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Summary  

The backbone NMR resonances of human carbonic anhydrase I (HCA I) have been assigned. This 
protein is one of the largest monomeric proteins assigned so far. The assignment was enabled by a 
combination of 3D triple-resonance experiments and extensive use of amino acid-specific ~SN-labeling. 
The obtained resonance assignment has been used to evaluate the secondary structure elements present 
in solution. The solution structure appears to be very similar to the crystal structure, although some 
differences can be observed. Proton-deuteron exchange experiments have shown that the assignments 
provide probes that can be used in future folding studies of HCA I. 

I n t r o d u c t i o n  

The present study concerns human carbonic anhydrase 
I (HCA I), a globular protein that contains 260 amino 
acid residues and has a molecular mass of 29 kDa. HCA 
I is a Zn-containing enzyme, which is most prevalent in 
red blood cells and catalyzes the conversion of carbon 
dioxide and water to bicarbonate and a proton. Some of 
the folding properties of  HCA I have been characterized 
(Carlsson et al., 1973,1975) and its X-ray structure has 
been resolved to 2.2 A resolution (Kannan et al., 1975). 
The protein is composed of a single domain, with partial 
helical structure and a dominating open 13-structure that 
extends throughout the entire molecule. The c D N A  for 
HCA I can be expressed in Escherichia coli using the 
expression plasmid pHCA I (Engstrand et al., 1995). 

To understand the factors that determine the stability 
of  the native state, it is useful to characterize not only the 
native three-dimensional conformation, but also inter- 
mediate forms that are found at equilibrium under vari- 

ous denaturing conditions or when studying folding kin- 
etics. Earlier we have characterized local structure in 
folding intermediates using an approach in which we 
introduced spectroscopic and chemical probes in human 
carbonic anhydrase II, employing site-directed mutagene- 
sis in combination with chemical modification (Mglrtens- 
son et al., 1993; Carlsson and Jonsson, 1995; Lindgren et 
al., 1995). Despite 105 differences in the amino acid se- 
quences of HCA I and HCA II, their secondary structures 
and general molecular architectures are very similar (Kan- 
nan et al., 1975; Eriksson et al., 1988), which makes them 
attractive targets for comparative studies of their folding 
mechanisms. 

To obtain more detailed information about interactions 
at individual amino acid residues, NMR can be used to 
measure H/D exchange at each protonated nitrogen in the 
protein. A prerequisite for such studies is a complete 
assignment of backbone atoms. 

With a molecular weight of 29 kDa, HCA I is one of 
the largest monomeric proteins for which a sequential 

*The chemical shift data have been deposited in the BioMagResBank in Madison, WI, U.S.A. 
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assignment has been attempted (Fogh et al., 1994; Reme- 
rowski et al., 1994). The use of isotopic labeling in combi- 
nation with heteronuclear 3D experiments has made the 
assignment of proteins in the 30 kDa range feasible (Bax 
and Grzesiek, 1993; Muhandiram and Kay, 1994). How- 
ever, for slowly tumbling proteins, the large line widths 
place a restriction on the assignment that can be obtained 
because of spectral overlap and reduced magnetization 
transfer efficiency. One way of circumventing this prob- 
lem has been to use fractionated deuteration to reduce the 
relaxation rates (Grzesiek et al., 1995; Venters et al., 
1995a). In this work we have chosen a different approach, 
where we have made extensive use of incorporation of 
selectively 15N-labeled amino acids to alleviate the prob- 
lems with spectral overlap. Despite the large line widths 
present in the spectra, it has in this way been possible to 
obtain a complete sequential assignment of the backbone 
amide resonances in HCA I along with almost all of the 
C ~, C ~, CO and H ~ resonances. 

The obtained assignment, in combination with studies 
of proton-deuteron exchange, NOEs and chemical shift 
deviations from random coil values, has been used to 
identify the secondary structure elements present in the 
solution structure of HCA I. A good correlation is found 
when comparing these results with what is observed in the 
crystal structure (Kannan et al., 1975), although some dis- 
crepancies are also evident. A comparison of short inter- 
proton distances in the crystal with observed NOEs con- 
firms that the global fold in solution resembles what is 
observed in the crystal. 

Materials and Methods 

Protein production and purification 
For protein production the E. coli strain BL21(DE3) 

harboring the plasmid pHCA I was grown at 23 ~ 
Protein production was initiated by adding IPTG to a 
final concentration of 0.5 mM at a cell density correspon- 
ding to OD660 = 0.5, and then allowing the cells to grow 
for 6-12 h. 

Uniformly ~SN-labeled HCA I was produced by allow- 
ing the cells to grow in a defined medium consisting of 
0.5 g/l (~SN)-NH4C1, 0.5 g/1 Nat1, 6 g/1 Na2HPO 4, 3 g/1 
KH2PO4, 4 g/1 glucose, 0.5 mM ZnSO4 and 50 mg/1 ampi- 
cillin. Protein labeled with both ~SN and ~3C was produced 
in an identical medium except that 2 gill of uniformly ~3C- 
labeled glucose was used as a carbon source. 

Incorporation of selectively ~SN-labeled amino acids 
was accomplished by growth in defined media, containing 
per litre: 125 mg adenine, 125 mg uracil, 125 mg cytosine, 
125 mg guanosine, 50 mg thymine, 50 mg thiamine, 0.1 
mg biotine, 50 mg nicotinic acid, 5 g glucose, 1 g ~SNH4C1, 
2 g sodium acetate, 2 g succinic acid, 10 g K2HPO4, 500 
mg MgSO4, 5 mg FeSO4, 400 mg Ala, 400 mg Glu, 400 
mg Gin, 400 mg Arg, 250 mg Asp, 100 mg Asn, 50 mg 

Cys, 400 mg Gly, 100 mg His, 100 mg Ile, 100 mg Lys, 
250 mg Met, 100 mg Pro, 1600 mg Ser, 100 mg Tyr, 100 
mg Val, 50 mg Phe, 100 mg Leu, 50 mg Trp and 100 mg 
carbenicillin. The specifically ~SN-labeled amino acid was 
added at a three- to fivefold higher concentration than 
stated above. Growth with ~SN-Gly in the described media 
resulted in extensive cross-labeling of serine residues. To 
suppress the cross-labeling and obtain a protein labeled 
only in the glycine positions, we modified the growth 
conditions by adding 1.5 g/1 of serine at the induction 
with IPTG, followed by addition of 1 g/1 of serine 3 h 
later. Amino acid-selective ~SN-labeling was performed for 
the following amino acids: Ala, Gly, His, Ile, Leu, Lys, 
Phe, Ser, Trp and Val. 

The protein was purified to homogeneity in one step 
with affinity chromatography (Khalifah et al., 1977), and 
the purified protein was examined by SDS-PAGE. Pro- 
tein concentrations were determined from the absorbance 
at 280 nm. 

NMR sample preparation 
The NMR samples were prepared by dissolving 12 mg 

of lyophilized HCA I in 500 gl of HzO/D20 (95:5) con- 
taining 40 mM phosphate buffer, to yield a protein sam- 
ple of 0.8 mM concentration at a pH of 6.2. Sodium 
azide was added to the samples to give an NaN 3 concen- 
tration of 0.2 mM. The NMR samples for the proton- 
deuteron exchange were prepared in the same way, except 
that D20 was used as the solvent. 

NMR spectroscopy 
All NMR spectra were recorded at 30 ~ The 3D 

NOESY-(15N, IH)-HMQC and TOCSY-(~SN,1H)-HMQC 
spectra were recorded on a Bruker AMX-600 spectrome- 
ter. The HBHA(CO)NH (Grzesiek and Bax, 1993), HB- 
HA(CBCA)NH (Wang et al., 1994) and all 2D NMR 
spectra were obtained on a Bruker AMX2-500 spectrome- 
ter. The remaining experiments were recorded on a Vari- 
an Unity 600 spectrometer. All instruments were equipped 
with a triple-resonance gradient probe. Quadrature detec- 
tion in the triple-resonance 3D spectra was obtained by 
using the States-TPPI method (Marion et al., 1989a), 
while the TPPI method (Marion and Wtithrich, 1983) was 
used for the spectra recorded on the 15N-labeled samples. 
The first data point in the indirect dimensions was de- 
layed by I/(2*SW) to enable the differentiation of folded 
and non-folded resonances and to obtain a flat baseline 
(Bax et al., 1991). When the sensitivity-enhanced gradi- 
ent-detected echo/anti-echo method was used, the data 
were transformed into States complex data by appropriate 
processing (Palmer et al., 1992). The relaxation delay 
between different scans was set to 1 s in all experiments. 
The off-resonance ~3C pulses in the triple-resonance ex- 
periments were applied as phase-shifted laminar pulses 
(Patt, 1992) and the power and length of the pulses were 



TABLE 1 
P A R A M E T E R S  USED IN T HE  ACQUISITION OF THE 3D E X P E R I M E N T S  

419 

Experiment SF (IH) Acquisi- Nucleus SW (kHz) 
(MHz) tion time 

(days) 

Transmitter fre- 

quency (ppm) 
No. of  (complex) 
data points 

t~ t 2 t 3 t I t 2 t 3 t~ t 2 t 3 t~ t 2 t 3 

CBCA(CO)NH/HNCACB 600 6 C~/C ~ 15N NH 10.0 4.0 12.5 49.8 126.6 4.7 64 32 512 
CBCACO(CA)HA 600 4.5 C~/C ~ CO H ~ 10 5 6 42.5 42.5 a 4.7 64 56 512 
H N C O  600 3 CO 15N NH 3 4 12.5 42.0 a 126.6 4.7 20 40 512 

HBHA(CO)NH/  500 6 H~/H ~ ~SN NH 5.2 2.5 10.0 4.7 113.9 4.7 50 25 512 
H B H A ( C B C A ) N H  

NOESY-(13C, IH)-HSQC/ 600 6 1H 13C NH 10.0 3.9 10.0 4.7 49.8 4.7 100 32 512 
NOESY@3C/I~N)-HSQC (15N) (126.6) 

NOESY-(lSN, IH)-HMQC/ 600 6 tH 15N NH 7.7 2.0 4.0 4.7 115.0 7.8 120 ~ 40 ~ 1024 ~ 
TOCSY-(ISN,1H)-HMQC (4.8 b) 

a The CO pulses were applied as shifted laminar pulses to excite the frequencies of  the CO resonances. 
b An SW of 4.8 kHz in h was used in the TOCSY-HMQC experiment. 
' Real, qseq data points. 

adjusted to yield zero excitation in the aliphatic region 
(Grzesiek and Bax, 1993). All the experiments were per- 
formed using the parameters stated in the cited references, 
apart for the parameters explicitly supplied here. The 
spectral parameters used in the 3D experiments are given 
in Table 1. 

All spectra were processed using the CCNMR software 
package, written by Christian Cieslar at the Max-Planck 
Institut fiir Biochemie in Martinsried, Germany. The data 
processing included the use of Lorentzian-Gaussian win- 
dows and zero-filling in all dimensions. The residual 
solvent signal was suppressed without affecting nearby 
frequencies by means of the Kaarhunen-Loeve transform- 
ation (Mitschang et al., 1991). In the three-dimensional 
experiments, linear prediction was used to prolong the 
indirectly detected time domains by 50%. 

The gradient-enhanced triple-resonance 3D experiments 
CBCA(CO)NH and HNCACB were collected as described 
previously (Muhandiram and Kay, 1994). 

The CBCACO(CA)HA experiment (Kay, 1993) and 
the HNCO experiment (Muhandiram and Kay, 1994), 
where pulsed field gradients were employed to suppress 
the water magnetization, were recorded as described. The 
CO pulses were applied as shifted laminar pulses (Patt, 
1992) and the CO resonances were extensively folded. A 
linear phase correction was applied in t 2 to achieve that 
all CO resonances were folded an even number of times 
and appeared in the same phase. 

The HBHA(CO)NH experiment (Grzesiek and Bax, 
1993) and the HBHA(CBCA)NH experiment (Wang et 
al., 1994) were performed with the following modifica- 
tion: the residual water signal was suppressed by means 
of two purging pulses (5 ms x-pulse and 3.5 ms y-pulse at 
a field strength 7~ = 10 kHz, followed by a spoil gradient 
at a time when the magnetization of interest is NzC z (prior 
to the ~SN evolution in t2)). 

The 3D TOCSY-(~SN]H)-HMQC (Marion et al., 1989b) 
and NOESY@SN]H)-HMQC (Kay et al., 1989) spectra 

on the 15N-labeled samples were recorded as described 
previously. Solvent suppression was achieved by presatu- 
ration during the relaxation delay in the TOCSY experi- 
ment, while spin-lock pulses in the HMQC part were 
employed in the NOESY experiment (Messerle et al., 
1989). An MLEV mixing sequence at a field strength 
7131-- 10 kHz was used during the 45 ms mixing time in 
the TOCSY experiment. In the NOESY experiment a 
mixing time of 100 ms was used. 

The 3D NOESY-(13C,1H)-HSQC experiment (Muhandi- 
ram et al., 1993) and the simultaneously 13C-/~SN-edited 
NOESY-HSQC experiment (Pascal et al., 1994) on the 
~3C-/15N-labeled sample were recorded as described previ- 
ously. The mixing times used were 200 and 150 ms, re- 
spectively. The total acquisition time for each experiment 
was 6 days. 

The 2D (15N, IH)-HSQC spectra on the tSN-labeled 
samples (uniformly and ~SN-labeled in selected amino 
acids) were obtained with the sensitivity-enhanced hetero- 
nuclear gradient echo method, as described previously 
(Kay, 1993). The spectral widths and the carrier frequen- 
cy in the respective dimensions were typically set to 3.5 
kHz and 113.9 ppm in the 15N dimension and 10 kHz and 
4.7 ppm in the acquisition dimension (XHN). The numbers 
of points acquired were 64 complex points in tl (15N) and 
512 complex points in t 2 (~H). 

A 2D constant-time (13C, IH)-HSQC was recorded as 
described previously (Vuister and Bax, 1992), modified by 
using the sensitivity-enhanced gradient-detected method. 
The constant time was set to 26.6 ms. The spectral widths 
and the carrier frequency in the respective dimensions 
were set to: 12.5 kHz and 42.1 ppm in the ~3C dimension 
and 8 kHz and 4.7 ppm in the acquisition dimension (~H). 
The numbers of points acquired were 280 complex points 
in t~ (~3C) and 512 complex points in the acquisition di- 
mension (1H). 

Amide proton-deuteron exchange was measured by 
recording 2D (15N,~H)-HSQC spectra upon solvation of 
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Fig. 1. (15N-~H)-HSQC spectra of ~SN-labeled HCA I. (a) Uniformly 15N-labeled HCA I; (b) leucine ]SN-labeled HCA I; (c) tryptophan ~SN-labeled 
HCA I; (d) glycine/serine ~SN-labeled HCA I. 

protonated 15N-labeled samples of  H C A  I in D20. A total 
of  64 complex points, each made up of  eight scans, were 
collected in h, resulting in a total acquisition time of  20 
min. The first six experiments were recorded sequentially, 
whereafter the following time points were collected at 
times: 3 h, 6 h, 12 h, 24 h, 2 days, 5 days, 11 days, 25 
days, 2 months, 6 months and 1 year. 

Results and Discussion 

Assignment strategy 
The 2D (IH-15N)-HSQC spectrum of  H C A  I (Fig. 1) 

displayed a good signal-to-noise ratio, al though the line 
widths in the 15N dimension were found to be in the range 
25-30 Hz. Unfortunately, it was not  possible to reduce 
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the line widths by recording the NMR spectra at higher 
temperatures, since above 37 ~ the protein gradually 
denatured. In the corresponding 2D 1H-13C-CT-HSQC 
experiment (Fig. 2), the sensitivity was hampered by the 
longer time during which the transverse relaxation was 
active (a constant time of 26.6 ms was used), but never- 
theless a good-quality spectrum could be recorded. How- 
ever, the short transverse relaxation times had a larger 
impact on the spectral quality in experiments where the 
magnetization spent more time in the transverse plane. 
Accordingly, the 3D (15N-1H)TOCSY-HMQC spectrum 
was of poor quality and only 40% of the ~HN-H ~ cross 
peaks were observable. Initial attempts to base the se- 
quential assignment exclusively on NMR experiments 
with ~SN-labeled samples of HCA I therefore had to be 

abandoned. The sensitivity of the triple-resonance experi- 
ments performed on the 13C-/15N-labeled sample, utilizing 
the relatively large one-bond coupling constants for the 
magnetization transfer, turned out to give good S/N ra- 
tios for most of the resonances. 

Despite the high degree of chemical shift dispersion, 
which is typical for proteins containing a substantial 
fraction of [3-structure, the large line widths and the large 
number of amino acids caused substantial resonance 
overlap. From the 2D HSQC spectra it is evident that, 
despite the high digital resolution in these spectra, a num- 
ber of amide resonances are not resolved. The extent of 
this frequency degeneracy is such that attempts to achieve 
the sequential assignment based on the 3D HN(CO)CA 
and HNCA experiments would fail, apart from some of 
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the better resolved regions of the spectra. Another com- 
plicating factor in the sequential assignment procedure is 
the presence of the 17 proline residues, which interrupts 
the sequential walk due to the lacking amide protons. 

The successful sequential assignment had to be based 
on a suite of triple-resonance spectra of the double-la- 
beled sample, in combination with extensive 15N-labeling 
of specific amino acids. It was a prerequisite for the as- 
signment procedure that some of the triple-resonance 
spectra showed correlations between the NH group of one 
residue and resonances of the preceding amino acid (i.e., 
the CBCA(CO)NH, HNCO and HBHA(CO)NH experi- 
ments), while the other spectra showed correlations within 
the same amino acid (i.e., the HNCACB, HBHA(CBCA)- 
NH and CBCACO(CA)HA experiments). In these experi- 
ments (except for the HNCO), ambiguities in the reson- 
ance assignment were reduced in the 13C dimension by 
relayed magnetization transfer between the C ~ and C ~ 
resonances (or alternatively, the H a and H ~ resonances 
when the 1H resonances were monitored in tO. Hence, 
each amino acid was represented by four frequencies in 
the 3D spectra, which substantially reduced the amount 
of spectral overlap. A cartoon displaying how the differ- 
ent triple-resonance spectra were used in combination to 
enable the resonance assignment, and an example of how 
this was carried out in practice for one of the better re- 
solved regions in the spectra are shown in Fig. 3. 

The spectra that turned out to be the most useful in 
the assignment procedure were those acquired in the 
CBCA(CO)NH and the HNCACB experiments (Muhan- 
diram and Kay, 1994). In these spectra most of the ex- 
pected resonances could be observed, although some 
resonances were missing or appeared as peaks of very low 
intensity. This was often observed for those amino acids 
that had a small B-factor in the crystal structure (Kannan 
et al., 1975). However, it appeared that only one amino 
acid was completely unobservable in these triple-reson- 
ance spectra, whereas a small number of [3-resonances 
were missing in the HNCACB experiment (less than 5%). 
In addition, some regions of the spectra displayed exten- 
sive resonance overlap, which made the sequential assign- 
ment solely based on these spectra very difficult. The 
various 3D spectra were systematically searched for the 
presence of common C a and C ~ frequencies. Typically, 
two or more possibilities in the search for sequential 
candidates from one spectrum to the other were observed. 
These ambiguities could in most cases be resolved when 
suggested assignments were tested for the correct amino 
acid type, which was determined from the unique chemi- 
cal shifts in the C~/C ~ dimension (Grzesiek and Bax, 
1993) or from the 2D IH-15N-HSQC spectra of selectively 
15N-labeled samples. Especially in crowded regions of the 
spectra, the identification of a resonance by amino acid 
type required the recording of 2D ~H-~SN-HSQC spectra 
of samples that were ~SN-labeled in specific amino acids 
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(Fig. 1). An example of such a region, characterized by 
substantial resonance overlap in the CBCA(CO)NH spec- 
trum, is displayed in Fig. 4. The enboxed regions A, B 
and C contain resonances from five (Val 1~ Lys 168, Va1218, 
Leu 223 and AlaZ24), three (Lys 1~ Tyr 2~ and Thr 42) and three 
(Asp 9, His 122 and Asn 23v) amino acids, respectively. The 
chemical shift differences in the NH and ~SN dimensions 
between the amino acids in each box are substantially less 
than the digital resolution (< + 0.02 ppm in the NH di- 
mension and < + 0.5 ppm in the 15N dimension). Despite 
the extent of resonance overlap, the resonances of all 
these amino acids could be identified by taking advantage 
of the information from the 2D spectra of the specifically 
~SN-labeled samples of HCA I. This also facilitated the 
identification of C ~ and C ~ resonances that belonged to 
the same amino acid. This analysis of the CBCA(CO)NH 
spectrum was crucial for the assignment of the resonances 
in the HNCACB spectrum, where the extent of the reson- 
ance overlap is even larger, since both intraresidual and 
sequential correlations are observed. 

The 2D spectra of the selectively JSN-labeled samples 
also turned out to be useful to detect the coexistence of 
the Zn-bound protein and the apo-form. When the 2D 
spectra of specifically labeled samples were inspected, it 
turned out that some amino acids existed in one major 
and one minor conformation (80:20). By the addition of 
ZnSO4 to these samples, the minor peaks disappeared, 
which showed that this conformational complexity was 
caused by the dialysis towards EDTA in the purification 
procedure (vide supra). This observation of coexisting 
conformations was made during the final stages of the 
assignment, after all the triple-resonance spectra had been 
recorded, and caused additional problems during the 
assignment procedure. However, after including this infor- 
mation, all of the previously identified but unassigned 
resonances in the spectra could be accounted for. 

Moreover, the existence of unique di- and tripeptide 
fragments (like GlySX-G 82, Ala134-Ala ~35, etc.) enabled the 
location of stretches of sequential amino acids in the 
amino acid sequence of HCA I. In this way it was pos- 
sible to sequentially assign about 90% of the backbone 
atoms in HCA I, where the consistency was checked by 
the correct type of amino acid in each position as judged 
by the specifically labeled samples and the chemical shifts. 
Most of the remaining resonances in the spectra could be 
assigned when additional triple-resonance assignments 
were included in the analysis, i.e., the HNCO, CBCACO- 
(CA)HA, HBHA(CBCA)NH and HBHA(CO)NH experi- 
ments. The inclusion of these spectra in the analysis also 
confirmed the obtained assignment for 90% of the hither- 
to assigned amino acids and provided the H ~, H ~ and CO 
frequencies. 

The only amino acid that could not be assigned on the 
basis of the triple-resonance experiments was  T h r  199, since 
its resonances were not observable in any of these spectra. 
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Fig. 4. 2D projections of the CBCA(CO)NH spectrum. Top: projection of the complete t3C dimension onto the NH-~SN plane. Bottom: projection 
of the ~SN dimension between 115.5-119 ppm onto the NH-t3C plane. The boxes represent regions of resonance degeneracy as described in the 
text. 

However, since both His 2~176 and Leu 198 had been assigned 
it was possible to search the (lSN-IH)-NOESY-HSQC 
spectrum for candidates showing sequential NOEs to 
these residues. One of the amide resonances in this spec- 
trum, which was not observed in the triple-resonance 
spectra, showed d~N(i + 1) NOEs to His 2~176 and Leu 198 and 
was accordingly assigned to Thr 199. The observation that 
the neighboring amino acid Leu 198 also appeared as a very 

weak peak in the triple-resonance spectra suggests that 
the mobility of  this part of the protein is extensively 
restricted. 

Another amino acid that was difficult to assign was 
Ser 29. In the crystal structure, its side chain is pointing 
towards the interior of the protein with the hydroxyl 
group involved in hydrogen bonding. This gives rise to a 
very small crystallographic B-factor for this amino acid. 
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The (i + 1) neighbor to Ser 29 is Pro 3~ and any correlation 
between these amino acids is unobservable in the triple- 
resonance spectra. The only sequential (i + l) candidate to 
Gln 28 found in the CBCA(CO)NH spectrum that matched 
with a serine appeared as weak peaks and was partially 
overlapping with other resonances. Interestingly, peaks at 
the corresponding C = and C ~ resonances were found in 
the CBCA(CO)HA experiment at two H ~ frequencies, 
while having the same CO frequency, and were impossible 
to assign to any other serine residue. Possible explana- 
tions for the appearance of serine in one major and one 
minor conformation (the peak intensities are 80:20) are 
that Pro 3~ exists in both a cis and a trans conformation, 
or that it is the apo-form of the protein that gives rise to 
the minor conformation (vide supra). 

Finally, three amino acids, located between residues 
244-246, were assigned only at the final stage of the 
assignment procedure, since their resonances were weak 
and showed substantial resonance overlap. Furthermore, 
some of the C ~ peaks were missing in the spectra. Never- 
theless, their chemical shifts and sequential correlations of 
the observable peaks support the suggested assignment. 
On the other hand, the CSI analysis (vide infra) suggests 
that these three amino acids should constitue a 13-struc- 
ture, which was not observed in the crystal structure. 
Hence, the confirmation of the assignment of  these three 
residues has to await a more rigorous NOE analysis. 

Sequential assignment data have been submitted to the 
BioMagResBank in Madison, WI, U.S.A., where all the 

amide-15N and 1HN resonances and almost all of  the other 
backbone nuclei have been assigned. We were unable to 
assign 18 CO, 1 C ~, 3 C ~ and 5 H a resonances. Addition- 
ally, about 70% of the H ~ protons were assigned, but 
without any attempt to obtain a stereospecific assignment. 
The unassigned resonances were either caused by missing 
resonances or by ambiguities due to resonance overlap. 
The reason why so many CO resonances are left unas- 
signed is that the CBCACO(CA)HA experiment was set 
up with delays optimized for the detection of CH groups, 
which makes all the glycines unobservable. The guanidino 
protons of  the arginine side chains, the indole protons of 
the tryptophans and the imidazole protons of  the histi- 
dines (only four observable) have also been identified, but 
their assignment has to await the recording of triple-res- 
onance experiments designed to observe correlations 
where these resonances are involved. 

Secondary structure identification 
In the 15N- or ~3C-edited 3D NOESY-HSQC spectra 

the number of unique correlations was not sufficient to 
allow a comprehensive evaluation of secondary structures 
based on NOEs. However, it has been shown that the 
deviations of  the chemical shifts from the ' random coil' 
values of  H ~, C ~, C ~ and CO resonances are indicative of 
what secondary structure they are located in (Wishart and 
Sykes, 1994). Hence, the secondary structure elements in 
the solution structure of HCA I were evaluated by the 
chemical shift index method (CSI) of  Wishart and Sykes 
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Fig. 5. Secondary structure elements in HCA I, as suggested by the CSI analysis. -1 = m-helix ; +1 = p-sheet; ~ and ~ indicate secondary 
structure elements found in the crystal structure. 
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[ ~ ]  Exchanges with D20 
within 20 min. Q k = 0.05-1x10 "3 

(min -1) 
~ k = 9.9q0-4-1q0 -5 

(rain "1 ) 
O k< 1.10 -5 (min -1) 

O k not determined 
(overlapping res.) 

- - I  

--- ~ + -'~---~_- = ~ _ .  

Observed NOE's: H N . . . . . .  �9 Ho~ 
H N ~ ~ H N J 

Fig. 6. Proton-deuteron exchange rates and NOEs observed in HCA I. 

as incorporated in their program CSI (Wishart and Sykes, 
1994). The result o f  this evaluation is shown in Fig. 5, 
along with the secondary structure elements observed in 

the crystal (Kannan et al., 1975). The CS! method pre- 
dicts all the 10 [~-sheets observed in the crystal, a l though 
the beginning and end o f  the [3-sheets display some dis- 



crepancies. Additionally, the CSI also predicts four 13- 
structures (between residues 30-32, 46-52, 214-220 and 
244-246), which in the crystal structure do not appear as 
secondary structure elements. Three of the a-helices are 
correctly predicted, whereas the helices between 16-20, 
20-25 and 181-185 are suggested to be absent. Whether 
these observed differences should be attributed to the ro- 
bustness of the CSI or if they represent true differences 
between the structure of HCA I in solution and in the 
solid state was further evaluated by qualitative analysis of 
NOEs and amide proton-deuteron exchange rates. 

The 15N- and ~3C-edited 3D NOESY-HSQC spectra 
were searched for NOEs corresponding to short inter- 
proton distances within a-helices and between different 13- 
sheets. The criterion used for accepting a NOE peak as 
representing a unique interproton distance was that it 
appeared as a symmetry-related cross peak in the NOESY 
spectra. That is, a XHN/~SN-H ~ peak in the 15N-edited 3D 
NOESY-HSQC spectrum should have a related Ha/~3C- 
IHY peak of similar intensity in the ~3C-edited 3D 
NOESY-HSQC spectrum, and likewise for amide-amide 
NOEs in the ~5N-edited 3D NOESY-HSQC spectrum. 
Moreover, only those peaks resolved from other NOEs, 
representing sequential and intraresidual correlations, 
were accepted in this analysis. The NOEs identified in 
this way are shown in Fig. 6. The results show that all the 
~-structures are oriented in the same way relative to each 
other, both in the crystal and in solution. The same quali- 
tative result has also been obtained for the isozyme HCA 
II (Venters et al., 1995b). The a-helices suggested from 
the CSI are confirmed, but the NOEs supply additional 
evidence for the existence of the helix between residues 
181-185. Interestingly, the NOE analysis supports the CSI 
suggestion that the helices between residues 16-25 are 
absent, because the NOEs representing the d~N(i + 3) 
distances are missing and, if existing, these peaks would 
be resolved and observable. This does not necessarily 
imply that the N-terminus is unstructured. On the con- 
trary, NOEs between residues 17/23 and 6/16 are observ- 
able, which represent short interproton distances also 
present in the crystal structure. Hence, it appears that the 
solution structure has a defined structure in this region, 
but exhibits some distinct differences in the local struc- 
ture. 

The amide proton-deuteron exchange experiments 
reveal that the amide protons are extremely well protected 
from exchange, since roughly 25% of the amides are still 
fully protonated after having spent one year in D20 at 
pD 8.3. Another 25% of the amide protons are exchang- 
ing slowly and exhibit mean lifetimes ranging from 15 
rain to 100 days, while the remaining 50% are exchanged 
within the dead time of the experiments, i.e., 20 min. 
Unfortunately, it has not been possible to unambiguously 
assign all of the slowly exchanging amide protons. This 
uncertainty was caused by spectral overlap, in combina- 
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tion with small chemical shift differences observed for 
some resolved resonances when comparing spectra re- 
corded in H20 and D20 (the cause for these discrepancies 
is currently under investigation). Of the instantly (within 
the experimental dead time) exchanging amide protons, 
49 have been identified. In addition, we have identified 79 
slowly exchanging resonances and their exchange rates are 
shown in Fig. 6. These exchange rates further supported 
the secondary structure analysis (vide supra), since these 
amino acids are mainly located in structures where slow 
exchange is expected. The fact that slowly exchanging 
amide protons are observed for all secondary structures 
will allow future studies of folding kinetics and according- 
ly supply information about the folding pathway of HCA 
I. Another interesting observation concerns the amino 
acids which, according to the crystal structure, should be 
involved in hydrogen bonds in helices but for which the 
CSI does not indicate any secondary structure. Those 
protons are observed as slowly exchanging in the a-helix 
located between residues 181-185, whereas they are found 
to be rapidly exchanging in the a-helix located between 
amino acids 20-25. Accordingly, the observed p ro tom 
deuteron exchange rates also indicate that the N-terminal 
helices are absent in the solution structure. 
Studies of the exchange as a function of pH and denatur- 

ing agent (guanidinium hydrochloride) are currently in 
progress and will yield information about relative stabil- 
ities in different regions of the protein (A. Kjellsson, 
B.-H. Jonsson and I. Sethson, to be published). 

Conclusions 

In this work it has been demonstrated that it is pos- 
sible to obtain resonance assignments for a large, mono- 
meric protein with unfavorable line widths. Prerequisites 
for such an assignment are the use of a suite of 3D triple- 
resonance experiments in combination with ~SN-labeling 
of specific amino acids. CSI, NOE and amide proton 
exchange studies confirm that the solution structure has 
great similarities with the crystal structure. Some observed 
distinct differences will make a comparison between a 
future solution structure and the crystal structure interest- 
ing. The identification of slowly exchanging amide pro- 
tons in almost all secondary structure elements in HCA 
I will permit further kinetic studies to be done in order to 
characterize the folding pathway. 
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