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ABSTRACT. HMG box 5 of human upstream binding factor (hUBF) consists of thrédelices arranged

in an L-shape with a hydrophobic core embraced by these helices and stabilized by extensive hydrophobic
interactions between nonpolar residues around the core. The GdmCl-induced equilibrium unfolding
transition of HMG box 5 of hUBF was monitored by both circular dichroism (CD) and fluorescence
spectra. A cooperative two-state unfolding process was observed. The unfolding free &t&yy.0),

and the cooperativity of the unfolding reactiom, are 4.6+ 0.16 kcaimol™! and 1.62+ 0.06
kcalmol=1-M~1, respectively. Native-state hydrogen exchange (NHX) experiments under EX2 conditions
were performed. NHX results clearly show that the hydrophobic core among the three helices is a slow-
exchange core. The three helices would not contribute equally to the stability of the native protein. Helix
3 appears to contribute the least to the stability. The NHX data have also allowed the local, subglobal,
and global unfolding structures of hUBF HMG box 5 to be dissected, and common global and subglobal
unfolding units were successfully detected.

Understanding the mechanism of protein folding is central equilibrium between unfolding and refolding. Most conven-
for unraveling the relationship between protein sequence,tional biophysical probes, such as fluorescence or CD, are
structure, stability, and function. Compared with other inadequate to detect this equilibrium under native conditions
methods for studying protein folding, nuclear magnetic because they are all dominated by signals from the abundant
resonance (NMR) spectroscopy is unique in that it can native state §—11). Conversely, NHX is a methodology
monitor protein folding/unfolding reactions at atomic resolu- wholly determined by those infinitesimally populated higher
tion (1, 2). Hydrogen/deuterium exchange (HX) monitored energy states, for the native state is the H/D exchange-
by NMR spectroscopy is a powerful tooll{3). The incompetent state with regard to the majority of the slowly
exchange rates of main chain NH protons with solvent exchanging amide proton®,(10). By using amide proton
deuterons depend on the protecting of hydrogen bondsexchange as the probe of protein folding, the NHX method
existing in protein structured]. Hydrogen bonds broken by  not only is more sensitive toward the detection of partially
a transient global unfolding reaction involved in most fqiged conformations under native conditions but also can
hydrogen bonds, by local fluctl_Jatlon mv_olved in individual provide residue-specific structural informatiod, @, 12).
bonds, or by subglobal unfolding reactions that break sets gegiges; this approach can provide useful insights about some
of neighboring hydrogen bonds can aI.I be det(_acted by HX other aspects, such as the ruggedness of the energy landscape,
measurementd. It can provide direct information on the o \arious interactions stabilizing the native protein, and

prcg[?r; dgtructure,l st&u::tl{[[]e (I:hanlgef,'lr:jt_er_zcnclms, _dynamdlcs,the correlation between the observed equilibrium intermedi-
and folding, resolved to the level of individual amino acids .o\ it the kinetic intermediate$2).

4, 5).
( Alt)hough HX measurement can be done over a wider ~The high mobility group (HMG) chromosomal proteins
range of denaturant concentration and temperature, thewere discovered in mammalian cells more than 30 years ago
native-state HX method (NHX) has its own advantage ( (13, 14). Subsequent studies have revealed that the functional
Under native conditions, though proteins exist predominantly motifs characteristic of the original, canonical HMG proteins
in their native states to thermodynamic principles, low are widespread among nuclear proteins from various organ-
populations of partially folded intermediate state(s) and fully isms (5—18). The HMG proteins are subdivided into three
unfolded state could also exis8,(6—9). There is an  superfamilies: HMGB, HMGN, and HMGA10—-21). The
HMGB family is called the HMG box. Proteins in the HMG-
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proteins in the HMG-box family are highly evolutionary trometer usig a 1 cm cell. The measurements were
conserved. All of these make the HMG box an interesting performed using an excitation wavelength of 291 nm, and
model for the studies of protein folding. the spectra were recorded from 310 to 480 nm with a protein
Human upstream binding factor (hUBF) belonging to the concentration of 1&M. All of the spectra were measured
DNA binding protein family containing the DNA binding  two times at 22°C, averaged, and corrected by subtraction
HMG box domain is important in the activation of rRNA Of the solvent spectra obtained under identical conditions.
gene transcription. It contains six tandemly arranged HMG- Fu, Ku, andAGy were acquired by using the equatio@8)¢
box domains 16, 23). Within them, solution structures of

hUBF HMG box 1 and hUBF HMG box 5 already reported Fu =y =Dy = 1) (1)
by our laboratory show that they both adopt a twisted L-shape K = (e — (I -] 5
fold form, which is common to all of the other HMG domain u= (=D ) (2)

structures 16, 23). Apart from the structural studies, unfold-
ing behaviors of hUBF HMG box 1 under different condi-

tions were also observed. In that study, an intermediate-like wherel is the observed spectrum intensity at a given GdmCl

state of hUBF HMG bo}il 1 (ijn the z?jcid-igdu;ed unfoldingh concentrationly is the spectrum intensity when the protein
process was successfully detected and then was furthefg competely unfoldediy is the spectrum intensity of the

characterized2, 27). In order to geta more comprenensive - 4ve ‘protein,Fy is the fraction of unfolded protein at
understanding of the folding of the HMG box, we selected different GAmCI concentrationsky is the equilibrium

hUBF HMG box 5 as another m0(_jel for the st_udy and mainly constant for unfolding , and Gy is the free energy change
focused our attention on observing the folding behavior of of unfolding.

this protein under near-native conditions using NHX. Native-State HX Experiment§or preparation, different
In this study, the NHX profile of h(UBF HMG box 5 has  amounts of GdmCl, from 0.1 to 0.8 M in 20 mM sodium
been investigated as a function of GdmCI concentration, phosphate, pH 5.5, buffer were first lyophilized and then
using denaturing conditions well below the unfolding transi- gissolved in DO. This was repeated three times. Meanwhile,
tion region at pH 5.5. In contrast to the equilibrium unfolding  each1sN hUBF HMG box 5 protein sample (0.2 mM in 500
events monitored by CD and fluorescence spectra, NHX datam_ of 20 mM sodium phosphate, 100 mM sodium chloride,
show that the hydrophobic core among the three helices is apH 5 5, buffer) was lyophilized. Before every H/D exchange
slow exchange core. This hydrophobic core formed by three experiment, GdmCl of a certain amount was first dissolved
stacked aromatic rings of W14, W41, and W52 extends into iy p,0 so that the total volume of the solution was exactly

other residues in the center region of helix 1 and helix 2. 500 uL. Then a!®N-labeled protein sample was dissolved
The three helices of hUBF HMG box 5 do not behave as a in this denaturantD,O solution, immediately prior to data
single cooperative unit. Helix 3 appears to contribute the :gjiection. All 'tH—15N heteronuclear single-quantum coher-
least to the stability of the native protein. Residue W41l is gpce (HSQC) spectra were collected on a Bruker DMX500
not.only a hydrophobic core co_n.tr.ibuting residue but also.a spectrometer at 293 K. For samples at different GdmCl
residue playing key roles in stabilizing the loop between helix ¢oncentrationstH—5N HSQC spectra were first collected
2 and helix 3 by interacting with K49. The NHX data have continuously for 12 h every 30 min and then collected back
also allowed the local, SL_JngobaI, and global structures of g pack over a period of time until there were only several
hUBF HMG box 5 to be dissected. Apart from the common peaks left. The cross-peaks were assigned according to the
global unfolding unit consisting of residues mostly in the existing assignments of hUBF HMG box 5. Cross-peak
central part of helix 1 and helix 2, a common subglobal yolumes instead of cross-peak intensities were determined
unfolding unit with residues out of the hydrophobic core was g ayoid artifacts arising upon addition of GdmCl. All of
also successfully detected. the NMR data processing was carried out using NMRPipe
and NMRDraw software29), and the data were analyzed
MATERIALS AND METHODS with SPARKY. The decrease in the normalized peak volumes
Buffers. D,O and GdmCl used were ultrapure grade of each amide proton was measured as a function of time

reagents from Calbiochem. All solutions were prepared with @nd fitted to single-exponential kinetics to obtain the
redistilled water and filtered through 0.22m pore size ~ €xchange rate according to the equation:
membranes before use. All other reagents used were of high _ -
quality analytical grade. i=1lo+ Aexp(ked) )
Protein ProductionThe hUBF HMG box 5 protein sample  \yherel, is the peak volume at time @, is the measured
was purified completely according to the previous method peak volumeA is the total change in the peak volume, and
described 16). Protein concentration was determined with k_ is the observed rate of HX.
the BCA protein assay kit, and the yield wa23 mg/mL. The NHX Method Theory and Data Analysismide
CD and Fluorescence Measuremer@® measurements  protons involved in backbone hydrogen bonds are proposed
were performed on a Jasco Model J-810 spectropolarimeterto exchange with the solvent deuterium according to the
In the far-UV region (195250 nm), spectra were recorded scheme §0—32):
with a 0.1 cm cell at a 0.15 mg/mL protein concentration,
whereas in the near-UV region (25800 nm), a 1 cntell NH(cIosedrKiﬁL NH(open)& exchange  (5)
was used with a protein concentration of 1 mg/mL. Fluo-
rescence emission spectra were recorded on a Thermavherek,, andky are the opening and closing rates of the
Spectronic Aminco-Bowman Series 2 luminescence spec-protecting structure anfi. is the chemical exchange rate

AG, = —RTInK, 3)
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constants of the amide proton as calculated from unfolded experimental condition, the NHX data could be analyzed

peptide models33, 34).

according to the three-component, local/subglobal/global

Under native conditions, there is an equilibrium preceding equation 88):

chemical exchange, with the open conformation being

susceptible to exchange. This behavior is described by theAGux = —RTIn[exp(—AG/RT) + exp(-AGy,,/RT —

equation:

Kex = Kopkre/ (Kop 1 Kot + ko) (6)

Whenk > k. (the EX2 limit), eq 6 reduces to eq 7. The
measured exchange rate,j together with the knowrk.
then providesKq, and henceAGux. In this way, the

myD) + exp(~AGy,,/RT—mD)] (11)

Here, two-component exchange mechanisms were consid-
ered, and eq 12 was used for fitting of most of the HX curves:

AGyx = —RTIn[exp(—AG,x(0)/RT — m[GdmCI]) +
exp(—AG,*(0)/RT — m,[GAmCI])] (12)

measurement of H/D exchange rates can provide site-specific
information on the presence or absence of H-bond structurewheremy, is them value for the HX curve at no denaturant,

and its stability, dynamics, and other properties.

kex = (koylkcl)krc = Kopkrc
AGyy = —RTIn Ky, = —RTIn(k,/k,)

()
8

When at the EX1 limit wheré&, < ki, kex can be expressed
aseq9:

Kex = Kop (9)

whereKg, is the equilibrium constant for transient opening
of the protecting structuré\Guy is the structural free energy
difference between the closed and open sta&ds,the gas
constant, andr is the absolute temperature at which the
exchange was monitored.

A NHX strategy uses mildly destabilizing conditions to
promote hydrogen exchange rat8).( The relationship

AGux*(0) is the AGux value @ 0 M GdmCI acquired by
linear extrapolation of the HX data at the linear part of the
HX curves, andm, is them value for the linear part of the
HX curves. Goodness-of-fit tests for most of the observed
amino amides indicate that eq 12 is sufficient to describe
the data.

Protection factor®) for the various amide protons in the
protein was calculated from the equation:

P = ki/kex
RESULTS AND DISCUSSION

A Cooperatie Two-State Unfolding Process Detected by
CD and Fluorescence Spectrahe GdmCIl-induced equi-
librium unfolding transition of hUBF HMG box 5 was
monitored by both CD and fluorescence techniques. CD
spectra of hUBF HMG box 5 in its native and unfolded states

(13)

between the free energy change associated with hydrogedneasured in BD buffer are shown in Figure 1. When there
exchange and denaturant concentration is often assumed tés N0 GdmCI, the far-UV CD spectrum (Figure 1A) of this

be linear 85) and is then given by the equation:
AGx(den)= AG4(0) — m[GdmClI] (20)

where AGux(den) is theAGux for each amide proton at
various concentrations of denaturant (Gdm@Ex(0) is

protein shows that there are two characteristic minima at
about 208 and 222 nm, typical of proteins containing
o-helical secondary structures. Its near-UV CD spectrum
(Figure 1B) exhibits a profound negative band with minima
at about 280 and 285 nm, which is an indication of aromatic
side chains located in a nonpolar microenvironment that

the stabilization free energy at zero denaturant concentrationprovide hydrophobic interactions stabilizing the tertiary

calculated from the acquirddy, and the slopem, depends

structure of the protein. Thus, by following the ellipticities

on the denaturant binding surface newly exposed in the at 222 and 285 nm, it is easy to monitor the changes of the

unfolding reaction.

secondary and tertiary structures of hUBF HMG box 5 during

As mentioned above, three kinds of physical motions the unfolding process induced by GdmCI. Figure 1 also

including global unfolding, subglobal unfolding, and local

shows CD signals of the protein in the presence of 6 M

fluctuations can all lead from the native state to the exchange-GdmCI. Under this situation, the shape of the CD spectrum

competent states4). As the measure of the degree of
denaturant-accessible surface areanthalue can provide
information on the nature of the physical motioi3§,(37).

changes dramatically and the ellipticity decreases to nearly
zero, indicating the complete unfolding of this protein.
Denaturation of the native hUBF HMG box 5 in depen-

Local fluctuations are expected to exhibit near zero or smaller dence on the concentration of GdAmCI iBbuffer is shown
m values while global unfolding always shows the largest in Figure 2A. The unfolding process fits a single transition

m values. If the unfolding process of the protein involves

curve which seems to be independent of the CD probes used

the accumulation of partially unfolded state(s), residues with to monitor it. Figure 2A exhibits the high cooperativity of

mvalues in the intermediate range will be detect&d).(In

the unfolding transitions. The secondary and tertiary struc-

principle, amide protons participating in a common motion tures of the protein denature approximately coincidental in
will exhibit m values in a common range. Because adding the range of +4 M GdmCI with the midpoint denaturation
denaturant will selectively promote the partially unfolded and concentration@,) at about 2.75 M. It therefore demonstrates

fully unfolded forms due to their largen values b, 8, 9),
by examining the pattern &Gux versus GdmcCl concentra-

that the GdmCI-induced equilibrium unfolding of hUBF
HMG box 5 takes place via a two-state process without

tion of the amide protons, one can obtain the structural and population of any stable equilibrium intermediates. The
energetic information of the different exchange-competent equilibrium unfolding transition of hUBF HMG box 5 was
states. Some previous study suggested that under the EXZlso monitored in KO solution, using far-UV CD at 222
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FiGURE 1. CD studies of hUBF HMG box 5 in fD. (A) Far-UV GdmCl (M)

CD spectra of hUBF HMG box 5 under native conditions and in 6
M GdmCI. The protein concentration was 1.5 mg/mL in a 0.1 cm
cell. (B) Near-UV CD spectra of hUBF HMG box 5 under native
conditions andn 6 M GdmCI. The protein concentration was 1
mg/mL in a 1 cmcell. Spectra were recorded at 22. Proteins
were in 20 mM phosphate, pH 5.5, buffer supplemented with 100
mM NacCl.

Ficure 2: Two-state unfolding process detected by CD probes in
D,0 buffer and the same structural stability of hUBF HMG box 5
measured in BD and HO. (A) GdMCI dependence of the unfolding
process of hUBF HMG box 5 measured in@ The secondary
structure was followed by ellipticity at 222 nri) and the tertiary
structure at 285 nnil). (B) The unfolding transition curve of hUBF
HMG box 5 obtained by near-UV CD in O (W) matches well

. . with that obtained by far-UV CD in kD (2). The relative folded
nm as the structural probe. The unfolding transition curve fraction in Figure 2 was calculated by setting the least ellipticity
obtained in HO by far-UV CD matches well with that value as 1 and the largest as 0. All spectra were recorded&t.22

obtained by near-CD in I (Figure 2B), indicating that in

both the HO and RO buffer hUBF HMG box 5 has the 0.2{1.0 M GdmCl
same structural stability. The values of the free energy of
unfolding, AGy (D20), and the measure of the cooperativity S 001
of the unfolding reactionm, were determined to be 46 021 slope =0.81
0.16 kcaimol ! and 1.62+ 0.06 kcaimol™*-M1, respec- Y
tively. 5 04
The unfolding process of hUBF HMG box 5 monitored b:0-0.6
by the fluorescence technique in@ also exhibits a single o

transition curve with theC,, at about 2.75 M (data not
shown), which is consistent with the CD results. 1. : ‘ : : . . :
. Y5 % 14 12 10 08 06 04
Hydrogen Exchange in hUBF HMG Box 5 Occurs through log Kex pH 5.5
an EX2 MechanisniThere are two limits for the exchange. E 3 Plots of pH d q ) ) h 1.0 M GdmCl
_ ; [ IGURE 3. otsorp ependence or exchange at 1. mCl.
Exchange occurs by the EX2 (second-order reaction) limit, The value of logkey at pH 7.0 is plotted against the ldgy at pH

if refolding of the transient structural opening is fast 55 for the same residue. Logarithms of amide proton exchange
compared with the intrinsic chemical exchange rate. Ex- rates obtained at the two different pH conditions showed a linear
change by the EX1 (first-order reaction) limit is observed correlation. The slope is 0.81 and the correlation coefficient is 0.97.
in special cases when the exchange is attributed to one-way

unfolding above the unfolding transition or to transient global EX1 is to vary the pH at which exchange is carried out
unfolding in destabilized protein89). In the present NHX  because the pH dependences of these two exchange modes
study, the data analysis and the interpretation of the resultsare distinct. EX2 is the ideally pH-dependent exchange mode
both require the exchange behavior to correspond to the EX2(40, 41). Such a test was carried out at 1.0 M GdmCI for
mechanism. Though EX2 is the dominating exchange regimehUBF HMG box 5 at two pH conditions (pH 5.5 and 7.0).
for backbone amide protons in proteins and under exchangelLogarithms of amide proton exchange rates obtained at pH
conditions used here, more likely to be the exchange mode5.5 and 7.0 showed a linear correlation (slope, 0.81) with a
acting, additional experiments must be done to further correlation coefficient of 0.97 (Figure 3), thus providing
confirm this assumption. A simple way to tell EX2 from direct evidence that H/D exchange in hUBF HMG box 5
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Time of exchange (h) HMG box 5 and the protection factors for various amide protons

at no denaturant. (A) The first two-dimensiori&—°N HSQC

Ficure 4: H/D exchange kinetics of the backbone amide proton NMR spectrum recorded in O after initiation of exchange. All

of some representative residues at 0 and 0.8 M GdmCI. The solid of the cross-peaks in the spectrum are well resolved and have been

lines through the data are fits to eq 4. unambiguously assigned. (B) The protection factors estimated for
all of the followed amide protons in hUBF HMG box 5 at 0 M

under the given conditions (between pH 5.5 and pH 7.0) GdmCI. Residues W14, Q15, Q16, 119, and W41 exhibit apparently

occurs predominately by the EX2 mechanism. Figure 4 is higher protection factors.
shown to illustrate the data quality of the H/D exchange ) ) ) ) )
experiments. factors estimated for the various gmlde protons in native
Hydrogen Exchange Kinetics and Different Local Stability. "UBF HMG box 5 are shown in Figure 5B. Five residues
All of the cross-peaks in the firdH—15N HSQC spectrum  including W14, Q15, Q16, 119, and W41 show apparent
recorded after initiation of exchange are well-resolved and higher protection factors than the other residues. In particular,
can be easily assigned, as was described beftBead residue W14 shows the largest protection factor (Figure 5B,
Figure 5A). In all, exchange rates of 38 of the possible 84 P = 2.43 x 1(°). Residue W41 shows a higher protection
amide protons could be measured at pH 5.5 at 293 K (Tablefactor as expected. It is not only a hydrophobic core
1). Forty-six main chain amide protons exchange out within contributing residue but also a residue playing key roles in
the dead time of the measurement (10 min), most of which stabilizing the loop between helix 2 and helix 3 by interacting

correspond to residues located in regions of irregular With K49 (16 and Figure 6B). In helix 3, 153 rather than
structure, either in the flexible regions of the protein (the residue W52 shows a higher protection factor than the other

two tails at the N- and C-termini) or in the loop region residues inthe same helix. Itis easy to understand by taking
(Figure 6A and Table 1). Among the observed 38 residues, into account that contact formed by this residue and R9/
15 exchange very fast, with rate constarts)(greater than ~ A10 is essential in determining the orientation of helix 1
1 x 102min~2 Twelve residues all belonging to the helical and helix 3 L6 and Figure 6B). The higher protection factor
region exhibit moderately fast exchange ratesx(5.0~* of 153 clearly illustrates the importance of maintaining the
min~! < kex < 1 x 1072 min~%) (Table 1). Nine residues, orientation of helix 1 and helix 3.

113, W14, Q15, V18, 119, L34, M37, W41, and 153, are the ~ Helices Would Not Contribute Equally to the Structural
slowest kex < 5 x 1074 min~1) for exchange. These residues Stability. Because the H/D exchange situation of amide
except 153 all belong to helix 1 and helix 2. From the protons depends on the protecting of protein structure and
structure, it was known that the conserved aromatic rings of H-bonds, in HX experiments, residues exhibiting slower H/D
W14, W41, and W52 stack into each other, forming a exchange rates and higher protection factors are also those
hydrophobic core to stabilize the structure of the protein. most likely taking part in forming H-bonds and other
This core is extended into both arms and angle apexes. Thenteractions in protein structures. In other words, from HX
packing of helix 1 into helix 2 also involves V18, 119, Y22, data, information about different contributions of various
L34, and M37 {6 and Figure 6B). This hydrophobic core residues to the protein structural stability can be known.
is a slow-exchange core (Figure 6B and Table 1). Protection According to the NMR structure of hUBF HMG box 5, there
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Table 1: H-D Exchange Patterns of Residues in hUBF HMG Box 5
rate constanti¢,) range
4 x 10°°min™! < kex < 5 x 1074 min~?t

residues

113, W14, Q15, V18, 119, L34, M37, W41, 153

5x 1074min < kex <1 x 1072 min~?t E12, Q16, Y22, L23, K32, A33, A36, E38, T40, K49, L50, W52, K55, A56, S68

Kex > 1 x 1072 min? E11, S17, A24, K27, M39, N42, N43, M44, E48, K54, A57, A58, E59, E64

residues that exchange out in the dead time —@&10, G20, D21, R25, F26, N28V31, K35, E45-K47, M51, Q66Y63, R65-L67, E69-E84
the successfully followed 25 residues E1Q16, V18, 119, Y22, L23, K32 L34, A36, M37, E38, T46-M44, W52, 153, A56, S68

protection factors are apparently higher. As was mentioned
above, apart from the strong interactions between residues
W14 and W41 in the hydrophobic core, the packing of these
two helices also involves a number of other residues (Figure
6B). It seems likely that the packing regions of helix 1 and

e helix 2 constitute the stable core of the protein.

(A)

Global, Subglobal, and Local Unfolding Detected by NHX
In the H/D exchange experiment, according to eq 10, the

é;;’; : relationship between unfolding free energy change and the
od * denaturant concentration is linearly dependent. Slope,
=~ S depends on the denaturant binding surface newly exposed
L. to the unfolding reaction and is reflected in the exchange
‘ . s T behavior of the slowly exchanging hydrogeA2(. The
~9 Helix2 &) change in accessible surface ara#®GA) is related to the
‘ avAVA .7, m value by the equatiom (cakmol-1-M~1) = 859 + 0.22
, b ¥ ¥ & < (AASA) (43). Hence, if there is no change in the accessible
surface area upon addition of the denaturant, the minimum
®B) R9 mvalue forthe proteinis expectedto be 0.859 kil —-M .
On the basis of the minimurm value and the m value
- obtained previously by the CD analysis, H/D exchange
SER S ' profiles can be classified into three types: (1) Thealue
¢ “{52.5 \ > < 0.9 in the whole range of denaturant. It is the local
) A\ ngﬁs 1193, fluctuation type. As to this type, HX always occurs with little
p St ¥ X by \; i

new solvent-accessible surface exposed. (2) Malue <

0.9 at low GdmCI concentration and 09m < 1.6 at higher
GdmCI concentration. This was categorized into the sub-
global group. For residues in this group, the HX responsible
opening reactions change from local fluctuation to subglobal
unfolding. (3) Themvalue < 0.9 at low GdmCI concentra-
tion andm > 1.6 at higher GdmCI concentration. This is
the global unfolding type. When denaturant concentration
comes up to a certain point, HX in this group shows
cooperative global unfolding behavior. For convenience,
amide protons with HX curves belonging to the three types
are called global, subglobal, and local fluctuation amide
protons accordingly. This does not affect the conclusions
drawn later AGyx values at various denaturants,values,
and the corresponding groups for all of the amide protons

K49 ‘w41 T34 3
=LV - %“\' \ f\ %

i Y22
FIGUrRe 6: Representation of the solution NMR structure of hUBF
HMG box 5 and some residues important in maintaining the fold
of the protein. (A) PyMol cartoon drawing of the NMR structure
of hUBF HMG box 5. The structural region in the dashed line frame
is magnified in panel B. (B) Magnification of the special structural
region in the dashed line frame indicated in panel A. Residues in
the hydrophobic core and essential in maintaining the fold of the
protein are shown in this graph.

are three helices located at sequence humbeZ6930-
42, and 48-70. They form an L-shape structure with helices
1 and 2 in one arm (the major wing) and helix 3 and
N-terminal residues in the other arm (the minor wingg)( followed in the study are presented in Tables 2 and 3.
There are two loops connecting helix 1, 2 and helix 2, 3. Figure 7A represents HX isotherms for eight residues,
Evidence suggests that helix 3 contributes the least to theW14, Q15, Q16, L34, A36, E38, W41, and 153, amides of
structural stability. First, among the successfully detected 38 which belong to the global unfolding type. Among the eight
residues, only 25 can be followed in the following experi- residues, W14 and Q15 display a linear dependence of their
ments under various denaturing conditions. Though helix 3 AGux values even on very low GdmCI concentrations,
is the longest helix in hUBF HMG box 5 (residues480), implying that the amide protons of these two residues
among the 25 slow-exchange residues, only five belong to exchange merely through global unfolding processes. As to
it. The high solvent susceptibility of most C-terminal residues the other residues in the same group, the case is different.
in this helix is consistent with the NMR solution structure At low GdmCI concentrations, exchange of their amide
of this protein, as seen in Figure 6A. Second, for the five protons appears to be dominated by local fluctuations with
successfully followed residues in helix 3, the average m values<0.9. When GdmCI concentration increases and
protection factor value is distinctly lower than those for reaches 0.7 M, global unfolding processes begin to dominate.
residues in the other two helices. Besides, only one of the L34, A36, and 153 have isotherm curves that extend smoothly
nine slowest exchanging residues is located in helix 3. As toward the two linear lines. In contrast, isotherms of Q16
to the other two helices, helix 1 and helix 2, the average and W41 seem to be higher in energy compared with the
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Table 2: AGux Values at Various Denaturant Concentrations for All of the Followed Residues in hUBF HMG Box 5

Gux values of exchange (kcahol~1)2

oM 0.2M 0.4M 0.6 M 0.8 M 10M 12M 14M 1.6M

residue GdmCl GdmCl GdmCl GdmCl GdmCl GdmCl GdmCl GdmCl GdmcCl
E12 3.89 3.66 3.46 3.52 3.39 3.51 2.78 2.44
113 5.31 5.10 5.19 4.99 4.85 4.75 4.47 4.43 4.18
w14 7.18 6.12 6.52 6.45 5.61 5.36 5.18 4.68
Q15 7.19 6.55 6.29 5.95 6.02 5.51 5.06 4.97 4.54
Q16 6.74 6.25 6.35 6.4 6.19 5.83 5.43 5.33 4.82
V18 5.43 5.18 5.20 5.54 4.86 4.69 4.85 4.59 3.96
119 6.98 6.65 6.08 6.36 6.09 5.48
Y22 4.71 4.52 4.62 4.62 4.32 4.23 3.95 3.86 3.58
L23 6.16 5.84 5.93 5.85 5.57 5.32 5.33 491
K32 4.47 4.46 4.34 4.48 4.23 4.09 4.08 3.64

A33 5.18 5.50 5.18 4.99 4.69 4.43 4.31 4.04

L34 6.12 6.03 6.04 6.07 5.96 5.64 5.38 5.33 4.86
A36 6.11 5.94 6.10 6.12 6.01 5.58 5.26 5.15 4.79
M37 5.72 5.83 5.28 5.47 5.27 4.80 4.43 4.29 3.87
E38 5.93 5.64 5.69 5.78 5.64 5.40 5.19 5.06 4.75
T40 4.35 4.22 4.15 4.15 4.13 4.23 4.00 4.02 3.42
w41 6.92 6.86 6.99 6.31 5.99 5.87 5.41
N42 4.87 4.85 4.84 4.81 4.83 4.58 4.59 4.42
N43 4.58 4.43 4.53 4.49 4.52 4.64 4.44 4.37
M44 4.15 4.13 4.12 4.14 4.08 4.13 4.14 4.06 3.81
K49 3.73 3.77 3.73 3.71 3.70 3.58 3.38 3.37 3.15
W52 4.94 4.95 4.67 4.53 4.45 4.04 3.79 3.69 3.44
153 6.11 5.70 5.88 5.83 5.33 5.06 4.97 4.62
A56 4.85 4.72 4.69 4.44 4.17 4.01

S68 4.03 4.05 3.88 3.88 3.82 3.78 3.70 3.73 3.47

a For some residues, accurd®ax values could not be determined because the rate of decay was too slow or too fast, or overlapping cross-peaks
could not be deconvoluted under the experimental conditions.

Table 3: m Values,AGux(0) Values, and the Corresponding Amide Proton Groups for All of the Followed Residues of hUBF HMG Box 5

mvalue AGux(0) mvalue AGux(0)
residue (kcakmol~1-M™1) group (kcakmol™?) residue (kcakmol=t-M~1) group (kcalkmol™?)
W14 1.92+0.14 global 7.18 119 1.06:0.13 subglobal 6.98
Q13 1.65+0.10 global 7.19 Y22 1.22-0.04 subglobal 4.71
Q16 1.99+ 0.10 global 6.74 L23 1.2#0.07 subglobal 6.16
A33 1.98+ 0.12 global 5.32 K32 1.2#0.07 subglobal 4.32
L34 1.61+ 0.04 global 6.12 T40 0.92 0.09 subglobal 3.89
A36 1.89+ 0.06 global 6.11 K49 0.92 0.03 subglobal 3.73
M37 1.95+ 0.07 global 5.72 W52 1.0+ 0.06 subglobal 4.94
E38 1.36+ 0.06 global 5.94 A56 1.340.04 subglobal 4.95
w41 2.04+ 0.06 global 6.92 S68 1.140.10 subglobal 4.03
153 1.64+0.08 global 6.11 N42 0.8& 0.04 local 4.66
E12 1.44+0.03 subglobal 3.86 N43 0.1£0.07 local 4.37
113 1.09+ 0.05 subgloball 5.31 M44 0.38 0.05 local 3.87
V18 1.59+ 0.13 subglobal 5.43

@ Residues are thosa values which were acquired simply by linear fitting of the HX data.

two straight lines, indicating the existence of HX blocking ~ Among all of the subglobal unfolding amide protons
residual structures in the unfolded sted)( Of the residues  shown in Figure 7B,C, only amide W52 has the HX isotherm
shown in Figure 7A, then value of E38 is lower than that linearly dependent even on low GdmCI concentrations. HX
for global unfolding. Because at higher denaturants this curves higher in energy than that for W52 are shown in
residue also joins the global unfolding, the amide proton of Figure 7B, and those lower are in Figure 7C. All residues,
it is considered to exchange from the fully unfolded state as coincidentally all in helix 1, in Figure 7B show exchange
well. It is interesting that residues in this group with the dominated by local fluctuations at low GdmCI concentra-
exception of 153 all belong to the central segment of helix 1 tions, whereas at higher denaturant concentrations, exchange
or helix 2. At low denaturant concentration@.7 M), these appears to be dominated by subglobal unfolding. HX
residues except W14 and Q15 all exhibit local fluctuation isotherm curves in this figure show consistent dispersion and
exchange behavior. When the denaturant concentrationdo not merge to a single subglobal curve. Usually when the
reaches 0.7 M that is much lower than the midpoint denaturant concentration increases, the dispersion would
denaturation concentratid@y,, 2.75 M, in the equilibrium narrow down and finally merge together to define one or
unfolding curve, the state of amide protons in this group more partially folded structural unit$,(7, 9, 12), though
changes cooperatively from the nonexchangeable protectedcconsiderable dispersion Gy curves has also been seen
state to the unprotected state. Significant exposure of thein a number of other proteins. Two reasons may account for
buried surface happened. the results observed here. First, taking into accountnthe
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FiGUrRe 7: Native-state hydrogen exchange results of hUBF HMG box 5. (A) The results of global unfolding amide protons. (B) Subglobal
unfolding amide protons with HX curves higher in energy than that for W52. The upper dotted line represents the isotherm of amide Q15
and the lower represents that of amide W52. (C) HX isotherm for amide W52 and isotherms lower in energy than that for W52. The dotted
line represents the HX isotherm of amide Q15. (D) Local fluctuations of amide protons. The dotted line represents the HX isotherm of
amide Q15. (E) Isotherms for residues A33 and M37. The dotted line represents the HX isotherm of amide Q15.

values of these amide protons, it is reasonable to assumdinearly dependent on denaturant concentrations with a lower
that even at those higher GdmCI concentrations local m value than the value for global unfolding. Thus, the
fluctuations still contribute much, and it is known that isotherm of W52 can be used to define a PUF of hUBF HMG
exchange of amide protons occurring through local fluctua- box 5. The unfolding free energy of this PUF is 4.94
tions always has very different rates aAGyx values 7). kcakmol™, equal to theAGux(0) value of amide W52. At
It is also possible that several structure-opening equilibria, higher denaturant concentration, sets of amide protons
representing multiple protein conformations closely spaced belonging to residues which include K32, T40, A56, and
in energy, are operative in the exchange of protein amide E68 all merge into the same linear isotherm. From the HX
protons as in the case of T4 and reduced horse cytochromecurves shown in Figure 7C, one conclusion can be reasonably
C (44, 45). In this figure, HX curves of 119 and L23 are drawn that these residues form a cooperative unfolding unit.
higher in energy than the upper dotted line (HX profile of |t seems that when W52 is unfolded, residues including K32,
residue Q15), indicating that some residual structures of theseT40, A56, and E68 are also unfolded. These residues are
two residues still remain in those unfolded protein conforma- out of the hydrophobic coré\Gx values for them are lower
tions. than the values for residues in the hydrophobic core. The
All residues, K32, T40, K49, W52, A56, and E68, except slope of the HX curves for these amide protons matches the
E12 presented in Figure 7C belong to helix 2 and helix 3. subglobainvalue. K49 is a residue at the N termini of helix
In this figure, W52 shows a linear dependence oA, x 3, so its amide proton displays exchange behavior mostly
values on GdmCI concentration with an value of 1.0 like local fluctuations with then value of only 0.92. E12
kcakmol~1-M~%. In NHX, partially unfolded forms (PUFs)  has the lowesAGyx value compared with all of the other
are usually identified according to observing HX isotherms residues followed in the study. This residue is located in the



Local Structural Stabilities of hUBF HMG Box 5 Biochemistry, Vol. 46, No. 5, 20071301

so-called Y position, which is very important in mediating can protect the amide protons from exchange, thus enhancing
the binding of the HMG box and DNALE). From this figure the AGux values. The difference betweexGLx and AGy

and Figure 7A, HX behavior differences between 153 and observed in hUBF HMG box 5 could arise due to one or
the other residues in helix Il can be easily seen. HX of amide more of the reasons discussed above.

153 happens with AGyx(0) value of 6.11 kcamol™ (Table Implications for the Protein FoldingThe H/D exchange
3), which is higher than the free energy of the PUF defined method has been widely used to study the folding problem
by residue W52. And unlike other SUbglObal amide prOtOﬂS for a number of proteinﬂ 7, 47, 48) Some of these studies
in helix [, amide 153 belongs to the global unfolding type suggest a common stepwise stabilization strategy using
according to itsm value of 1.64+ 0.08 kcaimol™-M™* intrinsic cooperative secondary structures as building blocks,
(Table 3) These differences indicate that, in the partially as in the case of Cytochrorﬂe RNase H, and Rd_apocyt
unfolded form, helix Ill is not fully unfolded. Maybe in the (6, 7, 47). For other studies, “the slow exchange core is
SpeCial unfolded form, contacts crucial for the orientation the fo|d|ng core” model was propose@ﬂ_ This model does
between helix [1l and helix | formed by 153 and some other not suggest the order of folding for secondary structural
residues still remain. elements outside the slow-exchange core; instead, it implies

Figure 7D shows HX isotherms for only three residues, that the most favored conformation of a protein sampled early
N42, N43, and M44, H/D exchange of which seems to be in folding tends to involve native-like interactions between
always dominated by local fluctuations. N42 is the residue clusters of residues that eventually fold into the slow-
at the end of helix 2 and N43 and M44 are two |00p region exchange core46). For hUBF HMG box 5, the hydrophobic
residues. Compared with other residues in the loop region, core is the slow-exchange core. All of the residues except
N43 and M44 are in a partially helical conformatiob]. W52 in the hydrophobic core belong to the packing region
That may be why HX of the amide protons of the two of helix 1 and helix 2. That region constitutes the most stable
residues can be detected in the study. H/D exchange behaviopart of the native protein. On the basis of the NHX resullts,
of amide M37 and A33 cannot be categorized into each of the possible folding process of hUBF HMG box 5 can be
the three groups (Figure 7E). Though thealues associated  assumed as follows. After the packing region forms the
with M37 and A33 belong to the global unfolding group, folding core, it is most likely that contacts crucial for the
the HX isotherms for them are lower in energy than that for orientation between helix 1 and helix 3 begin to form, for
global unfolding. It may indicate that some particular protein the orientation of the highly correlated residue 153 is the
conformations exist. Though in these particular states the most protected one in all of the helix 3 residues. Finally,
degree of denaturant-accessible surface area exposed is nearptditional contacts between helix 3 and the other two helices
equal to that exposed by the globally unfolded state, HX of develop and further stabilize the native protein. In spite of
some amide protons becomes somewhat easier. the resemblance between the protein folding core and the

From the NHX results discussed above, it is apparent that sjow-exchanging core observed for several proteins, Fersht
amide protons in the central part rather than in a continuous and co-workers, on the basis of their studies on barnase and
region of secondary structure of the hUBF HMG box 5 chymotrypsin inhibitor 2, showed that there is no obvious
display uniform exchange behavior. For example, in helix relationship between hydrogen exchange at equilibrium and
1, all of the global unfolding amide protons belong to their folding pathways49). To more clearly understand the
residues in the central region, while residues at the edge offolding processes of hUBF HMG box 5, further HX pulse
this helix show subglobal exchange behavior. labeling experiments have to be conducted.
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