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ABSTRACT: The stability, dynamic, and structural properties of ubiquitin and two multiple hydrophobic
core mutants were studied. One of the mutants (U4) has seven substitutions in the hydrophobic core
(M1L, I3L, V5I, 113F, L15V, V17M, and V26L). On average, its side chains are larger than the wild-
type, and it can thus be thought of as having an overpacked core. The other mutant (U7) has two
substitutions (I3V and 113V). On average, it has smaller side chains than the wild-type, and it can therefore
be considered to be underpacked. The three proteins are well-folded and show similar backbone dynamics
(T4, T2, and HNOE values), indicating that the regular secondary structure extends over the same residue
ranges. The crystallographic structure of U4 was determined. The Rigal and Ry are 0.198 and

0.248, respectively, at 2.18 A resolution. The structure of U4 is very similar to wild-type ubiquitin.
Remarkably, there are almost no changes in the positions of tla¢oths along the entire backbone, and

the hydrogen-bonding network is maintained. The mutations of the hydrophobic core are accommodated
by small movements of side chains in the core of mutated and nonmutated residues. Unfolding and refolding
kinetic studies revealed that U4 unfolds with the highest rates; however, its refolding rate constants are
very similar to those of the wild-type protein. Conversely, U7 seems to be the most destabilized protein;
its refolding rate constant is smaller than the other two proteins. This was confirmed by stopped-flow
techniques and by H/D exchange methodologies. This work illustrates the possibility of repacking the
hydrophobic core of small proteins and has important implications in the de novo design of stable proteins.

The de novo design of stable proteins still represents adifferent experimental approachek3{-22). Recently, the
considerable challenge to protein scientists. One of the mostkinetics of folding and unfolding have been measured by
important features of the majority of naturally occurring conventional methods and compared with those derived from
proteins is a tightly packed and highly ordered hydrophobic the most slowly exchanging amide residues in native
core. A nativelike core packing is necessary for designed ubiquitin. Rate constants, of folding and unfolding, from
proteins to be stable, fold, and function, and this can these two very different types of experiments showed good
constitute a very significant barrier to progress. Ubiquitin agreementZ3).

has a well-defined hydrophobic core, which is highly  ypiqitin has also been used as a model system to test
conserved in primary sequence. It is a relatively small protein, novel phage-display-based methodologies to select stable
76 residues in length, and its three-dimensional structure hasfolded domains of proteins from librarie4—25). In these
been solved at high resolutioh-2). This has made ubiquitin studies, a mutant of ubiquitin, which did not fold, was

an ideal ”T‘Ode' system fc_>r both _gstabhshmg the factors initially created and used as the starting point to generate a
important in determining Its stability3{-12) and in the . _library of mutants in the N-terminal hydrophobic core.
development of computational approaches to designing Mutants that were stable were selected using an assay based

h)t;Qro_}:t)_hoglc (E)ores 1§_d1'7)0i Intado_lltloln, the folding t?f gon the resistance of stable folded proteins to proteolysis (
ubiquitin-has been studied extensively using a number o Analysis of the selectants that survived treatment with
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(M1L, I3L, V5I, 113F, L15V, V17M, and V26L). On
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Unfolding StudiesUnfolding was performed by GdmClI

average, its side chains are larger than wild-type and thusjump experiments in the following manner. Unfolding was
can be thought of as having an overpacked core. The othernitiated by diluting one volume of an aqueous protein
mutant (U7) has two mutations in the sequence (I3V and solution (55uM in 50 mM buffer) into 10 volumes of

113V). On average, it has smaller side chains than wild-type concentrated GdmCI solution (containing 50 mM buffer) to

and therefore can be considered underpacked.

MATERIALS AND METHODS

Materials. Isopropyl -d-thiogalactopyranoside (IPT&)
and analytical grade guanidinium chloride (GdmCI) were
purchased from Melford Laboratories Ltd. All other materials
were analytical grade and purchased from Sigma.

Expression VectoraNild-type and mutant proteins were
expressed and purified as described elsewtiste Z5). The
expression vector pPCANTABB-WT-UBQ was used for the

give final GdmCI concentrations between 2 and 7.5 M.
Refolding StudieRkefolding was initiated by GdmCI jump
experiments. A solution of unfolded protein was generated

by denaturing in 50 mM glycine-HCI pH 2.2 containing 5
M GdmCI. Refolding was initiated by mixing one volume
of unfolded protein into 10 volumes of a refolding buffer
containing 50 mM glycine-HCI pH 2.2 and appropriate
amounts of GdMCI to give final concentrations between 0.45
and 3 M. The final protein concentration, after mixing, was
5 uM. Data were fitted to a single-exponential process with

overexpression of wild-type and mutant proteins. This vector a linear drift that included slow proline isomerization phases.

expresses ubiquitin as a fusion with the glll periplasmic
leader sequence-hexahistidine tag LQD-ubiquitin-GLDQQ-

Only the fast phase is considered here. It has been shown
that the fast, major phase observed (which corresponds to

plll. The plasmid has been constructed with two suppressible folding and is not limited by proline isomerization) accounts

amber (TAG) codons between ubiquitin gene and plll; this
allows expression of the hexahistidine-tagged ubiquitin
without the plll fusion partner in a nonsuppressor strain of
Escherichia colsuch as HB21515N-labeled proteins were
expressed in minimal media containing M9 salts plus
supplements (2 mM MgSQ1 mM FeC}, 2.0 mM H;BO;,

0.3 mM CoC}, 4 x 102 mM CuCh, 5 mM ZnCh, 6.5 mM
NaMoO,, 0.4 mM MnC}, 1 mg Lt each of biotin, choline
chloride, folic acid, niacinamide-pantothenate, and pyrid-
oxal, 0.1 mg L* of riboflavin, 5 mg L* of thiamine, 2.5
mM CaC}, and 50 mM ZnSG@), 6 g L™t glucose, and 1.5 g
L1 15NH4CI as the only nitrogen source. Yields of purified

for 80% of the amplitude45). As no rollover is observed
in the kinetic chevron plots, it is assumed that transient
aggregation does not occur during folding under these
conditions.

Data Analysis. Data from the plots of Ink versus
denaturant concentration were fit to a two-state model, using

eq 1 @6)
In k = In(k:"Cexpm[D]) + k,"Cexpm[D]) (1)

where k0 andk,"° are the rate constants for folding and
unfolding in water, respectively, anths and my, are the

wild-type and mutant proteins expressed in rich media were slopes of the chevron plot for folding and unfolding,

somewhat variable, typically-416 mg/L for wild type, 2-8
mg/L for U4, and +13 mg/L for U7. Yields of purified
proteins expressed in minimal media were not significantly
different and were typically 8 mg/L (wild-type),-26 mg/L
(U4), and 9-11 mg/L (U7).

Stopped-Flow ExperimentsAn Applied Photophysics

correspondingly.

NMR.The>N-labeled samples were extensively dialyzed
against phosphate buffer 20 mM pH 6.0, angBvas added
to a final concentration of 10% v/v. The final protein
concentrations were 1.5, 0.5, and 3.5 mM for wild-type, U4,
and U7, respectively. NMR data were collected on a Bruker

Stopped Flow Reaction Analyzer (model SX-18MV) was DRX spectrometer operating at 500 MHz, equipped with a
used, and data were acquired and analyzed using the Appliedriple resonance HCN probehead and actively shielded
Photophysics Kinetic Workstation, version 4.099, supplied. z-gradients. Data were collected at a temperature of 288 K,
The temperature was T&. In all experiments, final buffer  and unless otherwise stated, water suppression was achieved
concentrations were 50 mM glycine-HCI pH 2.2. Buffers using established flip-back methods, using shaped selective
were prepared volumetrically. All stock GdmCI solutions pulses to return water magnetization to #haxis followed

were prepared in volumetric flasks and stored in aliquots at by WATERGATE to purge any remaining transverse mag-

—20 °C until use.

1 Abbreviations: IPTG, isopropyl-d-thiogalactopyranoside; GdmCI,
guanidinium chloride; NMR, nuclear magnetic resonance; HSQC,

heteronuclear single quantum correlation; NOESY, nuclear Overhauser

effect spectroscopy; TOCSY, total correlation spectroscopy(1/Ri)
longitudinal relaxation timeT,, (1/R;) transverse relaxation time; NOE,

netization prior to acquisitior?(/). States/TPPI was used for
guadrature detection in the indirect dimension. Data were
processed using the AZARA suite of progran@8)(

IH and >N AssignmentAssignments were made using
ANSIG (29). Backbone!>N and*HN nuclei that could not
be assigned by comparison with the wild-type data were

nuclear Overhauser effect; HNOE, heteronuclear Overhauser effect; assigned using 3-EPN-HSQC-NOESY 80) and 3-D*°N-

2-D, two-dimensional; 3-D, three-dimensionak@ deuterium oxide;
PEG, poly(ethylene glycol)k.p, opening rateky, closing rate;ken,
exchange rate in model peptidésis observed exchange rate; EX1,
mechanism of hydrogen exchange in whikds equalsko,p,, EX2,
mechanism of hydrogen exchange in whigh equalskey(Kop/Ker); Kop,
equilibrium constant for formation of the exchange-competent confor-
mation;ke"2° andky?° are the rate constants for folding and unfolding
in water, respectively, anthe andmy, are the slopes of the folding
and unfolding arm of the kinetic chevron plot, respectivef,
equilibrium constantAGp-y, Gibbs energy change of unfoldingAG,
change on free energy on mutatiohGux, apparent Gibbs energy
change of opening or exchang€&; temperature;R, universal gas
constant.

HSQC-TOCSY 81) experiments, recorded with 32 x
100¢2) x 1024¢3) complex pairs of data points and spectral
widths of 1140(1) x 5556€2) x 10 000¢3) Hz. The mixing
times were 100 and 67 ms, respectively.

Relaxation Experiments.;and T, relaxation times and
{H}**N heteronuclear NOE enhancements were measured
at 500 MHz as described by Farrow et &2, via a series
of 2-D N HSQC experiments recorded with 12B( x
640¢2) complex pairs of data points and spectral widths of
2000¢1) x 10 000€2) Hz. The time-points recorded were
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as follows: Ry (10, 50, 90, 160, 250, 360, 480, 600) rks; - - - T ' T '
(15.8,47.5,79.2,110.9, 142.6, 174.2, 237.6, 301.0) ms. The
IH{**N} heteronuclear NOE enhancements were obtained
by recording two 2-D'*N HSQC experiments, one with 3 s
of H saturation and one with a delay of the same length.
H/D Exchange ExperimentsThese experiments were
performed in a very similar way as reported befc8)(with e
some slight differences, as followgVild-type and mutant o .

ubiquitin were first lyophilized and then dissolved in 0.5 mL 4L .
of D,O containing 14 mM each of glycine, glyeyglycine, \ ]
and potassium phosphate, pH 5.0. Exchange was initiated 6| Ink U4 1
at the desired pH by adding 0.1 mL o£® containing the 0 1 2 3 " 5 6 7
appropriate amount of NaOD. Final concentrations were 10 [GdmHCT) (M)

mM of each bl%ﬁef and 0:51 mM qf protein. The pH values Ficure 1: Chevron plots showing the unfolding and refolding
reported herein are for » solutions and have not been inetics of wild-type and mutant ubiquitins at pH 2.2 at 45.
corrected for isotope effects. Experimental dead times (time Rate constants for unfolding and folding as a function of denaturant
between dissolving protein to the start of data acquisition) concentration for wild-type (filled circles), U4 (stars), and U7
were between 5 and 10 min. Exchange was followed in the (triangles). The solid lines show the best fit of the data to a two-
state model (eq 1). The dashed and dotted lines are extrapolations
pH range from 6.5 to 9.2 at I'E. H/D exchange rates Were ot the unfolding brain of U4 and U7, respectively.
measured from the peak intensities in a time series of 2-D

>N HSQC experiments3@). The time-scales on which data  odel (PDB entry 1UBQ). The structure was model-built

were acquired varied depending on pH, mutant, and therefore,5 refined using the programs O and Refmac5, respectively
rate. Typically, 10H-""N HSQC of 8 scans each were taken (3g—39).

initially, then an additional 810 spectra of 64 scans each
were acquired at longer time points. Samples were incubatedRESULTS
in a 15°C water bath between data acquisition. To interpret
the data, we used the two-state mod)( Kinetic StudiesThe unfolding and refolding kinetics of
wild-type, U4, and U7 were studied using stopped-flow
Kop Ken fluorescence methods. All the kinetic traces are single
Closed (NH)<= Open (NH)— Exchanged (ND) (2)  exponentials in 50 mM glycine, pH 2.2. The unfolding and
refolding rate constants at different concentrations of guani-
dinium chloride were determined for wild-type and mutant
proteins. Plots of Irk versus denaturant concentration give
a chevron, typical of small proteins that fold without
significantly populating intermediates stat@§)( Data were
fitted to a two-state model using eq 1 (Figure 1). The kinetic
n.Parameters obtained from the best fit are summarized in
Table 1. From Figure 1 and Table 1, we can see that both
mutants are destabilized as compared to wild-type ubiquitin.
An equilibrium m value,mp_y, can be calculated from the
kinetic data and is shown in Table 1. Although the kinetic
m values vary between wild type, U4, and U7, the equilib-
rium values are all within experimental error indicating that
_ there are no significant differences in the change in solvent
Kobs = Kopker/ker F ke 3) accessible surface area between the native and the denatured
states on mutation. Changes in kinetic values can,
Under conditions wherk: is greater thalky, the observed  therefore, be attributed to movements in the position of the
rate constant of exchangk,{) becomesk,,. This is known  transition state on mutation, as indicated by fa&anford
as the EX1 regime. On the other handkdfis greater than  yalues also given in Table 1. It is clear that the unfolding
ken, thenkops=Kopken, WhereKo, is the equilibrium constant  rate constants of U4 are slightly higher than those determined
for formation of the exchange-competent conformation. This for U7. However, the unfolding rate constant in wate°)
is known as the EX2 regime. for U4 is 16 x 1073 s°1, which is slightly smaller than that
X-ray CrystallographyCrystals of U4 were obtained at obtained for U7 (45x 102 s™1). This is due to the larger
room temperature by the vapor diffusion method from slope of unfoldingify) for U4. Themy value is a measure
solution containing 22.5 mg mi of protein in water, of the change in solvent accessible surface area between the
equilibrated against a well containing 31% PEG 4K and 0.05 native and the transition states. The largagi belongs to
M citrate buffer, pH 5.6. Crystals grew within-% weeks. U4, suggesting that, in this case, the transition state for U4
Diffraction data were collected at 100 K on RAXIS image is less nativelike than for wild-type or U7. Correspondingly,
plate using our in-house setup. Diffraction data were U7 seems to have a slightly more nativelike transition state
processed by the program MOSFLM and reduced using than wild-type. Changes im values upon mutation have
CCP4 programs suit@6—37). Initial phases were calculated been attributed to movement in the transition stdt-42)
by molecular replacement using wild-type protein as a searchor in extreme cases to a change in the folding pathway: (

In this model, the “Closed” conformation is the exchange-
incompetent protonated form, and the “Open” conformation
is the exchange-competent protonated form of the protein.
The two states interconvert with rate constakis (rate
constant of the opening step) akg (rate constant of the
closing step). Exchange happens only with the open co
formation with a rate constat, which is dependent on
sequence, temperature, and pH. Valueskgf can be
estimated on the basis of model compounds).(Under
folding conditions, kg > ko, so that the observed rate
constant for exchangleps can be defined as
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Table 1: Kinetic Parameters for the GdmCI-Induced Unfolding and Refolding of Ubiquitin Constructs’@e 15

construct keH20s~1 meM~1 ki x 10731 my Mt AGp-_y kcal moltP mp-n kcal molrt M—1¢ Br

wild-type 30.7+£ 3.2 1.89+ 0.05 25+ 0.4 0.90+ 0.03 54 1.59+ 0.03 0.68
U4 23.9+ 2.3 1.76+ 0.07 16+ 2.2 1.124+0.02 4.2 1.64+ 0.07 0.61
u7 7.8+1.02 2.06+ 0.13 45+ 4.4 0.77+ 0.02 2.9 1.62+ 0.13 0.73

aValues ofke"20, k"2, my, andmyy, were determined from fittings using eq 1. Data were fit only over a denaturant concentration range that
shows no curvaturé. AGp—y values were determined asRT In(ke"2%kH29). ¢ mp—y = RT(Me + my).

It appears that U4 has a less compact transition state asrable 2: Parameters for the Data Collection and Reduction of the
compared to the wild-type, presumably due to the increaseCrystal of U4

in volume of side chains within the core. As discussed next,
a number of the interresidue distances in the core of U4 are
reduced as compared to wild-type. Although some of these
variations are within the experimental error, there is a general
tendency for a more tightly packed core in U4. U4 and wild-
type refold with very similar rate constants (Figure 1),
implying that the introduction of bulkier residues into the
hydrophobic core of ubiquitin does not significantly affect
the rate of refolding. On the other hand, U7 refolds
approximately three times more slowly than the wild-type,
the removal of side chains making favorable interactions in
the core destabilizing the transition state suggesting that the
N-terminal hydrophobic core region is partially structured
in the transition state. Theys values for the three proteins
are very similar, indicating that the three proteins have

approximately the same change in surface area buried

between the denatured and the transition states.

The equilibrium constants were calculated fr&@ = ky/
ki, and they were used to calculatSpy y = —RT In Keq
According to the AGp_y values, it appears that in the
overpacked mutant, U4, the balance between large unfolding
and refolding rate constants results in a more stable protein
(AAG = 1.3 kcal mot?t) as compared to the underpacked

detector Raxis M-+
wavelength (A) 1.5418
temperature (K) 100
resolution (A) 2.18
space group 1222
cell (&)
a 46.81
b 49.03
c 75.86
a=p=y 90.0
no. of copies in asu 1
reflections collected 48 020
unique reflections 4810
completeness (%) 99.8 (99.4)
multiplicity 4.8 (4.7)
Rierge(%0) 5.2 (18.2)
llo 10.8 (4.6)
Wilson B (A2?) 28.8

Table 3: X-ray Refinement Statistics
Rfactor (%) 19 . 3
Reree (%0) 24.8
overallB value (&) 26.9
no. of protein atoms 560
no. of atoms 49
rms on bond length (A) 0.023
rms on bond angle (deg) 2.093

mutant, U7 (with only two mutations in the core), which
has slightly smaller unfolding rate constants, but its refolding
constants are considerably smaller. U7 seems to be the most
unstable of the three proteinAAGp—y = 2.5 kcal mot?).

U4 Structure. To further characterize the impact of
multiple core mutations in ubiquitin crystallization, trials
were carried out with U4, U7, and wild-type. Efforts to
crystallize U7 and wild-type were not successful; however,
U4 crystallized readily after-56 weeks. The data collection
and processing of the U4 X-ray structure are given in Table
2. Initial phases were calculated using molecular replacement
with the wild-type structure (PDB entry 1UBQ) modeled
built and refined using the programs O and Refmachs,
respectively. The finaRector aNd Ryee are 0.198 and 0.248,
respectively, at 2.18 A resolution. The final structure of U4
consists of residues-171 and 49 water molecules (residues
6, 29, 54, and 63 are only partially observed). The refinement
parameters are summarized in Table 3.

rmsd (A)
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FIGURE 2: Cypnamsd of the mutant U4 as compared to wild-type
ubiquitin as a function of residue number.

Comparison of the U4 and wild-type ubiquitin structures 3B,C). Several interresidue distances within the core of U4
revealed that they are very similar. Remarkably, the backboneare smaller as compared to wild-type. Some of the differences
conformations are essentially the same with average rmsdare within the experimental error, but the overall trend is
of 0.53 A on G atoms. Higher values are observed in the for a more tightly packed core. The similarity between U4

loops, particularly in the loop connectig and the & helix

and wild-type backbone structures confirms the ability of

(Figures 2 and 3A). Interestingly, the hydrogen-bonding ubiquitin to tolerate multiple substitutions within the core

network observed in wild-type ubiquitin is preserved in the and to adopt alternatively packed hydrophobic cores, without
mutant. All seven mutations are accommodated by a affecting the overall structure of the protein. Thus, we can
concerted series of slight movements of the side chains of confirm that the phage display selection of the hydrophobic
mutated and nonmutated residues within the core (Figurecore mutants procedure proposed by Woolfson and co-
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A

Ficure 3: Diagrams of the crystallographic structures of wild-type (green) and U4 (grey) ubiquitin. (A) Comparison gfblhekbones
and (B and C) side-chain orientations of the mutated residues in the mutant U4. (B) Residues 3, 15, 17, and 26. (C) Residues 5 and 13
[rendered with the program Bobscrifg4)].

B1 B2 o p3 P4 30 ps

workers is able to generate alternative core sequences tha 2 pl

maintain the backbone structure of the prot&d-25). 1 U_-_-—U—f' [ —
Dynamic StudiesTo study the properties of the multiple 09 A

core mutants in further detail, heteronuclear NMR experi- 5 .

ments were undertaken to investigate the effect of mutationsz .

on the dynamics and structure of the protein. The three = . .

proteins weré*N-labeled and spectra assigned. For the U7 5 =~ .« | § o, Mere T ot |

mutant, which has two substitutions, simple comparison of |, %" Tt e wreeeT Tt S et Y

the chemical shifts with those reported for the wild-type .|

protein was sufficient to reassign the mutant spectra. '

However, for U4, which has seven mutations, it was o4 ° i

necessary to perform the assignment from scratch usmgA _ ..

standard HSQC, NOESY, and TOCSY experiments. =% g .
5N-relaxation experiments were used to determine the 02| Branaiete Tia s 52 msnioplars Fontmie 588 sheratyPeiensien-it

effect of the mutations on the backbone dynamigsand o e TR TR R TR AL

T2 were obtained from a two-parameter fit to a single O

exponential, and théH {3N} NOE enhancement was I P S

obtained from the measured peak heights using the formula, ~ ,~ o n

lsaflunsat T1, T2, and NOE values for the three proteins are s 0 1

globally quite similar (Figure 4). The structured regions % '«

appear to be maintained despite the mutations, and the= 4l oW

unstructured regions (the N- and C-termini and known loop g u !

regions) occur in the same residue ranges as in the wild- |c

type and correlate well with other published data on ubiquitin =~ 23 7 17 27 37 47 57 67 77

backbone dynamics4d). This indicates that all the three Residue number

molecules are well-folded and highly ordered. However, FiGURE 4: Relaxation parameters for wild-type ubiquitin (filled

globally, U4 has similar values foF; and T to wild-type, circles), U7 (triangles), and U4 (stars) shown as a function of residue

number. (A) Longitudinal relaxation timé&;, (B) transverse

while U7 has slightly higheT, and lowerT, values as relaxation timeT,, and (C){'H}*°N heteronuclear NOE.

compared with wild-type. This is reflected in the correlation

times for each protein, which were calculated usingr, H/D ExchangeTo measure the stability and the kinetics
for the rigid residues, to give 6.2, 6.6, and 6.1 ns for wild- of folding and unfolding of the three proteins in the absence
type, U7, and U4, respectively, and are likely to be of denaturant, H/D exchange experiments were performed
attributable to large differences in the protein concentration over a pH range from 6.5 to 9.2 at 2&. Previous studies

of the samples measured. of amide exchange on ubiquitin have demonstrated that
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2L wr 2h 1 Table 4. Values 0kop, ki, and AGpy for Native Wild Type, U4,
i ! o ] and U7 at 15°C?
4 o - = 4| L : ! 1 AG b
e | v . HX
. . T . A o1s wild type kop x 1073571 kgs™t kcal mol?t
> . . 2 LR lle3 0.11+ 0.02 335+ 37 8.5
3 : G, Phe4 0.07 0.01 122+ 17 8.2
W | WT =W Val5 0.07+0.01 1001+ 12 9.4
- - . ? Leul5 0.1+ 0.02 242+ 106 8.4
4 00 % 4t R | Vall7 0.61+ 0.17 214473 7.3
RS A b, s . Asp21 0.14+ 0.02 123+ 32 7.8
6 &1 6f %2 Val26 0.13+ 0.04 304+ 177 8.4
f ® B> 44 I oM Lys27 >0.1¢ >800 >9.1
6 7T 8 9 10 6 7 8 9 10 Ala28 0.22+0.05 3214 153 8.1
pH pH Lys29 0.26+ 0.05 319+ 111 8.0
of T ' ' ] lle30 0.05+ 0.02 156+ 6 8.5
us P lled4 >0.45 >325 >7.7
4 » : U4
- ! Leu3 >5.5 >500 >6.5
6 i ; 3] Phe4 1.2H0.11 70+ 17 6.3
W A | lle5 1.53+0.14 93+ 19 6.3
2 ] Vall5 1.2+ 0.16 105+ 33 6.5
@ | U4 _ Glul8 >5.06 >1000 >7.0
- gt ' Leu26 0.82+ 0.08 66+ 13 6.5
4 .l Lys27 2.08+ 0.01 429+ 24 7.0
R . | lle44 >10.0 >300° >5.9
2z u7
3 P e ST ! Val3 1.43+£0.36 644+ 30 6.1
' ’ Leul5 0.87+0.13 35+ 12 6.1
P Val17 1.44+ 0.54 59+ 34 6.1
Ficure 5: pH dependence of the exchange of some of the most Glul8 0.77+ 0.12 28+ 9 6.0
slowly exchanging NHs in wild-type ubiquitin, U7 and U4. The Asp21 0.78+ 0.01 91+ 65 6.7
symbols indicate the observed rate constants of exchange for the Val26 0.82+ 0.08 66+ 13 6.5
individual residues. The lines are the best fittings according to the Lys27 1.33+0.17 1584 37 6.7
simple two-state model, eq 3. For those residues where data in the  lle44 >5° >29% >6.3

plateau region were insufficient, simulations of eq 3 were used to

. e aValues ofk,p, andk for all residues (except those marked with
obtain the lower limits oky, andkg. kop ko ( P

were determined from nonlinear regression analysis using &4\ Gyx
) . values were determined aRTIn kyy/ky. ¢ These values were obtained
values ofky, andky for the most slowly exchanging amide by simulations of eq 3.

protons in ubiquitin are equivalent to the rate constants for
unfolding and folding under native conditions. Also, it has
been demonstrated that the stability of ubiquitin does not
appreciably change between pH 6.0 and 23 45). Plots

of log (kobg Versus pH for the most slowly exchanging NHs
in the three proteins are shown in Figure 5. They show clear
evidence of EX2 regime for the three proteins at gB.5.
Above pH 8.5, the pH dependence ks decreases, or
disappears, for most of the residues, indicating the switch
to the EX1 regime. Values &, andky were obtained from
nonlinear least-squares fittings with the simple two-state
model (eq 3). In those cases where plateau regions wer
insufficiently defined for fitting, simulations to eq 3 were
used to obtain the lower limits for the opening and closing
rate constantsi). ko, andky values are summarized in Table
4. kop values cover ranges from 05 104 to 6.1 x 104

st for wild-type, from 8.2x 104 to 100 x 104 s for

U4, and from 7.7x 104 to 50 x 104 s ! for U7. Values DISCUSSION

of ky cover wider ranges: from 122 to 1000 dor wild-

type, from 66 to 10008 for U4, and from 28 to 2953 in Methods to Design Hydrophobic Coreswo methods

U7. Consistent with the results obtained in the stopped-flow have previously been used to produce stable hydrophobic
experiments, the opening rate constants obtained for thecore mutants of ubiquitinl3, 24—25). In the first approach,
individual residues of U4 are slightly larger than those a core-repacking algorithm ROC (repacking of cores) was
obtained for U7. However, the closing rate constants of U4 developed and tested. A number of hydrophobic core variants
are very similar to those obtained for wild-type. Thgand of ubiquitin were designed and characterized using this
ko were used to obtainGhx, which is equal to-RTIn koo method (3, 16, 47). ROC was shown to be a good method
ka. The AGpx values obtained are shown in Table 4. The to identify alternative core sequences that resulted in proteins
relative stability of the three proteins is consistent with results with nativelike conformations. In general, cores designed by
from stopped-flow experiments at different concentrations this method were more stable than randomly designed cores

of denaturant. Wild-type is the most stable protein, followed
by U4, and U7 seems to be the least stable of the three
proteins primarily due to the fact that its refolding/closing
rate constants are much smaller than for the other two
proteins. Despite the different values of thermodynamic and
kinetic parameters determined by H/D exchange and stopped-
flow fluorescence (it was not possible to perform the stopped-
flow experiments under exactly the same conditions as the
H/D exchange as there is no change in fluorescence at neutral

H for wild-type ubiquitin (9)), the H/D exchange confirms
hat both mutants are less stable than wild-type. Despite the
fact that U4 has seven substitutions within its hydrophobic
core as compared to just two for U7, U4 is consistently more
similar in refolding/closing rate constants to wild-type. U7
appears to be the least stable protein.
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but less stable than wild-type ubiquitin. One mutant with U7 unfold faster than the wild-type protein. Interestingly,
seven substitutions (1D7) was chosen for further character-residue 18 appears to be one of the slowest exchanging amide
ization by NMR. This mutant protein showed that the protons for U4 and U7 but not for wild-type despite the fact
mutations had little impact on the conformation and the that wild-type is the most stable of the three proteins. As
backbone dynamics on the milliseconds to picoseconds timementioned before, the structures of wild-type and U4 are
scale (7). Using an alternative approach, Woolfson and co- very similar, and the hydrogen-bonding network is not altered
workers selected mutants of ubiquitin from a library, which by the seven mutations; nevertheless, there are some subtle
passed through their stability-based selection proce@dre ( rearrangements in the hydrophobic core of U4 that allow
25). Variants that survived the proteolytic selection method the side chains of the mutated residues to be accommodated.
and were stable showed a clear consensus for the wild-typelt is possible that these small movements are responsible for
sequence. All the mutants that were tested were destabilizedhe different protection patterns observed for U4, U7, and
with respect to wild-type ubiquitin but had melting temper- wild-type.
atures within 10°C. The authors concluded that the core of  Differences in Opening/Unfolding, Closing/Refolding Rate
ubiquitin can accommodate quite large changes and remainConstants, andAGy-p/AGhx Values as Measured by Stopped-
well-folded, but the wild-type sequence is near to optimal Flow Fluorescence and H/D Exchangérom Tables 1 and
in terms of stability 5). In comparison, other studies have 4, it is clear that the values of rate constants A@lvalues
shown that single point mutations (V26I or V26L) can result obtained by H/D exchange experiments in the absence of
in an increased stability2Q). Here, we have chosen two of denaturant are different to those obtained by the stopped-
the stable mutants obtained from the selection method offlow experiments at different concentrations of GdmClI.
Woolfson and co-worker6) to characterize in further detail ~ Unfortunately, a direct comparison cannot be made as the
and to establish the effect of multiple mutations within the experiments were performed under different solvent condi-
core of ubiquitin on protein stability, structure, folding, and tions. The H/D exchange experiments were measured
dynamics. Our results confirm that this selection procedure between a pH range of 6.5 and 9.2, while the stopped-flow
results in alternative core sequences that maintain the overallexperiments were performed at pH 2.2 (it is not possible to
structure and backbone dynamics of wild-type ubiquitin. It measure the kinetics of our constructs at neutral pH by
is interesting to speculate that less-stringent conditions of stopped-flow fluorescence; the lack of tryptophan in the
selection might result in variants with larger differences in proteins leads to undetectable changes in the fluorescence
stability, structure, and backbone dynamics; or more stringentsignal under these conditions). Nevertheless, it is known that
conditions might lead to more stable and tighter structures. there are no pH-induced transitions for ubiquitin between
Identification of Slowly Exchanging Core Residukss pH 1.18 and 8.4849). In addition, unpublished results from
well-known that exchangeable amide hydrogens that areour laboratory 45) have shown that the GdmCl-induced
involved in hydrogen-bonded structure can exchange with denaturation of a F45W variant of ubiquitin measured at pH
solvent deuteriums only when they are transiently exposed2.2, 5.0, and 7.4 is practically independent of pH when
to solvent according to eq 2. The most slowly exchanging measured in GdmCI due to salt effects. Makhatadze and co-
residues in wild-type ubiquitin that we were able to survey workers have shown that chargeharge interactions in
at all the pHs studied were lle3, Phe4, and Val5, located in ubiquitin stabilize the protein at neutral pH but destabilize
the first-strand; Leul5 and Leul?7 situated at the beginning the protein under acidic conditions and that these interactions
of 52; Asp21 in the loop connecting? ando-helix; Val26, are screened by salts including Gdm@).(Second, the
Lys27, Ala28, Lys29, and lle30 all of them in thehelix; stopped-flow experiments were performed igCHvhile the
and lle44 situated in the thigglstrand. In contrast, the most NMR H/D exchange experiments were performed #OD
slowly exchanging residues observable at all the pHs studiedThere are several studies demonstrating that there is only a
in U4 are Leu3, Phe4, lle5, Vall5, Glul8, Leu26, Lys27, very minor isotope effects on the kinetics and stability of
and lle44, while the positions of the most slowly exchanging folding of ubiquitin. For example, Sosnik and co-workers
amide protons in U7 are Val3, Leul5, Vall7, Glul8, Asp21, (11, 49) measured the effect of amide isotope substitution
Val26, Lys27, and lle44. It is clear that the positions of the by measuring the stability of the protein both with deuterated
slowest exchanging amide protons detectable over the pHand with protonated amides, under identical solvent condi-
range used for wild-type, U4, and U7 differ. For example, tions. They found that ubiquitin exhibits only a small isotope
some residues, such as residues 4, 5, 17, 21, 28, and 29 haveffect that is manifested in the unfolding rates. Isotope effects
a higher protection in wild-type than in U4 or U7. In contrast, on the stability of ubiquitin were found to be negligible, on
residue 18 has a higher protection in U4 and U7 as comparecdthe order of 0.10<b1 0.02 kcal mol'. Robertson and co-
to wild-type. workers @3) have also measured the kinetics of unfolding
Residue 17 in wild-type has the largest (measurable) and folding as a function of denaturant concentration using
opening rate constant of all residues, and it also has themagnetization transfer at pH 7.0 and 288 K. They found that
second largest opening rate in U7, after residue 44. However,the k- value extrapolated to 0.55 M GdmCI in,O is
we were not able to observe H/D exchange for residue 17 atequivalent to that determined in 0.55 GdmCI inCHat pH
any pH for U4. In wild-type and U7, this residue is a valine, 8.5 and 293 K by stopped-flow circular dichroisr0y.
while in U4 it is a methionine. Also, we were able to observe Further, in another study, the denaturation curves of ubiqutin
residues 21, 28, 29, and 30 for U4 and 4, 5, 28, 29, and 30were measured by changes in fluorescence at pH 3 and 298
for U7 as some of the most slowly exchanging residues in K with different concentration of GdmCI, in aqueous solvent,
the mutant proteins, only at the lower pHs. At higher pH, and the midpoints of denaturation were consistent with data
their exchange-kinetic curves were too fast to be measurableobtained by titrations monitored by NMR at pH 3.0 in the
or reliable. This, in part, may be due to the fact that U4 and presence of different concentrations of GAmCI yCCat 290



5202 Biochemistry, Vol. 43, No. 18, 2004

K monitoring the His-68 signal(l).

In our case, it is not feasible to compare directly the two
different techniques. However, it is known thaGyx
computed from rate constants for the unfolding mechanism
is often, but not always, the same A for the global
denaturation determined by methods such as calorimetry or
chemical denaturation. Assuming that the data from calo-
rimetry or chemical denaturation are correct, the simplest

explanation for differences iAG is that the denatured state S.

retains nonrandom structure around the exchanging amides
(52). It has been observed that ubiquitin can adopt partially

structured states in some conditioi8) NMR studies on 6.

the partially unfolded A-state of ubiquitin in 60% methanol/
40% water, pH 2.0, show nativelike secondary structure for
residues £33. In addition, it has been reported that wild- 5
type ubiquitin and a designed core variant (1D7) show a
number of residues that have protection factors greater than
that expected from global stability measuremenfd.(All

this supports the existence of nonrandom structure in the
unfolded state of wild-type, U4, and U7 variants. It is

important to highlight that despite the differences found 9.

between the stopped-flow experiments and H/D exchange,
the relative stabilities between the three ubiquitin variants ¢
studied here are confirmed by the two methodologies.
Furthermore, H/D exchange possesses the potential of
determining the kinetics and thermodynamics of conforma-
tional motions at the residue level under native conditions. 4

CONCLUSIONS

12.

In summary, the three proteins are well-folded and have
very similar backbone dynamics. The overpacked mutant U4
unfolds faster than wild-type but is very similar in structure
and refolding rates, despite the presence of seven mutations
within its hydrophobic core. U7, the underpacked core mutant

that has only two mutations, on the other hand, is the most 14-
15.

destabilized of the three proteins. This is reflected in its
refolding/closing rate constants, which were considerably
smaller than for the other two proteins. This was confirmed
by both stopped-flow techniques and by H/D exchange
methodologies. This work on ubiquitin illustrates how it is
possible to repack the hydrophobic core of small proteins
without affecting the structure, folding, or dynamics. It also
demonstrates the power of combining libraries with suitable
selection methods for generating stable proteins. In addition,
the relative refolding and unfolding rates of U4, U7, and
wild-type suggest that the N-terminal region of the hydro-
phobic core is partially structured in the folding transition
state of this protein, consistent with results from other protein
engineering studies angvalue analysis of ubiquitin (H.M.W.
and S.E.J., unpublished results).
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