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ABSTRACT: It is well-known that adsorption of proteins on interfaces often induces substantial alterations
of the protein structure. However, very little is known about whether these conformational changes have
any consequence for the protein conformation after desorption from the interface. To investigate this
matter, we have selected a proteparticle system in which the enzyme human carbonic anhydrase |
(HCAI) alternates between the adsorbed and free state upon interaction with the silica nanoparticles.
High-resolution NMR analysis of the protein with the particles present in the sample shows a spectrum
that indicates a molten globular-like structure. Removal of particles results in refolding of virtually all
HCAI molecules to a fully active form. However, the two-dimensional NMR analysis shows that refolding
does not result in a single well-defined protein structure but rather provides an ensemble of protein molecules
with near-native conformations. A detailed comparative chemical shift analysis of 108 amide signals in
IH—15N HSQC spectra of native and desorbed HCAI reveals that the most profound effects are located
at -strands in the center of the molecule. The observation of very slewd ldxchange in the central
pB-strands of HCAI [Kjellsson, A., Sethson, I., and Jonsson, B. H. (2B083hemistry 42363—374] in
conjunction with our results indicates that the kinetic barriers for conformational rearrangements in the
central core of the protein are low in the presence of nanoparticles but are very high under native conditions.

Interactions of proteins with and adsorption of proteins to interact with solid surface2(-4, 12). An interesting issue
solid surfaces are of interest in diverse applications, such asraised by the major observed conformational changes is
protein purification, the food industry, and medicinB.( whether the desorbed proteins regain their native conforma-
Many of the mechanisms involved in protein adsorption from tion or if the interaction introduces persistent structural
a macroscopic perspective have been thoroughly describedalterations. To investigate this matter, we have selected a
and the behavior of different proteins has been shown to beprotein-particle system in which the protein alternates
related to their specific surface properties, i.e., the distribution petween adsorbed and free states. In an earlier s#)djt
of different amino acid residues. In particular, it has been a5 established that the interaction between human carbonic
shown that the protein’s stability affects both the rate and anhydrase | (HCAI) and silica nanoparticles fulfills this
extent of conformational alteration upon adsorption to a solid requirement. The complete backbone assignment of HCAI

surface £—7). _ . (16) allows us to use NMR to monitor small alterations in
Recently, several groups have published results from high- oy oteins' native structure at the level of individual
resolution solution NMR investigations of small peptides residues

bound to a solid-state material in solutid) 9) and protein- _

particle systems that have provided information about !N this study, we report results of NMR analyses of HCAI
protein-surface interactions at the level of individual both during incubation with nanopatrticles, and after removal
residues 4, 10, 11). In addition, hydrogendeuterium of the particles from the solution by centrifugation. We have
experiments have been used to obtain information aboutShown in recent studieg,(10) that the protein’s interaction
conformational change4?—15). Several proteins have been  With particles induces a conformational shift toward a molten
shown to adopt a molten globular-like state when they globular-like state. In this study, we show that upon removal
of the particles HCAI refolds to a fully active state. However,
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MATERIALS AND METHODS

(@] o

Silica Particles.The colloidal, negatively charged, silica ) . 1029
particles (food grade quality) used in this study were kindly . e ’ .
provided by EKA-Chemicals (Stenungsund, Sweden). Before e, Tt e .# 1o £
being used, the particles were extensively dialyzed against T ,.:-" -;.'ﬂii*":: te . g
sample buffer [20 mM TRIS and 20 mM NaCl (pH 8.4)]. s e@ﬁf’ i} . 12022
The particles are stable in solutions at pt8 and low to R I A
moderate salt concentrations7f. The stock solution con- . .'"f";.",:: e
tained 5.09x 10' particles/mL with an average diameter ot 130

SamplesAll protein samples in this work were held at H (ppm]
30 °C when incubated with the nanoparticles. To hinder
bacterial growth, all samples contained 0.02% azide. The b) T 00

protein concentrations were determined from the absorbance
of samples at 280 nm using an extinction coefficient of .
46 800 Mt cm™L. Analysis on an SDS gel of the protein : &
before and after incubation with particles shows virtually
identical results with only one intact protein band~a30 !‘;" e
kDa. -
NMR ExperimentsUniformly *N-labeled HCAI was —> - L ety
produced and purified as described in #f The NMR s
samples consisted of 0.3 mM protein in 20 mM TRIS buffer ' "H (pprm)
with 20 mM NacCl at pH 8.4 and with a 90:10,8:D,0
ratio. The temperature was held at 30. For samples with o)
particles, the stoichiometric ratio of protein to particle was ) Al
1:1. The two-dimensional (2D) NMR experiments were . e L
performed with a Varian Inova Unity 600 spectrometer L 1’;' 4110
equipped with a triple-resonancéi( **C, and™N) cryoprobe e ""ﬁm;u’la -
with pulsed field gradients (PFG) along th@xis using 2D C.SAIE&T T hoe
HSQC in the sensitivity-enhanced gradient version, as -l TR e
described in refl8 The acquisition time was 205 ms with e el HE s
4K data points and 256 compléxincrements. The 2D data R O S
were processed using nmrPipEd), and the spectra were 1.0 , 90 7.0
analyzed using SPARKY20). b {feteon]
Centrifugation"ro remove the partides' the Samp|es were Ficure 1: NMR spectra of HCAI that has not been treated with

; particles (a) and HCAI after incubation for 6 days with 9 nm
centrifuged at 20C for 4.5 h at 15 000 rpm (23 646 rcf), articles before (b) and after (c) removal of the particles from the

and the supernatants were transferred to new sample tUbegolution. The arrow indicates the combined Fipdole NH peak.
and centrifuged for an additional 4.5 h at 15 000 rpm (23 646

rcf). It has earlier been shown that centrifugation at 5161
rcf for 20 h efficiently sediments all particleg)(

Enzyme Actity MeasurementsEnzyme activity was
measured by following the hydrolysis kinetics of the substrate
p-nitrophenyl acetate (PNPA) at a wavelength of 405 Nm ., qharticle sample after incubation for 6 days shows no
using a Varian Cary 100 Bio UVvisible spectrophotometer,  ative or near-native peaks (see Figure 1b) and is similar to
as described by Thorslund et a21j. the spectrum of the GuHCI-induced molten globub)(
RESULTS AND DISCUSSION Notably, the signals frpm all lsix N-bound indole protons_

(from the tryptophan side chains) merge to a common shift

Particles Induce Side Chain Flexibility and Conforma- (indicated with an arrow in Figure 1b), suggesting that the
tional ChangesThis study concerns the properties of the side chains of the tryptophans interact with the surrounding
protein HCAI after desorption from a solid silica surface media; i.e., the tertiary structure around the side chains is
achieved by complete removal of silica nanoparticles by altered, allowing high mobility. The NMR spectrum most
centrifugation. This initial section gives a background about probably emanates from protein molecules that are free in
the experimental conditions and the current knowledge of solution because when bound to the nanopatrticle (425 kDa)
the proteir-nanoparticle system. Earlier near-UV CD studies the protein-nanoparticle complex tumbles very slowly,
(4) have shown that more than 90% of the HCAI molecules leading to a broadening of the resonances beyond detection
adopted a molten globular-like tertiary structure after incuba- in a HSQC experiment. Taken together, the NMR and CD
tion for 6 days with silica nanoparticles. Notably, the CD results show that both bound and unbound proteins have
measurements were taken for both bound and unboundadopted molten globular or near-molten globular structures
protein molecules because the small size of the nanoparticlesafter 6 days. Earlier studies of the equilibrium between the
allows the use of absorption spectroscopg-<24); i.e., the bound and unbound protein by gel permeation and analytical
nanoparticles (9 nm diameter) do not scatter light in the UV ultracentrifugation have shown that the protein exchanges

oo

N (ppm)

Ti130

region. In this study, a NMR measurement has been
performed on samples under conditions identical to those
for the CD measurements having a 1:1 ratio of silica
nanopatrticles to protein. The spectrum for the intact pretein
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between the bound and free statd}. (Apparently, after
incubation for 6 days, the protein molecules cannot refold
to a nativelike structure during the time they are free in
solution when the nanoparticles are present in the solution.

Lingering Effects on Soluble Proteinsn interesting issue
raised by the observation that prolonged incubation of HCAI
with silica particles induces major structural alterations
toward a molten globule-like staté)(is whether the desorbed
protein can refold to its native state or becomes trapped
permanently in a non-native conformation. To investigate
this matter, HCAI was incubated with particles for various
times, after which the particles and particle-bound protein
were removed from the soluble protein fraction by centrifu-
gation. The samples containing soluble protein were subse- b) -~ @
guently investigated by enzyme activity assays and 2D NMR. '
Since we have earlier shown in CD experimedistfiat the
length of time that the protein is incubated with particles
affects the degree of structural alteration, two samples were
selected for characterization by NMR: one with a short
incubation time (10 min) and the second with a long
incubation time (6 days) with the particles.

The NMR spectrum obtained from the sample incubated
for a short time before removal of the particles is indistin- - NP @ e
guishable from a spectrum of the native protein, as illustrated 8.6 8.4 8.2 8.0 7.8
by the partial, superimposed spectra in Figure 2 (top panel). 'H (ppm)

Thus, it is apparent that a short incubation with the particles ) 126
does not result in persistent structural changes in the soluble
protein.

The NMR spectrum of the sample retrieved after the long o - ‘
incubation with particles appears to be very similar to a native .
spectrum, as shown in panels a and c of Figure 1. However, R Ay 2,
there are numerous small, but significant, shift differences : -8-;-&- ‘ﬁ *‘{ an
as can be seen in the partial spectra in the panel B and panel Py 3 6 =
C of Figure 2. From analysis of 108 well-resolved backbone - ) S
resonances, the effects on the spectrum can be divided into =g
the following types. 132

(a) Many (32) of the resonances remain at their original 1091077105103 10199 97 95
position (shifted fewer than 6 standard deviations) in the H (pem)
spectrum for the native protein, as can be seen in Figure 2 d)
(panel B and panel C). Another 27 resonances have shifted
between 6 and 12 standard deviations from their original
positions.

(b) Some 5) resonances shift too far from their original
positions to be assigned (or are broadened beyond detection),
as illustrated by the resonance at arrow 1 in Figure 2 (panel
B and panel C). Broadening beyond detection would imply
a mobility higher than that in the native structure. Missing
resonances because of large chemical shifts do not imply
that they have shifted outside the observation window but 'H (ppm)

instead imply that they are shifted into regions of the F . ,

. - IGURE 2: Partial NMR spectra from samples that have not been
spectrum that are very crowded with overlapping resonancesyeated with particles (black peaks) superimposed (red peaks) with
and therefore, they are not observed. spectra from samples that have been incubated with particles for

(c) Some resonanced4) show a comparatively large and 10 min (a) or 6 days (b and c). The data show that no conforma-
significant shift (more than 12 standard deviations from their tional changes occur in the protein after incubation for 10 min (a).

- iy . - After 6 days, some signals are unaffected but others are shifted
original positions), as illustrated by the resonance indicated markedly. Arrow 1 denotes a signal that has been completely

by arrow 2 in Figure 2 (panel B and panel C). _ shifted, arrov 2 a signal that has been partly shifted, and arrow 3
(d) For some resonanceg)( a fraction of the population a signal in which part of the signal has been shifted, but the main

remains at the “native” position and another fraction is shifted part is still at the native shift, indicating that some (but not all) of

significantly, as indicated by arrow 3 in Figure 2 (panel B the molecules have adopted a different conformation at this residue.

L . L Arrow 4 denotes the combined indole proton peak. (d) Comparison
and panel C). This is the most obvious indication that the at one typical resonance plotted at the noise level showing that the

spectrum emanates from an ensemble of near-native strucyntreated sample (black resonance) does not contain any contribu-
tures. Further indications that several different structures existtion from molecules with near-native structure (red resonance).
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Ficure 3: Shift differences for HCAI incubated at 3C for various times with and without particles. Panels a and b show shift variations

for three samples of HCAI without particles measured at five different time points, with a blowup inserted to illustrate the five different
shift value for each monitored residue. Panels ¢ and d show shift differences (compared to an untreated sample) for HCAI in a sample that
was incubated for 6 days at 3C€ with particles and which was subsequently centrifuged. In panel c, lines representing 6 standard deviations
(red) and 12 standard deviations (blue) are present, and in panel d, lines representing 12 standard deviations (blue) are present.

come from the observation that some sign&sgplit into 40.1 ppm in the proton dimension and up to approximately

three or more parts. 40.4 ppm in the!>N dimension, as shown in panels c and d
(e) A fraction of the Trp-indole NH resonance appears of Figure 3, respectively.

at the typical position for the indoteNH resonance in bulk One might argue that the observed large shift differences

water, as shown by arrow 4 in Figure 2 (panel C). This are not the result of interaction with the nanoparticles but
fraction corresponds to and0% lowered intensity for each  originate from a purification procedure leading to a sample
of the indol resonances, Trp 123 and 209; i.e., 60% of the with nonhomologous structures which would contain a
signals remain in their native positions, showing heterogene-mixture of molecules with native or near-native protein
ity around these Trp residues in the post-treatment sample.structures, the argument being that upon interaction the
Interestingly, the associated amide shifts for these residuesparticles should preferentially bind to the native protein
show only small deviations from their native positions. The molecules leaving only near-native protein molecules free
intensities of the resonances for the other Trp indole NH in solution. If that were the case, the NMR resonances of
group are unaffected within the error of the intensity the original sample would contain the spectrum from this
measurements. fraction also. That is so because the original protein sample
The NMR measurements on the centrifuged sample wereis prepared and incubated under conditions concerning all
repeated each day for 7 days after removal of nanoparticles.experimental parameters identical to those of the sample with
A comparison showed that the NMR spectra did not change nanopatrticles. Since the NMR measurements of the samples
in this time. Thus, the disturbances of the protein structure are performed with identical parameters, a comparison of
as revealed by NMR persist for at least 7 days. the spectra at a level where the noise is visible would reveal
Are the Obsered Shift Differences Significanto if the original sample contained any substantial fraction of
investigate if the reported shift differences were significant, near-native proteins. Comparisons of the spectra (illustrated
or merely results of normal statistical variation or small, in Figure 2d) show no trace of the near-native molecules in
unknown experimental differences, five control experiments the original sample. Note that no enrichment, only selection,
were performed. For this purpose, three samples containingcan occur in this experimental system because it does not
HCAI were prepared at three different times (with no contain any step in which the absolute concentration of a
incubation with particles) and their spectra were recorded. particular protein fraction can be increased by a concentrating
For two of these samples, spectra were recorded again severgirocedure. Thus, an increase in a fraction having a particular
weeks later, as shown in panels a and b of Figure 3. It shouldconformation can only occur by a transformation from
be pointed out that the observed shift differences are notanother conformational state; i.e., direct interaction with the
due to small pH differences between the samples, which hasparticles is necessary for production of near-native confor-
been checked. A comparative analysis of these spectra showsnations.
that the shift variation was very small indeed: less than Particle-Induced Conformational Changes Compared with
approximately40.005 ppm in the'H dimension and ap- H-—D Exchange Analysi#\ conservative assumption is that
proximately +0.05 ppm in the!®>N dimension. A similar shift differences of fewer than 6 standard deviations can be
analysis of the shift differences between an untreated HCAI considered as native shifts and that shift differences larger
sample and a sample of HCAI that had been incubated with than 12 standard deviations unambiguously can be considered
silica nanopatrticles for 6 days shows much larger shift as non-native shifts. When the backbone signals that shifted
differences. Here, the shift deviation is up to approximately more than 12 standard deviations in either the N or the H
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those parts appear to rapidly adopt a native structure after
removal of the particles. Four of the five residues with
resonances that are shifted or broadened beyond detection
(highlighted in Figure 4c) are directly involved with the large
hydrophobic cluster that is associated with the central
p-strands. This observation further strengthens the argument
that the central portion of the protein has high energy barriers
toward rearrangements when the main parts of the protein
have adopted nativelike conformations. Interestingly, the
intensity of the resonances from the two Trp side chains that
extend into the central area is strongly affected, while the
Trp side chains closer to the surface are virtually unaffected.
Thus, the observations on the side chains corroborate the
conclusion from the observation on the backbone NH
resonances.

To analyze if these observations are correlated to the
stability and dynamics in the different regions of HCAI, we
compared these findings with the results from-Bl ex-
change experiments on the same prot&is).(In the report
from Kjellson et al. 5), it was shown that the majority of
the amide groups in the peripheral parts of the protein readily
exchange their protons, while the amide protons in the central
p-strands were very resistant to exchange when the protein
was maintained under native conditions. Thus, their results
clearly show that the peripheral parts are quite dynamic, and
that the center of thg-sheet is highly stable, considerably
reducing the probability of large conformational changes;
i.e., the very slow exchange rates for the protons in the central
p-strands indicate that the backbone and side chains in these
p-strands are in a rigid environment.

Several different observations indicate that the structure
of HCAI is substantially altered upon prolonged incubation
with silica nanoparticles. The observation of a severely
perturbed NMR spectrum from HCAI in the presence of
particles (Figure 1b) indicates that the interaction strongly
perturbs both the tertiary and secondary structure. Measure-
ments of both near- and far-UV spectra of HCAI in the
FIGURE 4. (a): Three-dimensional structure of HCAI, ShOWing the presence of partic|es have also detected |arge effects on the

location of amides for which the signals shifted less than 5 Hz in ; :
both H and N dimensions (blue spheres, 32 residues) and moretertiary structure and a perturbation of the secondary structure

than 10 Hz in either or both of these dimensions (red spheres, 53(4)- These findings show not only that the tertiary structure

residues). (b) Three-dimensional structure showing amide protonsis strongly perturbed but also that the cenfiadtrands are
for Which data are available from both particle_-incubated HCAI affected by the interaction with particles. Hence, when a
experiments (this work) and+D exchange experiments on HCAI oAl molecule dissociates from a particle, it will have a

(25). Amides represented by blue spheres exchange their protons . : : )
immediately and are shifted less than 5 Hz; those represented bydlsturbed structure throughout the protein. While the N

red spheres do not exchange their protons during the experimentt€minus, loops, and peripheral secondary structures seem
time and are shifted more than 10 Hz. (c) Three-dimensional to adopt a nativelike conformation relatively quickly after
structure of HCAI, showing the residues that have shifted too far desorption from the silica particles, large proportions of the
or broadened too much for detection. Also, colored purple is the gming acids from the centrghstrands seem to be trapped
active site ZA" ion. The representation is rotated 28®dmpared . . . .
with panels a and b. This figure was prepared using MOLMOL N an en;emble of partially non—natwg conformations. These
(32). observations together agree well with the-Bl exchange
data, which show that the loops and the N-terminus are
dimension or both following incubation with the particles highly dynamic under native conditions, while the central
(red spheres in Figure 4) and the signals that shifted fewer-sheets are much less dynami5), Panel B in Figure 4
than 6 standard deviations in both dimensions (blue in Figure shows those residues for which the data from bothCH
4) are highlighted in the three-dimensional structure, an exchange and particle treatment correlate, i.e., amides with
interesting pattern is revealed. It is apparent that almost all slow H—D-exchange and large shifts (red spheres) are found
observed signals from the centygdsheet g-strands 58 in the central -strands, and amides with rapid—+D
from left to right in Figure 4) shifted more than 12 standard exchange and native shifts (blue spheres) are found closer
deviations; i.e., amino acids in this region can be trapped in to the protein surface. Hence, residues in loops and close to
metastable non-native conformations. In contrast, the shiftsthe protein surface with high dynamics seem to rapidly adopt
from the N-terminal minidomain, the loops, and many a native conformation after interaction with the particle. The
surface-exposed amino acids are predominately native; i.e. striking observation is that the residues in the central
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Q) globular ensemble of the enzyme chorismate mutase has
" - considerable enzymatic activity.
g = = =
7 - ACKNOWLEDGMENT
0 6
I . ) .
E i . We thank Ms. Katarina Wallgren for excellent technical
g 3 * assistance.
2 *
g) REFERENCES
0 50 100 150 200 1. Nakanishi, K., Sakiyama, T., and Imamura, K. (2001) On the
b] hours adsorption of proteins on solid surfaces, a common but very
120 complicated phenomenod, Biosci. Bioeng. 91233—-244.
2. Billsten, P., Freskgard, P. O., Carlsson, U., Jonsson, B. H., and
g 1o y . i > 3 Elwing, H. (1997) Adsorption to silica nanoparticles of human
R = s u carbonic anhydrase Il and truncated forms induce a molten-
s globule-like structureFEBS Lett. 40267—72.
S E‘ 60 3. Karlsson, M., Martensson, L. G., Jonsson, B. H., and Carlsson,
% b © U. (2000) Adsorption of human carbonic anhydrase Il variants to
E< silica nanoparticles occur stepwise: Binding is followed by
2 20 successive conformational changes to a molten-globule-like state,
Langmuir 16 8470-8479.
0 0 50 100 150 200 4. Lundqvist, M., Sethson, I., and Jonsson, B. H. (2004) Protein
hours Adsorption onto Silica Nanoparticles: Conformational Changes

Ficure 5: (a) Proportion of HCAI that does not sediment with the
particles during centrifugation after different incubation tim®3. (
Squares show data for reference samples that were not incubated
with particles. (b) Normalized enzyme activity (using the activity

of the native enzyme as 100%) for the samples after the particles
have been removed by centrifugation (using the same symbols as
in panel a).

[-strands that have a non-native conformation at the time
of dissociation from the particles will not readily adopt a
native conformation, due to the weak dynamics in this part
of the protein; i.e., the kinetic barriers for rearrangement in
this central core of HCAI are very high in a nativelike
environment.

The Perturbed HCAI Molecules Are Fully Catalytically
Active! Activity assays of the protein/particle solution after
different incubation times show that catalytic activity de-
creases with the length of incubation, indicating that proteins
are not active during interaction with the particles (data not
shown). To investigate if the observed structural perturbations
in the free protein molecules affect the catalytic efficiency,

Depend on the Particles’ Curvature and Protein Stabileygmuir
20, 10639-10647.

5. Arai, T., and Norde, W. (1990) The Behavior of Some Model
Proteins at Solid Liquid Interfaces. 1. Adsorption from Single
Protein SolutionsColloids Surf. 51 1-15.

6. Bhaduri, A., and Das, K. P. (1999) Proteins at solid water
interface: A review,J. Dispersion Sci. Technol. 20097-1123.

7. Bohnert, J. L., and Horbett, T. A. (1986) Changes in Adsorbed
Fibrinogen and Albumin Interactions with Polymers Indicated by
Decreases in Detergent Elutability, Colloid Interface Sci. 111
363-378.

8. Read, M. J., and Burkett, S. L. (2003) Asymmetribelicity loss
within a peptide adsorbed onto charged colloidal substrdtes,
Colloid Interface Sci. 261255-263.

9. Burkett, S. L., and Read, M. J. (2001) Adsorption-induced
conformational changes odi-helical peptides,Langmuir 17
5059-5065.

10. Lundqvist, M., Sethson, I., and Jonsson, B. H. (2005) High-

resolution 2D*H—1N NMR characterization of persistent struc-
tural alterations of proteins induced by interactions with silica
nanoparticlesl.angmuir 21 5974-5979.

11. Engel, M. F. M., Visser, A. J. W. G., and van Mierlo, C. P. M.

(2004) Adsorption of boviner-lactalbumin on suspended solid
nanospheres and its subsequent displacement studied by NMR
spectroscopyl-angmuir 20 5530-5538.

samples were withdrawn from the particles after different 12-Engel, M. F. M., Visser, A,, and van Mierlo, C. P. M. (2004)

periods of incubation and their enzymatic activity was
measured. As can be seen in Figure 5a, increasing proportions
of the HCAI molecules sediment with the particles upon
centrifugation as the incubation time increases. However, as
can be seen in Figure 5b, the specific enzyme activity of the
protein remaining in solution after centrifugation is identical
(within the error limit of the measurements that is less than
10%) to that of the native protein; i.e., this shows that more
than 90% of the protein molecules that have adopted
metastable near-native conformations are fully active. The
location of the active site is indicated in Figure 4c by the
catalytic Zi#* ion that is ligated to histidine residues that
are found in centralg-strands 4 and 5. Interestingly,
numerous studies on active site mutants of human carbonic
anhydrases indicate that full catalytic activity requires a very
precise positioning of catalytically important residugs-

30). Apparently, an intact positioning of catalytic residues
in the active site is compatible with differing conformations
in the nearby core region of the enzyme. It is interesting to
note that Vamvaca et al3{) recently showed that a molten

Conformation and orientation of a protein folding intermediate
trapped by adsorptiofroc. Natl. Acad. Sci. U.S.A. 1011316~
11321.

13. Aizawa, T., Koganesawa, N., Kamakura, A., Masaki, K., Matsuura,

A., Nagadome, H., Terada, Y., Kawano, K., and Nitta, K. (1998)
Adsorption of human lysozyme onto hydroxyapatite: Identification
of its adsorbing site using site-directed mutagend<iBS Lett.
422 175-178.

14. McNay, J. L., and Fernandez, E. J. (1999) How does a protein

unfold on a reversed-phase liquid chromatography surfdce?
Chromatogr., A 849135-148.

15. McNay, J. L. M., and Fernandez, E. J. (2001) Protein unfolding

during reversed-phase chromatography. |. Effect of surface
properties and duration of adsorptioBiotechnol. Bioeng. 76
224-232.

16. Sethson, I., Edlund, U., Holak, T. A., Ross, A., and Jonsson, B.

H. (1996) Sequential assignment of H-1, C-13 and N-15 reso-
nances of human carbonic anhydrase | by triple-resonance NMR
techniques and extensive amino acid-specific N-15-labeling,
Biomol. NMR 8 417-428.

17. www.ekachemicals.se.
18. Kay, L. E., Keifer, P., and Saarinen, T. (1992) Pure Absorption

Gradient Enhanced Heteronuclear Single Quantum Correlation
Spectroscopy with Improved Sensitivity, Am. Chem. Soc. 114
10663-10665.



Metastable Near-Native Protein Conformations

19.

20.

21.

22.

23.

24.

25.

26.

Delaglio, F., Grzesiek, S., Vuister, G. W., Zhu, G., Pfeifer, J.,
and Bax, A. (1995) Nmrpipe: A Multidimensional Spectral
Processing System Based on Unix Pige®iomol. NMR 6277—

293.

Goddard, T. D., and Kneller, D. G. (208PARKY 3University

of California, San Francisco.

Thorslund, A., and Lindskog, S. (1967) Studies of the Esterase
Activity and the Anion Inhibition of Bovine Zinc and Cobalt
Carbonic Anhydrasegur. J. Biochem. 3117—-123.

Norde, W., and Favier, J. P. (1992) Structure of adsorbed and
desorbed proteingZolloids Surf. 64 87—93.

Kondo, A., Oku, S., and Higashitani, K. (1991) Structural changes
in protein molecules adsorbed on ultrafine silica particlés,
Colloid Interface Sci. 143214—221.

Clark, S. R., Billsten, P., and Elwing, H. (1994) A fluorescence
technique for investigating protein adsorption phenomena at a
colloidal silica surfaceColloids Surf., B 2457—461.

Kjellsson, A., Sethson, I., and Jonsson, B. H. (2003) Hydrogen
exchange in a large 29 kD protein and characterization of molten
globule aggregation by NMRBiochemistry 42363-374.
Engstrand, C., Jonsson, B. H., and Lindskog, S. (1995) Catalytic
and Inhibitor-Binding Properties of Some Active-Site Mutants of
Human Carbonic-Anhydraseur. J. Biochem. 229696—702.

Biochemistry, Vol. 44, No. 30, 2009.0099

. Fierke, C. A., Calderone, T. L., and Krebs, J. F. (1991) Functional

Consequences of Engineering the Hydrophobic Pocket of Carbonic
Anhydrase-li,Biochemistry 3011054-11063.

. Huang, S., Sjgdom, B., Sauer-Eriksson, A. E., and Jonsson, B.

H. (2002) Organization of an efficient carbonic anhydrase:
Implications for the mechanism based on structiftection
studies of a T199P/C206S mutaBipchemistry 417628-7635.

. Liljas, A., H&kansson, K., Jonsson, B. H., and Xue, Y. F. (1994)

Inhibition and Catalysis of Carbonic-Anhydrase: Recent Crystal-
lographic Analyseskur. J. Biochem. 21,91-10.

. Xue, Y. F., Liljas, A., Jonsson, B. H., and Lindskog, S. (1993)

Structural-Analysis of the Zinc Hydroxide-Thr-199-Glu-106 Hy-
drogen-Bond Network in Human Carbonic AnhydraseRip-
teins: Struct., Funct., Genet. 193—106.

. Vamvaca, K., Vogeli, B., Kast, P., Pervushin, K., and Hilvert, D.

(2004) An enzymatic molten globule: Efficient coupling of folding
and catalysisProc. Natl. Acad. Sci. U.S.A. 1012860-12864.

. Koradi, R., Billeter, M., and Wuthrich, K. (1996) MOLMOL: A

program for display and analysis of macromolecular structures,
J. Mol. Graphics 1451—55.

BI0500067



