaining folded at acidic pH. All indica- aspartates, £ in glutamates, and & in Gly 76, the
tions from the TOCSY data are that ubiquitin is folded at C-terminal residue. The one exception is Glu 64, where the
pH 1.0 and that the structure is very similar to that at pH 6. CsH resonances were monitored. As illustrated in Figure 1
C,H resonances are especially good indicators of secondaryand reported in Table 1, these resonances show downfield
structure $8). Sixty-five of the 76 possible {H resonances  chemical shift changes ranging from 0.11 to 0.44 ppm with
can be assigned at acidic pH, and all but two showed decreasing pH. Most of the pH dependences are consistent
chemical shifts that are within 0.15 ppm of the values at pH with simple titrations, with Hill coefficients close to 1.0
6 (data not shown). Of the two,8 showing larger changes, (Table 1). However, the pH dependences for Glu 24, Asp
the 0.27 ppm difference at the C-terminal Gly 76 can be 21, Asp 52, and, possibly, Glu 18 are broadened significantly,
explained by the titration of ite-carboxyl group (Figure 1;  as evidenced by Hill coefficients of 0-0.8. The broad
Table 1), and the pH dependence of the 0.30 ppm shift for transitions probably reflect the influence of nearby carboxyl
Glu 64 G,H is consistent with titration of its own side chain. groups that are titrating over the same range of pH.
The observation that ubiquitin is folded at acidic pH at 30  Comparison with Theoretical ValueSheoretical and
°C is consistent with previous results for mammalian experimental K, values show very good agreement at four
ubiquitin (all ubiquitins from mammals have identical of the five aspartates, with differences ranging from zero at
sequences) and the closely related yeast ubiquitin 48, Asp 39 to 0.2 unit at Asp 52 (Table 1). Calculatd¢,palues
59). for Asp 21 and the C-terminal Gly 76 are 0.4 and 0.3 units
Carboxyl pK, Values in Wild-Type UbiquitinThe pH greater, respectively, than the experimental values. At
dependent changes itH chemical shifts of carboxyl-  glutamate residues, theoretical and experimeramalues

39

38
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Table 1: Carboxyl K, Values in Wild-Type Ubiquitin in 0.1 M KCI and at 38C

residue 1H2 OaP Ao° PKex PKpred Hill Nex Hill Npred mol. surf? SA
Glu 16 CH 2.09 —0.36 3.9 4.2 1.1 0.9 19.0 0.88
Glu 18 CH 2.32 -0.22 4.3 4.2 0.8 0.9 14.2 0.69
Asp 21 GH 2.49 —0.30 3.1 3.5 0.7 0.8 7.1 0.24
Glu 24 CH 2.36 —0.24 4.3 4.6 0.7 0.9 18.4 0.77
Asp 32 GH 2.73 —0.30 3.8 3.9 0.9 1.0 18.1 0.82
Glu 34 CH 2.07 —0.23 4.5 3.7 1.1 0.9 7.1 0.23
Asp 39 GH 2.76 —0.38 3.6 3.6 0.9 1.0 7.6 0.61
Glu 51 CH 2.41 —0.28 3.8 4.4 0.9 0.9 18.2 0.77
Asp 52 GH 2.61 —0.44 3.4 3.2 0.7 0.9 8.5 0.49
Asp 58 GH 2.27 —-0.29 3.6 3.7 1.0 0.9 8.0 0.37
Glu 64 GH 2.52 -0.11 4.5 4.2 0.9 1.0 12.0 0.56
Gly 76 GH 3.74 -0.27 3.3 3.6 0.9 1.0 19.3 1.00
lle 13 NH 9.55 0.32 4.4 - 0.9 - - -
Glu 18 NH 8.68 1.36 2.9 - 0.9 - - -
Ser 20 NH 7.04 -0.17 3.2 - 0.7 - - -
Asn 25 NsH 7.85 0.32 3.1 - 0.6 - - -
Thr 55 NH 8.77 1.25 3.5 - 1.3 - - -

a2 Resonance used to determirté,palues.? Chemical shift for deprotonated speciés;in eq 1.¢ Fitted amplitude of the pH-dependent change
in chemical shift from eq 1A = 5 — Oua. ¢ pKa value derived from fits to eq 1. Standard deviations of the fits wadel. € pK, values predicted
by the Tanford-Kirkwood model as described in Materials and Methods. The intrinKicvalues used in these calculations are 4.0 and 4.5 for
aspartate and glutamate, respectivéhill coefficient derived from fits to eq 1. Standard deviations of the fits wer®.1.9 Hill coefficient
predicted by the TanfordKirkwood model as described in Materials and MethddEotal van der Waals surface, ir?fof the carboxyl oxygen
atoms that is accessible to solvent. Surface areas were calculated with the WHAT IF progrd¢raialized solvent-accessibility (SA) parameter
used for calculations with the modified Tanferllirkwood model (48). This is the SA value for the side chain atoms of residue X in ubiquitin
relative to the same side chain in a G{—Gly tripeptide.

«£ G76

Ficure 2: Ribbon diagram based on the X-ray structure of
mammalian ubiquitin (43; PDB file 1ubq). All acidic and basic
residues are shown as sticks. All acidic residues and the three
mutated lysine residues are labeled with the one letter amino acid
code. The figure was generated with RasMol (version 2.7.2.1;
Bernstein and Sons, www.bernstein-plus-sons.com).

differ by only 0.1 unit at Glu 18 and 0.3 unit at Glu 16, Glu
24, and Glu 64, and they show differences of 0.8 and 0.6
units at Glu 34 and Glu 51 (Table 1). Eight of the 12
predicted Hill coefficients are within 0.1 unit, and all are
within 0.2 unit, of experimental values.

pH Dependence of Amide Proton Resonanesrogen
bonds between carboxyl groups and backbone amide protons
give rise to large upfield changes in NH chemical shift upon
protonation of the carboxyl group6(@ 61). On the basis of
the crystal structure of ubiquitin (Figures 2 and 3), we
hypothesized that the amide protons of Glu 18 and Thr 55 —
are hydrogen bonded to the carboxyl groups of Asp 21 and FIGURE 3: Molecular environment near (top) Lys 11, (middle) Lys
Asp 58, respectively, and that the chemical shifts of Glu 18 ﬁﬁi' ‘mﬁ] ((Z%t-t??rg)BLf)illz iﬁb'”) tgee Sﬁ[lys ?jtr:é:lj‘;;ee dofnnt]r?gntrgﬂg?e
NH and Thr 55 NH would show the expected pH dep_end- Iabgled with the one Iettgr amino acid code. The figure was
ences. The data for Glu 18 NH and Thr 55 NH are consistent generated with RasMol (version 2.7.2.1; Bernstein and Sons,
with this hypothesis: the chemical shift changes=ateppm, www.bernstein-plus-sons.com).
and the apparentify values match those for the carboxyl
group accepting the putative hydrogen bond (Table 1; Figure Significant pH dependences were observed at a few other
4B; data not shown). Moreover, changes in the for Asp NH resonances as well. A 0.32 ppm chemical shift change
21 induced by mutation are also manifested in the pH was observed at one of the side chain amide protons of Asn
dependence for Glu 18 NH (Figure 4B; see below). 25, and the pH dependence matches tKg for Asp 21
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Asn 25 are indeed involved in some degree of hydrogen
bonding in solution.

Of the remaining 61 backbone NH resonances in wild-
type ubiquitin that could be identified at the extremes of pH,
55 had chemical shifts at acidic pH that were within 0.2 ppm
of values at neutral pH (data not shown), consistent with
conservation of the overall backbone structure at acidic pH
(58). Among the six other NH resonances, pH dependences
for all but Leu 71 can be explained by proximity to titrating
carboxyl groups. The pH dependences for Glu 16 NH, Asp
39 NH, and Gly 76 NH reflect titration of their own carboxyl
groups. Titration of Asp 39 also appears to be responsible
for the pH dependence at GIn 40 NH. The pH dependence
at lle 13 NH is consistent with titration of the neighboring
carboxyl group on Glu 34 (Table 1; Figures 3C and 5B),
and this is confirmed in studies of mutants described below.
Ala 28 NH and Leu 71 NH show pH dependences with
amplitudes of 0.34 and 0.23 ppm, respectively, and apparent
pKa values of 4.3-4.4. The change at Ala 28 NH is probably
due to titrations of Glu 24, which is 7.7 A from Ala 28 NH
in the crystal structure and has a similar Hill coefficient and
apparent g, value (Table 1). The pH dependence for Leu
71 NH is a mystery: Glu 34 is the nearest residue, with a
pKa near 4.4, but its carboxyl group is 13 A away from Leu
71 NH. A small amplitude change in Ser 20 NH chemical
shift reports the titration of Asp 21 (Table 1; Figure 4C; see
below).

Mutagenesis StudieMany of the carboxyl K, values in
wild-type ubiquitin are less than values for model com-
pounds, and none of the observéd, palues are significantly
greater than model compound values (Table 1). The de-
creased K, values suggest that the structure of ubiquitin
stabilizes negative charges on the carboxyl groups. One
hypothesis to explain stabilization of a negative charge is
the presence of positively charged groups nearby.

To determine the extent to which positively charged groups
in ubiquitin are interacting with the carboxyl groups, we
made six single-site mutants in which lysines at positions
11, 29, and 33 were replaced by threonine and glutamine
and all 12 carboxyl K, values were determined in each
mutant. The rationale for substituting with threonine and
glutamine is similar to that described previously for studies
of ovomucoid third domain24): these substitutions are
commonly observed in sequences for ubiquitin-like proteins,
they typically represent single base changes, and the use of
two different side chains facilitates distinguishing between
general effects due to charge-neutralization and more specific
effects due, for example, to formation of new local interac-
tions in the variant proteins. Lysines 11, 29, and 33 were

Ficure 4: pH-induced chemical shift changes at 3D for (A)

CsH of Asp 21, (B) NH of Glu 18, (C) NH of Ser 20, (D) JM of chosen because of their proximity to carboxyl groups in the

Asn 25, and (E) GH of Asp 32 in wild-type ubiquitin @) and the CryStal structure (Figures 2 and 3; Table 2) The NMR Spectra
two Lys 29 mutants, K29QA) and K29T ¢©). The fits to eq 1 are for all mutants were very similar to spectra for wild-type,
indicated by the lines and the fitted parameters are reported in Tableyjth the exception of differences seen at the sites of mutation.
3. The overall structures for the mutants are thus similar to the
(Table 1; Figure 4D). The side chain oxygen and nitrogen structure of wild-type ubiquitin.

atoms of Asp 21 and Asn 25, respectively, are separated by Interactions of Lys 11Lysine 11 is in the second strand
only 3.4 A in the crystal structure (Figure 3B), although the of 3-sheet, and in the crystal structure, dtamino group is
geometry is not optimal for hydrogen bonding. However, 3.3 A from the closest carboxyl oxygen in Glu 34, located
the relative orientation of these two side chains varies in at the C-terminus of the major helix (Figures 2 and 3A; Table
other structures of ubiquitin, with interatomic distances as 2). The proximity of these side chains is the principal basis
short as 2.8 A in a recent structure of tetrameric ubiquitin for predicting a low K, of 3.7 for Glu 34 in wild-type
(62). We hypothesize that the side chains of Asp 21 and ubiquitin (Table 1), so the observe& pof 4.5 in wild-type
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Table 2: Distances between Mutated Residues and the Nearest
Carboxylates in Ubiquitif

Table 3: Carboxyl K, Values for Selected Residues in Ubiquitin
Variants in 0.1 M KCI, 30°C2

res. no. Glu 16 Glu 18 Asp 21 Asp 32 Glu 34 mutatior? residue H¢ Oad PKamef  ApKaext  ApKapred
Lys 11 15.2 21.7 18.9 135 33 K11 Q/T Glul8 CH 2.31/2.32 4.4/4.1+0.1/-0.2 0.0
Lys 29 7.1 8.4 4.9 8.5 12.9 Glu34 CH 2.08/2.06 5.3/5.2+0.840.8 +0.5
Lys 33 8.5 15.3 13.3 8.7 5.6 lle13 NH 9.52/9.46 5.3/5.2+0.940.8 +0.5
2 Distances in angstros between the mutated lysine residues and K29 QIT éSIS fg ’éﬂ ;ggggg 421?1;421?1 +8i;+8% —Hg)f
the nearest acidic residues, as measured in the X-ray structure of As
- X . . : . p21 GH 256/255 3.5/3.8+0.4H0.7 +0.4
ubiquitin (PDB file 1ubq) using Sybyl (Tripos Associates, St. Louis, As
- . p32 GH 2.78/2.81 4.1/4.0+0.3H0.2 +0.1
MO). The distances are bgtween thg Inif Iysme and the nearest Glu34 CH 2.04/2.04 4.5/43+0.140.2 +0.0
carboxyl oxygen on the indicated acidic residue. le13 NH 958/956 4.5/4.54+0.140.1 0.0
Glu18 NH 8.65/8.72 3.3/3.6+0.3H#0.7 +0.4
Ser20 NH 7.06/7.05 3.4/3.8+0.2H0.5 +0.4
23 Asn25 NH 7.89/7.90 3.5/3.9+0.5H0.8 +0.4
) K33Q/T Glulé GH 2.09/2.06 3.9/3.9-0.1/0.0 +0.1
Asp21 GH 2.50/2.50 3.0/3.0-0.1/~0.1 +0.0
Asp32 GH 2.74/2.74 3.9/4.0+0.140.2 +0.1
Glu34 CH 2.33/2.31 45/3.8 0.6/0.7 +0.2
£ 22 le13 NH 9.54/9.53 4.542 0603 +0.2
a Glu18 NH 8.69/8.73 2.8/2.8—-0.1/~0.1 +0.0
Ser20 NH 7.04/7.04 3.2/3.1 060.2 +0.0
21 Asn25 NH 7.86/7.87 2.9/3.0-0.1/~0.1 +0.0
aOnly residues with experimental or predicted nonzdfgghanges
L are shown® Throughout the table, entries to the left and right of the
96 slash mark are for the glutamine and threonine variants, respectively.
All Hill coefficients in variants were within 0.1 unit of wild-type values.
¢ Resonances used to determiné, palues.d Chemical shift for the
95 deprotonated specied, in eq 1.8 pK, values derived from fits to eq
2. Fitting errors were less than 0.15 in all the resid@i@he observed
change in K, upon mutation, ApKaexp = PKamut — PKawe ¢ The
g_ 9.4 predicted change iniy, based on the TKBK model.
o
93 3). The changes at Asp 21 are mirrored at Glu 18 NH, Ser
20 NH, and Asn 25 BH (Figures 4B-D), confirming that
these resonances are indeed reporting KyopAsp 21 and

9.2
0 1 2 3 4 5 6 7
pH

Ficure 5: pH-induced chemical shift changes at°8for the (A)
C,H and (B) NH resonances of Glu 34 and lle 13, respectively, in
wild-type ubiquitin @) and the two Lys 11 mutants, K11Q\)
and K11T ¢). The fits to eq 1 are indicated by the lines and the
fitted parameters are reported in Table 3.

ubiquitin is surprising. However, the fact that Lys 11 is

indeed interacting significantly with Glu 34 is demonstrated
clearly by substitutions at position 11: in K11Q and K11T,

the K, of Glu 34 is about 0.8 unit greater than the wild-

type value (Figure 5A; Table 3). This change agrees fairly
well with that predicted by the TKBK model (Table 3).

that the two mutations give rise to significantly differei.p
changes. These observeldchanges are similar to the 0.4
unit increase predicted with the FBK model. An increase

of about 0.2-0.3 pH unit is also observed at Asp 32 in K29Q
and K29T, but little or no change is observed at either Glu
16 or Glu 18 (Figure 4; Table 3; data not shown).

The differences in I§, values for Asp 21 in K29Q and
K29T may not be immediately obvious from visual inspec-
tion of Figures 4A-C; the differences are more evident in
the data for Asn 25 pH (Figure 4D). However, the nonlinear
least-squares fitting of the data in Figures-4@ and error
analysis strongly suggest that the differences in fitt&g p
values are statistically significant. With respect to least-
squares analysis, a key difference in the data for K29Q and

The pH dependence for lle 13 NH reports a similar change K29T is the plateau values for chemical shifts of Asp 21

in pK, confirming that this resonance is indeed reporting
on the K, of Glu 34 (Figure 5B). As predicted, the eleven
other carboxyl groups showspchanges<0.2 unit, which

CsH and Ser 20 NH at low pH (Figure 4A,C). These
differences are systematic, not due to experimental error, and
they are primarily responsible for the differences in the fitted

is consistent with the relatively large distances between thesepk, values. In the case of Glu 18 NH, the total chemical

groups and Lys 11 (Table 2).

Interactions of Lys 29Lys 29 is in the major helix, and
its e-amino group is 4.9 A from the nearest carboxyl oxygen
of Asp 21, which is located in the turn connecting the alpha
helix to strand 2 of th¢g-sheet (Figures 2 and 3B; Table 2).
The side chain amino group of Lys 29 is also about 8 A
from the carboxyl groups of Glu 16, Glu 18, and Asp 32.
Mutation of Lys 29 to glutamine and threonine leads to
increased K, values at Asp 21, as predicted with the FK
BK model, but the magnitude of the change in K29Q and
K29T is different, 0.4 and 0.7, respectively (Figure 4A; Table

shift change with varying pH is large, about 1.4 ppm, so the
seemingly small difference in Figure 4B for the titration
curves of K29Q and K29T is actually a large and statistically
significant difference.

We have addressed the issue of experimental error by
taking advantage of the seven independent experimeiital p
determinations made for this study. If we assume that
carboxyl groups that are distant from the sites of mutation
are not perturbed by the mutations, then the standard
deviation of the meanky, values at these carboxyl groups
will provide a reasonable estimate for experimental errors.
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C,H and Ile 13 NH show similar decreases in K33T relative
to wild-type values, from about 1.0 to about 0.7 (Table 3).
Overall, the results for K33T suggest that new and un-
anticipated interactions involving Glu 34 may have been
introduced as a result of mutation.

ppm

DISCUSSION

The carboxyl K, values for wild-type ubiquitin in 0.1 M
KCl range from 3.1 at Asp 21 to 4.5 at Glu 34 and Glu 64.
The mean R, value for aspartate is 3.5+(0.3), and the
mean value for glutamate is 4.2 0.3). Similar distributions
and mean values have been observed in other prot2ths (
38). On average, thely, values for aspartate residues in
ubiquitin are 0.4 unit below the smallest model compound
value, while glutamate K, values are similar to model
compound values6@). The structure of ubiquitin thus
appears to stabilize negative charges on aspartates to a greater
degree than on glutamates.

This trend is captured by the HKBK model, which
predicts that the mearkp values for aspartate and glutamate
are 3.6 & 0.2) and 4.2 £ 0.3), respectively. Similar
observations have been made in other proteins by
2.9 Antosiewicz and co-worker20). However, K, predictions
for aspartates in ubiquitin are more accurate than those for
28 glutamates. The mean amplitude for the difference between
predicted and observedpfor aspartates is 0.240.1), and
all but one of the predictedi values are within 0.2 unit of
0 1 2 3 4 5 6 7 experimental values. In contrast, the mea€, difference
for glutamates is 0.44 0.2), and all but one of the
Ficure 6: pH-induced chemical shift changes at°&for the (A) differences are-0.2 unit in magnitude. Antosiewicz and co-
C,H, (B) NH, and (C) GH resonances of Glu 34, lle 13, and Asp \orkers observed similar disagreement in the accuracy of
e e o o tgancy  PKapredictions for aspartat versus gluama (Iierest
by the lines and the fitted parameters are reported in Table 3.  INdly, that study used a finite-difference Poissdoltzmann

method to computel, values, a different electrostatic model

If the assumption is incorrect, then the resulting standard from the TK—BK procedure used in the present study.
deviations will provide an overestimate for the true experi- Possibly related observations were made in a recent survey
mental error. We have used data for Asp 39, Glu 51, Asp of over 200 carboxyl K, values in proteins of known

58, and Gly 76 for this analysis. These residues are far from Structure 88). Correlations betweerk values and features

the sites of mutation (Figure 1), and they show a range of Of protein structure such as hydrogen bonding and calculated
pKa values and amplitudes for chemical shift changes in wild- electrostatic potentials were detectable for aspartates but
type ubiquitin (Table 1). The standard deviations about the much less evident for glutamates. A possible explanation for
mean K, values from the seven determinations range from the discrepancies between aspartate and glutamate may be
0.03 at Asp 58 to 0.10 at Gly 76 (data not shown), so a differences in the accuracy and precision of aspartate and
conservative estimate for the experimenta| error Kh p glutamate side chains in prOtEin structures: uncertainties in

ppm

ppm

2.7

determinations is 0.1 at the 67% confidence level. positioning glutamate side chains are probably greater than
Interactions of Lys 33Lys 33 is located at about one turn  those for the shorter aspartate side cha88j.(
C-terminal to Lys 29, and the-amino group of Lys 33 is Carboxyl pK, Values Near Model Compound Valug$e

only 5.6 A from the nearest carboxyl oxygen of Glu 34 observed [, values for Glu 16, Glu 18, Glu 24, Asp 32,
(Figures 2 and 3C; Table 2). Consequently, the—BK Glu 64, and Gly 76 are within 0.3 unit of predicted values,
model suggests that mutation of Lys 33 to neutral residuessimilar to model compound values and the carboxyl groups
should lead to a 0.2 unit increase in thK;dor Glu 34, for these residues are well exposed to solvent (Table 1).
with smaller increases anticipated at a few other carboxyl These groups are probably not interacting significantly with
groups (Table 3). A small increase is observed at Asp 32 in other groups in ubiquitin. This is partially confirmed for Glu
both K33Q and K33T (Figure 6C; Table 3). Surprisingly, 16, Glu 18, and Asp 32 by the mutagenesis experiments:
however, the K, value for Glu 34 did not show any increases the nearest lysine amino groups are morentiiaA away

in K33Q and K33T, and in fact, theka in K33T appearsto  (Table 2), and replacing these lysines with neutral residues
decrease by 0-30.7 unit (Figure 6A,B; Table 3). Moreover, has little or no effect on thelf, values for Glu 16, Glu 18,
the decrease iniy observed at (H of Glu 34 appears to  and Asp 32 (Table 3). The observation th&,walues for

be greater than that observed in the pH dependence of llemost of the solvent-exposed carboxyl groups in ubiquitin
13 NH (Figure 6A,B; Table 3), which usually reports the are similar to model compound values is consistent with
pK, of Glu 34 (see above). Hill coefficients at both Glu 34 results for a number of other proteins as wag)(
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Perturbed Carboxyl pKValues The moderately low g, The observed I§, for Asp 52 is moderately low at 3.4
values of 3.6 for the partially buried carboxyl groups of Asp and similar to the predicted value of 3.2. In the crystal
39 and Asp 58 are well predicted by the FBK model structure, Asp 52 makes a salt-bridge to Lys 27, and the
(Table 1). The slightly reducedkp at Asp 39 is primarily carboxyl group is partially buried (Table 1). This is very
due to proximity of the guanidino groups on Arg 72 and reminiscent of the salt-bridge interaction between Lys 11
Arg 74. Similarly, the carboxyl group of Asp 58 is only 3.9 and Glu 34.

A from the guanidino group on Arg 54. Moreover, this The K, of 3.8 for Glu 51 is the lowest among the
carboxyl group is probably accepting a hydrogen bond from glutamate residues in ubiquitin and 0.5 unit less than the
Thr 55 NH, as discussed previously. lowest model compound value. The molecular basis for this

Asp 21 has the lowestKa in ubiquitin, and both relatively low glutamate I§, is unclear._ In the crystal
mutagenesis and electrostatics calculations indicate that LysStructure, the carboxyl group of Glu 51 is well exposed to
29 is primarily responsible for this lowa (Table 3: Figures ~ Solvent. The guanidino group of Arg 54 is the nearest
4A—D). The pH dependences for NH chemical shifts suggest POSitively charged group, about 5.7 A away, and the next

that the carboxyl group of Asp 21 may also be accepting Néarest is the Lys 2¢-amino group, which is 9.8 A away.
hydrogen bonds from Glu 18 NH and the side chain amide The previous observations regarding solvent-exposed car-

protons of Asn 25. The picture is complicated a bit by the 20XY! groups and the TKBK predictions lead us to expect

fact that K29Q and K29T yield differenta values at Asp a pKafor this group that is close to model compound values.

21, 3.5 and 3.8, respectively (Table 3). The reason for this However, the environment for Glu 51 varies considerably

difference is unclear. Theamino group of Lys 29 is 4.9 A in the crystal structures of covalent dimers and tetramers of

N biquitin, with the positively charged side chains of Arg 54
from the nearest carboxyl oxygen of Asp 21, so substitution u . o
of Lys 29 with the shorter side chains of glutamine and and Lys 4g|ap5p1rogcf;l(r)19_\r/\r/1lthlntglmﬁlAt_of lthle carbofxyl
threonine is unlikely to introduce a new interaction between group on Glu 51§ " ). us, the refatively fow Ka or
residue 29 and Asp 21. The difference between qutamineGIu 51 may reflect side cha_ln COI’]fOI’matIOHS.II’] solution for
and threonine at position 29 may result from indirect effects Arg 54 and Lys 48 that dllffe_r'from those n the crystal
through Asn 25, which lies between residues 21 and 29 structure of monomeric ubiquitin. However, in contrast to

. o the case of Glu 64 discussed earlier, we are obliged to
Figures 2 and 3B), or perhaps through specific water . . ’
Enogllecules residing i)n or n?ear thpe groovegin V\?hich Asp 21 propose that the side chains for Arg 54 and Lys 48 are closer

and Lys 29 are found to Glu 51 in solution than in the crystal structure.
i ' i Hill Coefficients and Interactions between Carboxyl

The Iarge_st dl.sagr_ee.ment between observed and predictegsyoups Hill coefficients for Asp 21, Glu 24, Asp 52, and,
pKavalues in ubiquitin is seen at Glu 34. However, the 7K possibly, Glu 18 are significantly: 1. The Hill coefficient
BK model does a good job of predicting the changeka p  in eq 1 is a measure of possible interactions among titrating
at Glu 34 when Lys 11 is replaced with a neutral residue groups ¢1). A Hill coefficient of one reflects a monophasic
(Table 3). The [ for Glu 34 in wild-type ubiquitin is 4.5, titration while Hill coefficients less than or greater than one
very similar to model compound values, but thé&,m K11Q suggest that thelf, for a carboxyl group is changing while
and K11T is about 5.3, an unusually higKgfor a protein  the group is titrating. For example, a Hill coefficient 1
carboxyl group 88). In the crystal structure, the carboxyl suggests that the carboxyKpis greater at the high-pH end
oxygen atoms in Glu 34 are the most buried of all glutamate of the titration than at the low-pH end. If such changes in
oxygens in ubiquitin, exposing only about 30% of their pK, are entirely the result of changes in electrostatic
maximum possible surface to solvent (Table 1; Figure 3C), interactions with other groups titrating at acidic pH, then
so desolvation may be increasing thig;gor Glu 34. The the most likely groups contributing to such effects are other
energetics of desolvation are not included in the—TBK carboxyl groups and histidine imidazole groups with lop
model, and the results for Glu 34 suggest that this may be ayalues.
significant shortcoming. However, the carboxyl groups of  The carboxyl group nearest the side chain of Asp 21 is
Asp 21 and Asp 39 are buried to similar extents, and the that of Glu 18 and vice versa (Figures 2 and 3B). The
predicted K. values for these residues agree with the carboxyl groups of Glu 24 are Asp 52 are likewise the closest
experimental values (Table 1). Alternatively, tH&for Glu to one another and separated by 5.1 A. In principle, these
34 may be higher than expected because neighboringclose approaches are the simplest explanation for the low
positively charged groups in the crystal structure are not Hill coefficients at all four residues. However, th&gvalues
making the expected contribution to a positive electrostatic for Glu 18 and Asp 21 and for Glu 24 and Asp 52 differ by
potential. For example, theamino group of Lys 33 is less  about 1 unit (Table 1), so the pH transitions for these pairs
than 6 A from the carboxyl group of Glu 34 in the crystal of residues only overlap over about 1 pH unit (Figure 1).
structure (Table 2; Figure 3C), but substituting Lys 33 with Nevertheless, the close approach of these carboxyl groups
glutamine does not lead to the expected increaseKinap is the simplest hypothesis to explain the low Hill coefficients.
Glu 34 (Table 3). An alternative explanation for the high  Carboxyl Groups and Ubiquitin Stabilityrhe contribu-
pKa for Glu 34 is its location at the C-terminus of the helix tions of ionizable residues to the stability and the pH
and an unfavorable interaction with the negative end of the dependence of stability in ubiquitin have been investigated
helix dipole 64—69). For the other mutant, K33T, we previously @8, 49). At 25 °C, the stability of mammalian
hypothesize that the surprising decrease Ky for Glu 34 ubiquitin increases by about 20 kJ/mol in going from pH 2
in K33T results from a new short-range interaction, possibly to pH 4. This change is due to the thermodynamic linkage
a hydrogen bond, between the side chains of Thr 33 andbetween protein stability and proton binding in the native
Glu 34 and denatured states of ubiquitdB]: carboxyl K, values
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that are different in the native and denatured states give riseubiquitins is clear. For example, many of the hypotheses
to changes in stability with varying acid pH because these generated from this work invoke differences between X-ray
two states have different affinities for protons. If we assume and solution structure for wild-type ubiquitin or the introduc-
that K, values for aspartate and glutamate in denatured tion of new short-range interactions by mutagenesis. To
ubiquitin are 4.0 and 4.5, respectively, then carboxgh p  partially address the latter, we have recently embarked on
values for native ubiquitin can be used to calculate the changeX-ray studies of mutants. Preliminary results are promising,
in stability in going from pH 2 to pH 4. Stability was and we hope to communicate results soon. However,
measured at very low ionic strength, about 0.01, while the addressing hypotheses regarding possible differences in X-ray
pKa, determinations were done in the presence of 0.1 M KCI, and solution structures is going to be more challenging.
so comparison of calculated and experimental changes in To test these hypotheses, structural information is needed
stability is somewhat tentative. Nevertheless, the calculatedfor solvent-exposed side chains in solution and at different
change is 23 kJ/mol, very similar to the change measuredpH values. Multidimensional NMR is the best approach to
by calorimetry 49). determine protein conformation in solution, but in practice,
A previous study of yeast ubiquitin, which differs from determining side chain conformations at solvent-exposed
mammalian ubiquitin by three conservative substitutions, residues suffers from significant uncertainties. At buried side
investigated changes in stability upon substituting glutamine chains, interresidue NOEs provide key information regarding
for lysine at position 29 (49). At pH 5 and 2&, K29Q is side chain conformations, but few such NOEs are observed
7 kJ/mol is less stable than wild-type protein. This is at solvent-exposed residues. Scalar and dipolar coupling
consistent with disruption of the favorable electrostatic constants can provide important constraints on side-chain
interactions of Lys 29 with Asp 21, Asp 32, and, perhaps, torsion angles, but few, if any, of the available NMR
Glu 18 and Glu 34 observed in the present study (Table 3). experiments provide information on torsion angles beyond
Distance Dependence of Electrostatic Interactiofige  Chi-1 (72 73). In addition, the solvent-exposed side chains
major K, perturbations resulting from mutations in ubiquitin  are likely to be sampling multiple conformations. All of these
involve charged groups separated§ A, and no significant ~ 1SSues represent significant technical challenges, but given
interactions are evident beyond separations of about 8.5 Athe functional importance of the solvent-exposed surfaces
(Tables 2 and 3). However, proximity between lysine amino c_Jf proteins, the need to address these challenges is compel-
groups and carboxyl groups in the crystal structure does not/ing-
guarantee a large increase in carboxgl ppon mutation of
the neighboring lysine residue, as evidenced by the resuItsACK'\IOV\/LEDG'VIENT
for K33Q (Tables 2 and 3). The results for K33Q are similar ~ The authors thank Rhonda Thomas and Jared Helm for
to those for Lys 34 in ovomucoid third domain, where contributions to the initial stages of this study and Dr.
mutation to neutral residues had no effect on tig for William R. Kearney for assistance with the NMR experi-
Asp 7, despite a shbb A separation between the amino ments.
and carboxyl groups of these residu@g)(
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